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Abstract. Parkinson’s disease (PD) is the second most common neurodegenerative disorder, affecting 5% of the elderly
population. Currently, the diagnosis of PD is mainly based on clinical features and no definitive diagnostic biomarkers have
been identified. The discovery of biomarkers at the earliest stages of PD is of extreme interest. This review focuses on the
current findings in the field of circulating non-coding RNAs in PD. We briefly describe the more established circulating
biomarkers in PD and provide a more thorough review of non-coding RNAs, in particular microRNAs, long non-coding
RNAs and circular RNAs, differentially expressed in PD, highlighting their potential for being considered as biomarkers for

diagnosis. Together, these studies hold promise for the use of peripheral biomarkers for the diagnosis of PD.
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INTRODUCTION

Parkinson’s disease (PD) is the most common pro-
gressive neurodegenerative disorder, resulting from
a pathophysiologic loss or degeneration of dopamin-
ergic neurons in the substantia nigra of the midbrain
and the development of neuronal Lewy bodies. Idio-
pathic PD is associated with risk factors including
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aging, family history, pesticide exposure, and envi-
ronmental chemicals [1, 2]. Characterized by both
motor and non-motor symptoms, PD patients clas-
sically display rest tremor, rigidity, bradykinesia,
and stooping posture. PD can also be associated
with neurobehavioral disorders (depression, anxiety)
and cognitive impairment, that may emerge years
prior to clinical diagnosis [3, 4]. Loss of dopamin-
ergic neurons in the substantia nigra together with
the presence of aggregates intracellular of protein
deposits (named Lewy bodies) which are primarily
composed of precipitates of the alpha-synuclein (o-
syn) protein, are the neuropathological hallmark of
sporadic PD. Although the causes remain unclear,
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sporadic PD likely results from a complex interac-
tion of environmental/acquired and genetic/inherited
factors [5]. Hereditary forms of PD represent only
5-10% of all cases, studies on these have provided
indications on the pathogenesis, indeed, much of the
knowledge of the genes and pathways involved in
PD derives from studies on the hereditary forms of
disease. To date, various PD-associated mutations
have been identified in several genes. Out of the six
genes undoubtedly linked to heritable, monogenic
PD, mutations in SNCA and LRRK?2 are responsible
for autosomal-dominant PD forms, and mutations in
PARKIN, PINK1, and DJ-1, are accountable for PD
that displays an autosomal recessive mode of inheri-
tance. Of note, SNCA is thought to be a crucial player
in the pathogenesis of PD based on genetic, patho-
logical, and cellular/molecular lines of evidence. PD
diagnosis is still based on clinical criteria by identi-
fication of at least two neuromotor symptoms such
as resting tremor, bradykinesia, rigidity and/or pos-
tural instability [6]. Another obstacle that presents
with the diagnosis of PD is its phenotypic similar-
ity to other atypical parkinsonian disorders. These
include disorders such as progressive supranuclear
palsy, multisystem atrophy, and corticobasal degen-
eration. These diseases affect the diagnosis of PD
as the symptoms are overlapping and heterogeneous,
especially in the early stages of the disease, mak-
ing differentiation difficult. Therefore, obtaining an
accurate diagnosis of PD is difficult during the early
stages of the disease, and there is a high risk of misdi-
agnosis. Neuroimaging techniques, such as magnetic
resonance imaging, ['®F]fluorodopa positron emis-
sion tomography, single-photon emission computed
tomography, and transcranial ultrasound have pro-
vided some utility in the diagnosis and staging
of idiopathic PD but remain expensive and labor
intensive. Blood and cerebrospinal fluid (CSF) have
been extensively analyzed for protein biomarkers,
dopamine metabolites, and amino acids. a-Synuclein
comprises the main protein component of hallmark
Lewy bodies and is measurable in blood CSF [7-9].
Despite advances in neuroimaging and genetics, the
diagnosis of PD remains primarily clinical, and so,
in recent years, the search for biomarkers to support
early diagnosis has gained interest [8]. A biomarker is
defined, by the National Institutes of Health Biomark-
ers Definitions Working Group, as “a characteristic
that is objectively measured and evaluated as an
indicator of normal biological processes, pathogenic
processes or pharmacologic responses to a therapeu-
tic intervention” [10]. Thus, biomarkers are useful

for confirming diagnosis, prognosis, disease progres-
sion, response to therapy, through a qualitative and/or
quantitative analysis and should be non-invasive,
reproducible and specific to the disease under con-
sideration. In this context, an alternative avenue is
the development of peripheral biomarkers utilizing
biofluids, which reflect molecular changes in the
brain, and thus provide support for early diagnosis.

It is well known that RNA plays the fundamental
role of mediator in the flow of genetic informa-
tion from DNA to the final protein product. In
recent years, a number of further biological functions
of RNA have been identified, not only as struc-
tural and catalytic molecules, but also and above
all as regulators of gene expression in most cellu-
lar processes: from differentiation to development.
However, over the past decade, advances in whole
genome analysis have shown that up to 90% of
the human genome is transcribed, while tens of
thousands of RNA transcripts have similar proper-
ties to mRNAs but are not translated into proteins.
Indeed, approximately only 2% of RNA transcripts
encode proteins, whereas the remaining transcripts
are non-coding RNAs (ncRNAs). ncRNAs transcripts
are further divided into housekeeping ncRNAs and
regulatory ncRNAs. Housekeeping ncRNAs, which
are usually constitutively expressed, include ribo-
somal, transfer, small nuclear, and small nucleolar
RNAs. Regulatory ncRNAs are generally divided
into two classes based on nucleotide length. Those
less than 200 nucleotides are usually referred to as
short/small ncRNAs and include microRNAs (miR-
NAs), small interfering RNAs, and PIWI-associated
RNAs, whereas those greater than 200 nucleotides
are known as long non-coding RNA (IncRNAs) [11].
Another class of regulatory ncRNAs are circular
RNAs (circRNAs), molecules transcribed and spliced
from exons in protein and noncoding genes [12]. ncR-
NAs representing a novel group of biomarkers and
therapeutic targets in the pathophysiology of several
neurodegenerative disorders. These expressed tran-
scripts in the central nervous system (CNS) have been
shown to regulate several signaling pathways impli-
cated in the neurodegeneration, such as apoptosis and
mitochondrial dysfunction [13, 14], and a number
of IncRNAs, miRNAs and circRNAs also influence
neurodegeneration in a direct manner [15, 16].

Due to their presence and relative stability in the
bloodstream, often packed in extracellular vesicles
like exosomes, ncRNAs appeared as potential disease
markers [17], and promising therapeutic targets as
they influence multiple biological pathways leading
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Fig. 1. Regulatory role of ncRNAs in Parkinson’s disease.

to the development and progression of disease. Sev-
eral studies reported a permeability of the brain-blood
barrier (BBB) in PD patients [18-20]. So, ncRNAs
released from the brain into the blood may serve as
biomarkers of pathology. In this study, we review the
results of studies which evaluated the role of ncRNAs
in the pathogenesis of PD.

NON-CODING RNAs FAMILY

ncRNAs are a family of non-coding protein tran-
scripts that modulate cell function by controlling
gene expression programs through various mecha-
nisms [21], and they includes IncRNAs (longer than
200 nucleotides), circRNAs (generated from pre-
mRNA backsplicing), and miRNAs (around 21-25
nucleotides). Although most ncRNAs cannot be
translated into protein, many function in the regula-
tion of important biological processes by modulating
transcription and post-translational modifications
[22]. miRNAs, IncRNAs and circRNAs interact with
each other, acting as competing endogenous RNAs
(ceRNAs), and the latter, as is known, participate
at the transcriptional and post-transcriptional level
in the modulation of the target genes [23] linked to
different pathway involved in PD (Fig. 1).

miRNAs

miRNAs are small ncRNAs that regulate gene
expression by binding to the 3’-untranslated region of
target RNAs, leading to the degradation or inhibition
of translation, thereby affecting many regulatory pro-
cesses (reviewed in [24]). The synthesis of these small
RNA molecules occurs mainly through a canonical
biogenesis pathway. Most of miRINAs genes are syn-
thetized by RNA polymerase II into primary miRNA
transcript and then cleaved into precursor miRNA
(pre-miRNA) from which, after export to the cyto-
plasm, mature miRNA originates [25]. It is now clear

the fundamental role of miRNAs in many biolog-
ical functions. Indeed, it has been estimated that
miRNAs may regulate the expression of about one-
third of genes; moreover, single miRNA can regulate
multiple transcripts, and using computational algo-
rithms, several putative and targets for individual
miRNAs were predicted [26]. In brain, miRNAs take
part in spatiotemporal regulation of neuronal gene
expression that is crucial for neural differentiation,
circuit development, and modification of neuronal
networks; therefore, an altered miRNAs expression
can result in dysregulation of key genes and path-
ways that contribute to disease development [27]. An
altered expression of miRNAs in the brain has been
described in many neurodegenerative disorders [28],
including PD. For the first time, Kim et al. stud-
ied the miRNAs expression profile in brain tissue
of PD patients. Analyzing 230 miRNA precursors
in the midbrain, cerebellum, and cortex samples,
they observed a deficient expression of the precursor
miR-133b in PD patient compared to healthy con-
trols. They also associate a regulatory function of
miR-133 on the maturation and function of dopamin-
ergic neurons through a negative feedback circuit that
includes the paired homeodomain transcription fac-
tor Pitx3 [29]. In a subsequent study, Schlaudraff and
colleagues reanalyzed the expression of miR-133 in
the entire midbrain tissue. They observed a reduc-
tion in miR-133 level in the midbrain of PD patients;
on the contrary, no difference in the expression of
miR-133 was found at the level of substantia nigra
(SN) dopamine neurons (DA) between PD patients
and controls [30]. Briggs et al. also investigate miR-
NAs expression in postmortem SN DA neurons in
PD patients and controls. Using human microRNA
TagMan array the researchers identifying 159 dys-
regulated miRNAs (109 up- and 50 downregulated
miRNAs) in PD patients with a different up and down
trend between gender. Moreover, they found a net-
work of miRNA target-genes linked to dysfunctional
pathways related to PD [31]. Since, an altered miR-
NAs expression can result in dysregulation of key
genes and pathways, the functional role of different
miRNAs was investigated, and today several miRNAs
are known to be implicated in PD-related pathways.
For example, miR-7 inhibits a-Syn expression by
binding to the 3’-UTR of its mRNA,; furthermore, in
differentiated ReNcell VM cells, it has been observed
that miR-7 improve a-Syn and its aggregate clearance
by promoting autophagy [32]. Also, miR-10a has
been suggested as a-Syn regulator. A decreased level
of miR-10a has been detected in the midbrain of A30P
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o-syn transgenic mice and in SH-SYS5Y cells overex-
pressing A30P a-syn. Moreover, it was demonstrated
that miR-10a attenuated a-syn aggregation and tox-
icity through suppression of proapoptotic protein
BCL2L11 in SH-SYS5Y cells [33]. The leucine-rich
repeat kinase 2 (LRRK2) gene has been found to
cause both familial and sporadic PD [34], although
the molecular mechanisms underlying its action are
not yet clear. By in silico analysis Cho and colleagues
identified a miR-205 binding site in the 3’-UTR
region of the LRRK?2 gene. Through in vitro studies,
they investigated the role of miR-205 in the regulation
of LRRK?2 expression, observing a dose-dependent
reduction in LRRK2 protein level in primary neuron
cultures. Furthermore, they found an inverse corre-
lation between frontal cerebral cortex and striatum
of patients with sporadic PD and controls [35]. DJ-1
is another target of miRNAs, as well asmiR-4639-5p
may regulate the DJ-1 expression through binding
the 3’-UTR of DJ-1 mRNA, resulting in downreg-
ulation of protein level with consequent oxidative
stress and neuronal death [36]. The study of Wang
et al. suggests that upregulation of miR-124 could
regulate apoptosis and impaired autophagy process
in the MPTP model of PD, thereby reducing the
loss of DA neurons. Indeed, miR-124 could have a
neuroprotective effect by targeting Bim a BH3-only
protein and consequently preventing the transloca-
tion of Bax to the mitochondrion [37]. Although most
miRNAs are brain-specific, they have been found
circulating in different biofluids [38], both excreted
within extracellular vesicles, such as exosome [39]
and excreted as free miRNAs associated with diverse
proteins such as Argonaute2 [40]. Due to their capac-
ity to cross the BBB, miRNAs have the potential
to be valuable biomarkers, providing information
on the pathological state detected in the CNS [41].
Noteworthy disclosures regarding published circulat-
ing miRNAs in PD patients are found in numerous
recent reviews. Certainly, blood and its derivatives
are the main sources towards which the search for
non-invasive miRNA biomarkers for PD has been
directed, while only in a few works the expression
of miRNAs in CSF, has been investigated [42—44],
considering the invasiveness of lumbar puncture.
From studies it emerges that several dysregulated
miRNAs have been detected in different biological
fluids of patients with PD, but few of these miRNAs
have been found significantly dysregulated in mul-
tiple studies, and in some cases even with opposite
results (Table 1). Ultimately, there is not always over-
lap across the studies. The lack of overlap could be

due to the fact that the variables in these studies are
many, such as the nature of the biological liquid (e.g.,
CSF, whole blood, blood components), the meth-
ods for exosome isolation (e.g., ultracentrifugation,
commercial kits), and the methods of miRNAs detec-
tion (e.g., qRT-PCR, microarrays, RNA sequencing).
In this regard, thanks to its sensitivity and speci-
ficity, actually, qRT-PCR is the gold standard for
miRNAs quantification, but it is also used for the
validation of high-throughput profiling. Among the
high-throughput technologies, microarrays provide
comprehensive coverage, but limited accuracy, while
NGS technologies allow the identification of novel
miRNAs, but their main disadvantage is complex data
interpretation and analysis as well as high costs [61].
For studies investigating the levels of miRNAs encap-
sulated in exosomes, another variable to consider is
the method used to isolate the exosomes: ultracen-
trifugation is commonly used to isolate exosome,
and the use of easy-to-use precipitation solutions or
commercial kits as they do not require expensive
equipment. However, it is known that difference in
isolation methods can cause variations in the con-
centration, purity, and size both of the exosomes and
exosomal RNA [62]. Therefore, a standardization of
these variables would be useful in identifying reliable
biomarkers.

Actually, exosome-based biomarkers represent an
emerging non-invasive source for researching poten-
tial miRNA as biomarkers of disease [63]. The
exosomes are nanovesicles released from cells into
the biofluids and involved in cell-cell communication.
They deliver their cell- or condition-specific cargo
of proteins, lipids, and genetic materials, including
ncRNAs [64], and represent an enriched source of
miRNAs protected by RNase [65]. Therefore, due to
their features and ease of isolation exosomal miRNAs
have been investigate as possible biomarkers for PD.

For the first time Gui et al. analyzed exosomal
miRNAs expression in CSF of PD patients (n=
47) comparing to healthy controls (n=27) and Alz-
heimer’s disease patients (n=28). They found that
miR-1 and miR-19b-3p were significantly downreg-
ulated, while miR-153, miR-409-3p, miR-10a-5p,
and let-7g-3p where significantly upregulated also in
independent cohort; moreover, the ROC curve anal-
ysis confirmed their capability to discriminate PD
patients and healthy controls with good specificity
and sensitivity [51]. Investigating the potential of
exosomal miRNAs in plasma, Yao et al. identified
two dysregulated miRNAs in PD patients, in partic-
ular miRNA-331-5p were significantly higher, and
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Table 1
miRNAs involved Parkinson’s disease

1479

miRNAs Cohort

composition

Source Methods

Regulation

Reference

miR-29¢-3p
PBMCs 19 PD
13 HC
serum 10 PD
10 HC
20 PD
20 HC*
65 PD
65 HC**
serum 138 PD
112 HC
serum 75 PD
77 HC
serum 51 PD
20 HC

microarrays

TLDA/gRT-PCR

qRT-PCR
qRT-PCR
qRT-PCR

miR-19b-3p
PBMCs 19 PD
13 HC
CSF 57 PD NGS
65 HC
serum 10 PD
10 HC,
20 PD
20 HC*
65 PD
65 HC**
47 PD
27 CTRL
78 PD
35 CTRL
109 PD
40 HC

microarrays

TLDA/gRT-PCR

CSF exosome TLDA/qRT-PCR

Serum exosome qRT-PCR
miR-29a-3p
whole 8 PD
blood 8§ HC
serum 10 PD
10 HC,
20 PD
20 HC*
65 PD
65 HC**
38 PD
38 HC
serum 78 PD
80 HC

qRT-PCR

TLDA/gRT-PCR

PBMCs qRT-PCR

qRT-PCR

miR-24-3p

Serum 6 PD

5SHC
25 PD*

25 HC

CSF 28 PD

28 PD
109 PD
40 HC

TLDA/gRT-PCR

gRT-PCR
Serum gRT-PCR
exosome
miR-335-5p

PBMCs 19 PD
13 HC
Serum 16 PD microarrays

8 HC gqRT-PCR

microarrays

[45]

[46]

[47]
[48]

[49]

[45]
[50]

[46]

(511

[52]

[53]

[46]

[54]

[48]

[55]

[56]

[52]

[45]

[57]

(Continued)
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(Continued)

miRNAs Cohort

composition

Source

Methods Regulation Reference

20 PD
20 HC
20 PD
20 HC

Serum

miR-433-3p

CSF 57PD
65 HC
46 PD
49 HC
99 PD

100 HC

Plasma

Plasma

qRT-PCR

1 [58]

NGS [50]

gRT-PCR !

T

[59]

qRT-PCR [60]

PBMC, peripheral blood mononuclear cells; CSF, cerebrospinal fluid; PD, Parkinson’s disease; HC, healthy controls; TLDA, TagMan low-
density array; qRT-PCR, quantitative Reverse Transcription PCR; NGS, Next Generation Sequencing; *first cohort of validation; **second
cohort of validation; 1 or | symbolize up- or downregulation of miRNAs expression.

in reverse miRNA-505 was lower in PD compared
to healthy controls, with an AUC 0.849 and 0.898,
respectively [66].

Dos Santos et al. searched for exosomal miRNAs
at the earliest stage of PD. Using Next Generation
Sequencing (NGS) to analyze exosomal miRNAs
in the CSF and then a machine learning approach,
they identify a miRNAs panel (Let-7f-5p, miR-125a-
5p, miR-151a-3p, miR-27a-3p, and miR-423-5p) that
could discriminate early stage PD patients from con-
trols with an AUC of 82% [67].

Although there are still not many studies in this
field, to date these results seem encouraging, and
suggest the continuation of further studies in this
direction. Another important consideration regard-
ing the potential of miRNAs as biomarkers for PD,
concerns the size and ethnicity of the study cohorts.
Several promising miRNAs have been identified, but
the use of larger and independent validation cohorts
could make them more robust classifiers of the dis-
ease. In particular, Patil et al. investigated a miRNAs
profile across geographically diverse cohorts [57].

IncRNAs

IncRNAs are defined as a heterogeneous class of
ncRNAs, canonically expressed under a linear form,
longer than 200 nucleotides, and without protein cod-
ing capabilities. Their biogenesis is similar to that
of mRNAs with RNA Polymerase II used for their
transcription. The transcription process, however,
is often subject to capping, canonical and alterna-
tive splicing, as well as polyadenylation. They are
located in the nucleus or cytoplasm. In the nucleus,
they can specifically induce gene silencing [68],

and in the cytoplasm, they can serve as ceRNAs
to modulate miRNAs expression [69]. They can
also control transcriptional activity by directly or
indirectly targeting mRNAs [70]. Based on the rel-
ative positions of the IncRNAs coding sequences
and protein-coding genes, they are categorized as: a)
sense IncRNAs overlapping with the protein-coding
genes; b) antisense IncRNAs overlapping with the
antisense strands of protein-coding genes; c¢) bidi-
rectional IncRNAs transcribed from the divergent
bidirectional promoters relative to the protein-coding
genes; d) intronic IncRNAs derived entirely from
the introns of transcripts; and e) intergenic IncR-
NAs sequences located between but not overlapping
with the protein-coding genes. Studies have shown
that IncRNAs are involved in transcriptional and
epigenetic mechanisms, gene regulation in post-
transcription level, alternative splicing, and in gene
silencing (reviewed in [71]), although the number
of well characterized IncRNAs, to date, is limited.
Recently, IncRNAs have received widespread atten-
tion due to their diverse roles in brain development,
neuronal function, maintenance and differentiation
[72], and neurological diseases (reviewed in [73]).
Existing studies have confirmed that IncRNAs are
highly expressed in various parts of both the CNS
and the brain [74], and the abnormal expression of
IncRNA: s is closely associated with PD, as described
elsewhere [75]. To date few studies focused on brain
tissues in PD, in particular an abnormal expres-
sion profiles of IncRNAs were found in the SN
and in various parts of brain of PD patients. Kraus
et al. found five IncRNAs that were differentially
expressed in PD, in particular IncRNA-p21, MALATI,
SNHG1, and NEATI were significantly upregulated,
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whereas H19 upstream conserved 1 and 2 were
significantly downregulated. Of note, these dysreg-
ulated IncRNAs appeared in the early stages of
PD and preceded the course of the disease [76].
Finally, elevated levels of IncRNA NEAT] have been
described in the peripheral blood of PD patients
[77]. Ni et al. identified significant changes in the
expression of 87 IncRNA in the SN of patients with
PD compared to normal tissues, among which the
significantly upregulated IncRNA AL049437 likely
contributed to the risk of PD, whereas the down-
regulated IncRNA AKO021630 likely inhibited PD
development [78]. Since the function of IncRNAs is
related to their cellular localization as well as their
expression, a genome-wide approach to determine
the identification of IncRNAs could greatly improve
our understanding of their role in pathophysiology of
disease. The research on the role of IncRNAs in PD
is limited at present, but several studies have shown
the involvement of IncRNAs in the different patho-
physiological mechanisms underlying PD, including
alpha- synuclein aggregate, calcium homeostasis,
axonal transport, oxidative stress, mitochondrial dys-
function, and neuroinflammation (reviewed in [79]).
Furthermore, since IncRNAs can act both by acti-
vating and repressing gene expression, they could
represent key components in the regulation of PD-
linked genes. About that, in a recent study Elkouris
et al. show that a number of IncRNAs may alter
the expression of PD-linked genes, thus establishing,
for the first time, a correlation between PD-affected
brain regions and specific IncRNAs. Indeed, they
mainly focused on genes linked to familial PD, such
as UCH-LI, PINKI, DJI, SNCA, and LRRK2, of
note the contribution of the latter two genes to the
pathogenesis of the disease is strongly supported by
genetic studies. In addition, the authors also chose
the GBAI and MAPT genes, considered susceptibil-
ity genes. Interestingly, six IncRNAs (SNCA-AS1,
AK127687, UCHLI-ASI, PINKI-ASI, AX747125,
and MAPT-AS1 are found under expressed in the
SN, and of these 6, three (AK127687, UCHLI-
AS1, and MAPT-ASI) are found under expressed
in the cerebellum of PD patients compared to con-
trols [80]. In support of these findings, previous
studies have reported that MAPT-AS1, PINKI-ASI,
and UCHLI-AS] affect expression levels of MAPT,
PINK1, and UCHLI genes, respectively [81, 82]. Of
note, MAPT-ASI was also recently reported to be
under-expressed in many brain regions of PD affected
patients, including putamen, anterior cingulate cor-
tex, visual cortex, and cerebellum [83]. Recently,

to emphasize the importance of IncRNAs in PD,
results of RNA sequencing and microarray screening
have shown that numerous IncRNAs are differen-
tially expressed in the peripheral blood of patients
with PD. Specifically, five studies used peripheral
blood samples to screen IncRNA expression profiles
between PD patients and normal controls. Soreq et
al. employed whole-transcriptome RNA sequencing
to screen leukocyte-expressed IncRNAs in patients
with PD and controls and found 13 IncRNAs which
differential expressed. They found that the expres-
sion of five IncRNAs was upregulated in the disease,
including the spliceosome component U1, supporting
the idea that splicing modulations are involved in PD
pathogenesis, and RP11-462G22.1 (Inc-FRGI-3),
related to the muscle rigidity that occurs in PD. Else-
where, the differential expression of RP11-462G22.1
was confirmed when comparing CSF exosomes from
PD patients and healthy controls [51, 84]. Zhou et
al. performed RNA sequencing and bioinformatics
analysis to obtain differentially expressed mRNAs
and IncRNAs between patients with PD and normal
controls, and they identified a total of 857 differ-
entially expressed mRNAs (304 upregulated and
553 downregulated) and 77 differentially expressed
IncRNAs (38 upregulated and 39 downregulated).
The authors point out that gene expression results
validated by datasets GSES57475 and GSE68719,
downloaded from the Gene Expression Omnibus
(GEO), were consistent with their RNA-sequencing
results [85]. Chi et al. performed microarray analysis
of dataset GSE6613, downloaded from the GEO, con-
taining blood samples of 22 healthy controls and 50
patients with PD, and they found seven differentially
expressed IncRNAs, in particular two upregulated
(LINC00302 and LINC00328) and five downregu-
lated (FAM215A, MCF2L-AS1, NOP14-AS1, PARTI,
and XIST) IncRNAs. Among them, XIST, the most
vital regulator of X chromosome in mammals, was
markedly decreased in PD, it is known that IncRNA-
XIST regulate the cell proliferation and apoptosis
by modulating the MAPK pathway associated with
the PD pathogenesis, albeit further research is war-
ranted to clarify its mechanism of action in PD [86].
Wang et al. studied the differential expression of
IncRNAs in peripheral blood exosomes, all IncRNAs
obtained from exosomal IncRNAs from PD patients
and healthy control subjects were deep sequenced via
next generation sequencing and real-time quantitative
polymerase chain reaction, and they found 15 upreg-
ulated and 24 downregulated exosomal IncRNAs in
the PD group. Furthermore, according to the IncRNA
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differential expression results, the authors found
MSTRG.336210.1 and Inc-MKRN2-42:1 were hig-
hly expressed among healthy subjects, while MST
RG.242001.1 and MSTRG.169261.1 were highly
expressed among PD patients. Finally, they selected
Inc-MKRN2-42:1 for further correlation analysis
between this IncRNA and clinical characteristics of
PD patients, finding it a positively correlated with
the Movement Disorder Society-Sponsored Revision
Unified Parkinson’s Disease Rating Scale (MDS-
UPDRS) III score for patients with PD and, thus,
involved in the onset and development of the dis-
ease [87]. Fan et al. profiled IncRNA and mRNA
expression in circulating leukocytes using microar-
ray analysis. They identified 122 differentially
expressed IncRNAs, including 95 upregulated and 27

downregulated IncRNAs, and 48 mRNAs between
the circulating leukocytes from PD patients and
healthy controls. Gene function and pathway analysis
of the 48 deregulated mRNAs revealed biologi-
cal pathways related to PD pathogenesis, including
immune response, inflammatory response, MAPK,
and Jak-STAT pathway. To underline that, the
upregulation of four IncRNAs (AC131056.3-001,
HOTAIRM1, Inc-MOK-6:1, and RF01976.1-201) in
circulating leukocytes of PD patients were further
confirmed in a larger cohort of patients. Furthermore,
they demonstrated that the overexpression of lncRNA
ACI131056.3-001 or HOTAIRM1 could reduce cell
viability and promote apoptosis of DA neurons in
SHSYSY cells [88]. All these results come from pre-
liminary studies of high-throughput RNA sequencing

Table 2

IncRNAs in brain and blood samples of PD patients

IncRNA Cohort

composition

Regulation

Tissue/model Methods Reference

lincRNA-p21 20 PD vs 10 controls
MALAT1
SNHG1
NEAT]1 *
H19
MAPT-AS1
SNCA-AS1
AK127687
UCHLI1-AS1
PINK1-AS1
AX747125
MAPT-AS1
AL049437
AK021630
Ul
RP11-462G22.1
RP11-462G22.1
AC131056.3-001
HOTAIRMI1
Inc-MOK-6:1
RF01976.1-201
NEAT1*

10 PD vs 10 controls
9 PD vs 8 controls

D T

11 PD vs 14 controls

3 PD vs 3 controls

47 PD vs 27 controls
72 PD vs 22 controls

61 PD vs 42 controls

S S

1inc00302
1linc00328
FAM215A
MCF2L-AS1
NOP14-AS1
PART1

XIST
MSTRG.336210.1
Inc-MKRN2-42:1
MSTRG.242001.1
MSTRG.169261.1

50 PD vs 22 controls

13 controls

B e R e

32PD

Cerebrospinal fluid

Human brain
specimens

Real-time PCR [74]
validation

Real-time PCR validation [81]
Real-time PCR validation [78]

Tissue samples
Tissue samples

Tissue samples Real-time PCR validation [76]

Blood leukocytes Real-time PCR [82]
Real-time PCR validation [51]

Blood leukocytes Real-time PCR validation [86]

Peripheral blood Real-time PCR validation [75]

mononuclear cells

Blood leukocytes Real-time PCR validation [84]

Blood exosomes Real-time PCR validation [85]

PD, Parkinson’s disease; *IncRNAs found to be differentially expressed in more than one cohort; 1 or | symbolize up- or downregulation

of IncRNAs expression.
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and microarray, have been confirmed, albeit in small
cohorts of patients, by RT-qPCR, the most sensitive
method to accurately determine expression changes
between cohorts. Taken together all these results
demonstrate that there were numerous IncRNA dif-
ferentially expressed in brain tissues and peripheral
blood of PD patients. In order to understand fully
the value of these findings, future studies should
address in larger cohorts of patients, independent
and of different ethnicity. A summary of the expres-
sion of longRNAs in brain and blood samples of
PD patients are presented in Table 2. Finally, several
studies have shown how IncRNAs play an important
role both in the biological mechanisms underlying
PD and in the regulation of multiple molecular path-
ways, such as protein misfolding and aggregation,
mitochondrial disfunction, oxidative stress, neuroin-
flammation, autophagy, and apoptosis (Fig. 1). A
nonlysosomal pathway of protein degradation is the
ubiquitin-proteasome system (UPS), which removes
damaged and aberrant proteins in the cells, plays
an important role in the pathogenesis of PD. It is
known that intraneuronal a-synuclein protein aggre-
gates, observed in all patients with PD, are degraded
by the action of the UPS and the lysosomal autophagy
system [89]. Ubiquitin carboxy-terminal hydrolase
L1 (Uchll) is a gene involved in the UPS of PD,
and the IncRNA UCHLI1-AS1, by increasing syn-
thesis of the UCHLI1 protein, directly affects the
translation of the UCHLI1 protein, leading to dis-
ruption of the UPS [90]. It was demonstrated that
mitochondrial dysfunction is a key element in PD
pathogenesis, furthermore, mitochondrial dysfunc-
tion leads to oxidative stress, which is observed at a
high level in the brain of PD patients [91]. Recently,
it has been shown that the IncRNA NEAT1, which
is overexpressed in the substantia nigra of PD, plays
a neuroprotective role against drug-induced oxida-
tive stress [92]. Autophagy and apoptosis play an
important role in the PD processes, in particular
apoptosis is considered to be an essential signal for
dopaminergic neuronal degradation in PD, and it
is closely related to mitochondrial dysfunction
and oxidative stress. IncRNA MALAT1 regulates
the MPP+-induced apoptosis of the MNID cells
by inhibiting miR-205-5p targeting LRRK2 [93].
Another important factor of PD is the neuroinflamma-
tion: the inflammatory cytokines, secreted by the glial
cells, participate in neuroinflammatory responses to
induce apoptosis of the dopaminergic neurons. In
human blood, microarray technology used to detect
the differentially expressed genes and IncRNAs

associated with PD showed that genes, downreg-
ulated, differentially expressed in the regulatory
network were enriched in the immune response [86].

circRNAs

Recently, cirRNAs, another type of ncRNA with
covalently closed ends has gained attention. cir-
cRNAs are known to form through a back-splice
reaction, which mainly consists of three mech-
anisms: 1) intron coupling-driven circularization,
where RNA circularization can be generated through
direct base coupling between flanking introns; 2)
RBP-driven circularization, where the back-splicing
event can be guided by the RNA-binding proteins
(RBPs) to recognize and cling to the specific motif
of the introns flanking the circularized exons; 3)
lariat driven circularization, which occurs in the pro-
cess of linear RNA splicing and through which, circ-
RNAs are formed either from intron removal or from
exon-skipping events [94]. There are different sub-
types of circRNAs, including exonic, intronic, and
exo-intronic. Exonic circRNAs are mostly localized
in the cytoplasm, where they act as sponges for
miRNAs, and RBPs, thus inhibiting their interaction
with mRNA targets [95], on the contrary, intronic
or exo-intronic circRNAs are mostly located in the
nucleus and have few or no binding site for mi-
RNAs, but act on transcriptional control [96]. The
result is a non-polyadenylated circular transcript, and
the lack of free ends, which are normally targeted by
3’ and 5’ exoribonucleases, makes circRNAs, com-
pared with linear ncRNAs, more resistant to RNA
exonuclease and exceptionally stable in cells [97].
circRNAs, a new class of single-stranded regula-
tory RNAs, are involved in different mechanisms of
action in both physiological and pathological condi-
tions, and recent studies revealed that many circRNAs
play important roles in the regulation of gene expres-
sion at both transcriptional and post-transcriptional
levels, however, the functions are not yet fully under-
stood [98, 99]. circRNAs have been shown to be
largely conserved and more abundant in the brain
and exosomes than in other tissues [100, 101], con-
sequently, circRNAs play an important role in the
pathogenesis and progression of neurodegenerative
diseases [102]. Due to their characteristics of crossing
the BBB, being more resistant, than linear RNA, to
RNA endonuclease and stable in cells, they are good
candidates as potential diagnostic markers for CNS
disorders. Finally, being also present in the human
blood, they provide information about the disease
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status in the CNS. Many brain-enriched circRNAs
have been associated with pathogenetic processes of
neurodegeneration, as ciRS-7, highly abundant in the
brain, is down-regulated in the brain of patients with
Alzheimer’s disease, and acts as a sort of endoge-
nous, competitive and anti-complementary miRNA
“sponge” to adsorb, and therefore block, the normal
functions of miRNA-7 [103]. More recently, Hanan
et al. found that another circRNA, circSLC8A1, is
increased in the substantia nigra of patients with
PD and in cultured cells exposed to the oxidative
stress-inducing agent; on the contrary were decreased
in cells treated with the neuroprotective antioxidant
[104]. Importantly, circSLC8A1 carries seven bin-
ding sites for miR-128, an abundant and brain-res-
tricted miRNA that governs neuronal excitability and
motor behavior [105]. In addition, another circRNA,
called circSNCA, can sponge miR-7, thereby upre-
gulating expression of SNCA mRNA, resulting in
reduced autophagy and increased apoptosis in SH-
SYSY cells [106]. An advantageous strategy for
understanding neurodegenerative diseases such as
PD is the comprehensive study of the functions of
circRNAs in different regions of the brain. About
this, Jia et al. performed RNA sequencing of vary-
ing brain regions to construct circRNAs expression
profiles of the cerebral cortex (CC), hippocampus
(HP), striatum (ST), and cerebellum (CB) of PD
mouse model. The results of this study showed cir-
cRNAs to be expressed differently in the CC, HP,
ST, and CB, and found many specific circRNAs
in each region, of which mmu_circRNA_0001320
was highly expressed in CB, while mmu_circRNA_
0004144, mmu_circRNA_0000468, and mmu_circ
RNA_0013321 were not highly expressed in ST
[107]. Indeed, this suggest that circRNAs, being
tissue-specific, play important physiological and
pathological roles and may serve as potential diag-
nostic biomarkers or as therapeutic targets for disease
[108]. circRNAs, due to their covalently closed-loop
structures, can resist degradation by RNases, making
them highly stable in plasma, serum or other bioflu-
ids, and a number of highly abundant circRNAs have
been found to exist in human peripheral blood. Mem-
czak and colleagues were among the first to describe
the presence of circRNAs in the blood [109] and
other groups detecting circRNAs in other body flu-
ids, as well as in exosome [101, 110]. Peripheral cells
and in particular peripheral blood mononuclear cells
(PBMCs) appear to participate directly in neurode-
generative processes as they inherit the same genetic
information as brain cells. PBMCs thus represent a

window on the CNS and are of particular importance
for all those neurodegenerative diseases in which the
affected tissue is not directly accessible for study
[111-113]. Thus, PBMCs represent a powerful and
non-invasive tool for the identification of new diag-
nostic biomarkers. In this regard, Ravanidis et al.
profiled brain-enriched circRNAs in peripheral blood
from control subjects and patients with PD using a
RT-qPCR-based. They considered 87 brain-enriched
circRNAs from which more than half were confi-
dently detected in PBMCs and, in particular, found six
circRNAs differentially expressed in PD with a 17%
decrease on average from healthy control subjects
levels [114]. Although more research is still needed to
confirm these findings, dysregulated circRNAs form
a robust set of brain-associated circRNA which may
be further evaluated as diagnostic and possible thera-
peutic targets for PD. Regarding clinical application,
it is important that the study population is phenotyp-
ically well defined. Last, but not least, to emphasize
their biological role, in silico analysis can provide a
comprehensive guide to the pathways and processes
they control [114].

CONCLUDING REMARKS

PD is aneurodegenerative disease characterized by
amovement disorder and the main neuropathological
feature includes a loss of nigrostriatal dopaminergic
neurons. PD diagnosis mainly based on the history
of the disease and clinical manifestations. At present,
the understanding of the underlying pathogenesis of
the disease is not entirely clear, and although drugs
reduce symptoms, they are unable to prevent dis-
ease progression. Consequently, it is critical for the
choice of targeted therapy to study the molecular
mechanisms underlying PD. Early disease biomark-
ers are still unknown and new future genetic targets
are urgently needed. It is known that about 2% of the
human genome is coding, while the remainder repre-
sents the non-coding portion of RNA, which however
is thought to have a critical regulatory activity in the
normal cell development, function, and pathogenesis
of various diseases, in particular neurodegenerative
disorders like PD [115]. These ncRNAs are classi-
fied as small and long non-coding. The most studied
classes of small ncRNAs are miRNAs. Several works
have highlighted the presence of miRNA in different
biological fluids of PD patients, albeit with different
expression profiles. In this regard, it should be empha-
sized that many factors influence the expression
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of circulating miRNAs, such as the choice of the type
of body fluid, major study cohorts, even the choice of
methodologies such as qRT-PCR or NGS sequenc-
ing platforms. However, precisely because of their
stability characteristics in various biological fluids
and the fact that they can be accurately quantified
by routine and fast laboratory methods, they could
represent promising diagnostic biomarkers for PD.
Another class of non-coding RNA involved in tran-
scriptional and epigenetic mechanisms are IncRNAs.
Although research on IncRNAs is at an early stage,
scientific data show that some IncRNAs are differ-
ently altered over time in the brains of patients with
PD [76]. Recent studies have used RNA sequencing
data analysis to evaluate IncRNA levels differentially
expressed in leukocytes of patients with PD com-
pared to controls, as well as in the human SN of
PD patients. These studies highlighting the impor-
tance of IncRNAs as diagnostic tools [116]. Indeed,
miRNAs/IncRNAs play an important role in the
pathogenesis of PD. Thanks to the continuous publi-
cation of research results, greater attention is given to
the possibility of selecting specific miRNA/IncRNA
as biomarkers for the clinical diagnosis of PD. How-
ever, it is necessary to investigate and elucidate the
regulatory mechanisms of miRNA/IncRNA in PD in
order to improve the applicability and accuracy of
these molecules as biomarkers for clinical diagno-
sis. Recent studies have focused on a new class of
non-coding RNA expressed as a single-stranded cir-
cular transcript, covalently closed, due to the lack of
free ends, which are usually attacked by ribonucle-
ases, and it is precisely this peculiarity that makes
them extremely stable. These circRNAs are now rec-
ognized as having important biological roles; they
are widely conserved and more abundant in the brain
than in other tissue. To date, few studies have evalu-
ated the role of circRNAs in PD suggesting that they
may interfere with downstream targets. For exam-
ple, ciRS-7 it has been identified as a sponge for
miR-7, of note, high neuronal a-synuclein expres-
sion is implicated in PD, and SNCA is a target gene
of miR-7. Another circRNA, circSLC8A1, was found
to increase in the substantia nigra of PD patients, and
this circRNA carrier sites for miR-128, an abundant
miRNA that regulates neuronal excitability. Taken
together, these studies provide insights into the possi-
ble functional role of circRNAs in PD development.
The availability of circRNAs in body fluids iden-
tifies them as potential disease biomarkers. As is
known, BBB is compromised in neurodegenerative
diseases, such as PD [117], and this would allow

circRNAs encapsulated in extracellular vesicles, exo-
somes, or free to reach the peripheral circulation. This
situation leads us to correlate the blood levels of spe-
cific neuronal circRNAs with the disease, with its
progression and possibly with the response to treat-
ments. In summary, based on the results obtained in
these studies, ncRNAs have the potential to become
useful biomarkers, and can help unravel the com-
plex pathophysiological mechanisms that underlie
PD. However, many factors contribute or influence
the expression levels of these molecules, and these
factors need to be considered. The type of body fluid
used for the study is important as inconsistencies in
expression levels are observed when comparing CSF,
free blood cells, and blood cells. Also, methodologi-
cal and technical implications such as the sequencing
platform (e.g., NGS vs. qRT-PCR), isolation and
purification of the samples and data normalization
need to be considered. Additionally, there are other
factors such as ethnicity, age, and gender. Finally, the
need for larger study cohorts and dedicated studies
to validate these findings in cohorts with different
neurodegenerative diseases. In conclusion, the syn-
ergy between these novel experimental approaches
combined with other biomarkers and imaging tools
will be of great importance to define the role of these
ncRNAs as novel biomarkers in PD.
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