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Neurodegenerative diseases are debilitating and currently incurable conditions causing severe
cognitive and motor impairments, defined by the progressive deterioration of neuronal structure and
function, eventually causing neuronal loss. Understand the molecular and cellular mechanisms
underlying these disorders are essential to develop therapeutic approaches. MicroRNAs (miRNAS)
are short non-coding RNAs implicated in gene expression regulation at the post-transcriptional level.
Moreover, miRNAs are crucial for different processes, including cell growth, signal transmission,
apoptosis, cancer and aging-related neurodegenerative diseases. Altered miRNAs levels have been
associated with the formation of reactive oxygen species (ROS) and mitochondrial dysfunction.
Mitochondrial dysfunction and ROS formation occur in many neurodegenerative diseases such as
Alzheimer’s, Parkinson’s and Huntington’s diseases. The crosstalk existing among oxidative stress,
mitochondrial dysfunction and miRNAs dysregulation plays a pivotal role in the onset and
progression of neurodegenerative diseases.

mMiRNA, neurodegeneration, potential treatment

1. miRNA Dysregulation and Mitochondrial Dysfunction in
Alzheimer’s

AD is one of the most prevalent diseases that affect the aged people, characterized by memory loss, impaired
cognitive function and various neuropsychiatric disturbances. Two varieties of AD exist, sporadic and familial.
Early-onset AD, recognized as familial AD, is a sporadic form of the disease observed in 1-2% of all AD cases.
Numerous studies reported some biochemical and genetic alterations that participate to the onset, progressive
degeneration and neuronal death in AD &I: deposition of amyloid B (AB) peptide, proteasome inhibition &, oxidative
stress B, mitochondrial dysfunction [, hyperphosphorylation of tau protein and heritable mutations in presenilin 1,

presenilin 2 & and AB precursor protein (APP) genes (€ (illustrated in Figure 1).
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Figure 1. The most essential miRNAs involved in Alzheimer’s disease.

Compromised energy uptake and defects in mitochondrial respiration are essential characteristics of brain
tissue altered by neurodegeneration, but also of peripheral cells (platelets and fibroblasts) in AD patients.
Specifically, decreased cerebral metabolism has been shown in the temporoparietal cortices of AD patients, and
these variations lead to both neuropsychological impairment and atrophy, as demonstrated by neuroimaging
analyses . In the last years, numerous researchers tried to understand the underlying mechanism of brain
metabolism decline during AD and to identify a possible connection of the reductions in mitochondrial enzyme

activities with premorbid cognitive level and with plaque counts &,

Variations in mtDNA levels, typically assessed as the mitochondrial genome to the nuclear genome ratio and
the mtDNA levels in body tissues and fluids, represent a biomarker of mitochondrial aberration 8. Chen et al. 2018
[ examined, in scopolamine-treated mice, an animal model of AD, the effect of miR-98 on AB-protein, oxidative
stress and altered mitochondria activity via the Notch signaling pathway by targeting hairy and enhancer of split
(Hes)-related with YRPW motif protein 2 (HEY?2). The data obtained in humans revealed that the expression of
miR-98 was significantly different in patients with AD respect with the controls; in the AD group, when miR-98 was
lower, and the expression of HEY2 was elevated, the Notch-HEY2 pathway was stimulated 9. The Notchl
pathway is a cellular cascade with primary roles in brain development and the adult brain; the increased activation
of this pathway following brain damage is deleterious for neuronal survival 2. MiR-98 targeting HEY2 prevented
the activity of the Notch pathway, promoting to the inhibition of the production of AR and the increase of oxidative
stress and mitochondria dysfunction in AD mice. An earlier study showed that miR-98-5p regulated the expression
of Sorting Nexin 6 (SNX6) and was crucial for A deposits 12. miR-98 also led to AD-like disorder by targeting

insulin-like growth factor 1 and, in turn, supporting the production of AB, thus implying that miR-98 is vital in the
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development of the pathology of AD 131, |n the sight of this, additional studies are necessary to validate the impacts
of miR-98 in the regulation of AD mice by targeting HEY2 through the Notch signaling pathway before its
consideration as an appropriate treatment for AD. Zhou et al. 14[50] described the effect of miRNA targeting proto-
oncogene vav (VAV) on AB production, oxidative stress and mitochondrial malfunction in AD mice through the

MAPK signaling pathway. 14

MiR-330 appeared decreased in neuronal cells of AD mice, and proto-oncogene VAV1 was negatively
controlled by miR-330. In contrast with the healthy animals, the positive protein expression rate of VAV1 was
considerably higher in the AD group. Increased level of miR-330 reduced the expression of VAV1, c-Jun N-terminal
kinase (JNK1), extracellular signaling kinase 1 (ERK1), mitogen-activated protein kinase (P38) and AB. Still, it
enhanced the expression of low-density lipoprotein receptor-related protein-1 (LRP-1) and cyclooxygenase 13, AD
mice showed high AB production with reduced Cu/Zn Super Oxide Dismutase 1 (SOD1) levels. Moreover, miR-195
was related to mitochondrial dysfunction by mitofusin 2 deregulation. Thus, the overexpression of miR-330 in AD
supports the oxidative stress, and mitochondrial dysfunction by targeting VAV1 through the MAPK signaling
pathway. Another research group reported that miR-30 family members prevent mitochondrial fission targeting p53,
which stimulates mitochondrial fission by transcriptionally upregulating dynamin-related protein 1 (Drpl) expression
(161 Further, miRNAs represent potential, non-invasive peripheral biomarkers in aging and other age-related
disorders, including AD [XZ: in fact, several miRNAs (18! were strongly influenced by age either before or during A

plague deposits.

The latest studies regarding miRNAs as biomarkers are moving towards the use of ex-miRNAs 19 Ex-
mMiRNAs are more stable, more reliable and change upon aging, diets and pathologic states. Lugli and
collaborators [29, isolated exosomes from AD patients plasma and healthy group to analyze miRNA expression
using high-throughput sequencing technology. Notably, ex-miR-342-3p levels were substantially reduced in AD
patients. These data were also confirmed by Rani et al. [21l; they also revealed lower levels of ex-miR-125a-5p, ex-
miR-125b5p and ex-miR-451a levels in AD, and the reduction of these ex-miRNAs is associated with the extent of
cognitive impairment. Another ex-miRNA study, including 10 AD patients and 15 controls, through next-generation
sequencing technology, identified reduced levels of ex-miR23a-3p, ex-let-7i-5p, ex-miR-126-3p and ex-miR-151a-
3p in AD patients; indicating that these altered ex-miRNAs levels in the plasma showed diagnostic value for AD 22,
Yang et al. [22 through quantitative RT-PCR measured the serum levels of three ex-miRNAs, ex-miR-135a, ex-miR-
193b and ex-miR-384 in 101 patients with mild cognitive impairment and 107 patients with dementia of Alzheimer’s
type (DAT). The levels of ex-miR-135a and ex-miR-384 were increased in DAT patients, while ex-miR-193b
resulted reduced. Furthermore, the combination of the three miRNAs would be better for the early diagnosis of AD

than any single one.

2. miRNA Dysregulation and Mitochondrial Dysfunction in
Parkinson

PD is the second most frequent neurodegenerative disorder concerning 1% of the population over 55 years

(241 1t is clinically described by motor symptoms, involving resting tremor, muscle stiffness, bradykinesia and
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postural instability. In PD, the imbalance between mitochondrial dysfunction and ROS production results in
oxidative stress and neuronal degeneration. In neuronal cells, ROS can injure macromolecules, comprising of
nucleic acids, lipids and proteins, inducing dopaminergic (DA) neuron degeneration and neuronal network
alteration, eventually leading to PD 23, It is well known that oxidative stress is involved in PD. There is fascination
in identifying how miRNAs are interested in the pathological processes and how they are involved in oxidative
stress, mitochondrial dysfunction 28 a-synuclein aggregation 24, neuroinflammation 28! and dysregulation of the
endogenous antioxidant system 22 (Eigure 2). miRNAs control the gene expression in the cortex of PD patients,
and the cortical expression patterns of miRNAs accurately discern PD from healthy brains Y. Six miRNAs are
correlated with the dopaminergic phenotype in PD [B1]:
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Figure 2. The most essential miRNAs involved in Parkinson’s disease.

» mIiR-133b that controls the transcriptional activator Pitx3, which is a crucial component in the development of

the DA neuronal phenotype in vivo 32;

» miR-7, which suppressed a-synuclein in human neuroblastoma cells, and it may be inhibited by oxidative stress

in vitro and in vivo 28],
« miR153, conserved across vertebrate species, and inhibited from a-synuclein 34];

» mMIiR-433, related to a mutation of its binding region in the 3'UTR region of the FGF20 gene. miR-433 prevented
the translation of the FGF 20 gene in vitro. Single nucleotide polymorphism in FGF20 shows that the genetic

variability of FGF20 may represent a PD risk 2],
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» mIiR-205, transfecting miR-205 in the neurons expressing a PD-related LRKK2 R1441G mutant avoided the
neural development defects 381,

e miR-124 controls the transcription activator FoxA2, relevant in midbrain dopaminergic cell development in both

rodents and humans B7, and its role is necessary for dopaminergic neurons survival in PD mice 28],

Some of these miRNAs described are also implicated in the destruction of mitochondrial homeostasis. Once
mitochondrial dysfunction occurs, leakage of ETC may directly stimulate ROS production, thus intensifying the
neuronal impairment. Mitochondrial impairment and decreased complex | activity were detected in the substantia
nigra pars compacta (SNpc) and frontal cortex of PD patients 2. Wang et al. ¥ demonstrated that miR-124
regulates the apoptosis and autophagy process in the MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) model
of PD. In contrast, elevated miR-124 levels impede the expression of the protein bcl-2-like protein 11 (Bim),
reducing the translocation of its downstream protein bcl-2-like protein 4 (Bax) to mitochondria and lysosome,

consequently inhibiting mitochondria apoptotic signaling pathways and stabilizing the impaired autophagic activity.

The encoding gene of protein DJ-1 (PARK-7) can induce autosomal recessive PD with reduced DJ-1 levels in
the SNpc. Several investigations revealed that DJ-1 could directly combine to the subunits of complex | and sustain
its function as an integral mitochondrial protein . Mitochondrial morphology and dynamics are altered in DJ-1-
knockdown neurons 2. An exciting study suggested that miR-494 may exacerbate oxidative stress-induced
neuronal damage by reducing DJ-1 expression 43 Another study suggested that decreased miR34b/c levels
parallel with reduced expression of DJ-1 impact to mitochondrial impairment in PD patients’ brains, confirmed in
miR-34b/c-depleted cells. MiR-34b/c may regulate DJ-1 expression in an indirect manner; however, the specific
mechanism is still unclear 4!, Another protein of interest in mitochondrial dynamics is leucine-rich repeat kinase 2
(LRRK2). Increased LRRK2 protein levels can alter the mitochondrial dynamics and integrity via dynamin-like
protein (DLP1), and, notably, miR-205 expression is significantly reduced in PD patient brains, parallel with higher
LRRK2 protein levels 421481 Fyrther studies showed that miR-205 inhibits LRRK2 protein expression in primary
neurons by targeting the 3'-UTR of the LRRK2 gene 44, SH-SY5Y cells, upon tumor necrosis factor-a treatment,
showed improved miR-27a and miR-103 levels, that may inhibit the expression of the functional units of complex I.
Elevated levels of miR-155 and miR-27a may lead to mitochondrial dysfunction and oxidative stress, reducing the

transcript levels of the ATP synthase membrane subunit ¢ locus 3 (ATP5G3), a subunit of complex V 28],

Additionally, miR-7 stabilizes mitochondrial membrane potential by inhibiting the expression of the voltage-
dependent anion channel 1 (VDACL1), one element of the mitochondrial permeability transition pore, which may
represent a possible target for decreasing the mitochondrial dysfunction in PD ©2l. Another essential protein
involved in mitochondrial homeostasis is the peroxisome proliferator-activated receptor-gamma coactivator 1-alpha
(PGC1a), a crucial activator for mitochondrial genes, reduced in PD patients B9,

In consideration of the vital role of miRNAs in PD pathogenesis and progression, small RNA molecules seem
an encouraging means in PD therapy, leading to potential molecular targets and supporting improved and

personalized therapeutic approaches Bl. Valdes et al. 22 developed small double-stranded RNA molecules that
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mimic mMiRNAs and can function as gain-of-function tools for specific miRNAs. This miRNA can mimic reduced
target proteins by interacting with the 3'UTR of the mRNA of a specific target gene. Thus, they can regulate PD-
related risk genes and proteins associated with PD. However, this strategy may have possible risks of off-target

effects and the possibility of undesirable interfering with other genes.

3. miRNA Dysregulation and Mitochondrial Dysfunction in
Huntington’s Disease

HD is a dominantly inherited neurodegenerative disease clinically described by cognitive impairment, gradual
movement condition and psychiatric problems B3, The main characteristic of HD is the striatal medium spiny
neurons (MSNs) degeneration, but also of deep-layer cortical pyramidal neurons. HD is due to the CAG
trinucleotide repeat expansion encoding an extended polyglutamine (polyQ) section, adjacent to the N-terminus of
Huntingtin (HTT) B4l (Figure 3). Healthy people have CAG repeat lengths that vary between 6 and 35, while HD
patients show repeat lengths superior to 36 on one HTT allele, with the length of the CAG repeats inversely related

to the age of HD onset 32, To date, there is no cure to counteract the onset or advancement of HD.
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Figure 3. The most essential miRNAs involved in Huntington’s disease.

How altered mitochondria and bioenergetic impairment in HD developed is still unclear 28][143]. Mutant
huntingtin (mHTT) can directly interact with the outer mitochondrial membrane (OMM) [144,145,146] 7581591
supporting that mHTT directly led to mitochondrial dysfunction. In addition, this relation is due to the capability of
mHTT to reduce the expression of a key protein of mitochondrial homeostasis, PGC-1a [£9[147]. mHTT inhibits the

PGC-1a pathway, which in turn avoids the activation of downstream pathways, whereas PGC-la ectopic
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expression resulted neuroprotective in transgenic HD mice and the 3-NPA mouse model (81, The upregulation and
downregulation of some neuroactive miRNAs can influence mitochondrial homeostasis through the regulation of
PGC-1. We can, therefore, hypothesize that by regulating the miRNAs implicated in mitochondrial dysfunctions, we
could indirectly act on the interaction between mHTT and OMM, which appears to be the basis of mitochondrial
dysfunctions in the HD.

Numerous researchers are focused on the study of therapies able to lower the HTT expression in the brain.
The study by Stanek et al. 82 offers additional proof regarding the importance of astrocytes in the HD pathology.
Indeed, astrocytes are fundamental for neural circuits; however, it is still unknown if they participate in the
mechanism to initiate HD. Increasing studies reported that the presence of mHTT in astrocytes induces reduced
expression of glutamate transporters and aberrant glutamate uptake, which is sufficient to led neurodegeneration in
medium spiny neurons of the striatum 83, Impaired neuronal excitability and excitotoxicity linked with HD may,

therefore, be a result of altered astrocyte function 841,

MiRNAs deregulation has been described in HD in vitro models, transgenic HD animals and human HD brains
[65][66] The study of Langfelder et al. 87 was the first to explain Htt-CAG length-dependent alterations in miRNA
expression in the brain regions differentially susceptible to HD. In particular, a high number (n = 159), of miRNAs
resulted transformed in the striatum and a smaller number in the cerebellum (n = 102), hippocampus (n = 51) and
cortex (n = 45). Notably, the number of deregulated miRNAs in the cerebellum was double that in the cortex and
hippocampus, even though the cerebellum is fairly unaffected in HD. A larger study evaluated miRNA expression in
HD patients, revealing multiple differentially expressed miRNAs, some of which modulating neuron survival [€8l,
The results obtained by Hoss et al.8¥ indicated numerous miRNA changes in the HD brain, and most of these are
associated with clinical manifestations of HD, where the signal is impartial of the size of the CAG repeat extension.
Other research used a next-generation sequence analysis of small non-coding RNAs to analyze 26 HD patients
and 36 healthy individuals. Nine hundred and thirty eight miRNAs were found, and 75 of these were differentially
expressed. Concordant with these results, the downregulation of miR-132-3p in human HD parietal cortical tissue
and brains of R6/2 and YAC128 HD mouse models have been detected ZA71 miR-132 is greatly enhanced in the
brain 72731 and its expression alters neuronal morphogenesis and sustains neurite outgrowth by inhibiting the
GTPase-activating protein p250GAP 4. An additional target of miR-132 is the acetylcholinesterase (ACHE), an
enzyme involved in the degradation of the neurotransmitter acetylcholine at the synapse 2. ACHE is strongly
implicated in cognitive performances, and ACHE inhibitors are FDA-approved for the treatment of AD 2. Thus,
reduced miR-132 levels may negatively influence brain health, via the p250 GAP (reducing its inhibition) and ACHE
deregulation.

4. miRNA Dysregulation and Mitochondrial Dysfunction in
ALS

ALS is a group of intricate multi-factorial neurodegenerative disorders. It is due to the selective deficiency of
upper and lower motor neurons, thus leading to gradual skeletal muscle atrophy and death by respiration collapse

after 2-5 years from the onset. ALS incidence is 2 per 100,000 persons per year. Mutations in ALS causing genes
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are related to the disorder in roughly 70% of the familial forms of ALS (FALS) and 15% of the sporadic forms of
ALS (SALS) 78 The familial ALS forms are only around 5% of cases. However, most cases are sporadic, which
are phenotypically interchangeable from familial types, implying that there are shared pathways causing neuronal
death 1,

Well-explored genetic causes of ALS are mutations or deletion of the SOD1 gene (Eigure 4). Recently, through
advanced genomic screening tools, other genes related to ALS have been recognized, including TAR DNA-binding
protein 43 (TARDBP), encoding TDP-43; fused in sarcoma (FUS) and chromosome 9 open reading frame 72
(C9ORF72). Notably, TDP-43 and FUS are RNA-binding proteins that function in mRNA and miRNA biogenesis 8
79, offreda and collaborators Y reported that miR-129-5p was upregulated in various models of SOD1 linked
ALS and in peripheral blood mononuclear cells (PBMCs) of SALS patients. This study showed that upon an
antisense oligonucleotide (ASO) inhibitor of miR-129-5p, ALS SOD1 (G93A) mice ameliorated the neuromuscular
phenotype. In light of this, miR-129-5p may be a therapeutic target to treat ALS patients.
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Figure 4. The most essential miRNAs involved in ALS’s disease.

Different mechanisms are responsible for the neuronal death occurring in ALS, including impaired metabolism,
neuroinflammation, oxidative imbalance, mitochondrial dysfunction, glutamate excitotoxicity, growth factor defects
and defective axonal transport B[E2l Siill, the pathogenic molecular mechanisms underlying ALS onset and

progression are not entirely known.

To date, there is no available cure for this disorder. Increasing evidence reported that also the variation of RNA

metabolism, including miRNA processing, is an essential pathogenetic component and a potential target for ALS.
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Recently, the miRNA expression in ALS serum was analyzed and the assumption that changes of some
miRNA involve the mitochondrial physiology of neuronal cells was tested [3l. The screening of numerous miRNAs
in serum from patients and controls showed that miR335-5p was strongly decreased in ALS patients, and this was

confirmed in an independent validation cohort.

MiR-335-5p targets 2544 genes 84, and its downregulation is involved in neuronal plasticity and memory
processes in mice (3. The downregulation of miR-335-5p induced mitophagy in SH-SY5Y cells and helped the

concept that dysregulated miRNAs may participate in the pathogenesis of neuronal degeneration in ALS.

ALS lacks specific biomarkers, thus, the clinical diagnosis is problematic, with a high rate of misdiagnosis (€8],
Notably, the serum levels of miR-1234-3p and miR-1825 resulted in being substantially reduced in ALS patients,
and the miR-1825 decline was detected in both sporadic and familial ALS patients. At the same time, the miR-

1234-3p reduction was limited to patients with sporadic ALS [BZ,

Plasma levels of miR-130a-3p, miR-151b and miR-221-3p resulted in also being reduced in sporadic ALS
patients and positively associated with sporadic ALS progression, indicating that these miRNAs may be valuable
even for monitoring the disorder progress 8. A study of serum-derived ex-miRNA analyzed 10 ALS patients and
20 controls and revealed that ex-miR-27a-3p levels were considerably reduced in ALS patients. The researchers

assumed that ex-miR-27a3p might represent a possible diagnostic biomarker of ALS B2 |

Another investigation analyzed the expression of ex-miRNAs in the CSF and serum of 22 patients with
sporadic ALS and compared them with control individuals. Ex-miR-132-5p, ex-miR-132-3p and ex-miR-143-3p
resulted in being considerably reduced, while ex-miR-143-5p and ex-miR574-5p resulted in being elevated in ALS

patients, indicating that these ex-miRNAs are possible biomarkers for ALS 29,
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