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ABSTRACT. Neurodegenerative diseases affect nerve cells, causing
impairment in mobility and cognitive abilities, characteristics present
in two highly relevant neuropathologies, amyotrophic lateral sclerosis
(ALS), and multiple sclerosis (MS). The pathogenesis of these
diseases, although distinct, share common neurodegenerative
mechanisms. Several studies suggest that miRNAs, small molecules
of endogenous non-coding RNA, may assume an important
regulatory role in neurodegeneration where their differential
expression enables the elucidation of the molecular basis of this
process, in addition to offering possible therapeutic targets. We
performed a systematic review of the literature through a search in
Web of Science, Pubmed/NCBI, and virtual health library (BVS)
databases, applying terms indexed in MeSH and DeCS, such as
“microRNA”, “amyotrophic lateral sclerosis” and “multiple
sclerosis”. We included studies in English, Portuguese, or Spanish,
published in the last five years, relating miRNAs associated with
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pathophysiological pathways of ALS and MS. We excluded studies
on non-humans or with polymorphisms in pre-miR genes, duplicated
data, or with unavailable data, resulting in a final number of 70
studies included. According to systematic review findings, the
families miR-9, miR-23, miR-26, miR-125, miR-133, miR-146, miR-
181, miR-206, miR-320, and miR-326 are frequently dysregulated in
ALS and MS. The miR-155 and let-7 families are commonly
associated with both diseases, regulating genes involved in
mechanisms such as neuroinflammation, neurogenesis, and cell
differentiation. The elucidation of the newest miRNAs and their main
pathways may assist in the characterization of the molecular basis of
these diseases, mainly involving those associated with pro-
inflammatory processes, microglia activation, and neuronal death,
mechanisms associated with ALS. They also can involve myelin
breakdown mechanisms, astrocyte damage, and neuronal death,
which are related to MS. These molecular markers may help
determine biomarkers for amyotrophic lateral sclerosis and multiple
sclerosis.

Key words: Neurodegeneration; Post-transcriptional regulation;
Neuroinflammation; Amyotrophic lateral sclerosis; Multiple sclerosis

INTRODUCTION

Neurodegenerative diseases (ND) are characterized by progressive neuronal loss
and dysfunction in the central nervous system (CNS), affecting approximately 30 million
people worldwide (Sheikh et al., 2013). Amyotrophic lateral sclerosis (ALS) and multiple
sclerosis (MS) are rare degenerative diseases with common symptoms, such as weakness
and muscle tone alterations (Sand, 2015; Hardiman et al., 2017).

ALS compromises motor neurons, resulting in progressive muscle weakness and
paralysis, affecting 2.0/100,000 persons/year worldwide (Chio et al., 2013). In Brazil, the
incidence is estimated to be 0.9-1.5 cases per 100,000 inhabitants. However, it is complex
to define a profile of these ALS patients due to the few studies and the high degree of
miscegenation of the Brazilian population (Prado et al., 2016). Most ALS cases are
classified as sporadic, while ~5-10% have a family history with a genetic background
(Hardiman et al., 2017). The disease is more common in men between 55 and 65 years (Van
Esetal., 2017).

On the other hand, MS is an autoimmune disorder characterized by inflammatory
demyelination, where symptoms may involve sensory, motor, visual, and brainstem
pathways, which vary according to the disease’ stage (Garg and Smith., 2015). MS is
commonly associated with women between 20 and 40 years, where the incidence rate
ranges in ~3.6/100,000 persons/year, while in men the number of cases is about 2.0/100,000
persons/year (Garg and Smith., 2015; Hunter, 2016).

The pathogenesis of ALS and MS is still unclear, however, both environmental
exposure and genetic factors may be involved in the diseases’ etiology (Garg and Smith.,
2015; Hardiman et al., 2017). Considering the genetic background, microRNAs (miRNAs)
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are molecules responsible for regulating gene expression, being suggested by several studies
their role in the ND pathogenesis (Nelson et al., 2008; Tan et al., 2015; Sharma and Lu,
2018). The miRNAs are small non-coding RNA molecules with 19 to 25 nucleotides able to
bind to complementary sequences to specific regions of the messenger RNAs (mRNA),
resulting in post-transcriptional regulation of the gene expression (Lu and Rothenberg,
2018).

Previously associated with pathologies such as cancer, cardiovascular, liver, and
ND, such as Alzheimer's disease, ALS, and MS, miRNAs may assist in diagnosis,
classification, prognosis, and treatments of several pathologies (Sharma and Lu, 2018). In
this study, we searched for, through a systematic review, the most dysregulated miRNAs in
ALS and MS, focusing on the latest insights into pathophysiological pathways of miRNAs
associated with these diseases, which may evidence their mechanisms in neurological
function regulation.

MATERIAL AND METHODS
Register and search strategy

This systematic review is registered in the international Prospective Register of
Ongoing Systematic Reviews (PROSPERO) under the number CRD42020164537. For a
better report, we adopted the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines (Moher et al., 2009) (Table S1).

The search was conducted between October 2019 and May 2020 in Web of Science,
PubMed/NCBI, and Virtual Health Library (BVS) databases. Were used the indexed terms
in medical subject headings (MeSH) and health sciences descriptors (DeCS) for
“microRNA”, “amyotrophic lateral sclerosis”, and “multiple sclerosis”. The boolean
operators “AND” and “OR” were used to separate the terms (Table S2).

Studies selection, quality evaluation, and data extraction

To be eligible, the studies should be full-available, published in the last five years,
and written in English, Portuguese, or Spanish, describing miRNAs involved in pathological
mechanisms, disease progression, and response to ALS and MS treatment. We excluded
duplicate data, studies in non-humans or with polymorphisms in pre-miR genes, and studies
with unavailable data.

In all stages, two independent reviewers assessed the eligibility of the studies.
Discrepancies were resolved by consensus. The studies were selected first by titles and
abstracts according to inclusion criteria. Posteriorly, the reading of the full text was done,
where articles that did not show an association between miRNAs and the respective
diseases were excluded (Table S3). For methodological quality assessment, we applied the
critical appraisal tools from the Joanna Briggs Institute (JBI) (Institute TIB). Only studies
that answered at least 70% of the questions evaluated in the protocols were included since
the JBI allows researchers to define the criteria for articles inclusion. After evaluating the
methodological quality, data were extracted manually in a model form (Table S4).

RESULTS
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Through the search strategy, 364,824 studies were found in all databases, which
were reduced to 18,888 after filter application. A total of 177 articles were chosen by titles
and 122 after abstract reading, resulting in 55 articles excluded for not answering the
inclusion criteria. The main exclusion reasons were: (1) published outside of the last five
years, (2) non-human studies, and (3) duplicated data. After full-text reading, 70
publications were included in this systematic review (Figure 1).

Search strategy

364,824 studies
. o Excluded studies
Filters application ;
{last five years and studies in Studies excluded for not
humans) meeting the inclusion criteria
18,888 studies —_— 18,711 studies
Selection by title (duplicate data, studies in non-humans or
177 studies | with polymorphisms in pre-miR genes,
and studies with unavailable data)
l 55 studies
Selection by abstract
122 studies = (non-azsociation of mFNAs with ALS
and M3)
52 studies

Included in this systematic
review
70 studies

Figure 1. Study selection. Through the search strategy using the medical subject headings (MeSH) and health
sciences descriptors (DeCS) terms 364,824 studies were found, and 18,888 after applying the filters. In this stage,
18,711 did not achieve the inclusion criteria. A total of 177 studies were selected based on the title, and 122 based
on the abstract. Based on the exclusion criteria we removed 55 duplicated data, non-human studies, or data
published outside of the stipulated years of publication. We excluded 52 studies, mostly for non-association of
miRNAs with amyotrophic lateral sclerosis (ALS) and multiple sclerosis (MS), resulting in a final number of 70
studies that composed this study.

For data synthesis, we considered the mechanisms associated with the diseases, the
regulation (up or down-regulated), and in which tissue they were found (Table S4). Were
identified 77 families of miRNAs related to ALS, and 99 families with MS (Demuth and
Hahn, 2009). The miRNAs families are groups that have similar sequences, often with
similar functions, and descended from a common ancestor (e.g., family miR-1: miR-1a,
miR-1b). We highlighted the 7 main dysregulated families (up or downregulated), in each
disease, according to the most frequent families related in the included studies. We also
identified miRNAs common to both pathologies and evaluated the biochemical and/or
biological similarities shared by them, aiming to understand their main pathophysiological
mechanisms in these ND.

According to systematic review findings, were identified miRNAs down-regulated,
up-regulated, and mixed regulated in both diseases. The most frequent miRNAs found in
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ALS were the let-7 family (let-7a-5p, let-7d-5p, let-7e, let-7f-5p, let-7i-5p), while as up-
regulated miRNAs were miR-155, miR-9 family (miR-9, miR-9-5p) and miR- 206. Among
the most found with mixed regulation were miR-133 (miR-133b, miR-133a, miR-133a/b),
miR-146 (miRNA-146, miRNA-146a, miRNA-146a*) and miR-23 families (miR-23,
miR-23a, miR-23b, miR-23a-3p).

These miRNAs dysregulation is directly associated with neuronal death
mechanisms and muscle proliferation, repair, and regeneration. In addition, they promote
pro-inflammatory pathways through immune responses associated with microglia
activation. They are also related to the maintenance of neuromuscular synapses, neuronal
development, and muscle mass degeneration through the regulation of several genes
(NEFM, NEFH, NFKBI, FAS, CD4, EIF2C4, AGO4, CCL2, and AQPI). Figure 2
summarizes the results of the studies for miRNA dysregulation in ALS.

Cellular growth and

+— let- miR-133
differentiation let:7 BEB permeability
Microglia GYS1
Axonal activation
extension »
| PI3K-Akt signaling
I miR-155 pathway
Neurogenesis «— miR-9 X
\.
BACE1 Jak-STAT signaling
‘ pathway Muscle
miR-146 o degeneration/
miR-23 pasting

NF-kB signaling pathway _ S0Cs3 N
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TRAF6 ___—~ cytokines

e

TNE = Neuron death «— ROS «— SOD1 —— miR-206

Figure 2. miRNAs in amyotrophic lateral sclerosis (ALS) and their implications in the disease pathophysiological
mechanisms. MiR-155, one of the most common in our study, is involved in inflammatory mechanisms, through
the direct microglia activation, interference in the permeability of the blood-brain barrier (BBB), and secretion of
pro-inflammatory cytokines, an action in common with the let-7 family, which results in neuronal death.
Furthermore, the miRNAs are frequently related to mechanisms associated with amyotrophic lateral sclerosis
(ALS) pathogenesis, such as deficit in neurogenesis, axonal lesions, and increased of reactive oxygen species
(ROS), which is associated with oxidative stress. Genes: Beta-Secretase 1 (BACE1), Glycogen synthase 1 (GYS1),
Tumor Necrosis Factor (TNF), Tumor Necrosis Factor Receptor-Associated Factor 6 (TRAF6), Suppressor of
cytokine signaling 3 (SOCS3), Superoxide dismutase 1 (SODI). Pathways: Janus Kinases / Signal Transducers
and Activators of Transcription (Jak-STAT), Nuclear Factor Kappa Beta (NF-«B), Phosphatidylinositol
3-Kinase/Protein Kinase B (PI3K/Akt). Proinflammatory molecules: Interferon gamma (IFN-Y).

Regarding MS, we found miRNAs predominantly with positive regulation, which
were: miR-155 (miR-155 and miR-155-5p), miR-125 (miR-125, miR-125a-3p, miR-125a-
5p and miR-125b), miR-326 and let-7 families (let-7a-5p, let-7b-5p, let-7c and let-7e).
However, a mixed regulation was frequently observed in miR-26 (miR-26a, miR-26a-5p,
miR-26b, miR-26b-5p), miR-320 (miR-320, miR -320a) and miR-181 families (miR-181a,
miR-181a-5p, miR-181c, miR-181c-3p).

These miRNAs are involved with inflammation induced by the activation of pro-
inflammatory cytokines, changes in the blood-brain barrier (BBB) homeostasis and
permeability, and demyelination. They are also fundamental in Thl and Thl7 cell
development, a subpopulation of T lymphocytes with pro-inflammatory characteristics due
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to the secretion of several cytokines. In neurodegeneration, they are also important in
regulating phagocytic processes and immune pathways. Figure 3 summarizes the results of
the studies for miRNA dysregulation in MS.
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Figure 3 - MiRNAs in MS and their implications in the disease pathophysiological mechanisms. In multiple
sclerosis (MS), miR-155 is also involved in inflammatory mechanisms common to amyotrophic lateral sclerosis
(ALS), such as the activation of proinflammatory cytokines and dysregulation of the blood-brain barrier (BBB)

permeability, which induces demyelination and neuronal death. Genes: Annexin A2 (ANXA-2), Suppressor of
cytokine signaling 1 (SOCS3). Cells: T helper 17 (Thl7). Receptors: Toll-Like Receptor 7 (TLR7). Enzyme:
Matrix Metallopeptidase 9 (MMP-9). Proteins: Cluster of Differentiation 47 (CD47). Pathways: Janus Kinases /
Signal Transducers and Activators of Transcription (Jak-STAT).

Some miRNAs, such as miR-155, (upregulated in both diseases) and let-7 family
(downregulated in ALS and upregulated in MS), were frequently related in both diseases.
MiR-155 is associated with these diseases due to inflammation, demyelination, active
immune responses mediated by Th1 and Th17 cells, and positive regulation of phagocytosis
in microglia. However, the dysregulation of the let-7 family is implicated in protein folding,
mitosis, cell adhesion, and activation of immunological pathways related to innate
responses through regulating genes like FAS, CD4, EIF2C4, AGO4, CCL2, and AQPI.
Thus, all miRNAs reported in this systematic review could play an important role as ND
biomarkers.

DISCUSSION

This systematic review aimed to point the newest miRNAs associated with
pathophysiological pathways of ALS and MS. The role of miRNAs in ND has been widely
discussed, considering the complexity of etiology, progression, and complications involved
in neurodegenerative disorders. These diseases show similar manifestations, with a clinical
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diagnostic that may be difficult and confusing (Slota and Booth, 2019). MiRNAs are
expressed in different body fluids such as blood, cerebrospinal fluid (CSF), urine, sweat,
and in different tissues, such as the brain or muscle, which facilitates their application as
ND biomarkers (Rajgor, 2018).

Several miRNAs are considered tissue-specific, which may help in the specificity of
the ND diagnosis. MiR-206, miR-133a, and miR-133b, named as myo-miRNAs, are widely
expressed in the striated muscle. On the other hand, the let-7 and miR-155 families are
associated with inflammatory pathways through microglial activation and pro-inflammatory
cytokines release (McCoy, 2017).

The miR-206 and the miR-133 family, frequently reported in ALS, were associated
with degeneration and muscle mass loss. Furthermore, the miR-206 increased expression is
related to the early development of the disease (<55 years), due to the role in neuromuscular
junctions’ formation and reinnervation (Dardiotis et al., 2018). Dardiotis et al. (2018) define
this miRNA as one of the most promising biomarkers for ALS, enabling the diagnosis of the
disease in the early stages, after the loss of the first muscle innervation.

The miR-133 family is associated with myogenesis and muscle regeneration
processes (Nie et al., 2015) and demonstrated a mixed regulation in articles selected in our
review. Negative regulation of the miR-133a is frequently related to the late ALS
development, while positive regulation is associated with the early onset (<55 years)
(Jensen et al., 2016; Pegoraro et al., 2017). These findings allow us to infer that miR-133a
and miR-206 may be used together as predictors of ALS development in young patients, as
well as in the disease progression.

In ALS, miR-23 had a heterogeneous expression. Is mostly abundant in
oligodendrocytes, acting in the myelin formation and maintenance, preventing muscle
atrophy, a process resulting from the demyelination mechanism. The miR-23
downregulation was associated with the late stages of ALS, while the upregulation had been
associated with the initial stages of muscle atrophy, acting in regulatory pathways of the
skeletal muscle proteolysis (Simion et al., 2017).

Considering the inflammatory process in ALS, the miR-146 family also showed a
mixed regulation. This miRNA can act as a key regulator through the regulation of NF-xB
expression, which activates the transcription of several pro-inflammatory cytokines (Gaudet
et al., 2017). MiR-146 also proves to be one of the most inducible and regulating miRNAs
of neuronal functions, when compared to other miRNAs highly expressed in the brain, such
as miR-9 and miR-125b. It is one of the most inducible regulators of brain functions
(Lukiw, 2011).

MiR-9 acts in neurogenesis and axonal extension pathways and demonstrated high
expression in samples of ALS patients. This miRNA is also important in cell differentiation
and proliferation, neuronal cell apoptosis control, and in the regulation of several
transcription factors, such as Foxgl, Nr2el, and Pax6 (Shibata et al., 2011). In ALS, miR-9
shows a significant increase in early disease onset, making it a potential biomarker in the
initial ALS stages (Ricci et al., 2018).

In MS, the miR-320 family had a mixed regulation being associated with the BBB
permeability, along with miR-155 and miR-125 families. The literature also describes an
abundant presence of the miR-320 family in B cells and demonstrates that their
downregulation induces the inhibition of the matrix metalloproteinase-9 protein (MMP-9),
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increasing BBB permeability, which contributes to the MS development through the
intensification of the demyelination process (Dolati et al., 2018).

MiR-125 and miR-181 families can regulate the expression of pro-inflammatory
cytokines. In our study, the miR-125 family showed a positive regulation. The positive
regulation of miR-125a-5p is associated with BBB maintenance, through junction formation
and regulation of cerebral vascular networks, while miR-125a-3p is associated with
blocking oligodendrocyte maturation, which inhibits consequently the myelination (Lecca et
al., 2016; Wu et al., 2016). For miR-181 families, MS patients showed mixed regulation.
However, the miR-181 family is highly expressed in the brain, playing a role in the
suppression of cytokines (Ma et al., 2016).

The high expression of miR-26 and miR-326 families in MS patients' brains was
related to the regulation of the development of B and T cells and monocytes. MiR-326,
frequently overexpressed in MS injuries, is associated with the upregulation of Th17 cells
and the stimulation of CD4+ T cells, increasing inflammation and demyelination processes
(Jagot and Davoust, 2016). On the other hand, the negative regulation of miR-26a was
reported in regulation of Thl and Th17 cells, as well as miR-326 (Jagot and Davoust, 2016,
Mameli et al., 2016). MiR-26a-5p downregulation can stimulate morphogenesis, neuronal
development, and axon regeneration (Potenza et al., 2018).

Among the seven main families of miRNAs dysregulated in ALS and MS,
highlighted in this study, we observed that the miR-155 and let-7 families were frequently
dysregulated in both diseases. These miRNAs families can regulate microglia activation,
demyelination, BBB permeability, apoptosis, cell growth, and development (McCoy, 2017).
Thus, understand the pathophysiological mechanisms involved in the performance of these
miRNAs, as well as the common and divergent pathological pathways, could contribute to
the consolidation of specific and precise alternatives in molecular methods of diagnosis.

Neuroinflammation is a common pathological mechanism to ALS and MS,
accelerating neurodegeneration. The MiR-155 family showed a positive regulation in both
diseases (McCoy, 2017). Considered a pro-inflammatory miRNA, it can mediate immune
response, increase BBB permeability, and activate several inflammatory pathways through
targeting the NF-kB gene. The miR-155 downregulation reduces the activation and
secretion of pro-inflammatory cytokines, minimizing neuronal death (Dolati et al., 2018).

Let-7 miRNA families were mostly downregulated in ALS and showed mixed
expression in MS. Some studies demonstrate protective roles for this miRNAs family, and
others relate contribution to the development of some pathologies (Gaudet et al., 2017,
Liguori et al., 2018). The let-7 family is an important regulator of inflammatory pathways in
the CNS. However, extracellular action may worsen the neuroinflammatory condition
(Gaudet et al., 2017).

For ALS, the let-7 family was the main miRNAs down-regulated, while the up-
regulated were miR-155, miR-9 family, and miR-206. In mixed regulation (up and
downregulated), miR-133, miR-146, and miR-23 families were highlighted. Moreover, for
MS, miR-155, miR-125, miR-326, and let-7 families were up-regulated and the miR-26,
miR-320, and miR-181 families showed mixed regulation. In common to ALS and MS were
miR-155, which demonstrated positive regulation in both diseases, and the let-7 family,
being negatively regulated in ALS and positively in MS.

These new insights for miRNAs regulation in both diseases allow us to clarify the
molecular mechanisms related to the two diseases and provide bases for understanding
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pathological pathways involved in ALS and MS, once the miRNAs are crucial in gene
expression. However, several miRNAs have not yet been identified or are still poorly
elucidated.

Furthermore, most miRNAs identified have a remarkable role in immune and
neurodegenerative pathways, showing the importance of understanding different
pathophysiology mechanisms of ALS and MS. These miRNAs may assist in the early
diagnosis of these ND, enabling treatment in the first stages of the disease, which may
improve patients' quality of life. However, future studies are necessary to identify shared
miRNAs and/or specific miRNAs that have not yet been studied in ND.
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