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ARTICLE INFO ABSTRACT

Keywords: In the last 15 years, several classes of small regulatory RNAs have been identified, uncovering the widespread
Motor neuron diseases impact of non-coding elements in the human genome on cell homeostasis and human diseases. MicroRNAs
microRNAs

(miRNAs) are a family of small, non-coding RNAs, which exert silencing of mRNA targets in a sequence-de-
pendent fashion. Many miRNAs are specifically expressed in the central nervous system, where they display roles
in differentiation, neuronal survival, neuronal plasticity and learning. On the other hand, deregulated miRNA/
mRNA expression networks are deeply involved in neurodegeneration.

Recent findings suggest a role for miRNAs in the pathogenesis of motor neuron diseases. In particular, cell-
specific changes in miRNA profile are involved in the motor neuron disease phenotype and might be implicated
in their selective vulnerability. Exploitation of noncoding RNAs, in particular miRNAs, for therapeutic strategies
is being assessed for implementing current therapies. In this regard, the neuroprotective potential of certain
miRNAs could represent a promising potential tool to improve therapies for motor-neuron diseases. This review
focuses on emerging roles of miRNAs in motor neuron diseases and on their impact on neuron life-span and

RNA therapeutics

integrity.

1. Introduction

MicroRNAs (miRNAs) are a class of small non-coding RNAs first
described in Caenorhabditis elegans that are involved in gene silencing
[1,2]. They are ~18-25 nt long and act as regulators of gene expression
by orchestrating a wide range of biological processes, such as devel-
opment, cell proliferation and differentiation, apoptosis and cell me-
tabolism [1,2]. Remarkably, miRNAs are also involved in the patho-
genesis of several human diseases, such as cancer, metabolic disorders
and neurodegenerative diseases.

The process of miRNA biogenesis (reviewed by Ha and Kim, 2014)
[3] begins with transcription by RNA polymerase II, giving rise to
primary transcripts (pri-miRNAs), capped and polyadenylated [4].
These transcripts are processed in the nucleus by the RNase III family
enzyme Drosha in complex with DGCR8 protein [5], thus generating a
~70-nt-long precursor miRNA (pre-miRNA) that is transported to the
cytoplasm by exportin 5 [6]. Dicer, another RNase III enzyme, cleaves
the pre-miRNA in the cytoplasm to generate a ~20 bp miRNA duplex.
Depending on the specific miRNA sequence, one of the strands of this

duplex is loaded into the miRNA-induced silencing complex (RISC),
whereas the other strand (the passenger strand) is usually released and
degraded [3].

The active miRNA-containing RISC (miRISC) is then recruited to
target mRNAs harboring complementary seed sequences within their
3’UTRs. In this way, miRNAs suppress the translation and/or promote
the degradation of target genes [7].

MiRNAs display tissue-specific functions based on their cell- and
organ-specific expression patterns. In the nervous system miRNAs reg-
ulate in time and space gene expression circuits essential for neural
differentiation, development and activity. Notably, depending on the
specific context, miRNAs can display either protective or disease-pro-
moting effects. The manipulation of miRNAs might therefore offer
novel therapeutic opportunities.

In this review, we provide an overview of the most relevant miRNAs
involved in motor neuron (MN) development, focusing on how miRNA-
mediated control of gene expression fail in the pathogenesis of neuro-
muscular disorders, such as spinal muscular atrophy (SMA) and
amyotrophic lateral sclerosis (ALS).
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2. miRNA dynamics in neurogenesis and motor neuron
determination

The transition from progenitor cells to mature neurons is fine-tuned
by changes in gene expression programs achieved both transcriptionally
and post-transcriptionally. The prominent role played by miRNAs in
orchestrating this developmental process was first highlighted by Dicer
mutations in zebrafish, leading to severe defects in terminal differ-
entiation of neuronal subtypes [8]. In mice, depletion of miRNAs in the
developing neocortex (E10) results in impaired differentiation of new-
born neurons, whereas neuronal progenitor proliferation is unaffected
[9]. Thus, miRNAs are dispensable in the early neural fate decision, but
critically involved in the proper expression of a differentiated neuronal
phenotype.

At the onset of neurogenesis, the cerebral cortex is composed by
proliferating neuroepithelial cells that self-renew by symmetric divi-
sions [10]. At embryonic day 11.5 (E11.5) in mouse, these cells start
expressing the transcription factor Pax6 and become apical progenitors,
also named radial glia cells [11], which divide asymmetrically to self-
renew and originate neurons, either directly or through generation of
Tbr2-positive intermediate progenitors [12]. These intermediate pro-
genitors occupy the subventricular zone and divide symmetrically to
generate post-mitotic neurons that migrate to the cortical plate [13].
One of the most studied miRNAs in this context is miR-9. In zebrafish,
miR-9 promotes neurogenesis and diminishes the pool of neural pro-
genitor cells pool by targeting different components of the fibroblast
growth factor (FGF) signaling pathway and anti-neurogenic basic helix-
loop-helix transcription factors [14]. In mice, miR-9 overexpression
induces neuronal differentiation via direct inhibition of the nuclear TLX
receptor, also known as NR2E1 [15]. TLX acts as an upstream positive
regulator of the Wnt signaling pathway [16], essential for neuronal
progenitor self-renewal. The pro-neurogenic function of miR-9, and
similarly miR-124, involves also decreased expression of BAF53a [17],
a component of the BAF complex implicated in the recruitment of the
Polycomb repressive complex to chromatin and in the establishment of
H3K27me3 repressive marks [18,19]. Specific BAF complexes are as-
sembled during neurogenesis: the subunits of the npBAF complex (in-
cluding BAF53a) are essential for neural-progenitor proliferation, and
mice with reduced expression of these genes have defects in neural-tube
closure [20]; in contrast, BAF53b and the nBAF complex are essential
for post-mitotic neural development and dendritic morphogenesis [21].

Let-7b is a key regulator of neural stem cell proliferation and dif-
ferentiation. It is significantly up-regulated during neural differentia-
tion and suppresses the expression of TLX and cyclin D1 by binding to
the 3’ untranslated region (UTR) of their mRNAs [22]. Notably, in-
creased expression of let-7b leads to reduced neural stem cell pro-
liferation and accelerates neural differentiation, whereas antisense-
knockdown of let-7b results in increased neural stem cell proliferation
[22]. Interestingly, TLX activity is also inhibited by miR-137, which
targets and is targeted by the TLX co-repressor histone lysine-specific
demethylase 1 (LSD1) [23]. Thus, miR-137 forms a feedback regulatory
loop with TLX and LSD1 to orchestrate the dynamic switch between
neural stem cell proliferation and differentiation.

The exit of neural cells from the cell cycle is achieved by miR-20a/
20b and miR-23, which negatively regulate cyclin D1 levels via direct
binding to its 3’'UTR [24]. Cyclin D1 expression is indirectly targeted
also by miR-15b through targeting of Tet methylcytosine dioxygenase 3
(TET3), a regulator of the methylation status of the cyclin D1 promoter
[25].

During late neurogenesis and in the early postnatal development
different types of glial cells are generated from neuronal precursor cells
[26]. Recent studies support a role for miRNAs in the development of
these glial lineages. For example, it has been shown that miR-219,
miR-338 and miR-138 are specifically enriched in oligodendrocyte
precursors and play a functional role in oligodendrocyte differentiation
[22,27]. Thus, miRNAs not only settle major cell fate decisions (e.g.
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neuronal versus glial differentiation), but also determine in time and
space the expression of specific glial and neural cell types, for example
whether a neuron becomes a motor neuron (MN) versus an interneuron.

In the developing spinal cord, specification of neuronal cell fate is
established by morphogen gradients that guide the patterning of pro-
genitor domains, giving rise to specific neuronal types [28]. Spinal MNs
are a group of cholinergic neurons located in the ventral horn of the
spinal cord that control locomotion. The ventral spinal cord can be
divided into five progenitor domains, giving rise to different inter-
neurons and to MNs. The borders of the progenitor domains are es-
tablished through the repressive interactions between transcription
factors expressed in the neighboring domains [29]. The combinatorial
action of these transcription factors allows the specification of each cell
type. In particular, the progenitors of spinal MNs and interneurons are
specified by the repressive transcription factor Olig2, engaged in a
cross-interaction with the transcription factor of the Iroquois homeobox
gene family Irx3 [30-32]. Notably, miR17 ~92 cluster inhibits the
expression of Olig2, which is enriched in the progenitors of spinal MNs,
to promote the specification of interneurons [33]. Mice lacking
miRNAs, or just the miR-17-92 cluster, display defects in the specifi-
cation of interneurons [33]. Conversely, miR-218, which is enriched in
MNs, suppresses interneuron development by selectively targeting in-
terneuron-specific genes [34]. As progenitor cells exit the cell cycle,
transcription factors that promote the differentiation of distinct inter-
neurons and MNs are up-regulated [35]. Two LIM-homeodomain fac-
tors, LIM homeobox 3 (Lhx3) and Islet-1 (Isl1), are co-expressed in
differentiating MNs [35]. MiR-218 is up-regulated by Isl1-Lhx3 at the
onset of MN differentiation and contribute to MN identity by targeting
genes that promote non-MN functions [34].

Spinal MNs are organized in anatomical columns in a segmental
manner along the rostro-caudal axis, which is controlled by dosage of
homeobox (HOX) proteins and co-factors [36]. The HOX accessory
factor FoxP1 coordinates MN subtype identity and connectivity [37].
Notably, miR-9 is transiently expressed during the differentiation of
spinal cord MNs and regulate the expression levels of FoxP1 by tar-
geting its 3-UTR [38]. Moreover, in spinal MNs miR-9 targets Onecutl
(OC1), critically involved in the specification of MN in the developing
spinal cord [39].

By using an in vitro model of human spinal MN development, it has
been shown that miR-375 is strongly activated during spinal motor
neurogenesis and its expression is specific to MNs [40]. Knockdown of
miR-375 significantly impairs MN differentiation, highlighting its es-
sential role in MN development. Interestingly, miR-375 expression is
lower in highly proliferative neural precursors, such as neuroepithelial
cells and MN progenitors, but higher in post-mitotic MNs, which display
also reduced expression of miR-375 targets relevant for the exit from a
proliferative state, such as PAX6, REST and CCND2 [40].

Collectively, the examples discussed above highlight the role played
by specific miRNAs in neuronal development and in the determination
of different neuronal sub-types. Given the critical function of miRNAs in
these developmental processes, we can gather how subtle change or
defects in miRNA profiles may result in inappropriate neuronal devel-
opment, including premature neuronal cell death, that is a hallmark of
neurodegenerative disorders.

3. Dysregulation of miRNAs in motor neuron diseases

Motor neuron diseases (MNDs) result from the progressive degen-
eration and death of MNs. The two most studied MNDs are the child-
hood genetic disease spinal muscular atrophy (SMA) and the adult-
onset neurodegenerative disease amyotrophic lateral sclerosis (ALS)
[41,42]. Both diseases involve neuromuscular dysfunction progres-
sively leading to fatal paralysis. miRNAs play a crucial role in the de-
velopment and in the function of MNs. Alterations in these functions
contribute to MND and neurodegeneration [43] (see Fig. 1).
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Fig. 1. Schematic representation of miRNAs in-
volved in MNDs. In the left panel is illustrated the
expression profile of miRNAs dysregulated in ALS
MNs while in the right panel are listed the miRNAs
affected in SMA MNs. The green arrows represent
miRNAs down-regulated in the disease. Red arrows
indicate miRNAs up-regulated in the diseases. In SMA
disease, miR-9 and miR-132 have been found differ-
entially dysregulated in the spinal cord and skeletal
muscle of affected motor units. In particular, their
expression is decreased in the spinal cord and in-
creased in the skeletal muscle (double arrows).
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3.1. MiRNAs in spinal muscular atrophy

SMA is a neurodegenerative disorder that affects the lower MNs and
leads to progressive muscular weakness, atrophy and paralysis. It is one
of the most common autosomal recessive diseases of childhood with an
incidence of 1 in 11000 live births [44,45]. The disease is classified in
three types based on the severity of symptoms and the age of onset
[46]. The type 1, called Werdnig-Hoffmann disease, is the most severe
form that occurs in 60% of patient. Type II is the intermediate form,
occurring in 27% of SMA patients. The Kugelberg-Wellander is the type
III and is the mildest form [47,48].

SMA is caused by mutations in the survival motor neuron 1 gene
(SMNT1), located on chromosome 5q13 [49]. The SMN1 homologous
pseudogene, SMN2, is located on the same chromosome and differs
from SMN1 only for 5 nucleotides, with a C to T transition leading to an
exonic splicing silencer (ESS), that causes the skipping of exon 7 and
reduced expression of the functional protein [50,51].

95% of SMA cases are characterized by the homozygous absence of
SMN1 [44]. Only 10% of the SMN2 transcripts encodes a functional
protein that can balance the absence of SMN1 [52]. It has been ob-
served a relationship between the abundance of SMN2 copies and the
severity of the pathology [53]. The more severe forms typically carry
one to two copies of SMN2, while the milder forms of SMA hold three to
four copies of the gene [53,54].

SMN protein plays a key role in multiple fundamental aspects of
RNA processing, including the assembly of the spliceosome and the
biogenesis of ribonucleoprotein. SMN is also involved in miRNA bio-
genesis, by interacting with the fragile X mental retardation protein
(FMRP) [55], the KH-type splicing regulatory protein (KSRP) [56] and
the fused in sarcoma/translocated in liposarcoma (FUS/TLS) protein
[571.

Here, we report some miRNAs involved in the pathogenesis of SMA.

As mentioned above, miR-9 is one of the most abundant miRNAs in
the central nervous system (CNS), involved in several aspects relevant
for proper neuronal development [38,39]. Genetic ablation of Dicerl
leads to denervation and muscular atrophy, with loss of spinal MNs and
alteration in the expression levels of neurofilament subunits in mice
[43]. This phenotype is mainly due to the dysregulation of miR-9,
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which is an upstream regulator of the neurofilament mRNAs [43].
Down-regulation of SMN protein expression up-regulates miR-9 ex-
pression. Conversely, forced SMN protein expression down-regulates
miR-9 [58]. Importantly, miR-9 expression negatively correlates with
SMN protein level in SMA patients [58]. In particular, miR-9 is down-
regulated in the spinal cord of SMA I mice, while its expression is in-
creased in the skeletal muscle. Treatment with antisense oligonucleo-
tides (ASOs) modulating SMN2 splicing is sufficient to normalize miR-9
levels in skeletal muscle but not in the spinal cord. High levels of miR-9
were also detected in the serum of SMA mice and were down-regulated
upon ASO treatment, suggesting that alterations in SMN protein ex-
pression affects miR-9 levels [59].

miR-183 is up-regulated in fibroblasts, MNs and cortical neurons in
human and mouse models of SMA [60]. In particular, miR-183 is up-
regulated in the neurites of SMN-deficient neurons, where it regulates
the translation of mTOR by binding to its 3'UTR. Inhibition of miR-183
expression in the spinal cord of SMA mouse models prolongs the sur-
vival of MNs and improves motor function. These interesting results
provide a direct link between miRNA metabolism and the mTOR sig-
naling pathway in the pathology of SMA [60].

As mentioned above, miR-375 plays an important role in MN de-
velopment [40]. Interestingly, SMA MNs display down-regulation in the
expression of miR-375 and up-regulation of p53 protein levels. As a
consequence, SMA MNs are more susceptible to DNA damage, sug-
gesting that miR-375 could play a protective role in MNs by targeting
p53 [40].

miR-431 is expressed in the brain and spinal cord during embryonic
development [61] and it is highly dysregulated in SMN knockdown
models [62]. In particular, Wertz and colleagues [62] showed increased
expression of miR-431 in MNs upon SMN deficiency, due to the down-
regulation of mRNA targets involved in the regulation of neurite length
[62].

miR-206 is predominantly expressed in the skeletal muscle [63],
but it is also expressed in spinal MNs, where it is involved in the re-
generation of neuromuscular junction (NMJ) after injury [64]. Up-
regulation of miR-206 in SMNA7 mice, an intermediate model of SMA,
rescues the innervation of NMJ [65]. In SMA mice, the levels of miR-
132, previously shown to be involved in dendritic maturation [66],
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synaptic function [67] and neovascularization [68], are reduced in the
spinal cord and increased in the serum [59]. Importantly, ASO treat-
ment is sufficient to stabilize miR-132 levels [59].

miR-335-5p, which is involved in self-renewal and differentiation
of mouse embryonic stem cells (mESCs) [69], is down-regulated in
SMNA7 neural progenitor cells, probably for the increased proliferation
activity observed in SMA cells [70]. Moreover, the down-regulation of
miR-335-5p in SMA cells was also observed during MN differentiation.
In fact, before differentiation human induced pluripotent stem cells
(iPSCs) do not show any difference in miR-335-5p expression [71].

miR-146a is up-regulated in SMA iPSC-derived astrocytes and
SMNA?7 mouse spinal cord. The increase of miR-146a was sufficient to
induce MN loss, while the inhibition of miR-146a prevented this loss,
thus suggesting that alteration in the astrocyte production induced by
miR-146a could be relevant for SMA pathogenesis [72].

Reduced SMN activity in C. elegans affects miR-2 expression, which
in turn induces MNs to produce more M2 muscarinic receptor (M2R)
ortholog GAR-2. Increased M2R activity is deleterious and consistent
with a subset of the NMJ defects observed in SMA models across spe-
cies. Importantly, M2R levels are increased also in SMN-deficient
mouse, and M2R inhibition ameliorates axon outgrowth defects in MNs
[731.

Taken together these studies link functionally and mechanistically
SMN to the miRNA pathway. Decreased SMN levels lead to down-reg-
ulation of specific miRNAs and, consequently, increased expression of
protein with deleterious effects on the survival of MNs.

3.2. MiRNAs in amyotrophic lateral sclerosis

In contrast to SMA, ALS affects both cortical and spinal MNs [74].
ALS is a late-onset MND that leads to the degeneration of MNs in the
brain and spinal cord, thus causing muscle atrophy and leading to pa-
ralysis and death [74]. 90% of ALS cases are classified as sporadic
(sALS), showing no family history neither genetic component, whereas
10% of cases are defined as familial (fALS), because the patients af-
fected show gene mutations that lead to the neurodegeneration. The
most relevant mutations causing ALS are found in the chromosome 9
open reading frame 72 (C9orf72), in the Cu®>*/Zn** superoxide dis-
mutase 1 (SOD1), TAR DNA-binding protein 43 (TARDBP), and fused in
sarcoma/translocated in liposarcoma (FUS/TLS) [75,76]. The me-
chanisms driving ALS are composite and include oxidative stress, neu-
roinflammation, altered protein and RNA metabolism, impaired struc-
ture and signaling at the NMJ [74].

Increasing evidences suggest that deregulation of miRNA biogenesis
and changes in their expression could contribute to MN damage and
progression of the disease [77]. Recently, it has been shown a reduction
in the global levels of miRNAs in both familial and sporadic cases of
ALS, resulting from accelerated RNA turnover or cytoplasmic ag-
gregation of RNA-binding proteins (RBP) [78]. Indeed, the RBPs TDP-
43 and FUS contribute to different steps of miRNA biogenesis [79].
TDP-43 stimulates miRNA processing by interacting with Drosha and
Dicer complexes and by promoting the cleavage of pri- and pre-
miRNAs. Delocalization of TDP-43 in cytoplasmic aggregates impairs
the processing of TDP-43-regulated miRNAs by Drosha and Dicer [80].
Moreover, ALS-associated mutations in TDP-43 gene affect the inter-
action between Drosha and FUS, leading to a decrease in Drosha sta-
bility and causing neuronal cytotoxicity [81]. Furthermore, the ex-
pression of TDP-43 target microRNAs was altered in the cerebrospinal
fluid (CSF) and serum of sporadic ALS patients [82], confirming the
relevance of this RBP in the impairment of miRNA network in ALS
disease. FUS, as well as other members of the FET (FUS, EWS, TAF15)
family, interacts with the microprocessor complex during miRNA bio-
genesis [5] and binds specific pri-miRNAs, thus enhancing the recruit-
ment of Drosha [83]. ALS-associated mutations in FUS gene lead to
decreased nuclear localization of the protein and its cytoplasmic se-
questration, thus possibly altering different steps of miRNA biogenesis
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[83].

An ALS-associated mutation within the 3'UTR of FUS transcript has
been shown to alter miR-141/200a binding, thus disrupting a feedback
loop between FUS and these miRNAs and resulting in the aberrant ac-
cumulation of FUS protein [84]. Notably, the miR-141,/200 family fine
tunes FET protein expression in differentiating neuronal cells [85], and
transfection of antagomiR-141 abolished the onset of neuronal differ-
entiation induced by retinoic acid (RA), together with suppressing the
down-regulation of FUS and EWS [85]. These results suggest that miR-
141 controls a general neuron differentiation program that includes
concomitant down-regulation of FUS and EWS expression [85]. It has
been shown that FUS mutations cause a downstream impairment of
miRNAs production that could alter RNA metabolism and increase MN
vulnerability. Indeed, it has been observed a reduction of miR-375 le-
vels and an increase of its target mRNAs, such as p53 and other pro-
apoptotic genes, in both FUS mutant MNs and in the spinal MNs of ALS
patients [86]. These data are consistent with MNs-overexpressing miR-
375 protected from DNA-damage induced apoptosis, as described above
[40].

Several studies highlighted the mechanism of dying back in ALS, in
which MN degeneration begins by distal nerve terminals from the NMJ
and continues retrogradely along the motor axon [87]. Indeed, evi-
dences in both SOD1-G93A ALS mouse model and in samples of ALS
patients suggest that the NMJ and nerve terminals are degraded before
the MN death [88]. To this regard, some miRNAs specifically expressed
in the skeletal muscle (indicated as myomiRs) are involved in ALS
progression. In particular, miR-206 has been shown to act as a key
regulator of the signaling between MNs and NMJ [64]. In SOD1-G93A
mouse model, miR-206 delays the onset of the disease, while its genetic
ablation in mice induces faster disease progression, delayed re-
innervation and regeneration of NMJ, followed by accelerated atrophy
of skeletal muscle [64,89]. Collectively these studies suggest that miR-
206 is important for regeneration of neuromuscular synapses, possibly
by suppressing histone deacetylase 4 (HDAC4), and inducing the fi-
broblast growth factor signaling pathway [64]. At the onset of the
disease, up-regulation of miR-206 in SOD1-G93A mouse is consistent
with an increased expression of miR-133b, which plays a pivotal role in
the regeneration of NMJ after nerve injury [64,89]. miR-133b belongs
to miR-133 family, that includes also miR-133a, recently shown to be
involved in ALS [90]. These data suggest that these myomiRs could play
a protective role by promoting the formation of new synapses, thus
delaying the progression of ALS.

Numerous evidences indicate that loss of MNs can be due to al-
terations in the neighboring non-neuronal cells, the glial cells. A pa-
thological mechanism that affects glial cells is the neuroinflammation,
in which recent studies have highlighted the emerging role of specific
miRNAs [91]. These miRNAs, called immune-miRs, act by modulating
the expression of inflammatory genes linked to the switch of microglia
from an anti-inflammatory phenotype (M2), characteristic of the early
state of disease, towards a pro-inflammatory phenotype (M1), typical of
the late state of the disease [92]. In SOD1-G93A mouse model, miR-
125b and miR-365 are up-regulated and reduce the expression levels of
the signal transducer and activator of transcription 3 (STAT3) and of
interleukin-6 (IL-6). Down-regulation of these two pathways promotes
pro-inflammatory signals and increases the expression levels of the
tumor necrosis factor alpha (TNF-a) [93]. Interestingly, also miR-155
is associated with this neuroinflammatory response; in fact, it is up-
regulated in SOD1-G93A microglia as well as in mouse and human CSF
[94]. In particular, miR-155 has been shown to promote the recruit-
ment of macrophagic cells, to increase the pro-inflammatory cytokine
secretion, and to reduce the transforming growth factor beta 1 (TFG-
1) production [94]. Indeed, genetic ablation of miR-155 decreases the
recruitment of monocytes in the spinal cord of SOD1-G93A mice and
promotes a longer survival in ALS animal model [95].

Among the miRNAs associated with neuronal differentiation, some
are implicated in the progression of MND. For example miR-9, a
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regulator of cell fate during neurogenesis, is up-regulated in the spinal
cord of SOD1-G93A mouse, especially in the ventral horn, that is the
main area involved in neurodegeneration [96], suggesting a possible
contribution to ALS pathology.

Recently, a high throughput approach to identify MN-enriched
miRNAs in physiological and pathological conditions, revealed higher
levels of miR-218 (a MN-specific miRNA) at the end-stage of ALS than
in pre-symptomatic rat CSF [97]. MiR-218 is released extracellularly
from MNs in ALS rats and incorporated by the astrocytes, where it di-
rectly targets and down-regulates the glutamate transporter EAAT2
(excitatory amino acid transporter 2) [98]. Inhibition of miR-218 with
ASOs in ALS mice mitigates the loss of EAAT2, thus reducing ex-
citotoxicity in MNs [98]. These studies support a model in which glial
dysfunction substantially contributes to ongoing neuronal loss and
disease progression.

In ALS spinal MNs, expression of miRNAs that control stoichiometry
of neurofilament subunits has been found altered. This dysregulation
contributes to axonal degeneration, neuro-pathological cytoplasmic
inclusion and eventually MN death [99].

4. MiRNAs as novel biomarkers and therapeutic perspectives

The identification of novel biomarkers for early diagnosis of MNDs
and for monitoring their progression is essential for treatment. MiRNAs
are now representing novel clinical biomarkers for prognosis of several
diseases. They can be clinically detected in many body fluids, such as
CSF, serum/plasma, saliva, and urine [100], by using noninvasive
methods. These characteristics, coupled with the rapidly evolving im-
provements in technologies that facilitate the detection of RNA species
from small amounts of biological material, have contributed to the
strong interest towards the study of miRNAs as potential biomarkers
also for MNDs.

To this regard, Catapano and colleagues [59] investigated the dif-
ferential expression of miR-9, miR-206, and miR-132 in spinal cord,
skeletal muscle and serum from SMA mice and patients. MiRNA
changes in the serum of SMA mice precede their changes in spinal cord
and skeletal muscle tissues, and also the clinical symptoms, thus sug-
gesting the efficacy of this method for SMA prognosis [59]. However,
no correlation was reported between the level of the three mentioned
miRNAs in the serum and the motor functional ability of the patients,
highlighting the variability among patients as a limit in the use of these
miRNAs as biomarkers for SMA. Larger group of patients are needed to
increase the power of biomarker studies [52,59].

Expression profile of miRNAs in skeletal muscle of ALS patients
identified 11 miRNAs differentially expressed. Of these, only miR-424
and miR-206 were overexpressed both in the skeletal muscle and in the
plasma [101]. Importantly, their expression correlated with clinical
deterioration, highlighting their potential as prognostic markers for ALS
[101]. Notably, riluzole treatment did not affect miRNA expression
profile in ALS patients [102].

In a recent study performed in the SOD1-G93A mouse model, miR-
206 was flagged as a potential circulating biomarker candidate of the
disease as it exhibited strong up-regulation in the serum of mice and in
ALS patients [64,103]. MiR-206 was significantly up-regulated in the
pre-symptomatic stages of SOD1-G93A mice, making it an interesting
biomarker candidate for early diagnosis of ALS. The downside was the
fact that a similar increase in miR-206 expression was also observed in
other pathologies, including the Duchenne Muscular Dystrophy [104],
Alzheimer Disease, cerebral ischemia [105,106], schizophrenia [107],
and upon cell exposure to environmental toxins [108], further re-
inforcing the importance of identifying specific circulating biomarkers
to properly discriminate CNS conditions.

Expression profiles of 911 human miRNAs using microarray tech-
nology identified miR338-3p as specifically and significantly up-regu-
lated in leukocytes from sALS patients [109]. Remarkably, miR-338-3p
was previously shown to target the glutamate transporter EAAT2, that
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is responsible of the glutamate clearance described in CSF of ALS pa-
tients [110]. Furthermore, 30 miRNAs have been identified sig-
nificantly downregulated in the serum of fALS patients, the majority of
them already dysregulated in pre-symptomatic subjects carrying mu-
tations causative of the disease [111]. More recently, a high-throughput
sequencing approach, followed by an integrated bioinformatics/bios-
tatistics analysis, identified 38 miRNAs significantly downregulated in
sALS [112]. Remarkably, some of the identified miRNAs were con-
served across studies, thus pointing at them as circulating biomarkers
critical for early prognosis of clinical deterioration and relevant for
future therapeutic efforts.

To this regard, miRNAs have been proposed as therapeutic targets
for MN diseases. Possible strategies include the overexpression of
miRNAs as mimics or their down-regulation using antisense oligonu-
cleotides (ASOs), antagomiRs or Locked Nucleic Acid antimiRs
[52,113]. Advances in technologies to deliver RNA molecules in vivo
have made miRNA-based therapeutics feasible. These constructs display
several modifications in the RNA backbone to provide higher stability
and protection from nucleases [114]. In particular, the ability of se-
lected miRNAs to target multiple mRNAs altered in the disease makes
these molecules interesting candidates as therapeutics (in the form of
miRNA mimics) or as targets of therapeutics (in the form of antag-
omiRs). To this regard, up-regulation of miR-375 and miR-183 could be
exploited to confer MN protection from increased susceptibility to DNA
damage-induced apoptosis [40] and to improve MN function and sur-
vival [60]. In addition, therapeutic up-regulation of miR-206 could
ameliorate and preserve NMJ function [64], thus representing a po-
tential additional therapy for SMA. Koval and collaborators [95] de-
veloped ASOs against miR-155, a miRNA up-regulated in both human
and mouse ALS CSF. Notably, inhibition of miR-155 increased mice
survival by 10 days and disease duration by 15 days [95], highlighting
miRNAs as potential therapeutic targets also for ALS pathology.

Recently, it was developed the first vertebrate system able to ma-
nipulate SMN function by stable miR-mediated knockdown technology
[115]. The induced expression of an engineered anti-smnl miRNA in
zebrafish MNs was sufficient to reproduce the phenotype observed in
the SMA model, including abnormal MN development, poor motor
function and premature death [115]. The same approach with en-
gineered miRNAs could be therapeutically exploited to target aberrant
transcripts up-regulated in the disease.

Two years ago, the first-ever approved treatment for SMA became
effective. Several decades of intensive research efforts have culminated
in the global approval of nusinersen, marketed as Spinraza (Biogen), the
first disease-modifying therapy for SMA, approved by the FDA in the
USA the 23rd of December 2016 and by the EMA in EU the 30'" of May
2017. Nusinersen is an ASO targeting SMN2 exon 7 and increasing its
inclusion, thus rescuing SMN protein expression [116]. Interestingly
treatment with ASO targeting SMN2 splicing is sufficient to restore miR-
9, miR-132 and miR-206 levels in SMA mice [59]. MiRNA therapeutics
could be used to improve and ameliorate the effect of Spinraza on SMA
patients.

To conclude, miRNAs could represent a potential therapeutic ap-
proach for both SMA and ALS treatment and could be used as a novel
strategy to delay disease progression.

5. Concluding remarks

In vitro and in vivo experiments have clearly demonstrated the
neuroprotective potential of certain miRNAs, as well as the value of
specific miRNAs in ameliorating disease symptoms and progression in
animal models [64,95]. Hence, modified miRNAs, ASOs, miRNA mi-
mics and antagomiRs represent a promising therapeutic strategy in
association with more targeted therapies. Nevertheless, the therapeutic
potential of miRNAs still remains largely unexplored.

The application of high throughput RNA sequencing technologies,
single-cell qRT-PCR and proteomic approaches has allowed
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comprehensive comparison of MNs generated via different strategies,
providing additional insights into the biology of human spinal MNs.
Although the recent progress in producing and understanding MNs has
been remarkable, substantial challenges still remain open. The in-
tricated miRNA networks contributing to MND pathogenesis are still far
to be completely unraveled, to fully exploit their potential as novel
therapeutic tools.
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