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1. ABSTRACT 

 

Neurodegenerative disorders, such as Alzheimer’s disease (AD), Parkinson’s disease 

(PD) and Amyotrophic Lateral Sclerosis (ALS), among others, are characterized by the 

progressive degeneration of the structure and function of the central or peripheral 

nervous system. Despite our knowledge has increased in the last years, their 

etiopathogenesis remains unknown since they are characterized by the interplay between 

many different processes and molecules. A central role of RNA metabolism has emerged 

in these diseases, involving both mRNAs processing and non coding RNAs biogenesis. 

Nevertheless, the exact contribution of RNA metabolism dysregulation to 

neurodegenerative disorders is still unknown. Therefore, we performed a whole 

transcriptome analysis in Peripheral Blood Mononuclear Cells (PBMCs) of unmutated 

sporadic ALS patients (sALS), AD patients and PD patients compared to healthy 

controls. The aim was to intersect resulting differentially expressed (DE) genes for 

pointing out possible common grounds or differences in the pathways dysregulated in 

our casuistry. A total of 380 DE genes were found in sALS patients, 293 long noncoding 

RNAs (lncRNAs) and 87 mRNAs. In AD patients a total of 23 DE genes emerged, 19 

protein coding genes and 4 lncRNAs. While in PD patients 5 genes only emerged from 

this analysis. Despite none of the gene was commonly DE in the three cohorts of patients, 

through KEGG and GO analyses we found common enriched pathways and biological 

processes in sALS and AD. These data provided insights into the different involvement 

of RNA metabolism and gene expression alterations in PBMCs of most common 

neurodegenerative disorders.  

Because of the significance of whole transcriptome analysis conducted on sALS patients, 

we decide to enlarge this cohort and respective healthy control to perform a DE genes 

analysis. We further confirmed that RNA deregulation represents a good discriminant 

factor for pathological and healthy condition even in PBMCs.  

The involvement of wild-type Superoxide Dismutase 1 (SOD1) in ALS sporadic cases 

has been investigates given its reduced expression in lysates from PBMCs in discordance 

with the abnormal upregulation of its transcript. SOD1 is the first gene associated to 

familial cases of ALS and is a soluble cytosolic enzyme, whose, aggregation cell toxicity 

and contributes to ALS pathogenesis. A fraction of the protein is also localized into the 

nucleus (nSOD1), where it seems involved in regulation of gene participating in the 

oxidative stress response and DNA repair. It has been suggested that nSOD1 could act 

as a scavenger enzyme also in the nucleus regulating the oxidative stress response, while 



ABSTRACT 

2 

 

its cytoplasmic retention, due to genetic mutations or posttranslational modifications, 

could enhance cell vulnerability to oxidation and DNA damage. SOD1 distribution in 

sALS PBMCs lead to identify two subgroups of patients: those with High nSOD1 and 

those with Low nSOD1. The protein re-localization causes a reduction of DNA damage 

when SOD1 is accumulated as soluble protein within the nucleus (nSOD1), while it 

associates to an extensive DNA damage when SOD1 aggregated in the cytoplasm. In 

addition, a positive correlation between longer survival and higher amount of soluble 

SOD1 in the nucleus was described and this has suggested that SOD1 may exert a 

protective role against neurodegeneration when located within the nucleus, while 

aggregated cytoplasmic SOD1 could be impaired in its protective activity, and 

potentially harmful. 

Thus, we investigated transcriptional pathways activated by nSOD1 in PBMCs of sALS 

patients by their stratification in relation to an “high” or a “low” level of soluble nSOD1. 

PBMCs from sALS patients (n=18) and healthy controls (n=12) were collected to 

perform RNA-sequencing experiments and differential expression analysis. We obtained 

different gene expression patterns for High and Low nSOD1 patients. Differentially 

expressed genes in High nSOD1 casuistry form a cluster similar to controls compared to 

Low nSOD1 group. Pathways activated in High nSOD1 patients relate to the 

upregulation of HSP70 molecular chaperones, possibly ensuring the correct protein 

folding and DNA repair processes. Also, investigating the possible effect of higher 

soluble nSOD1 and HSP70, we demonstrated that in this condition the DNA damage is 

reduced even under oxidative stress condition. While in Low nSOD1 group the 

upregulation of KDM4C and S100B may be responsible for reduced DNA damage 

sensing and increased neuroinflammation.  

In conclusion, our findings highlight the importance of nuclear localization of soluble 

SOD1 as a protective mechanism in sALS patients. This different distribution confers 

differences in RNA regulation between the two groups of patients, leading to pathways 

supporting “protection” when nSOD1 is high, and “perturbation” of crucial biological 

systems when nSOD1 is low. Moreover, we demonstrated in vitro that high nSOD1 and 

HSP70 correspond to reduced DNA damage even under oxidative stress conditions, thus 

confirming that nuclear SOD1 aggregation or exclusion observed for mutant SOD1 may 

cause a loss of its protective activity in nuclear compartment. 
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2. ABBREVIATIONS 

 

ALS: Amyotrophic Lateral Sclerosis 

sALS: sporadic Amyotrophic Lateral Sclerosis 

AD: Alzheimer’s disease 

PD: Parkinson’s disease  

lncRNA: long non coding RNA  

ncRNA: non coding RNA 

PBMCs: Peripheral Blood Mononuclear Cells 

ROS: Reactive Oxygen species 

SOD1: Superoxide Dismutase 1 

nSOD1: nuclear Superoxide Dismutase 1 

HSPs: Heat Shock Proteins 

HSF1: Heat Shock Factor 1 

NGS: Next Generation Sequencing 

DE: differentially expressed  

PCA: Principal Component Analysis 

GO: Gene Ontology 

KEGG: Kyoto Encyclopedia of Genes and Genomes 
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3. INTRODUCTION 

 

3.1. Amyotrophic Lateral Sclerosis (ALS) 

Amyotrophic Lateral Sclerosis (ALS) is a rare, adult-onset, progressive and fatal 

neurodegenerative disorder characterized by loss of upper and lower motor neurons 

controlling voluntary muscles in the spinal cord, motor cortex and brainstem [1]. 

Neuronal degeneration results in muscle denervation, hence weakness, atrophy and 

eventually paralysis. Respiratory failure generally causes the death within 3-5 years after 

onset [2]. The first description of ALS dates back to 1824 with the surgeon Sir Charles 

Bell. However, it is only in 1869 that the French neurologist Jean Martin Charcot 

establishes ALS as a unique disorder and distinguishes it from other diseases with similar 

presentations, providing a platform in clinicopathologic correlations that helped define 

ALS for all neurologists [3]. Because of the muscle fibers atrophy, he named the disease 

“Amyotrophic”, “Lateral” as the areas of the anterior and lateral cortico-spinal tracts, 

where affected motor neurons are located, and “Sclerosis” as "hardening", a consequence 

of gliosis that replaces the degenerated motor neurons [4].  

The site of onset of ALS are usually limbs, where the first symptoms are often unilateral 

and focal. However, patients develop heterogenous symptoms depending on the 

involved motor neurons: spasticity, hyperreflexia, modest weakness, Babinski and 

Hoffman signs, and emotional lability are caused by degeneration of the upper motor 

neurons in the cerebral cortex and in the brainstem; fasciculation, cramps, muscle 

atrophy and marked weakness are caused by loss of lower neurons, from the spinal cord 

to the muscles. Moreover, 15% of ALS patients develop extra motor system associated 

symptoms, such as neuronal loss in the frontotemporal cortex leading to cognitive and 

behavioral impairment, features frontotemporal dementia (FTD) too [5]. Also, bulbar-

onset of ALS exists and it is mostly associated with language and cognitive damage [6]. 

The heterogeneity of ALS symptoms is present also among members of the same family 

carrying the same mutation [5]. 

The pathological hallmark of ALS is denervation and atrophy of muscle due to loss of 

spinal motor neurons. Swelling of the perikaryal and proximal axons is also observed, 

as the accumulation of phosphorylated neurofilaments, Bunina bodies and Lewy body-

like inclusions, and the deposition of inclusions of ubiquitinated material in these axons 

[7]. In addition, the activation and proliferation of astrocytes and microglia are also 

common in ALS. At present, there is no primary therapy for ALS. Riluzole, a presumed 

glutamate antagonist that may reduce excitotoxicity, and edaravone, a free radical 

scavenger, are the only drug approved by the US Food and Drug Administration for the 

treatment of ALS, but their exact mechanism of action is still unclear. Riluzole appears 

to prolong ALS survival by a few months on average, although when given at an early 
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stage or to younger patients, it might prove more effective [8]. Edaravone showed 

efficacy in a small subset of people with ALS, showing a significantly smaller decline 

of ALSFRS-R (ALS Functional Rating Scale) score compared with placebo [9], but its 

use was suspended in Europe. Many factors contribute to the delay in developing 

effective treatments. Although ALS has a large genetic component, many of the gene 

variants that cause or predispose an individual to develop ALS remain unknown. 

Additionally, many cellular processes are implicated in ALS disease progression, 

therefore determining which are causative is a difficult challenge [10]. The diagnosis 

depends on electrodiagnostic testing (EMG and NCV). The El Escorial criteria help 

standardize diagnosis for clinical research studies [5]. 

The incidence of ALS in European populations and populations of European descent has 

been estimated at 2·6–3·0 cases per 100 000 people. The global incidence of ALS has 

tended to slightly increase over the years, especially in Western societies, probably in 

part due to the progressive aging of the population, nevertheless ALS remains rare [11]. 

In contrast, other population-based studies have measured the lowest incidence in East 

Asia to be 0.89 per 100,000 per year and in South Asia to be 0.79 per 100,000 per year. 

A large part of Africa, Latin America and Asia does not have any population-based 

studies. The origin of geographic difference in ALS incidence is a matter of debate. 

Probably, this is partly due to genes and partly due to environmental risk factors [12]. 

Lifetime risk is about 1:350 for men and 1:400 for women, thus it is more common in 

men than in women by a factor between 1.2 and 1.5 [13]. The rate of disease progression 

is more rapid in patients with an older age at onset, a bulbar site of onset, cognitive 

impairment, and certain genotypes. The average age of onset is 58-60 years and the 

average survival from onset to death is 3-5 years [14].  

 

3.1.1. Genetics of ALS 

ALS can occur sporadically, without any family history (sALS; 90-95% of patients), 

while a small percentage of ALS cases are considered familial (fALS; 5-10%), where 

the disease has mostly been found to be inherited in an autosomal dominant manner [15]. 

The first gene linked with fALS cases is SOD1 (superoxide dismutase 1), this association 

was identified in 1993 [16]. Then, thanks to advances in sequencing technology like 

Next Generation Sequencing (NGS), other genes have been identified to have a link with 

ALS. For instance, the hexanucleotide repeat expansion in C9ORF72, previously 

described in FTD, has been also observed in ALS cases. So far, more than thirty genes 

and loci were linked to fALS, but also to some sALS (Table 1). The four most commonly 

mutated genes in ALS are C9ORF72, SOD1, TDP43 and FUS. Their frequency depends 

on ancestral origins: in fact, most European fALS patients present mutations of the 

C9ORF72 (33.7%), SOD1 (14.8%), TDP43 (4.2%) and FUS (2.8%) genes, and other 

known or unknown genes in 44.5% of fALS cases. Most of these genes have dominant 
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inheritance, not always with full penetrance, whereas some of them have recessive 

(SOD1, FUS) or even X-linked inheritance [17].  

 

Table 1. Genes involved in ALS. AD = Autosomal Dominant; AR = Autosomal Recessive. 

 

The role of many contributory pathogenic mechanisms has been highlighted thanks to 

the discover of gene mutations, such as oxidative stress and RNA processing, transport, 

and translation. Moreover, ubiquitin–proteasome system, protein trafficking, and 

impaired cytoskeletal function have also been involved in ALS pathogenesis because of 

rare genetics variants implicated in these pathways. All these dysregulated pathways 

contribute to the loss of motor neurons [18], rather than just one isolated mechanism.  

In sALS cases, mutations are rarely reported: C9orf72 mutations account for 3–7%, 

SOD1 mutations for 1%, and TARDBP and FUS for even less, thereby suggesting that 

pathogenic genetic factors are absent in 9/10 cases of sALS. In this population, genetic 

factors act through predisposing patients toward developing ALS, thus corresponding to 

genetic susceptibility factors [19]. However, clinical manifestations of sALS and fALS 

are highly similar, despite the heterogeneity of ALS symptoms represented by age of 

onset and disease duration. In conclusion, family history and genetics are the primer 

factors discriminating between sALS and fALS [2]. 

 

3.2. Pathogenesis 

Causative pathogenic mechanisms of ALS are still to be elucidates, especially in sALS. 

It is now clear that multiple factors, and not isolated event, take part to development and 

progression of the disease [20]. Some of them are disturbances in RNA metabolism, 

impaired protein homeostasis, nucleocytoplasmic transport defects, impaired DNA 

Gene Protein Inheritance 

SOD1 Superoxide dismutase 1 AD, AR

TDP43 TAR DNA-binding protein 43 AD

FUS/TLS Fusion malignant liposarcoma AD, AR

C9ORF72 Chromosome 9 open reading frame 72 AD

VAPB Vesicle-associated membrane protein B AD

ANG Angiogenin AD

FIG4 FIG4 phosphoinositide 5-phosphatase AD

OPTN Optineurin AD, AR

ATXN2 Ataxin-2 AD

VCP Valosin-containing protein AD

UBQLN2 Ubiquilin 2 X-linked
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repair, excitotoxicity, mitochondrial dysfunction, oxidative stress, axonal transport 

disruption, neuroinflammation, oligodendrocyte dysfunction, and vesicular transport 

defects (Figure 1). These events associated to known mutated genes and are 

interconnected. In fact, nucleocytoplasmic transport impairment of RNA-binding 

proteins, such as TDP-43 and FUS, cause their mislocalization in the cytoplasm, that in 

turn causes alterations in transport and metabolism of RNA molecules, affecting also 

stress granules dynamics [21]. The aberrant aggregation of TDP-43 and SOD1, that 

accumulate in the cytoplasm, is a demonstration of proteostasis impairment, also 

represented by disruptive protein clearance pathway and autophagy. DNA repair 

mechanism are also affected in ALS and, interestingly, many ALS-linked proteins are 

involved in this mechanism (FUS, TDP-43, TAF15, SETX and EWSR1) [22]. 

Mitochondrial dysfunction also takes part to molecular pathogenesis of ALS, that causes 

an increase of reactive oxygen and nitrogen species (ROS/RNS) formation [23]. 

Importantly, mitochondrial damage was proposed as an initiating factor of ALS because 

of the interaction of several ALS-linked proteins with mitochondria (SOD1, TDP-43, 

and FUS). Axonal transport defects as a result of neurofilament accumulation and 

cytoskeletal disorganization have been implicated in ALS. The secretion of 

inflammatory proteins by activated microglia leads to the potentially neurotoxic 

activation of astrocytes, which may contribute to the death of neurons and 

oligodendrocytes. Finally, oligodendrocyte dysfunction may lead to reduced support for 

neurons [2].  

 

 

Figure 1. Amyotrophic Lateral Sclerosis (ALS) molecular and genetic alteration are outlined. Dysfunction 

of the astrocytic excitatory amino acid transporter 2 (EAAT2) causing excitotoxicity, resulting in Ca2+-

dependent enzymatic pathways activation, drives neurodegeneration. RNA metabolism leading to aberrant 

protein translation and aggregates, is linked to mutations in C9ORF72, TDP-43 and FUS. Oxidative stress 

is increased because of SOD1 mutation, inducing mitochondrial dysfunction that in turn causes defective 

axonal transportation. Neuroinflammation mechanisms are also present because of microglia activation, 

resulting in neurotoxicity (Modified from Van De Bos et al., Int. J. Mol. Sci., 2019). 
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3.2.1. Impaired proteostasis 

The presence of cytoplasmic inclusions or aggregates in degenerating motor neurons and 

surrounding oligodendrocytes is one of the pathological hallmarks of ALS. They are not 

only present in the spinal cord, but also in other brain regions such as the frontal and 

temporal cortices, hippocampus and cerebellum. Lewy body-like hyaline inclusion (or 

skein-like inclusions), ubiquitinated aggregates, are the predominant aggregates found 

in ALS. They appear as randomly oriented filaments covered by fine granules. Other 

aggregates subclasses typical of ALS are Bunina bodies, small eosinophilic ubiquitin-

negative inclusions, that consist of amorphous electron-dense material surrounded by 

tubular and vesicular structures, and round hyaline inclusions. In close proximity to 

ubiquitinated inclusions, neurofilamentous inclusions are also found [24]. 

Protein misfolding and accumulation are detectable in both fALS and sALS patients, but 

their presence is due to gene mutations in the first case and to aberrant post-translational 

modifications in the second case [25]. The most commonly ALS-linked genes (SOD1, 

C9ORF72, TARDBP and FUS) all give rise to proteins that are found to aggregate in the 

neurons of ALS patients [2]. When in cytoplasmic aggregated state, these proteins may 

be non-functional and even toxic because of sequestration of multiple binding partners 

and interactomes, essential for neuronal function. FUS and TDP-43, for example, 

interact and colocalize with many different proteins, including small nuclear 

ribonucleoprotein particles (snRNPs). Molecular chaperones, the UPS, and the 

autophagy-lysosome system function to monitor protein quality and protect cells from 

dysfunctional, misfolded, or denatured proteins. The presence of ubiquitin, p62 and 

molecular chaperones in ALS aggregates implicates a role for all these three systems in 

ALS pathophysiology [24]. For degradation of soluble misfolded proteins, a proteolytic 

system, called UPS, in which substrates are tagged with ubiquitin, unfolded and cleaved 

into short peptides though the proteasome, is the first line of defense [26]. The fact that 

proteins present in ALS aggregates are ubiquitinated, may indicate that they are marked 

for degradation by the UPS. However, they are eventually found as deposits when their 

aggregation exceeds UPS capacity [24]. Also, autophagy is involved in the degradation 

and recycling of proteins. Misfolded proteins can be specifically degraded by chaperone 

mediated autophagy (CMA), which is a branch of the autophagy-lysosome system. In 

this system substrates are selectively recognized by Hsc70 and transported to lysosomes, 

where they will be degraded by hydrolases.  

Some misfolded proteins are directed to macroautophagy, in particular those that escape 

the UPS and the CMA. Macroautophagy is a degradation system in which substrates are 

segregated into autophagosomes which then fuse with lysosomes for degradation. In 

addition, ALS mutant proteins that escape UPS and autophagy, form intracellular 

inclusions containing Ubiquitin and Ubiquitin ligases, as found in fALS mice and in 

spinal cord of sALS patients. These insoluble inclusions are visible in the brain stem and 

spinal cord from the onset and their progressive accumulation is observable until latera 

stages of the disease [26]. Upregulation of molecular chaperones is indicative of 

importance of modulators of protein aggregation and protein degradation pathway as 
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ALS toxicity hallmarks. Chaperons partially counteract protein aggregation through the 

increase of solubility of FUS and TDP-43 [24].  

Although large inclusions are clinical hallmarks of ALS symptoms, it is still unclear if 

aggregate formation directly causes neuronal toxicity, if it is only an innocuous 

consequence of the neurodegenerative process or if it is a defense mechanism to reduce 

the concentration of toxic proteins [27]. 

 

3.2.2. Mitochondrial disfunction 

The mitochondrion is a double-membrane-bound organelle found in the cytoplasm of 

almost all eukaryotic cells whose primary function is to generate large quantities of 

energy in the form of adenosine triphosphate (ATP). Other functions of mitochondria 

are calcium storage for cell signaling activities, heat generation, mediation of cell growth 

and death and contribution to cellular stress response, such as autophagy and apoptosis 

[28]. All the above listed functions can be directly linked to mechanisms involved in 

ALS, such as dysregulation of intracellular Ca2+, homeostasis, oxidative stress, 

glutamate excitotoxicity, apoptosis and axonal transport disruption. Thus, a crucial role 

in motor neuron degeneration can be attributed to mitochondria, as mitochondrial 

damages are well documented in both sporadic and familial ALS. Aggregated, swollen, 

vacuolated or fragmented mitochondria were observed when considering mitochondrial 

morphology in cell or animal models of fALS [29]. Also, biochemical analyses have 

delineated defects in the respiratory chain complexes I and IV in sALS [30] and fALS 

[31]. The maintenance of the mitochondrial membrane potential relies on the activity of 

the different complexes of the electron transport chain and therefore mitochondrial 

depolarization has been additionally observed [23].  

In transgenic mouse models of ALS, increased oxidative and/or nitrosative stress were 

observed. These studies highlighted increased oxidative damage to mitochondrial 

proteins, lipids and DNA. The explanation for these events lies in the excess of activity 

od mutant SOD1[32], increased levels of ROS produced by mitochondria following 

inhibition of complex I or increased NADPH oxidase (NOX) activity through mutant 

SOD1 interacting with Rac1, a NOX regulator [29]. 

Also, ATP synthesis is impaired and mitochondrial Ca2+ buffering is reduced in cells 

expressing various SOD1 mutations. The latter is essential for controlling 

neurotransmitter release [33, 34]. Cytosolic Ca2+ overloading and ATP shortage in motor 

neurons may pose a sustained metabolic stress on mitochondria, accelerating cellular 

ageing and ultimately lowering the threshold for apoptosis [29]. 

Apoptosis is also partially controlled by mitochondria and changes in the ratio between 

anti- and proapoptotic members of the Bcl-2 family have also been documented in ALS. 

In spinal cord of ALS patients, decreased levels of the anti-apoptotic factors Bcl-2 and 
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Bcl-xL, and increased levels of the death-promoting factors Bax, Bid and Bcl-xS were 

found. This imbalance leads to scarce survival of motor neurons, pointing out that 

mitochondria-dependent apoptosis is a predominant pathway in motor neuron 

degeneration in ALS [35].  

Whether mitochondrial dysfunction and pathology represent primary or secondary 

pathological events is unknown, as mitochondrial abnormalities can both result from and 

cause oxidative toxicity. It is likely that mitochondrial function modifies the course of 

motor neuron degeneration [7]. 

 

3.2.3. Excitotoxicity 

Glutamate receptor overstimulation is a pathological process called excitotoxicity, that 

causes neuronal damage and/or degeneration. Glutamate, released from presynaptic 

terminals to act on post- and presynaptic glutamate receptors, like AMPA and NMDA, 

is an excitatory neurotransmitter [2]. Neurons are damaged through excessive 

stimulation of glutamate receptors when glutamate levels are high at extracellular levels. 

This can be due to excessive presynaptic glutamate release or as a consequence of 

impaired glutamate reuptake [36]. Electrophysiological studies in upper and lower motor 

neurons have highlighted the altered glutamatergic signaling in ALS. The evidence 

consist in elevated presence of fasciculation [37] as a result of aberrant discharge of 

lower motor neurons on to the muscle fibers they innervate [38]. Altered glutamate levels 

were also observed in post-mortem ALS tissue and in cerebrospinal fluid [39].  

Motor neurons are highly susceptible to excitotoxicity because of their enhanced 

expression of calcium permeable AMPA receptors, due to lack of GluR2 subunit, 

necessary to resist calcium entry. In fact, when these cells are subjected to glutamate 

stimulation, intracellular free calcium levels quickly increase. This is due to a high 

glutamate-induced calcium influx in combination with low calcium-buffering capacity, 

resulting from low levels of the calcium-buffering proteins parvalbumin and calbindin 

D28K [40]. This process is favorable in physiological conditions, since motor neurons 

can benefit of calcium transients with rapid relaxation times, especially during high-

frequency rhythmic activity, but expose the motor neurons to excessive influx of calcium 

ions. As a consequence, mitochondria take control of calcium metabolism, that however 

saturates because of excessive stimulation and result in persistent increase in cytosolic 

calcium levels [41]. In ALS this vulnerability is even increased, leading to activation of 

Ca2+-sensitive proteases, protein kinases/phosphatases, phospholipases and NOS, 

causing the opening of mitochondrial membrane transition pore, osmotic swelling and 

rupture of outer mitochondrial membrane [42].  

Mutations in SOD1 lead to interference in GluR2 mRNA expression, that in turn causes 

reduction in protein expression. Thus, calcium permeable AMPA receptors on the motor 

neuron membrane are altered and neurons are highly exposed to excitotoxicity [43]. 
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GluR2 expression is also altered in neurons derived from sALS patients, where receptor 

levels are also lower [44]. Moreover, glutamate release augmentation in spinal cord was 

also observed in SOD1/G93A(+) mice, due to increased size of the readily releasable 

pool of vesicles and release facilitation, supported by plastic changes of specific 

presynaptic mechanisms [45, 46]. 

Glutamate transported dysfunctions has been deeply investigated in ALS. It was found 

that glutamate transporter EAAT2 expression is reduced in the cortex and spinal cord of 

both fALS and sALS patients [47]. EEAT2 may by downregulated at transcriptional, 

translational and post-translational level [48] because of impaired RNA processing [49] 

or oxidative damage [50]. This might be one of the hypotesis supporting the elevated 

glutamate levels in the synaptic cleft. However, EEAT2 dysfunction has not yet been 

elucidated. It may represent a driving factor or a downstream complication of ALS [38]. 

Riluzole, the only drug which has proved effective against disease progression in ALS 

patients, has anti-glutamate properties. This is considered indirect evidence for a 

pathogenic role of excitotoxicity in ALS. However, other anti-glutamate treatments 

tested in ALS were less successful [51]. 

 

3.2.4. Axonal transport defects 

The movement and spatiotemporal distribution of intracellular cargo such as lipids, 

proteins, mRNA, membrane-bound vesicles, and organelles along the axon is defined 

axonal transport. This process ensures the long-distance communication between cell 

body and synaptic terminals, the maintenance of the cell and its functionality [10]. 

Cargoes transport can be termed anterograde when it goes from the cell body to the 

synapse, and retrograde when it goes from the synapse to the cell body. The polarity of 

microtubule partially regulates the directionality, that is exploited by molecular motor 

proteins: kinesins are responsible for anterograde transporting while dynein moves 

cargoes in the retrograde direction [52]. 

Axonal transport defects are proposed to trigger degeneration causing death of neuronal 

cells in several neurodegenerative disease, such as ALS. The mechanism throughout 

which axonal degeneration occurs remains to be elucidated, but there are evidence 

supporting its potential role as degeneration inductor. Electron microscopy and 

neuropathological studies of post-mortem ALS samples revealed abnormal 

accumulations of phosphorylated neurofilaments, mitochondria and lysosomes in the 

proximal axon of large motor neurons [53] and axonal spheroids containing a variety of 

vesicles, lysosomes, and mitochondria as well as neurofilaments and microtubules [54], 

highlighting axonal transports defects in ALS. Further experiments, especially metabolic 

labelling experiments, showed a significant decrease in the slow anterograde transport 

of cytoskeletal elements in SOD1G37R transgenic mice before the onset of 

neurodegeneration symptoms [55]. Moreover, slow and fast axonal transport were found 
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to be impaired in SOD1G93A transgenic mice [56]. This evidence suggests a role of 

these disrupted mechanism in ALS.  

Mechanisms causing perturbations in axonal transport in sALS and fALS have been 

mostly investigated on mutant SOD1-related ALS, such as reductions in microtubule 

stability, mitochondrial damage, pathogenic signaling that alters phosphorylation of 

molecular motors to regulate their function or of cargoes, such as neurofilaments, to 

disrupt their association with motors [57]. 

In spinal cord and brain tissue of sALS patients, tissue spheroids show positive staining 

for MAP6 [58], that protects microtubule from depolymerization, thus associated to with 

normal microtubule in healthy neurons. However, when MAP6 accumulated in the 

spheroids, stable microtubules are disrupted as their mediated transport is. Furthermore, 

disruption of anterograde transport by misfolded human SOD1H46R protein involves 

p38 MAP Kinase activation and therefore kinesin-1 phosphorylation, inhibiting its 

translocation along microtubules [59].  

 

3.2.5. Glial activation and neuroinflammation 

Microglia, first line of immune defense in brain and spinal cord, and astrocyte activation, 

overproduction of inflammatory cytokines and infiltration of T lymphocytes are 

characteristics of neuroinflammation associated with neuronal loss [2]. Since the role of 

microglia is to sense the surrounding environment and respond to “danger signal” from 

damage tissue [60], their activation, through CD14, toll-like receptors and scavenger 

receptors dependent pathway, is caused by the release of misfolded proteins from motor 

neurons, such as mutant SOD1[61]. Neurons that are dying and do not normally function, 

release ATP in the extracellular space, thus activating microglia through the ionotropic 

and metabotropic purinergic receptors [62]. Upon activation, either neurotoxic or 

neuroprotective function can be exerted by microglia, depending on the state of 

activation and disease stage. In fact, protective phenotype of microglia is displayed at 

the early slow progressive stage, where it provides tissue repair and regeneration, and 

interaction with protective signals. On the other hand, when the disease progresses, 

“danger signals” are released by injured motor neurons. In this case microglia acquires 

a neurotoxic phenotype with enhanced secretion of NOX2, ROS, and proinflammatory 

cytokines. 

Also, in astrocytes the expression of ALS-linked genes in observable [63]. These cells’ 

function is to contribute to trophic support for neurons, but they also exert homeostatic 

functions in the CNS. The toxicity of astrocytes’ expression mSOD1 for normal motor 

neurons has been demonstrated in both in vitro and in vivo studies [64]. Excess glutamate 

from synaptic cleft is cleared by astrocytes through glutamate transporters. The loss of 

glutamate transport EAAT2 in astrocytes leads to inefficient uptake of glutamate, 

resulting in motor neurons excitotoxicity [65]. This toxic mechanism was observed in 
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sALS and fALS patients as well as in mSOD1 mice. Astrocytes can also regulate the 

expression of GluR2 through secretion of factors that enhance its expression in motor 

neurons, thus protecting them from AMPA receptor mediated excitotoxicity. When 

SOD1 is mutated, the protective effect of GluR2 is abolished [65]. Other inflammatory 

mediators, such as prostaglandin E2, leukotriene B4, nitric oxide, and NOX2, were 

reported to exert toxic effects on motor neurons [66]. These molecules, secreted by 

astrocytes, were detected in both post-mortem tissues from ALS cases and SOD1G93A 

mice. Also, in SOD1G93A mouse model, CD4+ T cells are observed in lumbar spinal 

cords at early stages of the disease. Genetic removal of CD4+ T cells accelerates disease 

progression with upregulated expression of NOX2 and proinflammatory cytokines. 

Therefore, CD4+ T cells exert neuroprotective functions, probably due to their 

interactions with microglia and astrocytes [67]. At the end stage of ALS, when the 

immune response shifts from neuroprotective to neurotoxic, cytotoxic CD8+ T cells are 

mostly present [68]. 

Ultimately, oligodendrocytes are proposed to contribute to axonal degeneration through 

changes in the production of the metabolite lactate. These cells are the myelinating cells 

in the CNS responsible for producing the myelin sheath that insulates the axons of nerves 

and neurons. The dominant lactate transporter in the brain, MCT1, that is highly enriched 

within oligodendroglia, results reduced in the motor cortex in mouse models of ALS and 

in ALS patients [69].  

For all these reasons, ALS has to be considered not only a motor neuron disease but also 

a pathology involving neuronal neighboring cells. 

 

3.2.6. Nucleocytoplasmic transport defects 

The redistribution of nuclear proteins to cytoplasm inclusion is one of the most marked 

pathological features of ALS [70]. This aberrant system causes dysfunction in 

nucleocytoplasmic transport. Aggregated proteins are found as aggregated in neurons of 

ALS, especially the most commonly mutated in ALS, such as SOD1, TARDBP, FUS, 

and C9ORF72 [71]. In fact, the formation of these inclusions can be attributed to 

mutations that reshape conformational stability or even vary their Nuclear Localization 

Signal (NLS), thus enhancing their tendency to aggregate in the cytoplasm [72]. In 

addition to the important role of mutations in these genes, this defect can also be 

observable in patients that do not carry ALS-associated mutation and are diagnosed with 

sALS. In this scenario, proteins cannot reach the nucleus, thus resulting in negative 

effects for the neuronal cell, whatever the biological function of these proteins is [71]. 

Examples of these consequences include impaired DNA repair mechanism and altered 

RNA transport and metabolism, which will be further discussed. 
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3.2.7. Impaired DNA repair 

An important mechanism contributing to ALS pathogenesis is the impairment of DNA 

repair. Due to their high metabolic turnover, neurons are particularly vulnerable to DNA 

damage. Moreover, their transcription-associated continuously open chromatin state 

paired with the inability to perform replication-coupled DNA repair such as homologous 

recombination (HR) contribute to this susceptibility. In fact, postmitotic neurons mostly 

exploit non-homologous end joining (NHEJ) for Double Strand Breaks repair [73]. Some 

of the ALS associated proteins, such as TDP43 and FUS, are also involved in repair of 

transcription-associated DNA damage [2]. For instance, TDP43 interact with proteins 

involved in NHEJ repair when recruited to DNA damage sites. Mutations in TDP43, 

leading to its mislocalization and aggregation in cytoplasm, also cause loss of 

recruitment of NHEJ downstream proteins. Thus, the accumulation of unrepaired DSBs 

[74]. Moreover, FUS operates on homologous recombination and NHEJ related repair 

mechanisms, hence having a role in DSB restitution. When FUS is inactive in neural 

cells, a drastic decline in repair efficiency is observed accompanied by a deregulation of 

chromosomal stability on telomere level [73]. 

 

3.2.8. Oxidative stress 

One the most critical initiating factors of ALS pathogenesis is oxidative stress [2]. 

Biomarkers of oxidative stress are present in regions of the CNS that are considered 

meaningful in ALS, thus suggesting that this process is intensively implicated in moto 

neuron degeneration [75]. ROS and RNS are oxygen- and nitrogen- carrying metabolites 

which may or may not contain a free radical but share the ability to oxidize other cellular 

components because of the presence of unpaired electron in their outer orbit that enhance 

their reactivity [76, 77]. Hydrogen peroxide, peroxynitrite, nitric oxide, superoxide 

anions, hydroxyl and monoxide radicals are the most common reactive molecules [78]. 

Generation of many by-products as peroxides, alcohols, aldehydes and ketones, that can 

be toxic in cells is often considered a dangerous event involving ROS and RNS [79]. 

However, these processes are inevitable and important in cells from a biological point 

of view [76]. In fact, mitochondrial H2O2 is generated by monoamine oxidase when 

metabolizing neurotransmitter, and O2
.-

 and H2O2 derived from NAPDH oxidase 

participate to essential neuronal progenitors maintenance [80]. Neurons seem to be 

uncommonly susceptible to oxidative stress and stress-induced damage, even though in 

other cells ROS/RNS production only causes oxidative insults when excessively present. 

This may be due to intrinsic properties of neuronal cells [76]. In fact, due to their high 

aerobic metabolism, they are enriched in mitochondria that help neurons in responding 

to high energy demands [81]. However, this has dangerous implications due to the 
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several redox centers contained in the mitochondrial electron transport chain, that may 

leak electrons to molecular oxygen and serve as primary source of ROS production [82]. 

In the brain, Fe2+ is quite present, and expose the area to reaction between O2
.-

 
 and H2O2 

that may form hydroxyl radicals, highly reactive with neuronal membrane lipids [76, 

80]. The latter contain highly polyunsaturated fatty-acid side-chains, extremely 

susceptible to lipid peroxidation [83]. These disruptive mechanisms have a great impact 

on neuronal cell health, mostly because these are post-mitotic cells with a limited 

capacity for regeneration, thus the accumulation of oxidative stress induced damage may 

last the lifetime of the cell [76]. Thanks to antioxidant enzymes, such as SOD, catalase, 

glutathione peroxidase and glutathione reductase, cells have evolved defense and repair 

mechanism for dealing with oxidative stress and associated damage [84].  These are 

modest in the brain. In fact, compared to other cell, such as hepatocytes, in most brain 

regions levels of catalase are low [85], and it appears to be located in small peroxisomes, 

where it may not efficiently deal with H2O2 deriving from other compartments of the cell 

[83]. Cytosolic glutathione is imported through glutathione transporters to balance intra-

organelle levels of ROS. Neurons only express one glutathione transporter, on the 

contrary astrocytes express two of the, and this affect mitochondrial glutathione levels 

and resistance to oxidative and nitrosative stress [76]. Dismutation of O2
.- to H2O2 is 

accelerated by SOD enzymes, helping to diminish direct damage by O2
.-. Also, inhibition 

of metal ion-dependent autoxidation reactions is mediated by SOD1 enzymes, that are 

generally propagated via O2
.- [83]. A good percentage of fALS cases, about 20%, have 

defect in the gene encoding SOD [84]. The mutant protein form protein aggregates, with 

itself or even with other proteins, that may cause both loss of enzymatic activity and 

acquisition of toxic properties. Since the role of SOD in clearance of O2
.-, when its 

functionality is lost, levels of oxidative stress are increased [75].  

TDP43 is also involved in oxidative stress. In fact, recent studies conducted on cellular 

models has demonstrated that upon oxidative insult, TDP43 delocalizes from nucleus to 

cytoplasm and enhanced its predisposition to aggregate. Thus, alteration of several steps 

in RNA processing are observed [86]. Delocalization and aggregation hallmarks are also 

found concerning another RNA binding protein, FUS. Together with TDP43, they 

colocalize in Stress Granules (SG), both in ALS patients and in cellular models. 

Eukaryotic cells display SGs when are under various stress, such as oxidative stress, heat 

shock or glucose deprivation. This mechanism is activated to promptly modulate gene 

expression, allowing the prioritized translation of stress response genes by storing 

housekeeping mRNAs until stress conditions persist. Since ALS motor neurons endure 

oxidative stress, the permanence of SGs might become detrimental and might lead to the 

entrapping of active endogenous form of FUS and TDP-43 in stable aggregates and 

consequential loss of function of these two nuclear proteins [87]. These SG may also 

sequester a subset of mRNAs thus inducing cell dysfunction or serve as nucleation site 

for larger protein aggregates as the ones found in ALS patients [88]. 
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3.2.9. Superoxide Dismutase 1 (SOD1) 

Monomeric SOD1 enzyme, transcribed from SOD1 gene located on chromosome 

21q22.11, works for dismutate the free superoxide radicals with the aim of reducing 

oxidative stress. More than 180 mutations have been discovered on this gene, including 

single point mutations, deletions, insertions and truncation mutations throughout its 

exons, explaining the toxic function of SOD1 [89]. DNA/RNA metabolism, ATP 

production, Ca2+ release, axonal transport and more are pathways affected by the toxicity 

of mutant SOD1. It deposits as insoluble aggregates in motor neurons because of 

conformational instability of its mutant form, representing a crucial hallmark of SOD1-

associated fALS cases [7].  

The involvement of altered wtSOD1 in sALS pathogenesis has also been investigated, 

due to the evidence that a 32-kDa covalently cross-linked SOD1-containing protein 

species are present in spinal cord extracts of sALS patients [90]. In fact, many of the 

binding and toxic properties of ALS-linked mutant SOD1 are gained by wtSOD1 

through oxidative damage [91]. Therefore, an evolving hypothesis has proposed a 

common neurodegenerative pathway shared by at least some fALS and sALS cases, that 

involves cytotoxic and non-native conformers of SOD1. Moreover, in post-mortem CNS 

tissue of both sALS and fALS without SOD1 mutations, misfolded forms of human 

wtSOD1 have also been detected [92].  

The over-expression of SOD1 mRNA was also reported on PBMCs obtained from sALS 

patients [93], in contrast to the unaltered soluble SOD1 protein expression level found 

in the cytoplasm [94], suggesting that the missing SOD1 may translocate and re-localize 

in different compartments. Indeed, in a sub-group of sALS patients, SOD1 was present 

in the nuclear compartment at higher levels, while, in the remaining ALS subjects, 

perinuclear/cytoplasm insoluble SOD1 aggregates were found. In addition, a positive 

correlation between longer disease duration and higher amount of soluble SOD1 in the 

nucleus has resulted, implying a possible protective role of the protein in this 

compartment [95]. A study has demonstrated the lack of DNA damage in the sub-group 

of sALS patients characterized by high levels of soluble nuclear SOD1, and an extensive 

DNA damage in sALS patients with high levels of insoluble/aggregate SOD1. This 

confirms the hypothesis that normal soluble SOD1 could have a potential protective role 

in DNA damage mediated by oxidative stress, whereas aggregate SOD1 could be non-

functional. In response to increased levels of H2O2, different mechanisms are activated 

in order to coordinate DNA repair, included the ATM/Chk1 and ATR/Chk2 kinase 

signaling cascades [96]. Chk2 could phosphorylate SOD1, leading to the translocation 

of the protein in the nuclear compartment (Figure 2), in order to protect the DNA. In the 

nucleus, SOD1 acts as transcription factor and regulates the expression of a large set of 

genes that are known to provide resistance to oxidative stress and promote DNA damage 

repair [97]. These results may open new perspectives on the stratification of sALS 

patients in subgroups depending on SOD1 cellular localization [95]. 
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Figure 2. Representation of SOD1 translocation in the nucleus following Chk2-mediated phosphorylation. 

(Modified from Pansarasa et al., Int J Mol Sci., 2018). 

 

3.2.10. Altered RNA metabolism in ALS 

Approximately 97% of patients with fALS and sALS are positive for TDP-43 inclusions 

in the motor cortex and spinal cord, thereby establishing TDP-43 as a major protein 

signature for disease [98]. TDP-43 is a ubiquitously expressed heterogeneous nuclear 

ribonucleoprotein (hnRNP) with a nuclear localization signal and nuclear export signal 

that allow shuttling of the protein between the nucleus and cytoplasm, although it is 

predominantly located in the nucleus in healthy neurons [99]. TDP-43 has been shown 

to play a role in RNA metabolism, including RNA transcription, alternative splicing, 

pre-microRNA processing, RNA transport, and messenger RNA stability. It has the 

ability to bind multiple mRNAs to regulate their splicing and it is able to repress the 

splicing of cryptic exons [98]. These regions are normally skipped by the spliceosome 

due to the presence of adjacent UG microsatellite repeats, the consensus binding site of 

TDP-43. When TDP-43 function is lost, these cryptic exons become activated and often 

lead to nonsense-mediated decay of the associated mRNA. The loss of nuclear TDP-43 

and the resulting splicing deficits have been reported in ALS [100]. Furthermore, TDP-

43 binds to the 3′ UTR of numerous mRNAs, suggesting a role in mRNA stability and/or 

transport. RNA-seq analysis have reported that TDP-43 is required for regulating the 

expression of 239 mRNAs, many of those encoding synaptic proteins, exhibiting its 

important role in regulating genes involved in synaptic formation and function and in 

the regulation of neurotransmitter processes [101]. TDP-43 also co-purifies with various 

proteins that form ribonucleoprotein (RNP) complexes or RNA granules involved in 

mRNA transport [102]. The majority of TDP-43 granules are co-labelled by RNA dyes, 

indicating that they contain RNAs [103]. These granules are transported along axonal 
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and dendritic processes through microtubule cytoskeleton but, compared to the wild type 

TDP-43, its mutant forms are not as efficiently transported, with increased pausing and 

a preference for retrograde versus anterograde transport. This results in its increased 

localization in regions proximal to the cell body and depletion from the neurite tips, 

which contributes to an mRNA altered transport and delivery [104]. Mutations in FUS, 

an RNA-binding protein that shares structural and functional properties with TDP-43, 

cause rare cases of ALS. In these cases, FUS is the major pathological protein in neuronal 

cytoplasmic inclusions. Approximately half of ALS associated FUS mutations are 

located in its NLS and disrupt its normal nuclear localization[105]. The degree to which 

these FUS NLS mutations affect its nucleocytoplasmic transport correlates with the 

severity of disease in these patients [106]. FUS can bind 3′ UTRs regulating the stability 

of hundreds of transcripts, promoting their stabilization or destabilization [107]. In 

addition, FUS mutants have been shown to induce the upregulation of mRNA nonsense-

mediated decay (NMD) machinery, resulting in a decrease of transcript stability and 

consequent reduction in translation [108]. The finding of frequent NLS mutations in 

ALS-linked proteins evidence that dysfunction in nucleocytoplasmic transport through 

the nuclear pore complex may contribute to disease initiation or progression, either 

through loss of nuclear functions or toxic gain of cytoplasmic function, due to increased 

concentration or residence time of these proteins in cytoplasmic assemblies [99]. 

Interestingly, also mRNA of SOD1 was found to be deregulated (over-expressed) in  

PBMCs obtained from sALS patients [93]. 

TDP-43 and FUS also play a role in the biogenesis of miRNAs, endogenous small non-

coding RNAs that recognize target mRNAs through base-pairing interactions and 

perform gene silencing. TDP-43, in particular, was shown to associate with proteins 

involved in the cytoplasmic cleavage of pre-miRNA mediated by the DICER enzyme. It 

is thus to no surprise that dysregulation of miRNAs has been observed in ALS, including 

miRNAs essential for motor neuron development and maintenance, axonal growth and 

synaptic transmission. Thus, these miRNA alterations likely contribute to the 

pathological phenotype observed in ALS [109]. The discovery that ALS causative 

mutations frequently occur in genes coding for RNA binding proteins involved in the 

RNA processing, has supported the hypothesis that RNA dysregulation could be a key 

contributor to familiar ALS pathogenesis. Likewise, in the past years, several papers 

have demonstrated the involvement of an altered RNA metabolism in sporadic ALS 

cases. Studies based on RNAs deep sequencing have pointed out the differential 

expression of several coding and non-coding RNAs, resulting in a negative regulation of 

the RNA transcription process and transcription factors activity [110], as well as aberrant 

alternative splicing [111], and therefore RNA processing. Consequently, the study and 

the understanding of RNA metabolism alterations in ALS could provide new insights on 

this disease and perhaps lead to the discovery of possible therapeutic targets in this fatal 

disease. The best way to unravel the changes in gene expression that may be involved in 

ALS pathogenesis is to perform transcriptomic analysis through RNA sequencing. 
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3.3. RNA metabolism in other neurodegenerative diseases 

RNA processing is a contributor factor in the pathogenesis of neurodegenerative 

diseases, such as ALS, Alzheimer’s Disease (AD) and Parkinson’s Disease (PD) [112–

116]. Basic processes, crucial for physiological gene expression, are affected in these 

diseases. For instance, RNA transcription, post-transcriptional modifications, activity 

and functional degradation of RNA molecules are aberrant. This is caused by both 

alterations in RNA-binding proteins (RBPs) and in noncoding RNAs, crucial for gene 

expression regulation. Thus, improper RNA metabolism has a central role in 

pathogenesis of NDs. 

 

3.3.1. Alzheimer’s Disease 

Alzheimer’s Disease (AD) is a degenerative and progressive dementia that represents 

the most common form of senile dementia in Western area. It is characterized by 

progressive memory loss, deficits in cognitive abilities and behaviour impairments 

[117]. Several areas of both the cerebral cortex and the hippocampus are affected by this 

disorder. In particular, the first areas involved in AD are the frontal and the temporal 

lobes. Eventually, the degeneration slowly reaches other areas of the neocortex [118]. 

The first study describing AD was published in 1906 by Deutsch psychiatrist and 

neuropathologist Alois Alzheimer. Nowadays, almost 35 million people suffer from AD, 

and in 2030 this number is expected to grow to 70 million [119]. AD covers 50-70% of 

total cases of dementia and has an age-specific prevalence that tends to exponentially 

increase by 3% for individuals among 65 and 74 years old, to 50% in individuals older 

than 85 [120]. A systematic review highlighted that the prevalence of AD does not only 

vary according to age, but also depending on geographical distribution: in fact, in 

developing countries is at 3.4%. Studies on Nigerian [121] and Indian [122] population 

indicate a diminished disease prevalence compared to European metanalysis. North 

America (6.4%), Western Europe (5.4%) showed the highest prevalence of AD in 

population ≥60 years, followed by Latin America (4.9%), China and Western Pacific 

Region (4%) [123]. 

Sporadic form of AD represents the great majority (85-90%). Some factors have been 

associated to with increased risk of developing AD. For example, diabetes, smoking, 

obesity, dyslipidaemia and cerebrovascular diseases [124]. Familial forms of this disease 

have been linked to rare mutations in three genes involved in the aggregation of Aβ42: 

APP, PSEN1, and PSEN2 [125–127] (Table 2). These mutations cause an increase of 

Aβ42 peptide levels and its aggregation during the fourth and fifth decade of life [128]. 

About APP, missense mutations in the gene and microduplication affect APP processing 

and aggregation [125, 126]. PSEN mutations, mostly single-nucleotide substitutions but 

also indels, lead to an increased Aβ42/Aβ40 probably due to loss of function in PSEN 

[128]. Although these mutations represent rare causes of AD, their discovery greatly 
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highlighted the main role of Aβ in the pathogenesis of AD. Also, APOE4 has been 

identified as one of the main risk factors for AD [128]. In fact, depending on the copies 

of this gene, the risk curve can shift to 5 years earlier (one allele) and to 10 years earlier 

(two alleles). The role of APOE4 has been linked to pathways involved in immunity, 

inflammation, cholesterol metabolism, or endosomal vesicle recycling [128]. The latter 

is not the only susceptibility gene for AD, many others have been linked to an increase 

of AD risk in the population [128].  

 

 

Table 2. Genes involved in AD. AD = Autosomal Dominant; AR = Autosomal Recessive. 

On average, the duration of AD is about 8–10 years, but a preclinical and prodromal 

stage, which can extend over 2 decades, precedes the symptomatic clinical stages. AD 

has two main hallmarks (Figure 3): 

the accumulation of insoluble amyloid-β (Aβ42) in extracellular and blood vessels 

plaques in the extracellular spaces; 

the formation of neurofibrillary tangles in neurons due to the aggregation of the 

microtubule protein tau. 

 

Gene Protein Inheritance 

APP Amyloid beta precursor protein AD

PSEN1 Presenilin 1 AD

PSEN2 Presenilin 2 AD

APOE Apolipoprotein E Risk factor 
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Figure 3. Graphical representation of the two main hallmarks of AD: amyloid plaques formation and 

neurofibrillary tangles. Also, drugs that are currently in phase III clinical development for the treatment of 

AD and the respective target are represented (Modified from Panza et al., Nat Rev Neurol., 2019). 

The tracking of accumulation and aggregation of both Aβ and tau in vivo has improved 

the study of disease progression [118]. It has been observed that Aβ42 deposition usually 

precedes neurofibrillary changes, involving specific regions of the brain, in particular 

the frontal and temporal lobes, hippocampus and limbic system. Sometimes, AD starts 

from other areas, such as parietal and occipital lobes, with the accumulation of the 

neurofibrillary tangles in the medial temporal lobes and hippocampus, and progressively 

spread to other areas of the neocortex [118]. 

 

3.3.2. Altered RNA metabolism in AD 

In recent studies, gene expression alterations in AD have been described. In particular,  

mechanisms affecting transcription of mRNA, alternative splicing and noncoding 

RNAs-mediated gene regulation have been investigated [129]. 

In the brain, several AD-causing genes were verified to be  affected by splicing and 

disease mechanisms, including APP, PSEN1-2, APOE, or MAPT [130, 131]. Mutations 

in these genes cause exon skipping with the consequence of reduced expression of the 
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relative proteins [132], imbalance of tau translation [133] and impaired axonal transport 

of APP  [134]. 

Concerning analysis of DE genes, many mRNAs and lncRNAs resulted deregulated in 

AD cells and tissue. Comparing AD neurons to healthy neurons, three genes were found 

upregulated: casein kinase 2, beta polypeptide (CSNK2B), apolipoprotein J (APOJ), and 

tissue inhibitor of metalloproteinase 3 (TIMP3) interleukin-1 receptor-associated kinase 

1 (IRAK1). Calpain 7 (CAPN7) was instead found downregulated [135]. Other studies 

exploited RNA-sequencing techniques for investigating gene expressions in AD 

patients’ brain. Resulting affected pathways were related to calcium signaling, 

neuroactive ligand–receptor interaction, microtubule-associated protein tau (MAPT) 

signaling, long term potentiation, axon guidance, synaptic transmission, DNA repair and 

transcription, immune response and metabolism [136, 137]. Together with deregulation 

of coding genes, also altered expression of lncRNAs resulted from this approach on AD 

cerebral areas  [138]. Indeed, lncRNA n341006, involved in protein ubiquitination, was 

strongly downregulated [139]. The most interesting lncRNA found deregulated in AD is 

BACE1-AS. Being antisense to BACE1, this transcript may be involved in APP cleavage 

enhancing it [140]. Also Lnc-NDM29 is involved in APP synthesis since its 

overexpression has been linked to increase in amyloid generation [141]. BC200 is further 

implicated in BACE1 activity. It is upregulated in AD hippocampus and its suppression 

led to reduced BACE1 expression and amyloid peptide production [142]. Importantly, 

upregulation of MALAT-1 could have neuroprotective effects in AD together with 

reduced inflammatory response [143].  

 

3.3.3. Parkinson’s Disease 

Parkinson’s Disease (PD) is the second neurodegenerative disease (ND) after AD, and 

both diseases share the main risk factor: aging. PD was first described in 1817 by the 

English doctor Dr. James Parkinson [144]. PD is a movement disorder and the motor 

symptoms are related to progressive loss of nigrostriatal dopamine and, as the disease 

gets worse, new symptoms develop, often referred to as non-dopamine-related features, 

thus not responding to levodopa-therapy [145]. Observations by Braak et al. suggested 

that the pathology is characterized by the presence of intracytoplasmic, protein-rich 

inclusions named Lewy Bodies (LBs), and Lewy neurites that occurred sequentially over 

six phases [146]; the aggregates and the dopaminergic loss in the Substantia Nigra pars 

compacta (SNpc) represent the two hallmarks of the disease.  

PD is rare before the age of 50 but its prevalence increases with aging, affecting 1% of 

subjects above 60 years of age and 3-5% of the over 85 years old people. From a 

geographical point of view, the disease mostly affects industrialized areas, such as North 

America, Europe, and Australia, while the incidence is lower in Cina and Asia. It has to 

be said that there are not data about the worldwide population yet.  
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The scientific interest around PD has been increasing over the past decades for the higher 

incidence of this disease and the discovery of new monogenic mutations probably 

responsible for the disease. Those mutations, however, can explain only a small 

percentage of cases and the majority of the patients remain classified as sporadic, thus 

with an unknown etiology [145]. In fact, only 10% of PD patients exhibit a positive 

familial history. Defined loci and genes for PD are reported in Table 3. Mutations in α-

synuclein (SNCA), leucine-rich repeat kinase 2 (LRRK2) and vacuolar sorting protein 35 

(VPS35) genes are examples of genes responsible for autosomal-dominant PD forms, 

while autosomal recessive (AR) inheritance is suggested in families where several 

members of one generation are affected, especially siblings, but not their parents or their 

children. A large number of mutations in recessive PD genes have been reported to be 

disease-causing and some of these have been published from several groups and have 

become well-established while others have only been found in one or a few patients, and 

their significance is difficult to confirm [147]. 

 

 

Table 3. Genes involved in PD. AD = Autosomal Dominant; AR = Autosomal Recessive. 

Epidemiological findings, pathological observations, and genetic discoveries helped to 

understand the pathogenesis of PD. For example, important molecular pathways of both 

familial and sporadic forms have been identified by fitting genes that are associated with 

the disease [148]. In PD pathogenesis seem to be implied cellular pathways involved in 

the protein homeostatsis, called also proteostasis, such as abnormal protein aggregation, 

intracellular protein and membrane trafficking, impairments of the ubiquitin-proteasome 

and lysosomeautophagy systems. Moreover, in PD patients seems to be altered synaptic 

structures and also mitochondrial dysfunction has been found. For example, the 

impairment of mitochondria has been used to develop a toxic model of the disease, e.g., 

6-hydroxydopamine (6-OHDA) and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 

(MPTP) [149] (Figure 4). 

 

Gene Protein Inheritance 

SNCA α-synuclein AD

LRRK2 Leucine-rich repeat kinase 2 AD

VPS35 Vacuolar protein sorting 35 AD

EIF4G1 Eukaryotic translation initiation factor 4-γ 1 AD

Parkin Parkin AR

PINK1 PTEN-induced putative kinase 1 AR

DJ-1 DJ-1 AR

GBA Glucosylceramidase beta Risk factor 
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Figure 4. Cellular processes involved in the pathogenesis of Parkinson’s disease (Modified from Kalia et 

al., Lancet, 2015).  

 

3.3.4. Altered RNA metabolism in PD 

The importance of RNA metabolism in PD has been recently emphasized. Alterations of 

translational regulation of disease-causing gene products has been investigated. In 

particular, several familial PD genes, including LRRK2, PINK1, Parkin, and eIF4G1 

[150, 151], have been shown to interact with components of the translation initiation 

machinery or interact with modulators of the translation initiation process (miRNAs and 

signaling pathways).  

Also, miRNAs play an important role in pathogenesis of PD by regulating the expression 

of target genes. In fact, hsa-miR-144, deregulated in brain samples of PD patients,  

modifies the expression of three genes associated with monogenic forms of PD (SNCA, 

PRKN, LRRK2) [152]. LRRK2 expression in the frontal cortex is also influenced by 

hsa-miR-205 [153], while SNCA in substantia nigra is targeted by has-miR-7, 
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downregulated in murine models of PD [154]. Alpha-synuclein is also reduced in 

substantia nigra and putamen because of the effect of hsa-miR-34b and hsa-miR-95 

[155], that can further target DJ-1 and Parkin [156]. 

MiRNAs are not the only noncoding RNAs to have an impact on gene expression in PD. 

Also, lncRNAs seem to have an effect on genes involved in the pathogenesis of the 

disease. In fact, the loss or overexpression of PINK1 results in impaired dopamine 

release and motor deficits, and a human-specific ncRNA, NaPINK1, has been identified. 

It is transcribed from the antisense orientation of the PINK1 locus that has the ability to 

stabilize the expression of PINK1. In fact, NaPINK1 silencing results in the decreased 

expression of PINK1 in neurons [157]. Moreover, antisense Uchl1 RNA, a recently 

identified antisense transcript of the mouse ubiquitin carboxy-terminal hydrolase L1 

gene (Uchl1), promotes the association of the overlapping sense protein-coding mRNA 

with active polysomes in the cytoplasm for translation. This activity is disrupted in rare 

cases of familial Parkinson’s disease, and the loss of UCHL1 activity has also been 

reported in many neurodegenerative diseases [158].
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4. AIMS 

 

Neurodegenerative disorders are multifactorial diseases generated by the interplay 

between many different processes and molecules. In fact, despite progresses made in the 

study of diseases such as ALS, AD and PD, etiology of these pathologies remains 

uncertain. One of the emerging involved processes is RNA metabolism, both involving 

coding and noncoding transcripts. Dysregulation in gene expression and in transcription 

factor activity have emerged. In this context, we performed a whole transcriptome 

analysis in PBMCs of sALS, AD and PD patients compared to healthy controls that 

revealed two main concepts: a different grade of RNA metabolism impairment exists in 

these three disorders, where ALS appears to be the most affected one; a molecular 

classification of sALS patients, depending on subcellular localization of SOD1, reflects 

in different gene expression patterns.  

Therefore, starting from these data, the aims of this work were: 

1. To identify possible crossroads or deviations in the dysregulated genes and 

pathways of sALS, AD and PD. Our results pointed out a different degree of 

RNA metabolism and dysregulation involvement, highlighting a different role 

for lncRNAs and mRNAs regulation in the most relevant neurodegenerative 

disorders, offering an interesting starting point for future investigations on the 

pathogenic mechanisms involved. 

2. To perform a transcriptome profiling with differential gene expression analysis 

in PBMCs of sALS patients divided in subgroup according to SOD1 subcellular 

localization. Based on our previous reports [95, 96], sALS patients can be 

classified into two groups based on the expression levels of nuclear SOD1: high 

nSOD1 and low nSOD1. Our aim was to further explore the molecular 

alterations that distinguish the two sALS subgroups and dissect the potential 

divergence at gene expression level. Our findings highlighted the importance of 

nuclear localization of soluble SOD1 as a protective mechanism in ALS patients. 

We reported differences in RNA regulation in the two groups of patients, leading 

to pathways conferring “protection” when nSOD1 was high, and “perturbation” 

of crucial biological systems when nSOD1was low. Also, investigating the 

possible effect of higher soluble nSOD1 and HSP70, we demonstrated that in 

this condition, DNA damage is reduced even under oxidative stress condition, 

thus confirming that nuclear mutant SOD1 aggregation may cause a loss of its 

protective activity in this cell compartment. 
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5. MATERIALS AND METHODS  

 

5.1. Study subjects 

After obtaining their written informed consent, 36 sALS, 6 AD and 6 PD patients, and 

26 age- and sex-matched healthy controls (CTRL) were recruited. All the subjects were 

deep-sequenced and included in Real Time PCR experiments. ALS, AD and PD patients 

underwent clinical and neurologic examination at IRCCS Mondino Foundation (Pavia, 

Italy). ALS patients were diagnosed following the El Escorial criteria [159]. Only 

unmutated ALS patients were included in the study since our previous works highlighted 

interesting molecular features in this cohort [95, 110]. AD diagnosis was made according 

to the National Institute of Neurological and Communicative Disorders and Stroke and 

the AD and Related Disorders Association (NINCDS-ADRDA) criteria [117]. For PD, 

patients Movement Disorder Society (MDS) clinical diagnostic criteria were used [160]. 

All patients were analyzed to exclude any mutations in causative genes by whole exome 

sequencing.  The control subjects were recruited at the Transfusional Service and Centre 

of Transplantation Immunology, Foundation San Matteo, IRCCS (Pavia, Italy). The 

study protocol to obtain PBMCs from patients and controls was approved by the Ethical 

Committee of the IRCCS Mondino Foundation (Pavia, Italy), (Codes 20200045392; 

n°20170001758; n°2020042334). All experiments were performed in accordance with 

relevant guidelines and regulations. 

 

5.2. Peripheral Blood Mononuclear Cells isolation from blood samples 

To isolate PBMCs, peripheral venous blood was layered over an equal volume of Ficoll 

Histopaque®-1077 (Sigma Aldrich) in a Falcon tube, following manufacturer's 

instructions, and centrifuged for 30 minutes at 950× g at room temperature (RT). Layers 

form, each containing different cell types. The second layer, characteristically white and 

cloudy, contains PBMCs, composed of ~80% lymphocytes and ~20% of monocytes. 

These cells were gently removed using a Pasteur pipette, added to 1X phosphate buffer 

saline solution (PBS) to wash off any remaining platelets, and pelleted at 1200× g for 10 

minutes at room temperature (RT). The cell viability was estimated using trypan blue 

exclusion test.  
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5.3. RNA extraction 

Total RNA from PBMCs was isolated by Trizol® reagent (Life Science Technologies) 

following the manufacturer’s specifications. RNAs were quantified using a Nanodrop 

ND-100 Spectrophotometer (Nanodrop Technologies) and quality was checked with a 

2100 Bioanalyzer (Agilent RNA 6000 Nano Kit). RNAs with a 260:280 ratio of ≥1.5 

and an RNA integrity number of ≥8 were deep sequenced.  

5.4. RNA sequencing 

The transcriptome is the collection of all RNA molecules, including mRNAs, non-

coding RNAs and small RNAs, in one cell or a population of cells. Understanding the 

transcriptome is essential for interpreting the functional elements of the genome, 

revealing the molecular constituents of cells and tissues, and for comprehending 

development and disease. The type and quantity of genes transcribed is dependent on the 

cell-type and its environment and is tightly regulated, thus the disruption of this 

regulatory process is often the cause of several diseases [161]. The key aims of 

transcriptomics are: 1) to catalogue all species of transcript, including mRNAs, non-

coding RNAs and small RNAs; 2) to determine the transcriptional structure of genes, in 

terms of their start sites, 5′ and 3′ ends, splicing patterns and other post-transcriptional 

modifications; 3) to quantify the changing expression levels of each transcript during 

development and under different conditions [162]. 

The development of high-throughput approaches has enabled the interrogation of RNA 

sequences on a large scale [163]. RNA sequencing (RNA-seq) was developed more than 

a decade ago and since then has become a ubiquitous tool in molecular biology for the 

analysis of transcriptome. Basically, a population of RNA molecules is converted to a 

library of cDNA fragments; adapters are attached to one or both ends to allow 

sequencing reaction and barcodes are added to each fragment. Each molecule, with or 

without amplification, is then sequenced in a high-throughput manner to obtain 

sequences from one end (single-end sequencing) or both ends (pair-end sequencing). 

Paired-end sequencing allows the generation of a dataset with higher quality, suitable 

for the detection of gene fusions and for the characterization of novel splice isoforms. 

The reads are typically 30–400 bp, depending on the DNA sequencing technology used. 

Furthermore, Whole-Transcriptome analysis can also consider strand orientation, 

allowing the precise quantification of allele-specific expression. 

Broader applications of RNA-seq have shaped our understanding of many aspects of 

biology, such as by revealing the extent of mRNA splicing and the regulation of gene 

expression by non-coding RNAs and enhancer RNAs. The adaptation and evolution of 

RNA-seq has been driven by technological developments and has enabled a richer and 

less biased view of RNA biology and the transcriptome [164]. Although RNA-seq is still 

a technology under development, it offers several key advantages over pre-existing 

technologies. First, unlike hybridization-based approaches, RNA-seq is not limited to 

detecting transcripts that correspond to existing genomic sequence, becoming crucial for 
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the discovery of unknown genes and novel transcript isoforms. In addition, it can reveal 

the precise location of transcription boundaries, to a single-base resolution. Furthermore, 

short reads from RNA-seq give information about how two exons are connected, 

whereas longer reads should reveal connectivity between multiple exons. These factors 

make RNA-seq useful for studying complex transcriptomes. In addition, RNA-seq can 

also reveal sequence variations as SNPs in the transcribed regions. This method has very 

low background signal because DNA sequences can be unambiguously mapped to 

unique regions of the genome [162].  

 

5.4.1. RNA-seq workflow 

The first challenge of RNA-seq is the designing of the experiment, where cost and 

accuracy must be balanced. Optimal number of biological and technical replicates must 

be chosen, together with the sequencing depth required to achieve reliable analysis. It is 

also remarkable the choice of “single-reads” or “paired-end” because this affects how 

the fragments are read, from only end to the other or from both ends. Where it is possible, 

a “paired-end” sequencing is recommended for increasing sequence coverage [165]. 

A typical RNA-seq experiment is structured in multiple steps: 1) Experimental Biology, 

2) Computational Biology and 3) Systems Biology (Figure 5). 



MATERIALS AND METHODS 

30 

 

 

Figure 5. Overview of a typical RNA-seq workflow. The three main sections are presented in the different 

boxes: Experimental Biology (orange), Computational Biology (green) and System Biology (blue). The 

workflow starts from the sample preparation and continues to the sequencing and analysis steps as indicated 

by the arrows. [166] 

 

Experimental Biology 

The experimental step includes the choice of RNA extraction method and library 

preparation, that will result in millions of short reads from the Next Generation 

Sequencing (NGS) sequencer. RNA preparation methods may differ depending on 

sequencing platforms, RNA subtypes and sequencing purposes.  
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Isolation and purification of cellular RNAs is typically obtained by disrupting cells in 

the presence of detergents and chaotropic agents. After homogenization, RNA can be 

recovered and purified from the total cell lysate using either liquid-liquid partitioning or 

solid-phase extraction. Using a spectrophotometer, purity and yield of extracted RNA is 

measured. Furthermore, to assess the quality of samples to sequence, instruments such 

as Agilent Tape Station system, electrophoresis device that offer fast and reliable 

separation, sizing and quantification for quality control of DNA and RNA samples, can 

be used to detect signs of degradation that may affect the sequence reliability [167]. A 

crucial step prior to library preparation, is the removal of ribosomal RNA (rRNA) It 

consists of >80% of total RNA, thus if both mRNAs and noncoding RNAs are of interest 

for sequencing, it has to be depleted since it may cover the majority of obtained reads. 

Removal of rRNA can be achieved by several methods, such as hybridization, using 

oligos that are complementary to highly conserved l rRNA sequences [168]. 

Library preparation usually starts with RNA fragmentation (Figure 6). This happens 

because the majority of sequencing platforms only provide relatively short sequence 

reads (40-400bp). To test the effectiveness of the step, RNA can be evaluated on Tape 

Station. If the fragmentation is successful, RNA is converted into double-stranded 

complementary DNA (cDNA) for improving sequence coverage over the transcriptome. 

When libraries are prepared, their “multiplex” is pooled into a single sequencing 

reaction. Millions of sequence reads are produced in a single reaction by most high-

throughput sequencers. Thus, to minimize time and expense multiple experiments or 

samples are sequenced together. To identify which experiment a given sequence comes 

from, each sample is prepared using adapters containing different tags, known as an 

index or barcode. Tags are made of short sequences (5-7 bp) that can be associated to 

the respective sample during downstream analysis. Last step before sequencing, is to 

assess the quality of cDNA libraries and quantify them. Also, the fragment size 

distribution of libraries is checked to be in the expected size range and free of artefacts 

deriving from ligation or PCR [169].   
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Figure 6. Workflow of RNA library preparation for sequencing: after total RNA isolation from the samples, 

rRNA depletion is performed. RNA is fragmented, adapter-ligated and reverse-transcribed into a cDNA 

library. Libraries are then amplified and sequenced. Generated reads are retained for downstream analysis 

(Modified from Cui et al., Genomics, 2010). 

Suitable libraries can be sequenced at this point. Depending on the chosen sequencing 

platforms, different chemistries and technologies are exploited. For instance, Illumina 

NGS devices are based on an in vitro clonal amplification, called “bridge PCR”. 

Amplified fragments are then converted into single strands and sequenced through the 

different cleavable fluorescent dyes and reversible 3' blocker groups, added by the 

polymerase to complement the template fragments, that labels four kinds of nucleotides 

(ddATP, ddGTP, ddCTP, ddTTP). The fluorescent signal for each base is captured by a 

camera. On the contrary, Ion torrent technology approach is defined as "sequencing by 

synthesis". In this case, a new DNA strand, complementary to the target strand, is 

synthesized one base at a time. Hydrogen ions produced during the polymerization are 

detected on a chip. This method is faster and cheaper because it does not require a camera 

for fluorescence detection. However, it has limits in decoding repetitive sequences [170]. 

Lastly, PacBio sequencing is a method for real-time sequencing and does not require a 

pause between read steps. Four fluorescent-labelled nucleotides, which generate distinct 

emission spectrums, are added to the device and, as a base is held by the polymerase 

during DNA synthesis, a light pulse is produced that identifies the base [171]. 
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Many sequencing platforms exist, but at the moment Illumina represents the leading 

platform for RNA-seq. Its technology enables deep sequencing, crucial for transcriptome 

studies, but also low error reads long enough for mapping to reference genomes and 

transcriptome assembly. 

After sequencing, RNA-seq data are formatted in a FASTQ file, which includes 

sequences and base quality [172]. 

 

Computational Biology 

Since RNA-seq is a complicated, multiple-step process involving sample preparation, 

fragmentation, purification, amplification, and sequencing, numerous erroneous 

sequence variants can be introduced. Hence, quality assessment is the first step of the 

bioinformatics pipeline of RNA-seq to perform on raw data to enable the assessment of 

the overall and per-base quality for each read in each sample [173]. Reads likely to 

contain multiple sequencing errors provide less biological information and are expected 

to hinder assembly and alignment. Therefore, a common filtering step is to discard reads 

or to remove the ends of the reads that containing low quality bases, base adapters, 

contamination or overrepresented sequences performing a “quality trimming” [166]. 

Then, suitable short reads are aligned to a reference genome or transcriptome assembly. 

In this way, reads are annotated and connected to gene families, individual transcripts, 

small RNAs or individual exons. Also, this allows to approximate the abundances of 

“elements” in the original samples [174]. For this aim, read counts obtained from 

mapping must be normalized for technical biases removal resulting from comparison in 

different sequencing depths experiments and differences in transcripts lengths [165]. 

 

Systems Biology 

The purpose of many RNA-seq studies is to identify features of the transcriptome that 

are differentially expressed between or among groups of individuals or tissues that are 

different with respect to some condition [166]. Differential Gene Analysis (DGE) is 

performed for estimation of genes’ differential expression between different conditions. 

It is obtained through read counts from which the fold change and p-value are calculated, 

considering sequencing depth and variability. Thus, both difference in the expression 

and significance are estimated and corrected for multiple testing [175]. DGE analysis is 

performed through different software, whose choice depends on sensitivity to specific 

parameters. Among many options, EBSeq and DESeq are two R package widely used 

for this kind of analysis. 

Resulting dysregulated genes can be significant, which may lead to time-consuming 

literature searching for data interpreting. For this reason, pathway enrichment analysis 
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are usually performed to help in summarize large gene lists and in interpret the biological 

translation of RNA-seq results. These pathways result from the use of several statistical 

tests, which consider the number of genes detected in the experiment, their relative 

ranking and the number of genes annotated to a pathway of interest [176]. Gene 

Ontology is commonly used for this purpose, as well as KEGG, Ingenuity, Reactome or 

WikiPathway. 

5.5. Library preparation for RNA-seq and bioinformatic data analysis 

Sequencing libraries of sALS and AD patients and matched controls were prepared with 

the Illumina TruSeq Stranded RNA Library Prep kit, version 2, Protocol D, using 500 

ng total RNA (Illumina). For PD patients and controls libraries it has been used the 

SENSE Total RNA-Seq Library Prep Kit (Lexogen, Vienna, Austria), starting from 200 

ng total RNA. Quality of sequencing libraries was assessed by 2100 Bioanalyzer with a 

DNA1000 assay and DNA High Sensitivity assay (Agilent, Waldbronn, Germany). 

Before library generation, total RNA samples were  processed by selective removal of 

rRNA (ribo-depletion). This is because the rRNA, making up more than 80% of total 

cellular RNA [177], was not the research focus, and its presence could greatly reduce 

the useful transcript coverage in the following sequencing step. A double-stranded 

cDNA library was then prepared via RNA fragmentation prior to the reverse 

transcription. After the generation of fragmented cDNA, sequencing adapters were 

ligated to both ends of the fragments. The quality of each library was assessed by 2100 

Bioanalyzer with a “DNA High sensitivity” assay. Libraries were fluorometrically 

quantified using High Sensitivity ds DNA assay with Qubit device. The sequencing step 

was performed with NGS technologies using Illumina Genome Analyzer and the 

NextSeq 500/550 High Output v2.5 kit (150 cycles) produced by Illumina. RNA 

processing was carried out using Illumina NextSeq 500 Sequencing. FastQ files were 

generated via Illumina bcl2fastq2 (Version 2.17.1.14-

http://support.illumina.com/downloads/bcl-2fastq-conversion-software-v217.html) 

starting from raw sequencing reads produced by Illumina NextSeq sequencer. Genes and 

transcripts intensities were computed using STAR/RSEM software [178] using GRCh38 

(Gencode release 27) as a reference, using the “stranded” option. Differential expression 

analysis for mRNA was performed using R package EBSeq [179]. This tool was selected 

because of its superior performance in identifying isoforms differential expression [180]. 

Differential expression analysis for lncRNAs was performed with the R package DESeq 

[181]. Transcripts were considered differentially expressed and retained for further 

analysis with |log2(disease sample/healthy control)| ≥ 1 and a FDR ≤ 0.1. We imposed 

minimum |Log2FC| of 1 and an FDR lower than 0.1 as thresholds to differentially 

expressed genes to maximize the sensitivity of this analysis. 
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5.6. Pathway analysis 

Gene enrichment analysis was performed on coding genes [182]. We performed a Gene 

Ontology (GO) analysis for biological processes, cellular components and molecular 

function and KEGG pathway analysis (Kyoto Encyclopedia of Genes and Genomes 

http://www.genome.ad.jp/kegg) and Wikipathway 

(https://www.wikipathways.org/index.php/WikiPathways) via enrichR web tool [183, 

184]. 

 

5.7. RT-PCR 

Using human gene sequences available from NCBI (www.ncbi.nlm.nih.gov/nucleotide), 

PCR oligonucleotide for genes pairs (Table 4) were selected spanning introns to optimize 

amplification from mRNA templates and avoiding nonspecific amplification products, 

using NCBI’s Primer- BLAST or online Primer 3.0. Total cDNAs were prepared from 

500 ng using iScript™ Reverse Transcription Supermix for RT-qPCR (Bio-Rad). RT-

PCR reactions included 200nM of each oligonucleotide, 7.5 μl of iQ SYBR Green 

Supermix (Bio-Rad), and 1 μL of cDNA template (or water control). Cycling conditions 

using a Bio-Rad CFX Real-Time thermocycler were 5 min denaturing at 95 °C, followed 

by 40 cycles of 95 °C (10 s) and 58 °C annealing (30 s). Cycle threshold (Ct) values was 

automatically recorded for each replicate qPCR reaction, and mean Ct values were 

normalized against those determined for GAPDH. Fold-expression differences relative 

to healthy controls will be determined using the 2ΔCt method. Significance of gene 

expression changes relative to controls was analyzed using one-way ANOVA (Kruskal-

Wallis) and the Bonferroni post-test for all possible test pairings using Prism GraphPad 

8.2.0 software (GraphPad Software). P-values (two tailed) with 95% confidence 

intervals was computed, and P<0.05 was considered statistically significant.  
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Gene Forward Reverse 

GAPDH  5'-ATGGAAATCCCATCACCATCTT-3' 5'-CGCCCCACTTGATTTTGG-3' 

HSPA1A  5'-CGACCTGAACAAGAGCATCA-3' 5'-AAGATCTGCGTCTGCTTGGT-3' 

HSPA1B  5'-CCGAGAAGGACGAGTTTGAG-3' 5'-GCAGCAAAGTCCTTGAGTCC-3' 

HSPH1  5'-CTCCCAAAGTGCTGGGATTA-3' 5'-CATCTTCACCCAGGAAGCAT-3' 

HSF1  5'-GACATAAAGATCCGCCAGGA-3' 5'-CTGCACCAGTGAGATCAGGA-3' 

ZEB1-AS1  5'-CACACGGTGCTTGTCTCACT-3' 5'-ATCTGTCAGCCGATGCTTCT-3' 

IER3-AS1  5'-CGCCGAAGTCTCACACAGTA-3' 5'-ACTGCGGCAAAGTAGGAGAA-3' 

ZBTB11-AS1  5'-TGCCAAAACACCACCTGTAA-3' 5'-AGCTGCCCATTGTCATTACC-3' 

KIAA2013  5'-ATGGCATCCGCTACAAGAAC-3' 5'-GATGTAGAGCAGTGGCGTGA-3' 

MYCBP  5’- TTGTACGGGTTCCCATGAAT-3’ 5’- AACAGCACAGAAAGGCCAGT-3’ 

HDAC1  5'-GGAAATCTATCGCCCTCACA-3' 5'-AACAGGCCATCGAATACTGG-3' 

VCL  5'-CTTTGCTGCTACAGGGGAAG-3' 5'-GGATATGGGACGGGAAGTTT-3' 

TLN1  5'-CACCATGGTTGCACTTTCAC-3' 5'-CCCATTTCGGAGCATGTAGT-3' 

MTRNR2L1  5'-CCGAGCAACATATGCTGAGA-3' 5'-CCTGGATTACTCCGGTCTGA-3' 

MTRNR2L8  5'-TTGTATGAATGGCTCCACGA-3' 5'-CGAAATTTTTCACGCAGGTT-3' 

SCARNA2  5'-GTGCAGGGTGAGTGTGAGTG-3' 5'-GCAGGAGGAGAGCTTTTCAT-3' 

TBC1D3  5'-ATCGAGCGTACAAGGGAATG-3' 5'-CCGTATCGATCCCTGAAGAA-3' 

RP1-29C18.9  5'-GATTTGCATGTGTGGATTGC-3' 5'-AAAGTTAGCCCCAACGACCT-3' 

Table 4. Primers used for RT-PCR. 

 

5.8. Subcellular fractionation 

To separate the soluble cytoplasmic fraction (SCF) and the soluble nuclear fraction 

(SNF) of the cellular proteins, subcellular fractionation of PBMCs was performed 

according to the method of Schreiber and colleagues [185], with some modifications. 

After cells have been washed with ice-cold 1X PBS, the cellular pellet was resuspended 

in ice-cold hypotonic lysis buffer (10 mM HEPES, pH 7.9, 10 mM KCl, 0.1 mM EDTA, 

1 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride, 1% of protease and 

phosphatase inhibitor cocktail). Cells were allowed to swell on ice for 25 min, after 

which 25 µL of 10% Nonidet NP-40 (Fluka, St. Gallen, Switzerland) was added. 

Samples were vortexed and centrifuged at the maximum speed. The supernatant, 

containing the cytoplasm proteins, was collected and stored at –80 ◦C until the use. The 

nuclear pellets were resuspended in ice-cold hypertonic nuclear extraction buffer (20 

mM HEPES, pH 7.9, 0.4 M NaCl, 1 mM EDTA, 1 mM dithiothreitol, 1 mM 

phenylmethylsulfonyl fluoride, 1% of protease and phosphatase inhibitor cocktail), and 

incubated on ice for 20 min with agitation. The nuclear extracts were then centrifuged at 
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the maximum speed for 5 min at 4 ◦C and the supernatant containing the nuclear proteins 

was collected and frozen at –80 ◦C.  

5.9. BCA Protein assay 

Protein concentration of previously extracted samples was determined using 

bicinchoninic acid (BCA) method (Sigma-Aldrich) and BSA (bovine serum albumin). 

A solution of copper (Cu+2) and BCA was prepared and 20 μl of this solution are mixed 

with 2,5 μl of an intermediate dilution of each sample. The BCA assay relies on two 

reactions. First, the peptide bonds in protein reduce Cu2+ ions from the copper (II) 

sulphate to Cu+. The amount of Cu2+ reduced is proportional to the amount of protein 

present in the solution. Next, two molecules of bicinchoninic acid chelate with each Cu+ 

ion, forming a purple-colored complex that strongly absorbs light at a wavelength of 562 

nm. The sample was incubated at 37°C, temperature requested for the formation of 

peptide bonds involved in reaction complex development. Protein quantification was 

determined using Nanodrop ND-100 Spectrophotometer (Nanodrop Technologies). 

 

5.10. Western Blotting analysis 

A Western blotting analysis was performed by SDS–polyacrylamide gel electrophoresis 

(SDS-PAGE). Thirty µg of nuclear and cytoplasm proteins were loaded onto 12.5% 

SDS–PAGE gel (Bio-Rad). After electrophoresis, samples were transferred to 

nitrocellulose membrane (Bio-Rad) using a liquid transfer apparatus (Bio-Rad). 

Nitrocellulose membranes were treated with a blocking solution (5% of non-fat dry milk 

in TBS-T buffer, 10 mM Tris-HCl, 100 mM NaCl, 0.1% Tween, pH 7.5) to block 

unspecific protein binding sites and incubated with primary antibody overnight at 4 °C. 

SOD1 (sc-11407), PCNA (sc-56), HSF1 (sc-17757), all from Santa-Cruz. HSP70 

(ab2787), HSPH1 (ab109624), pHSF1 (ab76076), all from Abcam. GAPDH 

(GTX100118), GeneTex. Immunoreactivity was detected using donkey anti-rabbit or 

anti-mouse secondary peroxidase-conjugated antibody (GE Healthcare) and bands were 

visualized using enhanced chemiluminescence detection kit (ECL Select, Ge 

Healthcare). Both primary and secondary antibodies were removed from the membrane 

by means of stripping solution (mercaptoethanol, 2% SDS, and 62.5 mM Tris/HCl, pH 

6.7), and then processed as described above. Densitometric analysis of the bands was 

performed using the ImageJ software (version number 1.51, http://rsb.info.nih.gov/ij/) 

and statistical analysis were performed using one-way ANOVA (Kruskal-Wallis) and 

the Bonferroni post-test for all possible test pairings using Prism GraphPad 8.0.2 

software (GraphPad Software). P-values (two tailed) with 95% confidence intervals was 

computed, and P<0.05 was considered statistically significant. 

 

http://rsb.info.nih.gov/ij/
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5.11. Immunofluorescence 

1 × 105 cells were placed on a poly-L-Lysine slide (Thermo Fisher Scientific) and 

incubated at 37 °C to allow cell attachment to the slide. Cells were rinsed with 1X PBS 

and then fixed using a solution of 4% PFA/1X PBS. Fixed cells were washed with 1X 

PBS and treated with a blocking solution (5% normal goat serum in 0.1% Tween-PBS) 

for 1 h to block unspecific protein binding sites, cells were then incubated ON at 4 °C 

with primary antibodies: mouse monoclonal Anti-Histone H3 (tri methyl K27) antibody 

(ab6002); Abcam. Cells were washed with 1X PBS and incubated at RT for 1 h with 

secondary antibodies: CFTM 594 goat anti-mouse (Sigma). Both primary and secondary 

antibodies were prepared in blocking buffer. Finally, samples were washed with 1X PBS, 

mounted with Prolong® Gold antifade reagent with DAPI (Invitrogen), dried, nail-

polished and images were acquired by confocal microscopy (Olympus Fluoview FV10i). 

 

5.12. Comet Assay 

For DNA damage study, comet assay was performed in PBMCs of controls, High 

nSOD1 and Low nSOD1 sALS patients, treated with 500 μM H2O2 or with 500 μM H2O2 

(Sigma) + 50 μM VER (Sigma) (HSP70 inhibitor) treatment followed by 30’ stress 

recovery phase. Approximately 104 cells were collected and centrifuged at 2000 x g for 

5 min, the supernatant was discarded, and the pellet was suspended in 0.75% low-

melting-point agarose (Sigma-Aldrich). The cell suspension was placed onto microscope 

slides coated with a layer of 1% agarose in 1X PBS. Slides were immersed in alkaline 

lysis buffer (2.5 M NaCl, 0.1 M EDTA, 10 mM Tris, pH 10) for 1 h at 4 °C and put in a 

horizontal electrophoresis tank, filled with cold electrophoresis buffer (0.3 M NaOH, 1 

mM EDTA, pH 13), and equilibrate for 40 min before starting electrophoresis (run 

conditions: 300 mA, 25 V, 30 min at 4 °C). Slides were neutralized with 0.4 M Tris, pH 

7.5 for 15 min at 4 °C, covered and stored in a humidity chamber. After the addition of 

the nuclear dye Hoechst (Sigma), individual cells or ‘Comets’ were analyzed using a 

fluorescence microscope (Axio Imager 2, Zeiss). Comet length was measured using 

CaspLab (1.2.3beta2 version) [186] and values were analyzed using one-way ANOVA 

(Kruskal-Wallis) and the Bonferroni post-test for all possible test pairings using Prism 

GraphPad 8.0.2 software (GraphPad Software, San Diego, CA). P-values (two tailed) 

with 95% confidence intervals was computed, and P<0.05 was considered statistically 

significant.
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6. RESULTS 

 

6.1. Amount of Differentially Expressed mRNAs and lncRNAs vary in sALS, AD 

and PD 

Following RNA-sequencing experiments, the analysis of Differential Expressed (DE) 

genes was conducted. Coding and non-coding genes with a |log2(disease sample/healthy 

control)| ≥ 1 and a FDR ≤ 0.1 were considered differentially expressed and retained for 

downstream analysis. Both the amount of DE genes and their biotype were heterogenous 

among the three groups. A summary of these results is shown in Table 5. The number of 

DE transcripts found in these three pathological conditions is the first line of evidence 

of different RNA involvement among the different diseases. In fact, in sALS the total 

number of affected genes is 380, while in AD it is 25 and in PD only 5. It is also important 

to highlight that both in sALS and PD, the majority of DE genes belongs to non-protein 

coding class, but in AD only 4 transcripts out of 23 do not encode for proteins. By 

analyzing the DE genes lists, none were shared amongst these pathologies, but further 

bioinformatics and literature searches allowed us to identify some common features that 

will be highlighted later on. 

 

 

Table 5. Number of mRNAs and lncRNAs differentially expressed and statistically significant in PBMCs 

of sALS, AD and PD patients compared to healthy controls.  Upregulated, downregulated  and total are 

reported. (Modified from Garofalo et al., Int. J. Mol. Sci., 2020). 

 

6.1.1. Amyotrophic Lateral Sclerosis 

Through RNA-seq data analysis, 380 genes were found DE in sALS patients, 293 of 

which were lncRNAs (183 upregulated and 110 downregulated genes). Concerning the 

class of lncRNA, antisense lncRNA were 184 out of 293, 81 out of 293 were lincRNAs 

and the remaining 28 were classified as processed transcripts or intronic sense RNAs. 

About coding genes, 87 DE mRNAs were identified, 30 of which were downregulated 
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whereas 57 were upregulated. Expression levels of all dysregulated mRNAs and 

lncRNAs in sALS and healthy subjects are separately represented in heat-maps (Figure 

7A-B). Different expression profiles in sALS and healthy controls can be visibly 

distinguished. The most deregulated coding genes were KIAA2013, HDAC1 and 

MYCBP. KIAA2013 is an uncharacterized protein and HDAC1 is an histone 

deacetylase, that has already been associated to ALS because of its altered expression 

[187]. Moreover, MYCBP is the binding protein of the well characterized oncogene 

MYC [188]. When considering the top 10 of DE lncRNAs our data showed an interesting 

deregulation of antisense (AS) RNAs related to genes involved in transcription 

regulation pathways such as ZEB1-AS and ZBTB11-AS. Also, XXbac-BPG252P9.10 is 

described as the antisense transcript of IER3, involved in transcription. Interestingly, 

some of the sense genes regulated by the DE AS lncRNAs in sALS are already linked to 

neurodegenerative disease, such as UBXN7-AS [189], ATG10-AS38 [190] and 

ADORA2A-AS [191]. 

 

6.1.2. Alzheimer’s Disease 

A total of 23 DE genes has emerged in AD patients, 19 of which were protein coding 

genes (8 upregulated and 11 downregulated) and 4 of which were non-coding genes, 

with 3 upregulated lincRNAs and one downregulated small nucleolar RNA. The 

expression rate of both coding and non-coding genes in AD population versus matched 

healthy controls was shown in a single heat-map since the total number of DE in AD is 

limited (Figure 7C). A neat separation between the two groups is visible despite the low 

number of DE genes, indicating a disease-specific gene expression pattern. 

Interestingly, we found coding genes already associated to AD such as TLN1 [192], and 

four nuclear pseudogenes (MTRNR2L6, MTRNR2L1, MTRNR2L10 and MTRNR2L8) 

of the mitochondrial MT-RNR2 gene [193]. VCL was also upregulated. This gene 

encodes for a protein involved in a pathway associated to Aβ toxicity [194] and 

associates to TLN1 [195]. When looking at the deregulated lncRNAs, three upregulated 

lincRNAs were found: CH507-513H4.4, CH507-513H4.6, CH507-513H4.3. These are 

novel transcripts, similar to YY1 Associated Myogenesis RNA 1 (YAM1) and they are 

reported as AD associated in LncRNADisease v2.0 Database [196]. 

 

6.1.3. Parkinson’s Disease 

Only 5 genes were found DE in PD patients, 4 of which were downregulated (1 protein 

coding, 1 small nucleolar RNA, 1 sense intronic transcript and 1 lincRNA) and one of 

which was an upregulated lincRNA. The heat-map reporting DE mRNAs and lncRNAs 

in showed in Figure 7D. The protein coding gene TBC1D3 has been associated to 
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generation of basal neural progenitors [197]. The lncRNAs found in PD patients are 

currently not associated to specific pathways.  

 

Figure 7. Heatmaps showing expression profiles and clusters of differently expressed genes in sALS, AD, 

PD compared to healthy controls. For sALS group (n=10; CTRL n=3), differentially expressed mRNAs are 

shown in panel A, while sALS differentially expressed lncRNAs are shown in panel B. Heatmaps 

representing both DE  mRNAs and lncRNAs in AD (C) and PD (D) are shown. For both AD and PD 

heatmaps, 6 patients’ samples and 6 CTRL were used. All comparisons are given between the disease state 

and the control samples. We considered as differentially expressed only genes showing |log2(disease 

sample/healthy donor)| ≥ 1 and a False Discovery Rate ≤ 0.1. (Modified from Garofalo et al., Int. J. Mol. 

Sci., 2020). 
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6.1.4. Validation of deregulated coding and non-coding genes 

For qPCR validation, we selected specific mRNAs and lncRNAs. We selected the DE 

RNAs to be validated considering their Fold Change (FC), their previously description 

as “known” antisense and processed transcripts and a balance between up- and 

downregulated transcripts. 

Transcripts validated in sALS are reported in Figure 8. Those validated in AD are 

reported in Figure 9 and PD validated ones are shown in Figure 10. Because of the 

pertinency of DE genes found in sALS patients, we extended validation on a larger 

cohort of these category of patients: 30 sALS and 30 healthy controls PBMCs underwent 

lncRNAs confirmation, while 10 sALS and 10 healthy controls PBMCs underwent 

mRNAs validation. 

 

 

Figure 8. Validation through RT-PCR of DE transcripts in PBMCs from a larger cohort of sALS and CTRL 

(n=30 for lncRNAs and n=10 for coding RNAs. *p<0.05, **p<0.001. (Modified from Garofalo et al., Int. J. 

Mol. Sci., 2020). 
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Figure 9. Validation through RT-PCR of DE transcripts in PBMCs from AD and CTRL. (Modified from 

Garofalo et al., Int. J. Mol. Sci., 2020). 

 

 

Figure 10. Validation through RT-PCR of DE transcripts in PBMCs from PD and CTRL. (Modified from 

Garofalo et al., Int. J. Mol. Sci., 2020). 

 

6.1.5. mRNA pathway analysis 

Amyotrophic Lateral Sclerosis 

Cancer-related pathways, longevity pathway and atherosclerosis resulted from KEGG 

pathway analysis of DE mRNA in sALS patients (Figure 11).  

 



RESULTS 

44 

 

 

Figure 11. KEGG pathway analysis performed using DE genes in sALS group compared to healthy controls. 

Top 10 KEGG terms are showed. The significance of the specific gene-set term is represented by the length 

of the bar. The significance of the term is indicated by the brightness of the bar’s color (the brighter, the 

more significant). Significance for p<0.004-0.05. (Modified from Garofalo et al., Int. J. Mol. Sci., 2020).  

Intracellular transport, ROS response and regulation of transcription are the GO 

Biological Processes terms enriched in this group of patients (Figure 12A). The most 

enriched GO terms in Molecular Function database were activin binding, transcription 

factor activity, NF-kappaB binding and activating transcription factor binding and DNA 

binding (Figure 12B). Moreover, enriched GO terms for Cellular Component were 

integral component of plasma membrane and chromatin (Figure 12C). 
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Figure 12. Gene Ontology analysis of DE genes in sALS patients compared to healthy controls. TOP10 

enriched GO terms are showed. Biological process (A), molecular function (B) and cellular component (C). 

The length of the bar represents the significance of that specific gene-set or term. The brighter the color, the 

more significant that term is, and the grey color refers to non-significant terms. Significance for p<0.003-

0.05. (Modified from Garofalo et al., Int. J. Mol. Sci., 2020). 

 

Alzheimer’s disease 
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DE genes in analyzed with KEGG pathways highlighted terms related to ribosome, focal 

adhesion and atherosclerosis (Figure 13).  

 

Figure 13. KEGG pathway analysis performed using DE genes in AD group compared to healthy controls. 

Top 10 KEGG terms are showed. The significance of the specific gene-set term is represented by the length 

of the bar. The significance of the term is indicated by the brightness of the bar’s color (the brighter, the 

more significant). Significance for p<0.0007-0.05. (Modified from Garofalo et al., Int. J. Mol. Sci., 2020). 

Exocytosis and protein targeting membrane represent GO enriched terms for Biological 

Process (Figure 14A), Function analysis resulted in ribosome and focal adhesion those 

for GO Molecular (Figure 14B) and phosphorylase and oxidase activity are enriched 

terms for Cellular Component (Figure 14C). 
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Figure 14. Gene Ontology analysis of DE genes in AD patients compared to healthy controls. TOP10 

enriched GO terms are showed. Biological process (A), molecular function (B) and cellular component (C). 

The significance of the specific gene-set term is represented by the length of the bar. The significance of the 

term is indicated by the brightness of the bar’s color (the brighter, the more significant) Significance for p< 

0.00001-0.05. (Modified from Garofalo et al., Int. J. Mol. Sci., 2020). 

We performed KEGG pathway and GO terms enrichment analysis for DE in sALS and 

AD patients compared to healthy controls [182]. This analysis was not conducted for PD 

patients because of the low number of DE genes found in this group. We found no 

common DE gene in the three cohorts of patients (Figure 15). Nevertheless, some shared 

features related to KEGG and GO were reported (Table 6). 
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Figure 15. DE genes in common among the three pathologies showed in Venn diagram. No common 

deregulated gene emerged from DE analysis. (Modified from Garofalo et al., Int. J. Mol. Sci., 2020). 
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Table 6. Enriched KEGG or GO terms shared among sALS and AD patients. In the first column the term is 

reported; in the columns relative to each disease the genes with the highest fold change involved in each 

term are reported, in green those upregulated, in red those downregulated. (Modified from Garofalo et al., 

Int. J. Mol. Sci., 2020). 

 

6.2. Enlargement of sALS patients cohort 

Because of the relevance of transcriptomic analysis in sALS patients, we have expanded 

the cohort of these subjects and sequenced 12 controls and 26 sALS patients.  

Genes with |log2(disease sample/healthy donor)|≥1 and a False Discovery Rate ≤ 0.1 

were considered DE and retained for further analysis (181). We found a total of 236 DE 

genes in PBMCs of sALS patients compared to healthy controls Table 7).  

 

 

 

 

 

 

KEGG/GO term sALS AD

ADCY9

PLN

A2M

Complement and coagulation cascades F2RL2 F13A1

RELA NCF1

ACVR2A ITGA2B

NFE2L2

MPV17L

RELA

NFE2L2

Protein localization cell surface SMURF1 VCL

Dilated cardiomyopathy (DCM)

Fluid shear stress and atherosclerosis

Cellular response to reactive oxygen species

ITGA2B

NCF1
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Table 7. Differentially expressed transcripts in sALS PBMC. Transcript ID, log2FoldChange, Gene Name 

and Gene Biotype are indicated. Transcripts with a minimum |Log2FC| of 1 and an FDR lower than 0.1 are 

shown.  

 

We evaluated both the trend of these transcripts (up- or downregulated) and their 

biotype, shown in Table 8. Deregulated mRNA were 78 (29 upregulated and 49 

downregulated), while lncRNA were only 21 (8 upregulated and 13 downregulated). A 

representation of DE transcripts is presented in the volcano plot in Figure 16.  
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Table 8. Differentially expressed genes in sALS group are classified in relation to regulation (Up or Down). 

In “lncRNA” column, only antisense RNA and long intergenic noncoding RNA (lincRNA) are considered 

due to their interest in gene expression modulation.  In “Other” column different biotype of noncoding RNAs 

are reported (processed pseudogenes, processed transcripts), not object of this work. 

 

 

Figure 16. Volcano plot show DE genes. Red dots represent significant up- and downregulated genes which 

have |log2(fold change)|≥1 and a p-value ≤0.05. Blue, green and grey dots represent non-significant DE 

detected genes, because they do not satisfy both requirements. The top 6 DE genes are labelled (Ensembl 

ID). 

 

The heatmap of top 60 DE genes in sALS compared to controls is shown Figure 17. The 

opposite expression pattern of genes in patients’ group and control group is evident.  

For further evaluating the distribution of all DE genes in the two class of subjects, we 

performed a Principal Component Analysis (PCA) (Figure 18). The spontaneous 

division of sALS patients and controls is clearly visible, meaning that the transcriptome 

of the two groups is condition specific.  
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Figure 17. Expression profiles of differently expressed genes in ALS patients and healthy controls. Light 

blue labels indicate sALS patients, while pink ones indicate controls.  

 

 

Figure 18. Principal Component Analysis (PCA) of all differentially expressed genes.  sALS group are 

represented by green dots, while controls are shown as orange dots. 
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6.3 Whole transcriptome analysis in PBMCs of High and Low nSOD1 sALS 

patients and healthy matched controls 

Patients suffering from sALS can be classified into two groups based on the expression 

levels of nuclear SOD1[95, 96]: High nSOD1 and Low nSOD1. Thus, we decided to 

perform a transcriptome profiling with differential gene expression analysis in PBMCs 

of these two sALS groups and matched healthy controls.  

 

6.3.1. High and Low nuclear SOD1 sALS patients’ classification 

To group patients ALS population and matched controls in relation to nuclear SOD1 

(nSOD1) levels, we classified High and Low nSOD1 by evaluating the levels of SOD1 

protein in the nucleus of 12 healthy controls and 18 sALS patients through Western Blot 

analysis (Figure 19). 

 

Figure 19. WB quantification of nSOD1 distribution in nuclei of PBMCs isolated from healthy controls 

(CTRL) and sALS patients. 

The ratio between SOD1 and the nuclear Proliferating Cellular Nuclear Antigen 1 

(PCNA1) was calculated for normalization (Table 9).  
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Table 9. Baseline characteristics of subjects recruited for this study. Male=44.4 %; Female=55.6%. Age (M 

± SD) 66.72 ± 9.63). SOD1 and PCNA1 (reference nuclear protein)) ratio was calculated to separate High 

and Low nSOD patients. Threshold was set at 1.4. 

Resulting data were used to define the threshold of 1.4 for distinguishing the High and 

Low nSOD1 groups [96]. The population distribution is represented in the violin plot 

shown in Figure 20.  The mean value of the ratio between SOD1 and PCNA1 in CTRL 

and High nSOD1 samples was 1.66 and 2.26 respectively. Instead, in Low nSOD1, the 

mean value of the ration resulted to be 0.78. The density of Low nSOD1 values is more 

homogenous, while controls and High nSOD1 group show a similar distribution.  

 

Figure 20. PBMCs of sALS patients differ for nSOD1 distribution. Violin plot with boxplot showing 

distribution of SOD1 in controls group (n=12; red), sALS patient group where nSOD1 is “High” (n=8; 

green) and sALS patients group with “Low” nSOD1 (n=10; bleu). Data were analyzed by Kruskall-Wallis 

test. ****p < 0.005; ns= non-significant.  

Since patients selected for this study were age heterogenous, a linear regression model 

was realized on the basis of the age of patients and the SOD1 concentration in the nucleus 

(Figure 21A). We found that the levels of nSOD1 robustly decrease with age (p-

value=0.0021). This data may confirm the putative protective role of SOD1 in nucleus 

since its presence is lost during aging. We also considered sex as possibly affecting 

nSOD1 concentration without observing any significant correlation (Figure 21B). No 

statistically significant incidence of sex (Figure 21B), age of onset, disease duration or 

other clinical parameters exist in correlation with SOD1 presence in the nucleus of sALS 

patients. 
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Figure 21. Levels of nSOD1 corelate with patients’ aging. A) Scatter plot of age vs nSOD1 levels in patients 

considered for this work; p-value=0.0021; R2=0.4456. nSOD1 amount is age dependent. B) Histogram 

showing nSOD1 levels in all patients classified according to sex. F= females, M = Males. No incidence of 

sex exists in relation to SOD1 levels in the nucleus of sALS patients. 

 

6.3.2. RNA-sequencing data of High and Low nSOD1 sALS patients’ and healthy 

controls’ PBMCs  

We performed RNA-seq analysis to investigate the transcriptome profiles in PBMCs of 

sALS patients (n = 18), classified in High nSOD1 (n = 8) and Low nSOD1 (n = 10) 

based on nuclear SOD1 ratio, and age/sex matched healthy controls (CTRL) (n = 12). 

The number of uniquely mapped reads per each sample, resulting from the RNA-seq 

experiment, is represented in the Figure 22.  
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Figure 22. Uniquely mapped reads count per each sample. Red bars represent CTRL, green bars represent 

High nuclear SOD1 samples, blue bars represent Low nuclear SOD1 samples. 

Genes with |log2(disease sample/healthy donor)|≥1 and a False Discovery Rate ≤ 0.1 

were considered differentially expressed and retained for further analysis [198]. 

We detected DE transcripts in PBMCs in the two subgroups of subjects: sALS patients 

with High nSOD1 and sALS patients with Low nSOD1. Both groups were compared 

with healthy controls. In Low nSOD1 patients, we found a total of 62 DE genes (Table 

10), 35 coding (20 upregulated and 15 downregulated) and 27 noncoding genes respect 

to healthy controls. Among the noncoding genes, 14 were lncRNA (9 upregulated and 5 

downregulated). 

 

Transcript ID log2FoldChange Gene Name Gene Biotype Transcript ID log2FoldChange Gene Name Gene Biotype

ENSG00000282960 7.52131557043765 KDM4C protein_coding ENSG00000188282 1.18570434284884 RUFY4 protein_coding

ENSG00000213197 3.43318968024838 AC012066.1 processed_pseudogene ENSG00000258056 1.12385840146588 RP11-644F5.11 antisense

ENSG00000113361 3.00036926599837 CDH6 protein_coding ENSG00000183773 1.08332436905338 AIFM3 protein_coding

ENSG00000205456 2.53512639275729 TP53TG3D protein_coding ENSG00000088881 1.07305484919398 EBF4 protein_coding

ENSG00000108950 2.52453286905801 FAM20A protein_coding ENSG00000272908 1.05750802461125 RP11-121A8.1 lincRNA

ENSG00000160307 2.42937741396295 S100B protein_coding ENSG00000279672 1.05279843661825 CMB9-55F22.1 TEC

ENSG00000278558 2.42472842821478 TMEM191B protein_coding ENSG00000228140 1.03601102734597 RP3-467K16.4 lincRNA

ENSG00000267342 2.29936464816193 RP11-552F3.10 antisense ENSG00000197182 1.01390517105201 MIRLET7BHG lincRNA

ENSG00000178115 2.04808456161896 GOLGA8Q protein_coding ENSG00000227032 1.00130120553494 RPS2P36 processed_pseudogene

ENSG00000248810 1.97245744012298 RP11-362F19.1 lincRNA ENSG00000251867 -1.8889163144791 RP11-48B3.5 antisense

ENSG00000179071 1.94853286778044 CCDC89 protein_coding ENSG00000155090 -1.29119167656028 KLF10 protein_coding

ENSG00000265690 1.69865070287264 RP11-5A19.5 protein_coding ENSG00000175985 -1.34024220813713 PLEKHD1 protein_coding

ENSG00000213172 1.55873488377518 RP1-228H13.2 processed_pseudogene ENSG00000274943 -1.39791792460496 RP11-351C21.2 sense_intronic

ENSG00000225217 1.51587206743831 HSPA7 unprocessed_pseudogene ENSG00000105855 -1.7233577156103 ITGB8 protein_coding

ENSG00000168874 1.49183756412985 ATOH8 protein_coding ENSG00000154928 -1.97846639716329 EPHB1 protein_coding

ENSG00000167123 1.4837029499073 CERCAM protein_coding ENSG00000273338 -2.00581553510598 RP11-386I14.4 antisense

ENSG00000277887 1.47463149202592 SNORA50C snoRNA ENSG00000183625 -2.033818502528 CCR3 protein_coding

ENSG00000182584 1.42667506474105 ACTL10 protein_coding ENSG00000115602 -2.24329928981437 IL1RL1 protein_coding

ENSG00000279035 1.41749572299054 RP11-649A18.3 TEC ENSG00000149516 -2.40878002447957 MS4A3 protein_coding

ENSG00000267265 1.35440619037764 CTC-550B14.7 antisense ENSG00000246363 -2.42386858944451 RP11-13A1.1 lincRNA

ENSG00000113555 1.34982712725523 PCDH12 protein_coding ENSG00000196549 -2.51448439700376 MME protein_coding

ENSG00000234534 1.32798325159191 CSNK1G2P1 processed_pseudogene ENSG00000149534 -2.72219915817 MS4A2 protein_coding

ENSG00000174327 1.31263293223441 SLC16A13 protein_coding ENSG00000140287 -2.98037532537816 HDC protein_coding

ENSG00000260852 1.29499104645243 FBXL19-AS1 antisense ENSG00000259717 -3.05787307358582 LINC00677 lincRNA

ENSG00000246731 1.29434272200613 MGC16275 antisense ENSG00000105205 -3.12858532843734 CLC protein_coding

ENSG00000244682 1.28846469571542 FCGR2C polymorphic_pseudogene ENSG00000124469 -3.15277182309077 CEACAM8 protein_coding

ENSG00000281887 1.26629588706563 GIMAP1-GIMAP5 protein_coding ENSG00000204455 -3.25588473635444 TRIM51BP unprocessed_pseudogene

ENSG00000196159 1.24812256098341 FAT4 protein_coding ENSG00000250696 -3.48129785669236 RP11-704M14.1 antisense

ENSG00000171914 1.24215111349475 TLN2 protein_coding ENSG00000005108 -3.60714266160544 THSD7A protein_coding

ENSG00000250995 1.22891519249441 RP13-128O4.3 processed_pseudogene ENSG00000119121 -3.74960547589506 TRPM6 protein_coding

ENSG00000206811 1.1942733692373 SNORA10 snoRNA ENSG00000134827 -3.79351543723891 TCN1 protein_coding  
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Table 10. Differentially expressed transcripts in Low nSOD1 group. Transcript ID, log2FoldChange, Gene 

Name and Gene Biotype are indicated. Transcripts with a minimum |Log2FC| of 1 and an FDR lower than 

0.1 are shown. 

In High nSOD1 patients, we found only 25 DE genes versus controls (Table 11). Coding 

genes were 15, (12 upregulated and 3 downregulated), 10 were noncoding genes of 

which 4 lncRNA (2 upregulated and 2 downregulated).  

Transcript ID log2FoldChange Gene Name Gene Biotype

ENSG00000167680 4.41141153396196 SEMA6B protein_coding

ENSG00000204388 3.98858942876702 HSPA1B protein_coding

ENSG00000135094 3.24161490612005 SDS protein_coding

ENSG00000280046 2.70188427795239 RP11-1099M24.6 TEC

ENSG00000204389 2.03299955046361 HSPA1A protein_coding

ENSG00000225964 1.90193935607654 NRIR antisense

ENSG00000139354 1.88481211809689 GAS2L3 protein_coding

ENSG00000168386 1.79171274414036 FILIP1L protein_coding

ENSG00000246731 1.57637117434868 MGC16275 antisense

ENSG00000260401 1.56340394144516 RP11-800A3.4 sense_overlapping

ENSG00000260368 1.50323340586512 RP11-521I2.3 sense_overlapping

ENSG00000134247 1.40550554950708 PTGFRN protein_coding

ENSG00000120694 1.25930759944865 HSPH1 protein_coding

ENSG00000114737 1.21658625634824 CISH protein_coding

ENSG00000182580 1.17317696051547 EPHB3 protein_coding

ENSG00000178718 1.07270037190965 RPP25 protein_coding

ENSG00000212719 1.01344397191424 C17orf51 protein_coding

ENSG00000257242 -1.07500240173783 LINC01619 processed_transcript

ENSG00000053524 -1.11229105846428 MCF2L2 protein_coding

ENSG00000238090 -1.12883860990823 AC006195.2 processed_pseudogene

ENSG00000198590 -1.15812827035902 C3orf35 lincRNA

ENSG00000062524 -1.2658181952968 LTK protein_coding

ENSG00000157985 -1.27285771604886 AGAP1 protein_coding

ENSG00000232811 -1.79322447224647 RP11-96K19.2 antisense

ENSG00000218713 -2.37708149831829 RP1-34L19.1 processed_pseudogene  

Table 11. Differentially expressed transcripts in High nSOD1 group. Transcript ID, log2FoldChange, Gene 

Name and Gene Biotype are indicated. Transcripts with a minimum |Log2FC| of 1 and an FDR lower than 

0.1 are shown. 

Outcomes of DE analysis are summarized in Table 12 and biotype of detected transcripts 

is represented in Figure 23.  

 

 

Table 12. Differentially expressed genes in each group are classified in relation to regulation (Up or Down). 

In “lncRNA” column, only antisense RNA and long intergenic noncoding RNA (lincRNA) are considered 

due to their interest in gene expression modulation.  In “Other” column different biotype of noncoding RNAs 

are reported (processed pseudogenes, processed transcripts), not object of this work. 
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Figure 23. Number of detected transcripts per sample for coding (dark grey bars) and non-coding RNAs 

(light grey bars). 

We considered the resulting transcripts separately for each group and realized volcano 

plots (Figure 24A,B) to highlight all statistically significant DE genes in the two ALS 

subgroups.  

 

 

 

Figure 24. Volcano plots. Panel (A) shows DE genes in Low nSOD1 patients, while panel (B) shows DE 

genes in High nSOD1 patients. Red dots represent significant up- and downregulated genes which have 

|log2(fold change)|≥1 and a p-value ≤0.05. Blue, green and grey dots represent non-significant DE detected 

genes, because they do not satisfy both requirements. The top 11 DE genes are labelled (Ensembl ID). 
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Heat-maps of top 60 DE genes in both groups are shown in Figure 25C,D. It clearly 

appears that both groups, Low and High nSOD1, have different gene expression profiles 

compared to healthy controls. We then compared DE genes of the two sALS groups to 

highlight common transcripts. We only detected one common DE gene in the two groups 

(Figure 25E), that is an antisense lncRNA (MGC16275; Fold Change (FC) Low nSOD1: 

1.29; FC High nSOD1: 1.58). 

 

 

 

Figure 25. Differential expression analysis in Low and High nSOD1 PBMCs of sALS patients. Heat-maps. 

Expression profiles of differently expressed genes in ALS patients and healthy controls. Panel (A) compares 

RNAs in Low nSOD1 patients and the control samples, while panel (B) compares RNAs in High nSOD1 

patients and the control samples. Venn diagram. Differentially expressed genes in common among the two 

nSOD1 ALS groups (C). 

We performed a Principal Component Analysis (PCA) of DE genes in the two sALS 

groups and healthy controls (Figure 26). A neat and gradual division of patients is 

present. Both Low and High groups separate from healthy controls and interestingly the 

High nSOD1 group, already described as the “less affected” group [96], is similar to 

controls group. In Table 13, we have reported DE genes involved in DNA repair 

processes. KDM4C and TP53TG3D were found upregulated in Low nSOD1group, 
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HSPA1A, HSPA1B, FILIP1L and PTGFRN were found upregulated in High nSOD1 

group.  

 

 

Figure 26. Principal Component Analysis (PCA) of all differentially expressed genes.  Both Low nSOD1 

(in purple) and High nSOD1 (in orange) groups separate from healthy controls (CTRL in green) and 

interestingly the High nSOD1 group is closer to controls group. 

 

 

Table 13. Genes involved in DNA damage process in Low nSOD1 and in High nSOD1 are reported together 

with their Fold Change.  

 

 

Gene Fold Change Gene Fold Change

KDM4C 7.52 HSPA1B 3.99

TP53TG3D 2.53 HSPA1A 2.00

FILIPL1 1.79

PTGFRN 1.41

Low nSOD1 High nSOD1
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6.3.3. Evaluation of Histone 3 methylation 

Because of the strong difference in gene expression that we observed in the two sALS 

subgroups, and the upregulation of lysine demethylase 4C (KDM4C) in Low nSOD1 

group, we evaluated through immunofluorescence the tri-methylation of Histone 3 (H3) 

in PBMCs. We studied the expression of both H3K9me3, which is a direct substrate of 

KDM4C, and H3K27me3, which is not [199]. Both these histone modifications are 

transcriptional suppressive [200]. However, no differences were present in H3K9me3 

between the two groups, or with healthy controls (data not shown). Nevertheless, as 

shown in Figure 27, in patients with High nSOD1 the amount of H3K27me3 is higher 

compared with Low nSOD1 groups. This is in agreement with the lower number of DE 

genes we found in High nSOD1 group. This evidence highlights a potential link between 

nSOD1 levels and H3 methylation with subsequent effect on epigenetic regulation of 

gene expression, leading to altered cellular processes.   

 

Figure 27. High nSOD1 induces the increase of H3K27 methylation. Representative images of tri-

methylation of Histone 3 on the Lysine 27 (H3K27me3) investigated through immunofluorescence in 

PBMCs of controls, High nSOD1 and Low nSOD1 patients.  
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6.3.4. mRNA pathway analysis 

To further explore the mechanisms underlying the differences observed in the two sALS 

groups, GO terms enrichment analysis for DE genes in High nSOD1 and Low nSOD1 

patients compared to healthy controls have been performed for both upregulated and 

downregulated DE genes together. Concerning Low nSOD1 patients, the GO biological 

process enriched terms are related to sensory perception of pain, neurogenesis, regulation 

of skeletal muscle satellite cell proliferation, retinal ganglion cell axon guidance, 

regulation of cytokine production involved in immune response and central nervous 

system neuron axonogenesis (Figure 28A). The GO cellular component enriched terms 

highlight the involvement of granules and Golgi network (Figure 28B), while those 

belonging to molecular functions include cytokine receptor activity, Tau protein binding, 

RAGE receptor binding and Ephrin receptor activity (Figure 28C). RAGE receptor 

binding term results from the deregulation of S100B, a Ca2+ binding protein involved in 

a vast number of intracellular and extracellular effects in the brain [201], already 

reported as increased in both human and mouse ALS spinal cord tissues display 

transcript and protein levels of both RAGE and S100B [202].  

With regards to High nSOD1 group’ DE genes, the GO biological process enriched terms 

include response to unfolded proteins, cellular response to heat and positive regulation 

of tumor necrosis factor-mediated signaling pathway (Figure 28D). With respect to 

cellular component, the most enriched GO terms include aggregosome, centriole, 

microtubule and ribonuclease P complex (Figure 28E). The most enriched GO terms for 

molecular function are related to RING finger domain, ATPase activity, histone 

deacetylase binding and transmembrane receptor protein tyrosine kinase activity (Figure 

28F).  
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Figure 28. Chord plot showing significantly enriched GO terms for Biological Process (A,D), Cellular 

Component (B,E) and Molecular Function (C,F) in Low (A,B,C) and in High (D,E,F) nSOD1. On the left 

of the plot, the genes contributing to that enrichment, arranged in order of their logFC, which is displayed 

in descending intensity of red squares for the upregulated genes, and blue squares for the downregulated 

ones. The genes are linked to their assigned terms via coloured ribbons. 

We also analyzed the involved pathways resulting from DE genes using both KEGG and 

Wikipathways databases. DE genes in Low nSOD1 group submitted to KEGG analysis 

revealed the involvement of PI3K-Akt signaling pathway, axon guidance, Alzheimer 

disease and interaction of cytokines with their receptors, together with many pathways 

strictly related to the sample tissue (Figure 29A). Interestingly, the same analysis 

conducted in High nSOD1 group, showed the alteration of pathways related to protein 

processing in endoplasmic reticulum and endocytosis. Also, axon guidance and RNA 

transport were affected in this cohort of patients (Figure 29B). The same analysis carried 

out exploiting Wikipathways database, showed also different pathways in the two 

groups. For instance, in Low nSOD1 group, DE genes appear to be involved in amino 

acid biosynthesis and in spinal cord injury (Figure 29C). While, in High nSOD1 group, 

the activated pathways are related to nuclear receptors and apoptosis modulation (Figure 

29D).  
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Figure 29. Dot plot shows the dysregulated KEGG and Wikipathways pathways (FDR <0.1) enriched for 

Low (A,C) and High (B,D) nSOD1 patients. The size of the dot is based on gene count enriched in the 

pathway, and the colour of the dot shows the pathway enrichment significance. Gene ratio: the ratio of 

resulting DE genes correlated to a KEGG pathway to the number of annotated genes per KEGG pathway in 

the database. The p-value is computed from the Fisher exact test which is a proportion test that assumes a 

binomial distribution and independence for probability of any gene belonging to any set.  

 



RESULTS 

66 

 

6.3.4. Heat Shock Proteins and DNA damage evaluation in PBMCs 

We found heat shock proteins (HSPs) to be upregulated in RNA-seq in High nSOD1 

patients (Figure 28; Table 11. Of note HSPs play an important role in the maintenance 

of both protein homeostasis and DNA integrity [203]. Thus, we evaluated both 

HSPA1A, HSPA1B (both transcribed by HSP70 genes) and HSPH1 mRNAs expression 

(Figure 30A,B,C) and protein levels in PBMCs (Figure 30D,E,F). Levels of HSPA1A 

and HSPA1B mRNAs result significantly increased in High nSOD1 patients compared 

to those with Low nSOD1, while no significant alterations are observed in HSPH1 gene 

through RT-PCR. Concerning Western Blot analysis, levels of HSP70 and HSPH1 are 

higher in patients with High nSOD1 compared to those with Low nSOD1. We also 

measured the levels of the transcription factor HSF1 that regulates the expression of heat 

shock genes [204]. When triggered, HSF1 becomes trimerized and phosphorylated, and 

then translocated into the nucleus where it binds to conserved heat shock-responsive 

DNA elements (HSEs) to upregulate genes coding for HSPs [204]. Levels of both HSF1 

transcript and protein were not altered (Figure 31A,B), while the phosphorylation of 

HSF1 protein at S326 is higher in patients with High nSOD1 compared to both Low 

nSOD1 patients and healthy controls (Figure 31C,D). These results show a greater 

activation of HSP70 and HSPH1 in PBMCs of patients with High nSOD1 distribution.  

 

Figure 30. High nSOD1 show an increase of heat shock proteins. Validation of HSPs. A,B,C) RT-PCR of 

HSPA1A, HSPA1B and HSPH1 in PBMCs of CTRL, Low nSOD1 and High nSOD1 sALS patients. Data 

were analyzed by ANOVA (n = 3) followed by Bonferroni post-test. * p < 0.05. Levels of HSPA1A and 

HSPA1B mRNAs are higher in patients with High nSOD1 confirming RNA-seq results, while no significant 

alterations are observed in HSPH1 mRNAthrough qPCR. D,E,F) WB analysis for evaluating expression of 

HSP70s, HSPH1 in sALS PBMCs. Data were analyzed by ANOVA (n = 3) followed by Bonferroni post-

test. * p < 0.05. Levels of HSP70 and HSPH1 are higher in patients with High nSOD1 compared to those 

with Low nSOD1. 
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Figure 31. Phosphorylation of HSF1 is increased in High nSOD1 PBMCs of ALS patients. A) RT-PCR of 

HSF1 mRNA in PBMCs of CTRL, Low nSOD1 and High nSOD1 sALS patients. B) WB analysis of HSF1 

protein. Their levels do not change. C,D) WB analysis for the study of HSF1phosphorylation at Serine 326. 

Levels of phosphorylated HSF1 at S326 are higher in patients with High nSOD1 compared to those with 

Low nSOD1 and to healthy controls. Data were analyzed by ANOVA (n = 3) followed by Bonferroni post-

test. * p < 0.05.  

To demonstrate the protective role of SOD1 and its relationship with HSP70 in the 

nucleus, we performed Comet assay in PBMCs of controls, High nSOD1 and Low 

nSOD1 sALS patients (Figure 33A-C). Comet length was measured for cells in basal 

conditions, cells treated with H2O2 (5 minutes of 500 μM H2O2) followed by 30’ of stress 

recovery and cells undergone 1h of 50 μM VER (HSP70 inhibitor) treatment plus 5’ of 

500 μM H2O2 treatment followed by 30’ of stress recovery. An increased comet length, 

indicating DNA damage, was observed in basal conditions in patients with Low 

nSOD1compared to High nSOD1 (Figure 33A,B). This increase is also visible in Low 

nSOD1compared to controls, while it was not evident in PBMCs of patients with High 

nSOD1 (Figure 33A,C). In healthy subjects, the treatment with H2O2 (5’; 500 μM) + 

VER (1h; 50 μM) visibly increased DNA damage compared to both basal conditions 

cells and control cells treated with H2O2 alone. This indicates that HSP70 is implicated 

in the recovery phase, and its inhibition strongly affects dsDNA repair. In High nSOD1 

patients, as in the healthy controls, no significant variation was highlighted comparing 

basal cells and cells treated with H2O2 (5’; 500 μM), meaning that the upregulation of 

HSP70 restored normal DNA repair during the recovery phase. On the contrary, the 
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inhibition of HSP70 with VER (1h; 50 μM) prevented the recovery from the damage. 

Lastly in Low nSOD1 PBMCs no significant variation was observed in terms of Comet 

length (Figure 33A,C). This suggest that HSP70 are not sufficiently expressed, as their 

inhibition does not contribute to DNA damage increase, present regardless of treatments. 

 

 

Figure 33. HSP70 is involved in DNA damage protection in PBMCs of sALS patients. A) Protective role 

of nuclear SOD1 against DNA damage in PBMCs. Controls, High and Low nSOD1 PBMCs underwent 

basal evaluation (NT; Not Treated), or H2O2 (5’; 500 μM) treatment followed by recovery or H2O2 (5’; 500 

μM) + VER (1h; 50 μM) treatment followed by recovery. B) Comet assay quantification by comet length. 

Data were analyzed by unpaired t test (p value=0.063). An increased comet length, indicating DNA damage, 

was observed in basal conditions in patients with Low nSOD1compared to High nSOD1 patients. C) Comet 

assay quantification by comet length. Data were analyzed by ANOVA (n = 3) followed by Bonferroni post-

test. * p < 0.05 and ***p < 0.001. An increased comet length, indicating DNA damage, was observed in 

basal conditions in patients with Low nSOD1compared to controls. Treatment with H2O2 (5’; 500 μM) + 

VER (1h; 50 μM) visibly increased DNA damage compared to both basal conditions cells and cells treated 

with H2O2 (5’; 500 μM) only in healthy controls. In High nSOD1 patients, no significant variation was 

highlighted comparing basal cells and cells treated with H2O2 (5’; 500 μM), meaning that upregulation of 

HSP70 restored normal DNA repair during recovery phase. Inhibition of H2O2 (5’; 500 μM) with VER (1h; 
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50 μM) prevented the re-establishment of this mechanism. In the end, in Low nSOD1 PBMCs no significant 

variation was observed in terms of comet length. 
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7. DISCUSSION 

 

The complete biological context of disease pathogenesis can be investigated thanks to 

transcriptome analysis that allows the study of gene expression profile. Moreover, 

regulatory ncRNAs have been studied because of their involvement in onset of several 

diseases, such as cancer and neurodegenerative disorders. Hence, we conducted a 

profiling study of lncRNAs and mRNAs in human PBMCs from sALS patients, AD 

patients, PD patients, and healthy controls exploiting RNA-Sequencing technique, with 

the aim of understanding effects of these molecules on the pathogenesis of these 

diseases. The deep screening of transcripts in sALS, AD and PD patients allowed us to 

both highlight transcriptome alterations due to the pathological condition and to assess 

whether a shared deregulation was present in coding/noncoding RNAs. 

No common DE genes emerged in the three cohorts of patients. Nonetheless, we found 

shared feature related to KEGG and GO terms that were reported for sALS and AD, but 

not in PD patients where the low number of DE genes impeded the enrichment analysis.  

“Dilated cardiomyopathy”, “complement and coagulation cascade” and “fluid shear 

stress” are the deregulated pathways in sALS and AD patients that emerged through 

KEGG analysis. Genes related to these pathways are not the same for the two disease 

and moreover, in sALS they are both up- and downregulated, while in AD only 

downregulated. The same happens also for GO analysis, where the enrichment of 

“cellular response to reactive oxygen species” and “protein localization to cell surface” 

were observed. Again, response to ROS in only enriched by two genes upregulated and 

one downregulated in sALS. 

No overlapping terms were found between and the two other pathologies. Nevertheless, 

when consulting KEGG pathways related to AD downregulated DE RNAs, the term 

“Parkinson’s disease” aroused. In fact, one of the downregulated genes in AD was 

NDUFV2, previously described as a genetic variation promoting a mild form of 

Parkinsonism with a similar prognosis to idiopathic PD [205]. 

Pathways resulted from KEGG analysis of sALS and AD DE genes are highly relevant 

for neurodegeneration pathophysiology. Indeed, heart failure in both AD, because of Aβ 

amyloid accumulation in the heart [206], and ALS, because of sympathetic hyperactivity 

that leads to cardiac death [207]  are pertinent with the term “dilated cardiomyopathy” 

resulting from enrichment analysis. Also, “complement and coagulation cascades” 

emerged from DE genes in both groups of patients. A tight balance between protective 

and toxic effect is crucial to regulate these cascades. In fact, the signaling of these 

processes might be compromised promoting cellular damage [208] when subjected to 
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molecular stress typical of neurodegeneration. Finally, “cellular response to reactive 

oxygen species” resulted from cellular processes in GO analysis. This outcome is highly 

relevant in the context of neurodegenerative disease, since oxidative stress is one of the 

most investigated molecular alterations that affect patients affected by 

neurodegeneration [209, 210].  

Interestingly, we found a very small number of DE genes in PD patients’ PBMCs. The 

deregulation of noncoding genes in CNS of patients suffering from these disease has 

been reported [211]. However, despite being present in peripheral blood, the expression 

of these molecules is not altered when compared to healthy controls [212, 213]. Only 5 

genes were DE in our cohort. One of them was TBC1D3, we found it downregulated in 

our analysis and it is not associated to any typical PD molecular alteration. Nonetheless, 

it has been reported as a promoter of basal neural progenitors generation, and as inductor 

of cortical folding in mice [197]. We found an independently transcribed lincRNA as 

upregulated, which is SCARNA2 (small Cajal body-specific RNA 2) [214]. Two other 

ncRNAs were found downregulated, namely RP1-29C18.9 and RP1-29C18.8, but there 

is nothing reported in literature concerning their potential implication in PD. 

We concluded that there is a different involvement of RNA metabolism in Alzheimer’s 

disease, Amyotrophic Lateral Sclerosis and Parkinson’s disease, because the differences 

in the amount of DE genes we found shows that a milder transcriptional machinery 

involvement is present in AD and PD compared to ALS. Despite this imbalance, some 

molecular features common amongst them are present. 

Thus, considering the results we obtained, a more extensive study of coding and 

noncoding genes modulation was necessary for sALS patients, that is the group showing 

the greater number of DE genes.  

In fact, after extending the cohort of these patients, we observed a further significance 

of gene expression alteration in ALS. A total of 123 DE genes was found and two 

different gene expression patterns resulted for sALS and healthy controls.  

Based on our previous reports [95, 96], sALS patients can be classified into two groups 

based on the expression levels of nuclear SOD1[95, 96]: High nSOD1 and Low nSOD1. 

To further explore the molecular alterations that distinguish the two sALS subgroups 

and dissect the potential divergence at gene expression level, we performed a 

transcriptome profiling with differential gene expression analysis in PBMCs of these 

two sALS groups and matched healthy controls.  

Our results clearly indicate a distance in the gene expression patterns between all sALS 

individuals and controls, confirming the implication of sALS disease on RNA 

metabolism [110]. Nevertheless, we have also shown that the RNA expression profile of 

High nSOD1 patients is more similar to the one of healthy controls, compared to the 

Low nSOD1 subgroup. Moreover, it is remarkable that despite of being patients affected 
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by the same disease, we found only one common deregulated gene in PBMCs among 

the two groups, the antisense lncRNA MGC16275. This lncRNA is still uncharacterized 

and has been found to be broadly expressed in many tissues with relevance in the brain 

and by an integration study of transcriptomics and antibody-based proteomics [215]. We 

observed a greater number of DE genes in Low nSOD1 group, this may be explained by 

the poor presence of SOD1 in the nucleus and by the weak methylation we observed on 

H3, marker of loss of transcription suppression [199]. 

These data are consistent with our previous studies demonstrating molecular differences 

among the two patients’ subgroups [95, 96]. This is also supported by the greater number 

of dysregulated coding and non-coding transcripts that were found in Low nSOD1 cells, 

indicating more dysregulated cellular processes in these patients. 

For better understanding the transcriptomic-phenotypic relation that may exists in ALS, 

we evaluated the concentration of nSOD1 in patients with their age or sex and we 

demonstrated that nSOD1 decreases with ageing, while sex does not seem to affect 

protein behavior. 

Since SOD1 may act as a protective protein in the nucleus by preventing DNA damage 

[216] we have investigated the profiles of genes involved in DNA repair processes in the 

two subgroups of patients. Gene database/literature research was performed, and we 

reported 6 genes implicated in genomic stability maintenance (Table 13). KDM4C and 

TP53TG3D were found upregulated in Low nSOD1group. The former is not directly 

involved in DNA integrity maintenance, but its expression is induced by p53, a central 

player in cellular DNA damage responses [217]. KDM4C has been found associated 

with chromatin during mitosis. This association is accompanied by a decrease in the 

mitotic levels of H3K9me3. Moreover, an research work showed its implication in cell 

senescence [218, 219]. In High nSOD1 group, the genes related to DNA damage and 

repair mechanisms found upregulated were 4. The most upregulated were HSPA1A and 

HSPA1B, both belonging to HSP70 family. These heat shock proteins, known for their 

role in the maintenance of protein homeostasis [220], are also induced in response to 

DNA-damaging agents, facilitating DNA repair [221, 222]. Also, in High nSOD1 group 

FILIP1L resulted upregulated. This is a gene that shares similarities to bacterial SbcC 

ATPase DNA repair protein [223]. The expression of FILIP1L is dependent of 

ATM/ATR [224] found activated in SH-SY5Y exposed to oxidative stress [96]. The 

fourth gene found upregulated in this group was PTGFRN. It has been demonstrated that 

the downregulation of this gene leads to reduced DNA-damage sensing [225]. These 

results suggest that patients with higher concentration of nSOD1 show an enhanced 

activation of genes involved in DNA integrity maintenance, corroborating our previous 

study demonstrating a higher damaged DNA in Low nSOD1 patients.  
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Interestingly, HSPA1A, is overexpressed in High nSOD1 patients. HSPA1A folding 

activity can be regulated by other chaperones that also act as nucleotide-exchange factors 

such as HSPH1, HSPH2, HSPH3 [226]. Notably, in High nSOD1 samples we have 

further detected the upregulation of HSPH1 mRNA, and moreover, we also confirmed 

HSP70 and HSPH1 proteins upregulation. In Low nSOD1 group, we did not detect any 

alteration in the expression of HSPA1A, HSPH1 or any other heat shock protein 

transcripts levels. Several studies have additionally addressed the HSPs direct 

involvement in the DNA-damage response [221, 227, 228]. They can regulate DNA 

repair signaling pathways and are required to stabilize core components of DNA repair 

mechanisms. Altered expression levels of HSPs could lead to impaired DNA damage 

detection as well as delayed repair [229]. HSP70s, which include HSPA1A and 

HSPA1B, strongly accumulate in the nucleus upon formation of DNA single strand 

breaks caused by metabolic reactive oxygen species production. As whole these 

observations strongly support our hypothesis that high levels of nSOD1 can modulate 

the activity of factors involved in DNA damage protection. In fact, we demonstrated that 

upon oxidative stress only healthy controls and High nSOD1 cells were able to restore 

DNA integrity. However, when we inhibited the activity of HSP70s, DNA damage was 

increased in controls and in High nSOD1 PBMCs.  

The detection of altered S100B transcript levels in PBMCs of Low nSOD1 patients 

might explain their worse prognosis. In fact, S100B is a Ca2+ binding protein involved 

in a vast number of intracellular and extracellular effects in the brain [201]. It is passively 

released from damaged and/or necrotic cells and it increases oxidative stress through 

binding to RAGE (receptor for advanced glycation end products) [201]. It has already 

been demonstrated that both human and mouse ALS spinal cord tissues display increased 

transcript and protein levels of both RAGE and S100B [202]. Our results indicate that 

S100B transcript upregulation is solely present in Low nSOD1 PBMCs and thus it might 

therefore exert its toxic activity on cell survival and aggravate the ALS pathology 

exclusively in this subgroup.  

Epigenetic modifications and resulting effects on gene expression regulation factors are 

crucial for neuronal populations integrity, as demonstrated for repressor element 1-

silencing transcription factor (REST) in ageing [230]. We observed a strong difference 

of gene expression in the two sALS subgroups. Thus, we also evaluated the amount of 

H3K27me3, an important marker of gene expression repression [199]. In fact, in High 

nSOD1 PBMCs, tri-methylation is greater than Low nSOD1 group, in accordance with 

the lower number of DE genes found in these patients. In Low nSOD1 group, the tri-

methylation is much lower, partially explaining the higher number of DE genes emerged 

from our analysis. However, H3K27me3 is not the specific substrate of KDM4C [231], 

which was upregulated in Low nSOD1 patients. The data related to histone methylation 

need to be further evaluated to highlight the effect of SOD1 sub-cellular localization on 

epigenetic modifications. In fact, these modifications could be affected by nSOD1, 
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responsible of maintaining intact the state of chromatin and its epigenetic features. When 

nSOD1 is low, the balance is lost, and a strong deregulation is observed.  

In conclusion, this thesis highlights how High nSOD1 levels activates HSP70 family 

genes able to positively affect survival and adversely Low nSOD1 levels influence cell 

viability in PBMCs of sALS patients. This could possibly explain the differences in 

disease severity and duration observed in the two patients’ sub-groups. Further 

investigations are needed to better corroborate the proposed mechanism, its cellular 

implications and regulation. Moreover, our findings could suggest these genes as 

potential future targets for ALS treatment.
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