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in Parkinson’s disease and
synucleinopathies
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Over the last few decades, emerging evidence suggests that non-coding
RNAs (ncRNAs) including long-non-coding RNA (IncRNA), microRNA (miRNA)
and circular-RNA (circRNA) contribute to the molecular events underlying
progressive neuronal degeneration, and a plethora of ncRNAs have been
identified significantly misregulated in many neurodegenerative diseases,
including Parkinson’s disease and synucleinopathy. Although a direct link
between neuropathology and causative candidates has not been clearly
established in many cases, the contribution of ncRNAs to the molecular
processes leading to cellular dysfunction observed in neurodegenerative
diseases has been addressed, suggesting that they may play a role in the
pathophysiology of these diseases. Aim of the present Review is to overview
and discuss recent literature focused on the role of RNA-based mechanisms
involved in different aspects of neuronal pathology in Parkinson’s disease and
synucleinopathy models.

KEYWORDS

ncRNA, IncRNA, miRNA, circRNA, dopamine neurons, a-synuclein, Parkinson'’s disease,
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1 Introduction

The study of how non-coding RNA (ncRNAs) contribute to neurodegenerative
processes is challenging, as redundancy and limited conservation across species
represent significant obstacles to this task (Hartl and Grunwald Kadow, 2013).
Each subclass of ncRNAs faces different challenges when trying to establish a
cause-and-effect relation in neurodegeneration. For instance, the redundancy of
miRNA complicates the task of identifying specific miRNAs that contribute to the
pathology. Additionally, the limited homology between species makes it difficult
to model the effects of ncRNAs in simple organisms. Overall, although the role
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of ncRNAs in neurodegeneration is becoming increasingly
2023), their
contribution to the pathophysiology of these diseases remains

recognized  (Szelagowski and  Kozakiewicz,
poorly understood. MiRNAs are short, ncRNA molecules, typically
composed of 17-22 nucleotides, that play a crucial role in post-
transcriptional gene regulation by either repressing translation
or triggering mRNA degradation (Bartel, 2004). They have been
implicated in a wide array of biological processes, including the
regulation of cell proliferation, differentiation, and apoptosis (He
and Hannon, 2004). Within the context of the brain, miRNAs are
integral to controlling processes such as neuronal differentiation,
specification, activity, and survival.

Here we will focus on few clear examples of how miRNAs
and other classes of ncRNAs are linked to different aspects of
neuropathology in neurodegenerative disease. Particularly, we will
address the involvement of ncRNAs in Parkinson’s disease (PD)
and other synucleinopathies such as dementia with Lewy bodies
(DLB), multifactorial disorders characterized by accumulation of
insoluble deposits which cause progressive neuronal dysfunction
and ultimately neuronal loss, responsible for cognitive and
2001).
studies have provided important information on the deregulation

motor impairments (Galvin et al, Although genetic
of gene transcripts leading to altered cellular pathways, such
pathologic conditions result from complex interplay between
familial predisposition, environment and aging. In this context,
epigenetics appear promising to understand the complex etiology
of many neurodegenerative diseases (Schaffner and Kobor, 2022).
Particularly, with regard to the understanding of neuronal
cell disfunction, RNA-based processes have been proposed as
epigenetic mechanisms underlying local synaptic dysfunction, as
RNA are transported at synapses where they regulate protein
expression, synapse maturation and plastic changes. RNA-
based processes include miRNA-mediated modulation of mRNA
expression, as they consist of short RNA sequences that bind to
3’untranslated region (UTR) of mRNA mediating their degradation
or inhibiting their transcription into proteins. Recently, studies
conducted either on animal models or human brain of patients
affected by neurodegenerative disease revealed significant miRNA
deregulation that correlates with synaptic functions (Xylaki et al.,
2023; Reviewed by Abuelezz et al, 2021). With the present
manuscript we aim at providing an overview of the main
classes of ncRNAs involved in PD and synucleinopathies, starting
with miRNA involvement and then with IncRNA and circRNA,
with the hope to shed light on their roles on neuropathology
development, progression and as possible candidate biomarkers for
early diagnosis and intervention in these pathologies. An overview
of the ncRNAs main classes within the brain is shown in Figure 1.

2 Decoding the role of miRNAs in
dopaminergic (DA-ergic) neurons
(DAnN) through knock-out (KO)
models

The precise functions of individual miRNAs in brain activity
remain far from being fully understood. This complexity arises
from the vast number of miRNAs and the seemingly limitless
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combinations of miRNA-mRNA interactions. Furthermore, the
strength of miRNA-mRNA binding can vary based on numerous
factors, including differences in their expression levels. This
variability adds an additional layer of intricacy to any attempts at
functional prediction.

Compounding this challenge is the fact that a single miRNA
can target multiple mRNA molecules by recognizing and binding
to specific motifs known as miRNA response elements (MREs)
within the mRNA’s 3'UTR. This intricate web of interactions makes
it challenging to ascertain the true biological significance of a given
miRNA-mRNA interaction in vivo. KO mouse models have been
instrumental in uncovering the roles of individual miRNAs or
clusters in cellular and molecular pathways. With regard to the
DA-ergic system, the precise effects of miRNA deletion remain
a subject of ongoing research. The influence of miRNAs on
mesencephalic DAn has been extensively researched particularly
in relation to their potential involvement in the development
of PD. Disrupting the key miRNA biosynthetic enzyme, Dicer,
leads to a distinctive morphological anomaly characterized by
a failure in DAn differentiation (Huang et al., 2010). Likewise,
in mature animals, a reduction in Dicer expression within the
Substantia nigra (SN) is linked to deficits in motor learning and
the progressive degeneration of neurons (Pang et al., 2014). This
implies that miRNAs may play a role in regulating plasticity
within the adult DAn system by modulating the activity of
individual synapses through localized translational control (Martin
and Ephrussi, 2009). Nonetheless, the specific miRNAs responsible
for the physiological regulation of DAn remain uncertain.

Although KO animal models have been generated for several
microRNAs only a few of them have shown a clear phenotype.
An example is miR-133b a midbrain specific microRNA expressed
in both mice and humans (Kim et al., 2007). miR-133b has been
shown being progressively downregulated in DA-ergic deficient
mouse models, leading to hypothesize for a potential role in
DAn differentiation and survival through the control of the
transcription factor Pitx3. However, miR-133b null mice do
not show any change in mesencephalic DAn morphology and
number with no differences in monoamine neurotransmission
(Heyer et al, 2012). Thus, suggesting either a non-essential role
of miR-133b in DA-ergic transmission or a compensatory effect
exerted by a redundant miRNAs replacing miR-133b. Functional
redundancy is often mediated by miRNAs having similar seed
sequences thus complicating the efforts to determine the specific
importance of individual miRNAs. A recent additional example
of this complexity was demonstrated by the miR-34/449 family.
Members of this family have been associated to the differentiation
of DAn through the regulation of specific cellular pathways. An
example is miR-34b/c that regulates the WNT signaling modulating
DA-ergic progenitor differentiation (De Gregorio et al, 2018).
However, deletion of individual family member does not show a
significant phenotype suggesting that other family members might
compensate for its absence. This suggests the existence of functional
redundancy that makes it difficult to assign distinct roles to each
individual miRNA. In these cases, only targeting the entire family
unveil a clear phenotype as shown by the deletion of all the
members of the miR-34/449 family (Chang et al., 2021).

Specific miRNAs, including miR-29s and miR-218s, play pivotal
roles in the modulation of DA-ergic activity. While much remains
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FIGURE 1

Sistematic representation of the main ncRNAs detected within the brain. See the main text for further details.

to be discovered about the impact of miRNA deletion on the DA-
ergic system, it is clear that microRNAs exert a profound influence
on fundamental cellular processes across various types of neurons.
Notably, the deletion of certain miRNAs, such as miR-29s and miR-
218s, has been demonstrated to affect DA-ergic activity, leading to
significant alterations in neuronal function (Pulcrano et al,, 2023).

MicroRNA29 family (miR-29s) is composed of two gene
clusters: miR-29a/bl and miR-29b2/c. All the members are highly
conserved and contain identical seed sequences. They are involved
in multiple biological processes, including cell survival, apoptosis
and inflammatory processes (Hyun et al, 2014; Adoro et al,
2015). Deletion of miR29b2/c in mice seems reducing the DA-
ergic degeneration induced by MPTP injection in comparison
with controls. A significative increase in the numbers of DAn, the
densities of nerve terminals and the amount of dopamine (DA)
were observed in miR-29b2/c KO animals exposed to MPTP in
comparison with control littermates (Bai X. et al.,, 2021).

Similarly, miR-29a/bl KO mice have shown a reduced
vulnerability of the DA-ergic system to MPTP treatment that has
been associated to a posture instability with a decreased amount
of DA-ergic metabolites in the striatum (Bai et al., 2022). Both cases
suggest that downregulation of miR-29s might represent a potential
strategy to mitigate DA-ergic degeneration, although the exact
mechanisms through which miR-29s regulate DA-ergic survival
remain not completely understood. It has been hypothesized that
this may happen through the release of trophic factors by both
astrocytes and microglia, although the precise mechanisms have
not yet been defined. Given that hundreds of genes are predicted
targets of miR-29s, many of which are involved in fundamental
cell survival processes it has not been possible to identify the
downstream mediators of miR-29 mediated-protection (Caravia
etal., 2018; Kwon et al., 2019).

More evidently, the deletion of genes coding for the two
isoforms of miR-218, namely miR-218-1 and -218-2, affects DA-
ergic circuitry and the release of DA, without any significant
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differences in the expression of DA-ergic markers (Pulcrano
et al, 2023). Interestingly, miR-218 was already known as a
microRNA related to motor neurons, where it controls the
proper formation of the neuromuscular junction (Amin et al,
2015). Additionally, variations in miR-218 expression have been
associated with amyotrophic lateral sclerosis (ALS) pathology,
suggesting a potential role in the pathophysiology of the disease
(Reichenstein et al., 2019). Furthermore, miR-218 has been found to
promote DA-ergic differentiation (Rivetti di Val Cervo et al,, 2017).
KO mouse models for miR-218 have confirmed its involvement in
the modulation of DAn activity (see also next section). Through the
regulation of a network of synaptic-related genes, miR-218 plays
a role in DA release. Its deletion leads to an upregulation of a
significant number of mRNAs involved in the control of various
synaptic properties, including synaptic vesicle-associated protein
Sv2a and DNA-methyltransferase 3 alpha (DNMT3a), a regulator
of gene expression thus leading to hypothesize a potential role of
miR-218 in the epigenetic control of gene expression.

These examples highlight the challenges in pinpointing the
mechanism(s) by which individual microRNAs exert their activity.
While not surprising, this can be attributed to the plasticity of
the nervous system, which may obscure the expected phenotype.
When we consider miRNAs as an additional layer of control,
complementing the translational machinery, defining their role as
fine-tuners of biological processes becomes extremely challenging.

3 miRNA regulation of neuronal
function in PD and synucleinopathy

Synucleinopathies are a group of neurodegenerative diseases
characterized by accumulation of a-Synuclein (a-Syn) in the brain,
which include PD, DLB and multiple system atrophy (MSA). a-
Syn deposits are known as Lewy bodies (LB) and Lewy neurites
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(LN) in PD and DLB, and as glial/neuronal cytoplasmic inclusions
in MSA (Galvin et al, 2001; Sasaki et al, 2002). In PD, the
progressive degeneration of the DA-ergic nigrostriatal pathway
results in brain DA depletion, an imbalance of neuronal circuits
within the basal ganglia that ultimately cause typical motor and
non-motor symptoms of the disease (Singh et al., 2016). In DLB,
neuropathology mainly occurs in the neocortex and cognitive
decline precedes motor disturbance (Dauer and Przedborski, 20035
Mayo and Bordelon, 2014). Neuropathology occurring within
the SN and neocortex has been proposed to be related to
the proteinaceous deposits, which affect neuron mitochondrial
function (Devi et al., 2008; Nakamura et al., 2008; Shavali et al.,
2008; Zhang et al., 2008; Subramaniam et al., 2014; Deas et al,,
2016), somatodendritic morphology and electrical activity (Guatteo
et al, 2022; Ledonne et al., 2023). However, despite intense
research we still lack a complete understanding of the molecular
mechanisms linking proteinaceous deposits to neuronal demise.
Abnormal neuron function appears as an early sign of disease
onset in synuclein PD models, occurring early and preceding motor
impairments and neuronal loss typical of later stages of the disease
(Tozzi et al., 2021; Ledonne et al., 2023).

Several evidence indicate the synapses located at distal sites
as the neuronal compartment firstly affected by a-Syn deposits
(Kramer and Schulz-Schaeffer, 2007; Schirinzi et al., 2016; Szego
et al, 2019), and synaptic impairment has been related to the
process of LB formation, rather than to simple fibril formation in
PD model (Mahul-Mellier et al., 2020). To this regard, excitability
and receptor functions at somatodendric compartment of SN DAn
of a spontaneous a-Syn over-expressing rat model of PD are
normal, despite the release of DA within the dorsal striatum is
greatly impaired, indicating that distal synapses are the vulnerable
neuronal compartment early affected by a-Syn accumulation
(Schirinzi et al., 2016; Guatteo et al., 2017). Toxic forms of a-
Syn propagate from distal synapses to neuron cell bodies and
from affected cells to adjacent cells resulting in a cascade of LB
formation, cell death and brain pathology (Braak et al., 2003; Angot
and Brundin, 2009; Luk et al., 2012; Steiner et al., 2018). In this
scenario, many aspects of disease progression have been intensively
investigated in rodent models of PD and synucleinopathy, with the
aim to unravel how LB and LN impact neuronal morphology and
function, neuroinflammation and oxidative stress.

Among the molecular mechanisms causing synaptic and
neuronal dysfunction in neurodegenerative diseases characterized
by synucleinopathy, RNA and miRNA have been proposed, because
these are small molecules, permeable to brain blood barrier (BBB),
transported to synapses, where they regulate protein synthesis
and participate to active synapse remodeling. Interestingly, o-
Syn directly modulates miRNA levels (Xylaki et al., 2023) and
miR-101a-3p is increased in the neocortex of DLB patients and
correlates with synaptic plasticity impairments (Xylaki et al., 2023).
Additionally, a-Syn-encoding gene SNCA is targeted by brain
enriched miR-7 and miR-153 that bind its 3'UTR (Doxakis, 2010).
It has been reported that circulating miR-153 and miR-223 are
down regulated in a mouse model of PD (Cressatti et al., 2019) and
this correlates with peripheral a-Syn accumulation, suggesting that
miR-153 directly regulates a-Syn synthesis in mice, as previously
reported in HEK293 cells (Doxakis, 2010). Reduced miR-7 levels
are reported in PD patient and animal models’ brain tissue, and
correlate with a-Syn accumulation (reviewed by Zhao et al., 2020).
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Neuropathology in PD and synucleinopathies also depends on
neuron-glia interaction in which glial proinflammatory factors are
released and contribute to initiate apoptotic pathways, eventually
leading to DAn loss (Yang et al., 2023). Toxic metabolites as
well as neurotransmitters and neurotrophic factors produced and
released by activated astrocytes affect neurons at the receptor, ion
channel, gene transcription levels (Bai Y. et al., 2021). In this
context, many miRNAs are expressed by astrocytes, that are directly
involved in development, proliferation and expression of genes
regulating the inflammatory response (Neal and Richardson, 2018).
Several studies have recently analyzed miRNA expression profile
in cerebrospinal fluid (CSF) of early stage PD patients vs. healthy
subjects and identified a miRNA-based biomarker panel with high
predictive value (Arshad et al, 2017; Dos Santos et al., 2018).
On the other hand, as PD strongly correlate with age, age-related
modifications of specific miRNA may compromise the function
of aged DAn, suggesting that pharmacological manipulation of
miRNA levels may protect DAn in PD (Chmielarz et al., 2017).
Neuronal excitability depends on both intrinsic membrane
properties (linked to ion channel/receptor function and expression
levels) and strength of excitatory/inhibitory synaptic inputs
they receive. Several reports suggest miRNA involvement in
the regulation of ion channels expression/function in different
neuronal populations. With regard to basal ganglia circuitry that
is specifically involved in PD, it has been reported that in mouse
striatal neurons, miR-128 suppresses the expression of several
ion channels and transporters (voltage-gated sodium and calcium
channels, GABA transporter and high affinity glutamate receptors)
with heavy impact on animal behavior. Indeed, reduction of miR-
128 causes motor hyperactivity in mice whereas its overexpression
alleviate motor abnormalities in PD-like disease model (Tan et al.,
2013). MiR-34b/c is an important regulator of DAn differentiation,
as it increases the efficiency of fibroblast reprogramming into
excitable and functionally active DA neurons, representing an
important tool for regenerative medicine (De Gregorio et al., 2018).
Indeed, miR-34b/c causes the appearance of voltage-gated Na™ and
K™ currents and the generation of spontaneous firing in induced
DAn (iDAn) (De Gregorio et al., 2018). MiR-34 also negatively
controls the expression of human ether-a-go-go Kt channels in SH-
SY5Y cell line (Lin et al., 2011) and inhibition of miR-34a resulted
neuroprotective in rotenone-treated SH-SY5Y cell model of PD
(Horst et al., 2017), suggesting the importance of this ion channel
family in preserving SH-SY5Y cells when challenged with PD-
inducing toxins. A direct demonstration of miRNA regulation of
basal ganglia circuitry has been recently reported by Pulcrano et al.
(2023), showing that miR-218 controls either intrinsic excitability
of native DA neurons in adult mice, or the ability to release
DA in the dorsal striatum by modulating a group of targets
associated with PD and DA release at synapses (Dunn et al,
2017). Indeed, reduced expression of both miR-218 isoforms (1
and 2) causes hyperexcitability of DAn (Pulcrano et al., 2023),
possibly as a consequence of Ca?T-activated K* conductance
inhibition, that limits the action potential afterhyperpolarization
phase. When combined to specific transcription factors, miR-218
reprograms adult striatal astrocytes into iDAn, that are excitable
and able to ameliorate motor impairments in a mouse PD model
(Rivetti di Val Cervo et al, 2017). Interestingly, the expression
of the voltage-dependent anion-selective channel protein (Vdacl)
is increased in 6-OHDA lesioned striatum of rats trained for
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aerobic exercise and this was related to a decrease of miR-324
expression ( ). MiRNA regulation of neuronal
excitability has been also reported in SH-SY5Y neuroblastoma
cells treated with 1-methyl-1,2,3,6-tetrahydropyridine/N-methyl-
4-phenylpyridinium (MPTP/MPPY), an in vitro model of PD.
Upon toxin exposure, TRPM2 channel expression increases in
neurons both in vitro ( ) and in vivo (

). TRPM2 are member of the large TRP family, a
group of calcium-permeable channels activated by different stimuli
such as temperature ( ), oxidative stress and
TNF-a. Interestingly, TRPM2 gene harbors a predicted binding
site for miR-625 at 3'UTR (

induced by cell exposure to MPTP/ MPP, causes calcium overload

). Oxidative stress,

through TRPM2 channel opening that contribute to neuronal
demise; indeed, downregulation of TRPM2 channels prevented
cell apoptosis, reactive oxygen species (ROS) generation and
release of inflammatory factors. Increase of TRPM2 channel
expression is mediated by Inc-p-21sponging miR-625 (

). In PC12 cells, another member of calcium-permeable TRP
channels, the transient receptor potential melastatin 7 (TRPM?7) is
targeted by miR-22, whose over-expression significantly decreases
apoptosis and ROS production following 6-OHDA exposure of
PC12 cells (
the expression of the energy sensor Kir6.2, an ATP-dependent

). Another interesting study linked

Kt channel abundantly expressed in DA neurons, to elevation
of miR-133b- and miR-181a-dependent inhibition of DA neuron
proliferation and differentiation in a chronic MPTP/probenecid
PD mouse model ( ). This report postulates that
deletion of Kir6.2 in DA neurons would promote cell survival
and neurodifferentiation by downregulating miR-133b and miR-
181a. Also miR-96, a member of the miR-183 family that function
as an oncogene, is involved in DA cell survival in PD models,
by activating MAPK-signaling pathways and apoptosis. MiR-96
may directly bind to the voltage-gated calcium channel auxiliary
subunit gamma 5 (CACNGS,
several miRNAs have been identified as direct or indirect regulators

). In conclusion,

of ion channel expression/function in native or induced DA
neurons, and cell lines, and their expression levels are altered in
disease models. Conversely, peculiar ion channels expressed by DA
neurons regulate miRNA levels and the targeted cellular pathways.
We summarized main types of ion channel expression/function
regulated by miRNAs in

LncRNAs are RNA transcripts longer over than 200 bp that
do not encode for protein products. They are transcribed from
different regions of the genome, like the intronic region of protein-
coding genes, or the intergenic region; when transcribed from
protein-coding genes, IncRNAs can partially overlap gene exons
and have sense or antisense orientation versus the corresponding
protein-coding gene ( ;

; ). LncRNAs can affect the expression
of nearby genes (cis action) or can modulate the transcription of
genes, or other cellular functions, far away a specific gene locus
(trans action) ( ). They can regulate splicing
process, decoy mRNAs or miRNA, form complexes with RNA-
binding proteins modulating their function, or act as scaffolds for
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chromatin and epigenetic factors contributing to the epigenetic
modulation of gene expression ( ;

). In recent years, IncRNAs were particularly studied
for their role in the regulation of transcription and translation in
physiological conditions and disease. Since IncRNA are particularly
expressed and conserved in the brain ( ;

), their role was investigated in the epigenetic adaption of
gene expression in drug addiction, aging, neuroinflammation,
brain injury, neurodegenerative and neurodevelopmental diseases
( ; ;

; ). The expression rate of IncRNAs is
epigenetically modulated. In fact, changes in the main epigenetic
marks (i.e., DNA methylation status at specific GpG sites) and
chromatin remodeling via the modification of histone protein
(H) tails at specific lysine (K) (e.g., H3K27ac, H3K4me3, and
H3K36me3, H3K27me3) can exert positive or negative effects on
the production of specific IncRNA ( ); conversely,
DNA methylation analyses revealed that DNA methylation levels
of cytosine (5-mC) within the CpG islands particularly increased
downstream the transcription start site of the IncRNA (

). Recently, the antisense IncRNAs, that limit the expression
of the corresponding sense mRNA ( ) or
recruit transcriptional factors in brain development (

) have gathered attention in a-Syn related diseases. SNCA,
the gene encoding for a-Syn, possesses approximately 20 CpG
islands within the promoter and the first intron and is epigenetically
modulated ( R and ). In fact,
in the DA-ergic neuronal cell line, ReNcell VM, the ten-eleven
translocation methylcytosine dioxygenase 1 (TET1), a CpG island
binding protein capable to inhibit transcription by occupying
hypomethylated CpG-rich promoters, acts as a repressor for SNCA
by binding the intron 1 regions of the gene (

). Furthermore, in post-mortem brains of controls and PD
patients, H3K4me3 resulted the only chromatin mark significantly
higher at the SNCA promoter of the SN of PD patients both
in punch biopsy and in NeuN-positive neuronal nuclei samples
( ). Hence, both DNA methylation status
and post-translational modulation of the histone landscape can
affect the expression rate of SNCA.

Interestingly, an antisense gene to SNCA named SNCA-AS and
producing a IncRNA has been identified in human (

) and associated with hereditary neurodegenerative
diseases ( ) and DLB ( ).
Recently, ( ) first reported that the overexpression
of SNCA-AS in SH-SY5Y cells increased the expression of SNCA
and the production of a-Syn; then, by RNA-sequencing analysis
they investigated the molecular pathways related to both SNCA-AS
and SNCA overexpression, focusing on DA-ergic and GABA-ergic
synapses, for their relevance in PD and senescence. An overlapping
action of SNCA and SNCA-AS on genes involved in neuronal
senescence, neurite extension or synaptogenesis was reported (

) suggesting significant roles in PD and brain aging.
RNA sequencing related technologies and arrays allowed
the detection of hundred deregulated IncRNAs in PD models
and bioinformatics resulted useful to predict the possible target
pathways ( ; ; ;
). We summarize in
IncRNA/miRNA pathways in in vivo and in vitro PD models.

the main validated
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TABLE 1 List of main miRNAs regulating ion channel expression/function in midbrain dopaminergic neurons, differentiating precursor cells and cell
lines used to model PD.

Target ion Change of Cell type/brain area | Main effect References
channel(s) expression/function
miR-128 Nay, Cay, GABA JExpression Striatal neurons Motor behaviour Tan et al., 2013
transporter and high (mice)
affinity glutamate
receptors
miR-34b/c Nay, Ky P Expression Fibroblast differentiation to Increase excitability De Gregorio et al,
iDA 2018
miR-34a HERG K JExpression SH-SY5Y cell line Rotenone sensitivity Lin et al., 2011
miR-218 Kca +Function Native DA neurons Excitability/ DA Pulcrano et al,, 2023
release
miR-218 Nay, Ky, HCN PExpression Astrocyte differentiation to Excitability Rivetti di Val Cervo
iDA etal., 2017
miR-324 Vdacl JExpression Striatal neurons Ca**-regulation of Liu et al., 2019
signaling pathways
miR-625 TRPM2 +Expression SH-SY5Y cell line Ca?* influx Ding et al., 2019
miR-22 TRPM7 JExpression PC12 cell line Ca?* influx Yang et al., 2016
miR-133b Karp 1 Expression NSC differentiation to DA Cell survival and Zhou et al., 2018
miR-181a neurons differentiation
miR-96 CACNG5 J Expression Native DA neurons Cell apoptosis Dong et al., 2018

5 CircRNAs in a-synucleinopathies

CircRNAs are a large class of ncRNA generally rising from
back splicing of linear pre-RNA of protein coding genes. As a
consequence, they result from the fusion of either exons, introns,
UTR, or both exon-intron into covalently closed loops (Lu et al,
2019; Lu, 2020; Dorostgou et al., 2022). Due to their closed-
loop structure that lacks free 5" and 3’ ends, these molecules are
highly stable and preserved from RNAse degradation. Over 20000
circRNA have been detected in eukaryotic cells, mainly within
the cytoplasm, but also in nuclear compartment. Their expression
is tissue-specific, age-related, developmental-stage related and
epigenetically modulated (Rybalk-Wolf et al., 2015; Mahmoudi and
Cairns, 2019; Abbaszadeh-Goudarzi et al., 2020; Han et al., 2020;
Hanan et al., 2020; Doxakis, 2022). Usually, cirRNAs do not code
for proteins; conversely some of them contain internal ribosome
entry site (IRES), hence potentially maintain the ability to be
translated into protein independently of the 5’cap structure critical
for the initiation of translation (Li J. et al., 2020). Alternatively,
adenosine methylation (m®A) is widespread on exon-derived
circRNAs (Zhou et al., 2017) and also promotes protein translation
in a cap-independent manner (Wang et al, 2015), particularly
under environmental stress (Yang et al., 2017; Chen N. et al., 2021).
In general, circRNAs act as miRNA sponges, thus sequester target
miRNAs through a specific miRNA response element (MRSe),
and inhibit the miRNA suppressive effect on translation or the
miRNA dependent degradation of mRNAs (Lu et al., 2019; Lu,
2020; Dorostgou et al., 2022). In the nucleus they regulate gene
expression at transcriptional and post-transcriptional levels by
binding RNA binding proteins and modulating selective splicing;
emerging evidence has revealed that a group of circRNAs can also
serve as protein decoys, scaffolds and recruiters (Zhou W. Y. et al,
2020; Yang L. et al., 2022).

Atlas of CircRNA expression in the brain revealed that in
human and mouse these ncRNAs are highly abundant, conserved,
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dynamically expressed and often differentially expressed compared
to their linear mRNA isoforms; since their stability and the low
division rate of neurons, they also tend to accumulate in the brain
(Rybak-Wolf et al., 2015). However, transcriptome studies and
RNA sequencing followed by bioinformatic approach provided
insights on the activity and the functional roles of circRNAs in
the brain revealing involvement in aging, neurodevelopment,
plasticity,
apoptosis, and inflammation; circRNAs altered expression in

neurogenesis, angiogenesis, neuronal autophagy,
disease like brain-tumor growth, traumatic brain injury or acute
and chronic neurodegenerative disorders has been reported
(Lukiw, 2013; Chen et al., 2016; Errichelli et al., 2017; Huang et al.,
2018; Xu et al., 2018; Dube et al., 2019; Mehta et al., 2020; Li et al.,
2023). In this respect, studies on the involvement of circRNA in
PD are promising for the pathogenesis, diagnosis, and treatment of
the disease (Dorostgou et al., 2022; Doxakis, 2022).

Since the main hallmark in PD is the aggregation of a-Syn
in LB, the modulation of SNCA gene by circRNAs is particularly
intriguing. The accumulation of a-Syn in the SN of PD patients
parallels the decreased expression of miR-7 (McMillan et al., 2017)
and the Cerebellar degeneration-related protein 1 antisense RNA
(CDR1as), also known as the circular RNA sponge for miR-7 (ciRS-
7), is the “super sponge” of miR-7, due to more than seventy
binding sites for miR7 in its approximately 1500 nt long sequence
(Zhang and Xin, 2018). Hence, ciRS-7 is involved in the upstream
regulation of a-Syn sponging miR-7 that by itself can directly block
the expression of SNCA in both mouse model of PD and SH-
SY5Y cells (Junn et al., 2009). Similarly, in zebrafish model, miR7
silencing share the same phenotype of ciRS-7 injection (Peng et al.,
2015; Piwecka et al., 2017). Interestingly, the silencing of ciRS-7
can occur through the recruitment of Argonaute 2 (Ago2) protein
and the interaction between ciRS-7 and miR-651-5p (Hansen
et al, 2011), a ncRNA downregulated in PD patients with several
targets in the brain related to neurological disease, included SNCA
(Uwatoko et al., 2019). Hence, a circuitry involving the interaction

frontiersin.org


https://doi.org/10.3389/fncel.2023.1328269
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/

Meccariello et al.

of ciRS-7 with miR-7 or miR-651-5P may result critical for PD
induction or suppression.

Interestingly, the SNCA mRNA itself has two circRNA forms
originating from the coding region (i.e., Hsa_circ_0070441) and
the 3’UTR (i.e., hsa_circ_0127305, circSNCA). In SH-SY5Y cells
SNCA mRNA and circSNCA compete for the binding of miR-7
and circSNCA increased the expression rate of SNCA just sponging
miR-7 as a competitive endogenous RNA (ceRNA). In parallel the
expression rate of apoptosis and autophagy markers also correlates
to circSNCA expression in PD ( ), providing
evidence that circSNCA may represent a potential target in PD
treatment.

The circular transcript of the pantothenate kinase 1 (PankI)
gene (i.e., circ-Pank1) is highly expressed in the SN of PD model
mice treated with rotenone and in cell model of DA-ergic neurons
like the MN9D ( ). The molecular target of circ-Pank1
is miR-7a-5p, a negative modulator of SNCA expression. Hence, by
sponging miR-7a-5p, the circ-Pankl contributes to the increased
expression and the accumulation of a-Syn in the pathogenesis
of PD. Accordingly, circ-Pankl KO ameliorates both locomotor
dysfunction and damage in DA-ergic neurons ( ).

CircZip-2 is the circular form of the Zip-2 gene (

) encoding for ZRT/IRT-like protein 2, a transcription
factor in immune response ( ). RNAI-
based silencing of Zip-2 in PD model of Caenorhabditis elegans
expressing the human a-SYN, reduced the aggregation of a-Syn
thus leading to prolonged lifespan of the nematode. Downstream
pathways involving insulin signaling pathways and Daf-16 resulted
responsible for the modulation of «-Syn, the production of
ROS, acethylcoline and acethylcholinesterases levels, and longevity
( ). Consistently the expression rate of circZip-2
was significantly reduced in PD model of C. elegans, as compared
to wild-type strain and miR-60 resulted the prime target of circZip-
2. Hence, Kumar and co-workers suggested that circZip-2 may be
protective against PD sponging the miR-60 and that the loss of
circZip-2 enhanced the miR-60 activity causing the downregulation
of PD protective genes in turn; conversely, in case of Zip-2 silencing,
insulin signaling via daf-16 pathway restored PD protective activity
( )

An additional circRNA with potential neuroprotective effects
in PD is circDLGAP4. Originally discovered as RNA sponge for
miR-143 in ischemic stroke outcomes ( ), this
ncRNA resulted down regulated in several cell models of PD,
affecting mitochondrion integrity, apoptosis rate, cell viability, and
autophagic flux ( ). In mouse, human and MN9D
and SH-SY5Y cell lines the circDLGAP4 targets miR-134-5p, a
ncRNA overexpressed in PD in vivo and in vitro models. In this
respect, ( ) revealed that the circDLGAP4/miR-
134-5p pathway affects both the cAMP response element binding
protein (CREB) and its downstream targets like BDNE, PCG-a
( ), suggesting a neuroprotective circDLGAP4/miR-
134-5p/CREB pathway in PD pathogenesis.

Also, circular RNA sterile a motif domain containing 4A
(circSAMD4A) is over expressed in MPPT treated SH-SY5Y
cells and participates in the apoptosis and autophagy of DAn
via the miR-29c-3p-mediated 5 AMP-activated protein kinase
(AMPK)/mTOR pathway ( ).

The screening of RNA-seq libraries from the amygdala, SN,
and medial temporalis gyrus collected post-mortem from 42 PD
patients and 27 healthy controls identified a large set of cirRNAs

Frontiers in

10.3389/fncel.2023.1328269

showing a specific expression in the different brain areas and
differences in the expression levels in health and disease conditions
( ). Attention was focused on circSLC8A1, the
circular form of the mRNA for the sodium/calcium exchanger
solute carrier family 8 member Al (SLC8AI). This circRNA has
binding sites for miR-128 and is capable to bind Ago2 protein.
Since the targets of miR-128 are increased in PD patients, Hanan
et al. suggested that circSLC8A1 could regulate miR-128 in PD
( ). The author also demonstrated a correlation
between circSLC8A1 and oxidative stress-related Parkinsonism
and suggested a role for circSLC8A1 in the modulation of
neuronal survival and aging ( ). However, the
same study identified 3407 cirRNAs expressed in PD only and
1028 circRNA expressed in controls only, suggesting that the
biogenesis of circRNAs by backsplicing could be disease-related.
A similar approach was used to identify the expressed cirRNAs
in in the hippocampus (HP), cerebral cortex (CC), cerebellum
(CB) and striatum (ST) of MPTP-induced PD mouse model (

). This study provided a map of differently expressed
circRNA in specific brain area, and resulted useful to predict PD-
related signaling pathways (e.g., Mmu_circRNA_0003292/miR-
132, mmu_circRNA_0001320/miR-124, and the mmu-circRNA-
0003292/miRNA-132/NR4A2 axis) and to construct a ceRNA
network, which included six circRNAs, 13 miRNAs, and 112
mRNAs ( ). Hence, bioinformatics approach provided
important information for further study in PD.

Lastly, the circular RNA form of IQCK, MAP4K3, EFCABI11,
DTNA, and MCTP1 were identified by RNA sequencing and
further validated resulting overexpressed in the white matter of the
multiple system atrophy cortical tissue ( ), revealing
perturbation of circular transcriptome in a-synucleinopathies.

Hence, ciRS-7, circSNCA, circDLPAP4, circZip-2,
circSAMDA4A, cicSLC8A1 and circ-Pankl are key circRNAs
in PD ( ; ) with mechanisms
related to: (i) SCNA mRNA overexpression (i.e., ciRS-7/miR-7
pathway and circ-Pankl/miR-7a-5p pathway in PD progression)
( ; ;

; ); (ii) autophagy suppression and
apoptosis (i.e., circSNCA/miR-7 pathway and circSAMD4A/miR-
29C-3p/AMPK/mTOR pathway in PD progression (

H ); (iii) inhibition of protective genes
in PD (ie., circZip-2/miR-60-3P pathway in PD suppression)
( ; ;

): (iv) the modulation of the RNA binding protein Ago2,
that is notably involved in the degradation of mRNA target by
miRNAs (i.e., ciRS-7/miR-671-5p pathway in PD suppression and
circSLC8A1/miR-128 pathway effects under investigation in PD)
( ; ; )

As suggested above, also miRNA could be a suitable biomarker
in the diagnosis of several diseases ( ;

H ) because of their tissue specific expression,
easy detection and stability in body fluids ( ).
In the last years many researchers supported the idea that miRNA
could be useful in the diagnostic path of neurological disease.
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TABLE 2 Validated IncRNA/miRNA pathways in in vivo and in vitro PD models.

LncRNA | Target miRNA | Pathway PD MODEL Effects References
GAS5 miR-150 FOSL1/PTEN/AKT/mTOR MPP™ treated SH-SY5Y and N2a Apoptosis and neuronal Ma et al.,, 2022
cells activity
HOTAIR miR-126-5p RAB3IP In vivo Apoptosis and a-Syn-positive Lin et al,, 2019
Invivo cells
HOXAI1I-AS miR-124-3p FSTL1 MPTP induced PD mice Neuroinflammation and Cao et al.,, 2021
MPTP treated SH-SY5Y cells neuronal apoptosis
LPS induced BV-2
MALATI miR-135b-5p GPNMB MPP* SK-N-SH and SK-N-BE Proliferation and apoptosis Lvetal, 2021
cells
mir-124 51 MPTP induced PD mice Apoptosis Liuetal, 2017
MPP™ treated SH-SY5Y cells
MIAT miR-221-3p TGFBR1/TGF-B1/Nrf2 MPTP-induced PD mice neuronal injury Lang et al., 2022
MPP™ treated MN9D cells
NEAT1 miR-124-3p PDE4B MPP™ treated SH-SY5Y cells Cell viability, cytotoxicity and Chen M. Y. et al,, 2021
inflammation
miR-124 KLF4 MPP™ treated SH-SY5Y cells Apoptosis Liu et al,, 2020
NORAD miR-204-5p SLC5A3 MPP™ treated SK-N-SH and Neuroprotection Zhou S. et al,, 2020
SK-N-AS cells
OIP5-AS1 miR-137 NIX MPP™ treated SH-SY5Y cells Mitochondrial autophagy Zhao et al., 2022
SNHGI miR-216a-3p BAX MPP™ treated SK-N-SH cells Apoptosis Wang H. et al., 2021
SNHG7 miR-425-5p TRAF5/NF-«B Rot-mediated PD rat Inflammation and oxidative Zhang et al., 2021
SH-SY5Y cells stress
SNHG14 miR-135b-5p KPNA4 MPP™ treated SK-N-SH cells Neuronal injury Yuan et al., 2022
TUGI miR-152-3p PTEN MPTP-induced PD mice Apoptosis, oxidative stress, Zhai et al., 2020
MPP™ treated SH-SY5Y cells and neuroinflammation
UCAI miR-651-5p KPNA4 MPP treated SH-SY5Y cells Apoptosis, inflammation, Hao et al., 2023
oxidative stress and neuronal
damage

AKT, protein kinase B; BAX, Bcl2 associated X trotein; FOSL1, Fos ligand1; FSTLI, Follistatin-like 1; GAS5, growth arrest-specific 5; GPNMB, glycoprotein non-metastatic melanoma protein
B; HOTAIR, HOX Transcript Antisense Intergenic RNA; HOXA11-AS, Homeobox A1l antisense RNA; KLF4, Kruppel-like factor 4; KPNA4, karyopherin subunit alpha 4; NF-Kb, nuclear
factor kappa-light-chain-enhancer of activated B cells; MALAT, metastasis-associated lung adenocarcinoma transcript 1; MIAT, myocardial infarction-associated transcript; MPPt, N-methyl-

4-phenylpyridinium; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; m-TOR, mammalian target of rapamycin; NEATI, nuclear enriched abundant transcript 1; Nrf2, nuclear factor
E2-related factor 2; NORAD, RNA Activated by DNA Damage; OIP5-AS1, Opa Interacting Protein 5antisense RNA; PDE4B, phosphodiesterase 4B; PTEN, Phosphatase and tensin homolog;
RAB3IP, RAB3A Interacting Protein; SLC5A3, solute carrier family 5 member 3; SNHG, small nucleolar RNA host gene; TGF-p1, transforming growth factor-81; TGFBR1, TGFB receptor 1;
TRAFS5, tumor necrosis factor receptor-associated factor; TUGI, taurine upregulated gene 1; UCAL, urothelial carcinoma-associated 1.

For instance, miR-218 and miR-320 were found highly expressed
in depressed PD patients, providing a useful biomarker for
early diagnosis of PD (Wan et al., 2023), especially because the
psychiatric symptoms emerge several years before motor symptoms
in patients. In this context, it would be crucial to find the same
biomarker for depression and PD to develop a prevention program
and an early treatment. Further to this point, Xing et al. (2020)
observed that miR-218 is downregulated in prefrontal cortex of
PD patients, supporting the idea that miR-218 could play an
important role in aetiopathogenesis of PD. The authors further
suggest that the downregulation of miR-218 together with the
downregulation of miR-124 and miR-144 active nuclear factor k
light chain enhancer of activated B cells (NF-kB) have a crucial role
in the pathogenesis of PD (Xing et al., 2020). Moreover, miR-144
(together with miR-199b, miR-221, miR-488, miR-544) increases in
gyri cinguli of PD patients’ brains, the authors suggest that they
could modulate gene expression implied in PD: SNCA, PARK2 and
LRRK2 (Tatura et al., 2016).

However, the alteration in miRNAs expression is not restricted
to PD but it was amply described in other neurological disease.
Patients with frontotemporal dementia (FTD) show a significant
downregulation of miR-663a, miR-502-3p and miR-206 in the
plasma if compared to healthy people (Grasso et al, 2019).
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Moreover, elevated concentration of miR-520f-3p, miR-135b-3p,
miR-4317, miR-3928-5p, miR-8082 and miR-140-5p were detected
in CSF of prodromal Huntington’s Disease patients (HD) (Reed
etal., 2018).

Overall, these results highlight the importance of miRNAs in
neurological disease, not only as biomarker of pathologies but also
as therapeutic target. In this regard, a piece of evidence reported
that miRNAs are involved in the regulation of DA-ergic circuits,
a-Syn production and animal behavior. For instance, in the PD
animal model 6-OHDA, the overexpression of miR-221 -usually
downregulated in patients, improved motor behavior targeting
the Bim/Bax/caspase-3 signaling axis, known to be involved in
the apoptosis of DA-ergic cells in SN (Yao et al,, 2023). In the
same PD model, the overexpression of miR-375 reduces DA-
ergic damage, oxidative stress and inflammation, by the inhibition
of transcription factor specificity protein 1 (Cai et al, 2020).
Moreover, the up-regulation of miR-218 could reduce DA-ergic
damage in SN diminishing the expression of LASP1, a component
of dendritic spines and synapses (IMa et al., 2021).

Concerning o-Syn (see also sections above), miR-7 was
reported to downregulate this protein in MPTP-induced PD
models and prevent the accumulation (Junn et al., 2009). Further
to this point, miR-181 overexpression increases the a-Syn-induced
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DA neuronal loss and correlates with neurotoxicity, while its
inhibition exerts a neuroprotective effect (Stein et al., 2022).

As mentioned before, besides PD, miRNAs could be a suitable
therapeutic target also in other neuronal diseases. To this regard,
HD mice models that overexpress miR-196a in the brain showed
improvements in neuropathological progression, at both cellular
and behavioral levels (Cheng et al., 2013). miR-124 slows down the
progression of HD possibly by increasing neurogenesis (Liu et al.,
2015). Gascon et al. have demonstrated that miR-124 is involved in
FTD as well, in fact the ectopic expression in the medial prefrontal
cortex is able to rescue behavior in FTD mice model through the
action on the AMPA receptor (Gascon et al., 2014).

Its important to note that the three neurological diseases
mentioned above share in common a dysregulation of DA circuits,
regard to this for example: it is reported that miR-133b is selectively
expressed in midbrain DA neurons and midbrain tissue from PD
patients are deficient of this miRNA, authors suggest that it is able
to modulate maturation and function of these neurons (Kim et al.,
2007).

The search of ncRNAs in biological fluids, particularly miRNA,
as potential prognostic and/or diagnostic biomarkers in brain
diseases, recently extended to the upcoming ncRNA (Bahn et al.,
2015; Li Y. et al., 2020; ; Chen Y. et al., 2021; Mahmoudi et al.,
2021; Ravanidis et al., 2021; Tan et al, 2021). In this respect,
circulating IncRNAs were detected in the in peripheral blood
mononuclear cells (PBMCs), plasma and exosome of PD patients
providing a molecular signature useful for prediction, diagnosis,
prognosis and therapy in PD pathogenesis (Quan et al., 2020;
Zou et al., 2020; Honarmand Tamizkar et al., 2021; Akbari et al.,
20225 Huang et al.,, 2023; Sariekiz et al., 2023). In addition, over
a panel of eighty-seven circRNAs highly expressed in the brain,
six only (i.e., circMAPKOY, circHOMERI, circSLAIN1, circDOP1B,
circRESP1, circHOMERI, circSLAINI, and circPSEN1) targeting
miR-516b-5p, miR-526b-5p, miR-578, miR-659-3p, and miR-1197,
respectively, resulted deregulated in PBMCs collected from 60
idiopathic subjects with PD compared to 60 healthy subjects
(n = 60) (Ravanidis et al., 2021). Interestingly, the network of the
six deregulated circRNAs in PD patients includes RNA-binding
proteins involved in the neurodegeneration-associated diseases like
Fused in Sarcoma (FUS), TAR DNA binding protein (TDP43),
FMRI1, and Ataxin 2 (ATXN2) (Ravanidis et al., 2021).

A similar study was carried out by Kong et al. in 2021 (Kong
etal, 2021) in 4 PD patients and 4 healthy controls demonstrating
129 circRNAs up-regulated and 282 circRNAs down-regulated
in the PBMCs of PD patients. The linear form of the top
10 deregulated circRNAs included genes involved in oxidative
stress response and hemostasis pathways. The ceRNA interaction
network of circRNA-miR-mRNA in PD patients was also provided
revealing 13 miRNAs, 10 differently expressed mRNA and 10
circRNA (Kong et al., 2021).

Lastly, Zhong et al, provided evidence that circulating
circRNAs panel acts as a biomarker for the early diagnosis and
severity of PD (Zhong et al, 2021) identifying and validating
circFAMS83H, circARID1B, circHUWEl and circTCONS-12-
0002816 as markers of PD progression. In this respect, circARID1B
and circTCONS-12-0002816 were further validated as markers
to predict PD at early stage, whereas circFAM83H, circARID1B,
circTCONS-12-0002816 and circHUWEL could be used to
discriminate between PD at early or late stages.
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Recently, the screening of circRNA was carried out in the
blood exosome of n.80 PD patients at pre- and after 2 weeks long
rehabilitation (Duan et al., 2023). This interesting study revealed
deregulated circRNA in PD patients and that the expression
profiles of cirRNA further remodels following rehabilitation as
an epigenetic adaptive response. Interestingly, the expression
profile of hsa_circ_0001535, and hsa_circ_0000437, related to the
aggregation of a-syn and neuro-inflammation via the sponging
of hsa-let-7b-5p and hsa-let-7c-5p, respectively, was validated pre
and after rehabilitation revealing higher expression levels in pre
rehabilitation and decreased expression at post-rehabilitation, but
at different degree.

Taken together, upcoming ncRNA in the blood may serve as
diagnostic and prognostic biomarkers for PD.

Next step, research should focus on how miRNAs and other
ncRNAs influence DA and DAn in healthy conditions and
in neurological disorders, and if there are other dysregulated
miRNAs specifically expressed in DAn, this demonstration would
allow to develop a more precise treatment with a specific
catecholaminergic target.

In conclusion each of these encouraging result support the idea
that in the future we could use ncRNA drugs in clinical practice,
to date we have few drugs based on RNA interference technology
approved by FDA with other drugs in advanced clinical trials (for
a rev on RNAi-Based Therapeutics see Traber and Yu, 2023). Our
hope is that in the near future we will increase the availability of
these drugs, in order to develop not only more precise therapy, but
early biomarker as well in order to treat patients in early stage of the
disease when we are able to preserve as many cognitive functions as
possible.

7 Discussion and conclusion

In the present manuscript we have overviewed recent literature
reporting the involvement of ncRNAs (miRNAs, IncRNAs and
circRNAs) in the development and function of the midbrain
DA-ergic system, relevant to healthy conditions or to PD and
synucleinopathies. Despite intense research efforts, their precise
role in controlling physiological functions in the brain has
yet to be elucidated. ncRNAs represent a hot research topic
worldwide as they may be useful tools for diagnosis, prognosis
and therapeutic biomarkers for brain diseases. With regard to
PD and synucleinopathy sharing the abnormal accumulation of
the toxic fibrillar a-Syn in intraneuronal inclusions, although
the complexity of human brain and its accessibility pose
challenges for therapeutic interventions, insights gathered from
studying ncRNAs could catalyze the implementation of current
pharmacological strategies. Recently, there has been a proposal
to downregulate a-Syn expression using miRNA-based techniques
(such as miRNA-mimics or anti-miRNAs) as a promising approach
to slow down the progression of Parkinson’s disease (PD) and
synucleinopathies. Therefore, identifying a group of miRNAs
capable of modulating the expression of genes directly involved
in the etiopathology, interacting with o-Syn gene or mRNA,
and inhibiting its expression, could hold relevance for potential
pharmacological interventions. This has been the case for, miRNA-
7 and miRNA34b/c that have been described both decreased in
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PD patients’ brain (reviewed by Nakamori et al., 2019; Vilaga-
Faria et al., 2019) possibly leading to a-Syn overexpression.
However, a higher degree of success has been achieved using
RNA mimicking sequences referred to as ASOs (Antisense
Oligonucleotide Sequences) to enhance neuronal regeneration
in vivo, promoting astrocyte-to-neuron conversion in a chemical
model of the disease (Qian et al., 2020). This suggests that an
alternative pharmacological approach targeting the endogenous
regeneration of dopaminergic innervation, through small RNA
sequence, may have a considerable chance of success.

The transcriptional modulation of genes encoding for proteins
involved in a common signaling pathway links the genome to
specific neuron functions, either in physiological or in pathological
states. In this context, the regulation of ion channels’ gene
expression is a key element to understand the relationship between
neuronal excitability profile and the output response produced
by a specific neuron type, as this feature defines its functional
identity (Schulz et al,, 2006). With regard to the DA-ergic system
and to DAn, we and others have reported evidence showing how
their functional fingerprint is finely tuned by different miRNAs,
and alteration of specific miRNA expression levels heavily impacts
DAn intrinsic excitability and synaptic output (De Gregorio
et al, 2018; Pulcrano et al, 2023). MiRNA dysregulation at
the synaptic level has been reported in many neurodegenerative
diseases characterized by cognitive impairment (Abuelezz et al,
2021) drastically affecting local protein synthesis and target gene
expression.

The intricate interplay between miRNAs and ncRNA in
controlling synaptic activity, neuronal excitability, and their role
in the progressive degeneration of DAn remains a complex and
partially answered question. While there is mounting evidence
of their involvement in human brain-related diseases, specific
downstream pathways still lack comprehensive understanding.
This complexity arises from various cellular factors, including
the number of miRNAs capable of binding identical or adjacent
sequences at the 3'UTR untranslated region of a given target,
their concentration, and accessibility to the binding region.
Additionally, miRNAs have been reported to bind to IncRNAs,
acting as sponges for specific miRNAs and effectively sequestering
them, thus preventing their binding to target mRNAs. This
creates a competitive scenario where miRNAs may target both
mRNAs and IncRNAs with similar miRNA response elements.
We have provided insight on Inc RNA, circRNA and miRNA
pathways that have been predicted by bioinformatic approach
and further validated in PD models to regulate the pathogenesis
of PD In addition, the ability of ncRNAs to play a role
in the epigenetic regulation, by guiding chromatin-modifying
complexes, influencing DNA methylation, and participating in
RNA interference pathways in development and various diseases,
has provided insights into their potential use in therapeutic
approaches and paved the way for further translational approaches.

The regulatory circuitry formed by miRNAs, IncRNAs, and
mRNAs might serve as a fundamental mechanism for refining
gene expression. It could potentially allow cells to adapt swiftly to
changing environmental cues, ensuring that protein levels remain
finely tuned to meet the demands of the moment. This delicate
balance is vital for cellular functions ranging from differentiation
and development to response to stress and disease. Therefore,
changes in any of these influencing factors may affect a miRNA’s
capacity to regulate its target(s), leading to phenotypic individual
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differences that might vary depending of the genetic background or
the environmental condition.

Handling such variability is a formidable challenge, and
a definitive solution is still pending. While the burgeoning
applications of artificial intelligence (AI) in addressing
biological questions show promise, the need for in vivo or
in vitro experimental validation to confirm their accuracy
and biological relevance presents an ongoing and potentially
never-ending challenge.
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