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Abstract. Parkinson’s disease is the second most common neurodegenerative disease characterized by accumulation of
alpha-synuclein and Lewy bodies in the brain’s substantia nigra. Genetic studies indicate an association of various SNPs,
many of which are located in intergenic and intronic regions, where retrotransposons and non-coding RNA genes derived
from them reside, with this disease. Therefore, we hypothesize the influence of SNPs in retroelement genes on Parkinson'’s
disease development. A susceptibility factor is retrotransposons activation with age, since the disease is associated with
aging. We hypothesized that alpha-synuclein accumulates in the brain due to its interaction with transcripts of activated
retroelements. As a result of a defective antiviral response and a large number of RNA targets for this protein, its aggre-
gates form Lewy bodies in neurons with inflammation and neurodegeneration development in the substantia nigra. As
evidence, data are presented on the role of alpha-synuclein in the antiviral response with binding to RNA viruses, which are
characterized by the ability to activate retroelements that have evolved from exogenous viruses integrated into the human
genome. Activation of LINE1s in the brain, endogenous retroviruses, and LINETs in the blood serum of Parkinson’s disease
patients was detected. An additional mechanism contributing to the progression of the disease is mitochondrial dysfunc-
tion due to insertions of Alu elements into their genomes using LINE1 enzymes. Mechanisms of activated retrotransposons’
influence on microRNAs that evolved from them are described. Analysis of the scientific literature allowed us to identify 35
such microRNAs (miR-1246,-1249,-1271,-1273,-1303,-151,-211,-28, -31,-320b, -320d, -330, -335, - 342, -374a, -374b, -421,
-4293,-4317, -450b, -466, -487b, -493, -495, -5095, -520d, -576, -585, -6088, -619, -625, -626, -769, -885, -95) associated with
Parkinson’s disease, which may become promising targets for its treatment and diagnosis.
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AHHoTauuA. bonesHb MapKnHCOHa — BTOpoe Mo pacnpocTpaHEeHHOCTN HellpofereHepaTuBHoe 3aboneBaHmne, Xxapaktepu-
3yloLeeca HakonneHmeMm anbda-cuHyKnenHa v Tene JleBu B YepHOM CybCTaHLMM FOIOBHOrO Mo3ra. [eHeTuyeckne nccne-
[OBaHMA CBUAETENbCTBYIOT 06 accoumaLmm ¢ 6onesHblo pasnnyHbix SNP, MHOrMe 13 KOTOPbIX PacrofioKeHbl B MEXIeHHbIX
N VIHTPOHHbIX 06NacTax, rae NoKanmn3oBaHbl TakKe PeTPOTPaHCMO30HbI U NPOM3OLLEeALME OT HUX FeHbl HEKOAMPYIOLLMNX
PHK. B cBA3M ¢ 3TM caenaHo npegnonoxeHue o BnusaHUM SNP B reHax peTpo3ieMeHTOB Ha pa3BuTie 6onesHu MapKnHco-
Ha. DaKTOpPOM NpepPacroNoXeHHOCTU ABNAETCA aKTBaLMA PETPOTPAHCMNO30HOB C BO3PaCcTOM, MOCKOJIbKY 3aboneBaHuve
accouumMpoBaHo co cTapeHueM. MpeanoxeHa runoTtesa o ToM, YTo anbda-CMHYKEeNH HaKanaMBaeTcA B rOIOBHOM MoO3re
BC/IefCTBME €ro B3aMOAENCTBUA C TPAHCKPUNTaMUN aKTUBUPOBAHHbIX PEeTPO3sIeMeHTOB. B pesynbrate gedpeKkTHOro npo-
TUBOBMPYCHOTrO oTBeTa 1 6onbLoro konuyectsa PHK-muwweHen ana gaHHoro 6enka ero arperatbl 06pasytoT TenbLa Jlesu
B HeMpOoHax ¢ nocneayoLwmm BocnaneHneM YepHol cy6cTaHLMMN 1 akTUBaLMel HelipofereHepaTMBHbIX NpoLeccoB. B Ka-
YyecTBe AOKasaTeNbCTBa NpPUBEAEHb AaHHble O Ponu anbda-CrHyKNerHa B NPOTVBOBMPYCHOM OTBETE CO CBA3bIBAHUEM C
PHK BrpycoB, KOTOpble xapakTepun3yoTca CMOCOOHOCTbIO aKTUBUPOBATb PETPO3SIEMEHTbI, MPOM3OLLEALME B SBOMIOLMN
OT BCTPOEHHbIX B TEHOM YesloBeKa 3K30reHHbIX BMpycoB. OOHapy»KeHbl Takxe akTuBMpoBaHHble LINET-peTposanemeHTbI
B FOJIOBHOM MO3re, SHAOreHHble peTpoBupychbl 1 LINET B cbiBOpoTKe KpoBM NaumeHToB ¢ 60ne3Hblo MapkrHcoHa. jonon-
HUTENbHbIA MeXaHN3M, CNOCOOCTBYIOLLMI NPOrpeccnpoBaHnio 6one3Hn, NpeacTaBnAeT cobom ANCOYHKLNA MUTOXOHAPUIA
BCNEeACTBME UHCEPUMIA B X reHoMbl Alu-anemeHToB ¢ nomolbto depmeHToB LINET. OnmcaHbl MexaHM3Mbl BANAHUA aK-
TUBMPOBAHHBIX PETPOTPAHCMO30HOB Ha NPOKV3OLLEeALME OT HUX B 3BONOUMN MUKPOPHK. AHanu3 HayuHoW nutepaTtypbl
No3BOAUN BbIABUTb 35 Taknx MUKPOPHK (miR-1246, -1249,-1271,-1273,-1303,-151,-211,-28, -31, -320b, -320d, -330, -335,
-342,-374a,-374b, -421, -4293, -4317, -450b, -466, -487b, -493, -495, -5095, -520d, -576, -585, -6088, -619, -625, -626, -769,
-885, -95), accoummnpoBaHHbIX ¢ 6051e3Hbio MapKUHCOHA, KOTOPble MOTYT CTaTb MEPCNEeKTUBHBIMU MULLEHAMU ANIA ee neye-
HUA N ANArHOCTUKN.

KnioueBble cnoBa: 60ne3Hb MapKnHCoHa; BUpYycbl; MUKPoPHK; peTpoanemeHTbI
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Introduction

Parkinson’s disease (PD) is the second most common neuro-
degenerative disease after Alzheimer’s disease, affecting 2 %
of the world’s population over 65 years of age (Morais et al.,
2016). PD is characterized by the degeneration of dopamin-
ergic neurons in the substantia nigra of the brain due to the
accumulation of alpha-synuclein (AS) and Lewy bodies in
them (Leblanc, Vorberg, 2022). This disease is characterized
by prion-like spread of AS (Park et al., 2021). As a result,
symptoms such as rigidity, tremors, gait disturbances, and
slowness of movement progress clinically slowly. Subse-
quently, speech, gait, and the performance of daily activities
are impaired, and dementia develops (Hossain et al., 2022).
The overall heritability of PD risk ranges from 0.27 (Blauwen-
draat et al., 2019) to 0.36 (Nalls et al., 2019). In most cases,
PD is a multifactorial disease associated with polymorphic
variants of various genes (Blauwendraat et al., 2019). How-
ever, 10 % of patients with PD have monogenic forms of the
disease, the most common cause of which are mutations in
the LRRK2 gene, which encodes leucine-rich repeat kinase
(Oliveira et al., 2021).

A GWAS conducted in 2019 on DNA samples from
28,568 patients with PD identified more than 40 loci reliably
associated with PD, including SNPs located in the GBA,
INPP5F/SCARB2, LRRK2, MCC1, SNCA, VPS13C genes
(Blauwendraat et al., 2019). In another GWAS of the same
year, 78 PD-associated polymorphic loci were identified in
37,688 PD patients (Nalls et al., 2019). Most of these SNPs
are located in intergenic, promoter and intronic regions (Ohn-
macht et al., 2020), where the bulk of retroelement (REs)
and non-coding RNA (ncRNA) genes are located (Nurk et
al., 2022). Therefore, it can be assumed that the influence
of many PD-associated polymorphisms is due to changes
in the functioning of REs and ncRNAs, which play a role in
regulating the expression of brain neuronal genes (Mustafin,
Khusnutdinova, 2020). This is supported by both indirect and
direct evidence of the role of REs in the pathogenesis of PD.
In particular, the characteristic strong association of PD with
aging (only 4 % of PD patients worldwide are under 50 years
of age (Hossain et al., 2022)) may be due to the activation
of REs during aging (Gorbunova et al., 2021) due to DNA
methylation and heterochromatin destruction changes (Ravel-
Godreuil et al., 2021).

REs are transposable elements (TEs), which are specific
regions of the genome that move to new loci by a “copy and
paste” mechanism. TEs also include another class, DNA
transposons, which use a “cut and paste” mechanism (Gorbu-
nova et al., 2021). In total, transposons occupy about 1.4 bil-
lion bp in the human genome, which is 46.7 % of all DNA
sequences. The largest share is made up of autonomous LINEs
(0.63 billion bp) that do not contain long terminal repeats
(LTR) and non-autonomous SINEs (0.39 billion bp) containing
LTR REs (human endogenous retroviruses (HERVs)), which
make up 0.27 billion bp (Nurk et al., 2022). About 0.13 %
of the human genome is occupied by non-autonomous SVA
(SINE-VNTR-Alu) REs in the amount of about 3,000 ele-
ments (Frohlich et al., 2024). DNA transposons occupy
0.108 billion bp (Nurk et al., 2022). REs are important sources
of evolutionary emergence of ncRNAs such as microRNAs
(Mustafin, Khusnutdinova, 2023). This may explain the results
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of the analysis of the human genome using specific oligo-
nucleotides complementary to transposons, which showed
that RE sequences (not only the REs themselves, but also the
regulatory elements derived from them, introns, ncRNA genes
and tandem repeats) occupy at least 2/3 of the entire human
genome (de Koning et al., 2011).

The close relationship between the functioning of REs
and the ncRNAs they generate in regulating gene expression
suggests the role of transposons as drivers of epigenetic regu-
lation. Therefore, the failure of evolutionarily programmed
species-specific control due to individual RE sequence poly-
morphisms detected by GWAS (Nalls et al., 2019; Ohnmacht
et al., 2020; Bantle et al., 2021) under the influence of aging
(Gorbunova et al., 2021) and environmental factors (such as
past viral infections (Jang et al., 2009; Batman et al., 2015;
Marreiros et al., 2020; Park et al., 2021; Leblanc, Vorberg,
2022)) can cause epigenetic dysregulation in the brain, cha-
racterized by the most pronounced TEs activity (Mustafin,
Khusnutdinova, 2020). As a result, a neurodegenerative pro-
cess develops, in which the accumulation of AS and Lewy
bodies may reflect a failure in the protective mechanisms of
cells against hyperactivated REs, which is due to the role of
AS in antiviral processes.

The role of alpha-synuclein in antiviral defense

REs evolved from exogenous viruses (Mustafin, 2018), which
explains one of the modern concepts of aging being caused by
hyperactivation of REs (Gorbunova et al., 2021), which stimu-
late the antiviral interferon response with the development of
systemic aseptic inflammation, progressive degeneration of
organs and tissues (De Cecco et al., 2019). Therefore, the role
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of REs in the development of PD may be evidenced by both
the influence of viruses on PD and the protective function of
AS against viruses. Indeed, according to meta-analyses and
systematic reviews of the scientific literature, PD is caused by
influenza viruses, Coxsackie, HI'V, Japanese encephalitis B,
West Nile virus (WNV), St. Louis (Jang et al., 2009), influ-
enza A viruses, herpes viruses and flaviviruses. An increased
risk of developing PD after hepatitis B and C infections has
been identified (Wang et al., 2020; Leblanc, Vorberg, 2022).
Influenza A HINI virus has been found to promote proteo-
stasis disruption and AS aggregation (Marreiros et al., 2020).
Coxsackie virus B3 induces formation of AC-associated in-
clusion bodies in neurons acting as PD triggers (Park et al.,
2021). Neuroinvasive WNV activates AS expression in neu-
rons (Beatman et al., 2015).

A model was presented in which WNV-induced AS lo-
calized to endoplasmic reticulum membranes, modulating
virus-induced stress signaling and inhibiting viral replication
(Beatman et al., 2015). Experiments with infection of mice
with the WEEV (western equine encephalitis virus) revealed
protein aggregation in many areas of the brain, including the
substantia nigra, with loss of dopaminergic neurons, per-
sistent activation of microglia and astrocytes (Bantle et al.,
2021). HIV promotes accumulation of AS in neurons, which
explains the development of cognitive and motor disorders in
HIV-infected patients, among whom the frequency of SNCA/
alpha-synuclein staining is higher than in healthy people of
the same age (Santerre et al., 2021).

AS has many biophysical characteristics of antiviral pep-
tides, binding to virus-carrying vesicles. AS promotes neuronal
resistance to viral infections by signaling the immune system
and recruiting neutrophils, macrophages, and activating
dendritic cells. It has been noted that chronic gastrointestinal
infections can lead to the accumulation of AS forming neuro-
toxic aggregates, as from there AS enters the brain, providing
immunity before infection (Barbut et al., 2019).

The mechanism of AS-induced immune responses to RNA
viral infections was investigated and it was determined that
AS is required for neuronal expression of interferon-stimu-
lated genes. Human AS knockout neurons failed to induce
a broad range of interferon-stimulated genes. In the nuclei
of interferon-treated human neurons, AS accumulates, with
interferon-mediated phosphorylation of STAT2 depending on
its expression and localized together with AS after such stimu-
lation. Increased levels of phosphoserine129 alpha-synuclein
are expressed in brain tissue from patients with viral (WNV
and VEEV) encephalitis (Monogue et al., 2022). A systematic
review of the scientific literature in 2024 showed that SARS-
CoV-2 induces AS aggregation, promoting the development
of PD by stably binding alpha-synuclein to the S1 protein
and activating AS as part of the immune response to infection
(Iravanpour et al., 2024).

Direct role of transposable elements

in the development of Parkinson’s disease

AS plays a critical physiological role in immune responses
and inflammation. Similar to amyloid-beta in Alzheimer’s
disease, AS fibrillation represents the brain’s innate immunity
against viruses (Vojtechova et al., 2022). Since REs have an
evolutionary relationship with viruses (Mustafin, 2018), it

292

The role of retroelements
in Parkinson’s disease development

can be assumed that mRNA of pathologically activated REs
also contributes to the fibrillization of AS. This is evidenced
by the results of a study of the abdominal cavity, in which AS
is involved in the normal functioning of the immune system,
being a mediator of immune responses and inflammation
(Alam et al., 2022). Similar to exogenous viruses, degradation
and processing products of Res transcripts are stimulators of
the interferon response, which contributes to the development
of inflammation (Gazquez-Gutierrez et al., 2021). This can
be induced not only by LINET1, but also by non-autonomous
Alu, which use the enzymes of activated LINE1 for their own
transpositions (Elbarbary, Maquat, 2017). As a result, aseptic
inflammation characteristic of aging develops (De Cecco et al.,
2019), which has been detected in the brain of mice modeled
for PD (Ghosh et al., 2016).

In the brain of patients with PD, activation of the immune
cytokine network and increased levels of toll-like receptor 3
in response to double-stranded RNA are detected. A C3 com-
plement antisense oligonucleotide, which switches splicing
and promotes splicing of unproductive C3 mRNA, has been
shown to prevent AS changes (Thomas et al., 2023). The
accumulation of pathological AS aggregates (Lewy bodies)
in PD may be due to the ineffectiveness of AS action on
pathologically activated REs. In the normal brain, REs are
also activated, but the interaction of proteins with them may
play a role in specific functions of neurons and glial cells.
However, in pathological interactions caused by the activation
of REs that are not specific to certain structures of the brain
(which is due to the spatiotemporal features of REs activation
during neuronal differentiation (Mustafin, Khusnutdinova,
2020)), protein conglomerates are formed, especially under
the influence of aging (Gorbunova et al., 2021), viruses (Jang
etal., 2009; Beatman et al., 2015; Marreiros et al., 2020; Park
etal., 2021; Leblanc, Vorberg, 2022) and in the presence of a
genetic predisposition caused by polymorphisms in the loci
of the location of TEs (Blauwendraat et al., 2019; Nalls et al.,
2019; Ohnmacht et al., 2020) (Fig. 1).

Despite the enormous number of REs in the human ge-
nome, only a small fraction of them have retained the ability
to transpose. This is due to the accumulation of many inac-
tivating mutations during evolution, and the conservation of
sequences is due to the use of retroelements by the “hosts” as
sources of regulatory elements and ncRNA genes (Mustafin,
Khusnutdinova, 2017). For example, LINEs are distributed
in the human genome as over 1 million copies, of which less
than 100 have been confirmed to be capable of retrotranspo-
sition. Such REs are called “RC-LINE1” (retrotransposition
competent LINE1). In addition to these RC-LINE1s, which are
contained in the reference genome, there are a small number
of non-reference LINEI insertions (Pfaff et al., 2020).

However, the persistence of activity of even hundreds of
REs causes significant insertional polymorphism between
individuals, meaning the presence or absence of REs in cer-
tain regions of the human genome. Statistical analysis has
shown that new Alu insertions occur in every 40th newborn,
new LINE]1 insertions, in every 63rd, and those of SVA, in
every 63rd (Feusier et al., 2019). Whole-genome sequencing
showed association of 16 highly active RC-LINE1s with PD
compared to healthy controls (Pfaff et al., 2020). 81 reference
SVAs were also identified that were polymorphic in presence
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POLYMORPHISMS LOCATED IN RETROELEMENT LOCI

Altered interactions
with non-coding RNAs

Altered epigenetic regulation
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Immune system dysregulation

Fig. 1. Scheme of retroelements’involvement in Parkinson’s disease pathogenesis.

or absence in PD patients, of which seven were associated with
disease progression and PD-specific gene expression changes
(Pfaff et al., 2021).

The presence or absence of human-specific SVA 67 cor-
relates with PD progression. SVA_67 exerts a regulatory
effect throughout the human genome, being polymorphic in
its variable-number tandem repeat (VNTR) domain (Frohlich
et al., 2024). The analysis of polymorphic 2886 Alu, 360 L1,
128 SVA, which are not included in the reference human
genome, by their presence or absence in PD compared with
healthy controls allowed us to detect REs that have a signifi-
cant effect on longitudinal changes in clinically significant
outcomes of PD (Koks et al., 2022).

LINE1 insertional polymorphisms influence PD progres-
sion, as most novel LINE1 insertions are able to regulate gene
expression in trans. An association with longitudinal changes
in PD progression has been identified for 70 LINE1 markers
of degeneration and disease severity (Frohlich et al., 2023).
Using bioinformatics studies and whole-genome sequenc-
ing data from 1,000 genomes from different populations,
46 polymorphic HERV-K insertions have been identified.
Further analysis of experimental factor ontology enrichment

has shown that polymorphic HERV-K insertions (rs12185268,
rs17577094, rs17649553, rs183211, rs199515, rs199533,
15415430, rs8070723, 1s2395163, 1s9275326) are associated
with PD features (Wallace et al., 2018).

Non-allelic recombination between homologous repeat
elements Alu and LINE1 is widespread in the human genome
with tissue-specific features that may act as recombination
hotspots. An association between recombination of these REs
and genomic instability in PD has been identified (Pascarella
et al., 2022). REs are also the cause of most large deletions
due to non-homologous end joining (NHEJ) in monogenic
forms of PD caused by mutations in the PARK2 gene (Morais
etal., 2016). Structurally variable SVAs (SV-SVA) associated
with PD and differential gene expression in this disease were
identified, which are associated with SNP and differential
expression of the BCKDK gene associated with the risk of
developing PD. The BCKDK gene encodes branched-chain
keto acid dehydrogenase kinase.

The minor risk allele rs14235, located in the BCKDK exon,
is associated with a 1.36-fold increase in the mean number of
Lewy bodies in PD (Van Bree et al., 2022). Experiments in
En+/—mice, a model of PD, revealed loss of heterochromatin
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Fig. 2. Mechanisms of retroelements’influence on the development of Parkinson’s disease.

and increased LINE1 expression in dopamine neurons. De-
generation of these cells was blocked by direct transcriptional
repression using the nucleoside analogue reverse transcriptase
inhibitor stavudine, LINE1-targeted small interfering RNAs
and expression of viral Piwil, as well as the specific protein
Engrailed, which directly suppresses LINE1 in dopaminergic
neurons. LINEI activation promoted DNA double-strand
breaks (Blaudin de Thé et al., 2018). In another study, over-
expression of multifactorial protein Gadd45b, involved in
DNA demethylation, was induced in the midbrain. In these
mechanisms of neurodegeneration, DNA damage was pre-
ceded by activated LINE1s with changes characteristic of PD.
It has been suggested that aging-related changes in the brain
contribute to dopaminergic neurons degeneration with poten-
tial implications for PD (Ravel-Godreuil et al., 2021). REs
are also sources of DNA damage during aging, which leads
to neurodegeneration in PD (Peze-Heidsieck et al., 2022).
The development of PD is also influenced by somatic
transpositions in the brain, which affect the biosynthesis of
dopamine, serotonin, 3-methoxytyramine, homovanillate,
phenethylamine and taurine (Abrusan, 2012). In PD pa-
tients, Alu integration into mitochondrial genomes disrupts
populations of these organelles in neurons, contributing to
the progression of neuronal dysfunction (Larsen etal., 2017).
Inhibition of mitochondrial chain complex I in a PD model
results in a significant increase in LINE1 element ORF1
protein expression in human dopaminergic LUHMES cells.

294

Activation of these REs was accompanied by loss of DNA
cytosine methylation. These mechanisms were blocked by the
mitochondrial antioxidant phenothiazine. Such activation of
LINEI is a consequence of mitochondrial distress, which is
characteristic of PD (Baeken et al., 2020).

A study of the SVA influence in the composition of the genes
of the major histocompatibility complex HLA in patients with
PD showed that the expressed alleles of the SVA and HLA
genes in circulating leukocytes are differently coordinated
in the regulation of immune responses, as well as in the pro-
gression of PD (Kulski et al., 2024). Thus, the development
of PD can be influenced by structural polymorphisms in the
REs genes, the characteristics of the distribution of REs in
the genome, reflected in their recombinations and somatic
transpositions (Fig. 2).

Role of retroelement-derived microRNAs
in Parkinson’s disease development
An analysis of the scientific literature on changes in the
expression of microRNAs originating from REs (according
to a published systematic review (Mustafin, Khusnutdinova,
2023)) in PD revealed 35 such microRNAs (see the Table).
Pathological activation of REs in PD may influence the
expression of their derived microRNAs in several ways
(Fig. 3). First, activated REs act as “sponges” for microRNAs
by complementarily binding to nucleotide sequences due to
their evolutionary relationship, thus blocking the effects of
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Retroelement-derived microRNAs associated with Parkinson'’s disease

Source

of microRNA

ERVL-MaRL

LINE2

LINE2

SINE/Alu

SINE/Alu

LINE2

LINE2

LINE2

LINE2

LINE2

LINE1

SINE/MIR

SINE/MIR

SINE/tRNA-RTE

LINE2

LINE2

LINE2

SINE/tRNA

SINE/MIR

LINE1

LINE1

SINE/MIR

LINE2

ERV-L

microRNA/

change in level in the disease/references

miR-1246/
increased/(Hossain et al., 2022)

miR-1249/
increased/(Soreq et al., 2013)

miR-1271/
decreased/(Ma, Zhao, 2023)

miR-1273/
decreased/(Kamenova et al.,, 2021)

miR-1303/
decreased/(Boros et al., 2021)

miR-151/
decreased/(Martins et al., 2011)

miR-211/
increased/(Motawi et al., 2022)

miR-28/
increased/(He S. et al., 2021)

miR-31/
increased/(Li L. et al., 2021)

miR-320b/
decreased/(Soreq et al., 2013)

miR-320d/
decreased/(Chatterjee, Roy, 2017)

miR-330/
increased/(Ravandis et al., 2020)

miR-335/
decreased/(QOliveira et al., 2021)

miR-342/
increased/(Wu et al., 2019)

miR-374a/
increased/(He S. et al., 2021)

miR-374b/
increased/(He S. et al., 2021)

miR-421/
increased/(Dong et al., 2021)

miR-4293/
decreased/(Soreq et al., 2013)

miR-4317/
increased/(Soreq et al., 2013)

miR-450b/
increased/(Khoo et al., 2012)

miR-466/
increased/(Kamenova et al., 2021)

miR-487b/
decreased/(Kern et al., 2021)

miR-493/
decreased/(Kern et al., 2021)

miR-495/
increased/(Ravandis et al., 2020)

Function of microRNA/references

Inhibits the expression of the CKS2 (regulatory subunit of cyclin-dependent
kinase 2), TAPBP (TAP-binding protein) genes/(Hossain et al., 2022)

Regulates the VEGFA and HMGAZ2 genes/(Chen et al., 2019)

Suppresses PAX4, Grb2, NADPH genes expression, inhibits the Wnt/beta-
catenin pathways/(Ma, Zhao, 2023)

Regulates PDP2 gene expression/(Kamenova et al., 2021)

Interacts with IncRNA NEAT1/(Boros et al., 2021)

Regulates CRK, FAM5C, RBM5, TWIST1 genes expression/
(Martins et al., 2011)

Regulates CHOP gene expression/(Motawi et al., 2022)

Suppresses FOXO gene expression/(He S. et al., 2021)

Regulates apoptosis by potentiating PI3K/AKT signaling/(Li L. et al., 2021)

Inhibits the FOXM1 gene (encodes a transcriptional activator that regulates
cell proliferation)/(Jingyang et al., 2021)

Suppresses the expression of TUSC3 (tumor suppressor)/
(Yufeng et al., 2021)

Targets mRNAs of proteins involved in activity-dependent synaptic
plasticity in the hippocampus/(Ravandis et al., 2020)

Suppresses LRRK2 gene expression/(Oliveira et al., 2021)

Suppresses the expression of PAK1, GLT1, GLAST, TH genes,
Whnt signaling pathways and anti-apoptotic genes/(Wu et al., 2019)

Inhibits translation of the Wnt5a gene mRNA/(Sun et al., 2018)

Inhibits translation of the Wnt5a gene mRNA/(Sun et al., 2018)

Inhibits translation of the mRNA of the MEF2D gene
(encodes myocyte-specific enhancer factor 2)/(Dong et al., 2021)

Inhibits WFDC21P gene expression/(Zhang Q. et al., 2021)

Inhibits FGF9 and CCND2 genes expression/(He X. et al., 2018)

Inhibits the KIF26B gene (encodes an intracellular protein
that transports organelles along microtubules)/(Li H. et al., 2019)

Inhibits PPARGCTA and GSK3B genes expression/(Kamenova et al., 2021)

Suppresses inflammation and neuronal apoptosis by targeting the mRNA
of the Ifitm3 gene/(Tong et al., 2022)

Directly affects mRNA of the Wnt5A gene, inhibits p-PI3K/p-AKT and c-JUN
with an increase in p21/(Bian et al., 2021)

Inhibits the expression of the CDKT gene encoding the serine/threonine
protein kinase factor G2/M transition in the cell cycle/(Tang et al., 2021)
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Table (end)

Source microRNA/ Function of microRNA/references

of microRNA change in level in the disease/references

SINE/Alu miR-5095/ Inhibits the expression of the LRP10, PRKN, RBBP5, SLC14A1 genes/
increased/(Kamenova et al.,, 2021) (Kamenova et al., 2021)

SINE/Alu miR-520d/ Inhibits ceruloplasmin expression/(Jin et al., 2018)
increased/(Jin et al., 2018)

LINE1 miR-576/ Inhibits the expression of the SGKT gene, which encodes serine/threonine
increased/(Liu et al., 2023) protein kinase, responsible for stress responses and neuronal excitability/

(Greenawalt et al., 2019)

ERV-L/MaLR miR-585/ Regulates PIK3R3 (phosphatidylinositol 3-kinase), influencing apoptosis/
increased/(Zhang Y. et al., 2020) (ZhangY. et al., 2020)

SINE/Alu miR-6088/ Regulates DNA polymerase eta (POLH)/(Sonobe et al., 2024)
increased/(Marsh et al., 2016)

LINE1 miR-619/ Inhibits the expression of the LRP10, PRKN, RBBP5, SLC14A1 genes/
increased/(Cai et al., 2021) (Kamenova et al., 2021)

LINE1 miR-625/ Inhibits the expression of the HMGAT gene/(Zhong et al., 2023)
decreased/(Zhong et al., 2023)

LINE1 miR-626/ Inhibits the expression of the LRRK2 gene/(Qin et al., 2021)
decreased/(Qin et al., 2021)

LINE/CR1 miR-769/ Regulates HEYT gene expression (encodes a protein of the helix-loop-helix
decreased/(Soreq et al.,, 2013) family of basic transcriptional repressors)/(Han et al., 2018)

SINE/MIR miR-885/ Inhibits IGF-1 expression by affecting the PI3K/Atk/GSK-33, CTNNB1
increased/(Behbahanipour et al., 2019) (key regulatory protein of Wnt signaling) signaling pathways/

(Behbahanipour et al., 2019)
LINE2 miR-95/ Regulates the expression of genes of glutamate ionotropic receptors

microRNA gene

microRNA

increased/(Nair, Ge, 2016)

Origin in evolution

Retroelement

RNA

siRNA microRNA

Target mRNA for microRNA

GR1D1 and GR1A2, metabotropic receptors GRM4/(Nair, Ge, 2016)

Origin in evolution

microRNA gene

microRNA

mRNA

Target mRNA for microRNA

Fig. 3. Scheme of the pathways of influence of retroelements on microRNAs derived from them.

296 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 202529 -2



P.H. MyctadpuH

RNA interference on the mRNAs of the target genes of these
microRNAs (Cornec, Poirier, 2023). This regulatory principle
has been identified not only in animals but also in plants. For
example, the transcript of the LTR-containing retroelement
MIKKI (translated from Korean as “bait”), expressed in rice
roots, is a mimic for miR-171, which destabilizes the mRNA
of root transcription factors like SCARECROW. Processed
MIKKI transcripts act as decoys for miR-171, triggering their
degradation and promoting the accumulation of root-specific
mRNA transcription factors (Cho, Paszkowski, 2017).

Second, LTR-containing REs transcripts (Lu et al., 2014)
and LINEls function as long ncRNA molecules, interacting
with specific chromatin regions and regulating the expres-
sion of genes controlled by microRNA molecules (Honson,
Macfarlan, 2018).

Third, some miRNAs are formed directly from REs genes,
which are the basis for pre-miRNA hairpin structures. Such
miRNAs lead to spatiotemporal dynamic expression networks,
for the analysis of which the Brain miRTExplorer web appli-
cation was created (Playfoot et al., 2022). Therefore, patho-
logical activation of REs leads to the formation of various
microRNAs from their transcripts, which affect the regulatory
networks of other microRNAs in the body.

Fourth, REs exert regulatory effects on miRNAs by generat-
ing small interfering RNAs (siRNAs) from REs transcripts.
In these mechanisms, siRNAs are competitive molecules for
binding to mRNA targets of microRNAs, neutralizing their
effect on gene expression. This effect is associated with the
host cells’ defense systems against activated REs in their
genomes, triggering the degradation of REs transcripts by
ribonucleases to miRNAs. The latter exert post-transcriptional
inhibition of gene mRNAs due to partial complementarity
(McCue et al., 2013).

Fifth, one of the ways in which microRNAs interact with
REs in regulating gene activity is also the suppression of their
expression when microRNAs bind to specific DNA structures
formed by REs embedded in these regions.

In the human genome, the Z-form of DNA is formed by
endogenous retroviruses, which provide functional genes
with alternative promoters (Lee et al., 2022). In addition, the
phenomenon of RNA-directed DNA methylation (RADM)
has been described in humans, due to which microRNAs
(Playfoot et al., 2022) and miRNAs (McCue et al., 2013)
formed from REs transcripts can affect the expression of
REs through complementary interactions of sequences in the
genome structure (Chalertpet et al., 2019).

Conclusion

The data presented in the review suggest that the development

of PD is caused by the activation of REs as a result of indi-

vidual characteristics of their distribution and the presence of

polymorphisms associated with PD in them. This is evidenced

by the following:

1) The results of scientific studies on the association of specific
RC-LINELI sets with PD were obtained.

2) The influence of LINEI insertional polymorphism on the
development of PD was revealed.

3) The significance of 360 LINE1s, 128 SVAs and 2886 Alu
in the progression of PD was determined.
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4) PD is associated with aging, which is characterized by
the activation of REs and the associated inflammation and
neurodegeneration.

5) 35 RE-derived microRNAs, the expression of which was
significantly altered in PD, were identified.

6) The role of Alu distribution in the genome as a source of
mutations in PD was discovered.

7) The influence of Alu insertions into mitochondrial genomes
on the progression of PD was determined.

8) The role of synuclein in antiviral protection, with the in-
fluence of viruses on the formation of aggregates of this
protein, was described.

Similarly, transcripts of pathologically activated REs,
evolutionarily related to and interacting with exogenous and
viral REs, can stimulate synuclein expression and fibrilliza-
tion. The probable cause of damage to the substantia nigra is
the spatiotemporal features of activation of specific REs in
neurons of the brain, which is reflected in the results of their
pathological activation in certain most vulnerable areas.

References

Abrusan G. Somatic transposition in the brain has the potential to in-
fluence the biosynthesis of metabolites involved in Parkinson’s
disease and schizophrenia. Biol Direct. 2012;7:41. doi 10.1186/
1745-6150-7-41

Alam M.M., Yang D., Li X.-Q., Liu J., Back T.C., Trivett A., Karim B.,
Barbut D., Zasloff M., Oppenheim J.J. Alpha synuclein, the culprit
in Parkinson disease, is required for normal immune function. Cell
Rep. 2022;38(2):110090. doi 10.1016/j.celrep.2021.110090

Baeken M.W., Moosmann B., Hajieva P. Retrotransposon activation by
distressed mitochondria in neurons. Biochem Biophys Res Commun.
2020;525(3):570-575. doi 10.1016/j.bbrc.2020.02.106

Bantle C.M., Rocha S.M., French C.T., Phillips A.T., Tran K., Ol-
son K.E., Bass T.A., Aboellail T., Smeyne R.J., Tjalkens R.B. Astro-
cyte inflammatory signaling mediates a-synuclein aggregation and
dopaminergic neuronal loss following viral encephalitis. Exp Neu-
rol. 2021;346:113845. doi 10.1016/j.expneurol.2021.113845

Barbut D., Stolzenberg E., Zasloff M. Gastrointestinal immunity and
alpha-synuclein. J Parkinsons Dis. 2019;9(s2):S313-S322. doi
10.3233/JPD-191702

Beatman E.L., Massey A., Shives K.D., Burrack K.S., Chamanian M.,
Morrison T.E., Beckham J.D. Alpha-synuclein expression restricts
RNA viral infections in the brain. J Virol. 2015;90(6):2767-82. doi
10.1128/1V1.02949-15

Behbahanipour M., Peymani M., Salari M., Hashemi M.S., Nasr-Esfa-
hani M.H., Ghaedi K. Expression profiling of blood microRNAs
885, 361, and 17 in the patients with the Parkinson’s disease: in-
tegrating interaction data to uncover the possible triggering age-re-
lated mechanisms. Sci Rep. 2019;9(1):13759. doi 10.1038/s41598-
019-50256-3

Bian W, Li Y., Zhu H., Gao S., Niu R., Wang C., Zhang H., Qin X.,
Li S. miR-493 by regulating of c-Jun targets Wnt5a/PD-L1-inducing
esophageal cancer cell development. Thorac Cancer. 2021;12(10):
1579-1588. doi 10.1111/1759-7714.13950

Blaudin de Thé F.X., Rekaik H., Peze-Heidsieck E., Massiani-Beau-
doin O., Joshi R.L., Fuchs J., Prochiantz A. Engrailed homeopro-
tein blocks degeneration in adult dopaminergic neurons through
LINE-1 repression. EMBO J. 2018;37(15):¢97374. doi 10.15252/
embj.201797374

Blauwendraat C., Heilbron K., Vallerga C.L., Bandres-Ciga S., von
Coelln R., Pihlstrom L., Simén-Sanchez J., Schulte C., Sharma M.,
Krohn L., Siitonen A., Iwaki H., Leonard H., Noyce A.J., Tan M.,
Gibbs J.R., Nalls M.A., Singleton A.B.; International Parkinson’s
Disease Genomics Consortium (IPDGC). Parkinson’s disease age at
onset genome-wide association study: defining heritability, genetic

MEOUUMNHCKAA TEHETUKA / MEDICAL GENETICS 297


https://pubmed.ncbi.nlm.nih.gov/?term=International+Parkinson%27s+Disease+Genomics+Consortium+%28IPDGC%29%5BCorporate+Author%5D
https://pubmed.ncbi.nlm.nih.gov/?term=International+Parkinson%27s+Disease+Genomics+Consortium+%28IPDGC%29%5BCorporate+Author%5D

R.N. Mustafin

loci, and a-synuclein mechanisms. Mov Disord. 2019;34(6):866-
875. doi 10.1002/mds.27659

Boros F.A., Vecsei L., Klivenyi P. NEAT1 on the field of Parkinson’s
disease: offence, defense, or a player on the bench? J. Parkinson’s
Dis. 2021;11(1):123-138. doi 10.3233/JPD-202374

Cai M., Chai S., Xiong T., Wei J.,, Mao W., Zhu Y., Li X., Wei W,
Dai X., Yang B., Liu W., Shu B., Wang M., Lu T., Cai Y., Zheng Z.,
Mei Z., Zhou Y., Yang J., Zhao J., Shen L., Ho J.WK., Chen J.,
Xiong N. Aberrant expression of circulating microRNA leads to the
dysregulation of alpha-synuclein and other pathogenic genes in Par-
kinson’s disease. Front Cell Dev Biol. 2021;9:695007. doi 10.3389/
feell.2021.695007

Chalertpet K., Pin-On P., Aporntewan C., Patchsung M., Ingrungruan-
glert P., Israsena N., Mutirangura A. Argonaute 4 as an effector pro-
tein in RNA-directed DNA methylation in human cells. Front Genet.
2019;10:645. doi 10.3389/fgene.2019.00645

Chatterjee P., Roy D. Comparative analysis of RNA-Seq data from
brain and blood samples of Parkinson’s disease. Biochem Biophys
Res Commun. 2017;484(3):557-564. doi 10.1016/j.bbrc.2017.01.121

Chen X., Zeng K., Xu M., Liu X., Hu X., Xu T., He B., Pan Y., Sun H.,
Wang S. P53-induced miR-1249 inhibits tumor growth, metastasis,
and angiogenesis by targeting VEGFA and HMGAZ2. Cell Death Dis.
2019;10(2):131. doi 10.1038/s41419-018-1188-3

Cho J., Paszkowski J. Regulation of rice root development by a retro-
transposon acting as a microRNA sponge. eLife. 2017;6:¢30038. doi
10.7554/eLife.30038

Cornec A., Poirier E.Z. Interplay between RNA interference and trans-
posable elements in mammals. Front Immunol. 2023;14:1212086.
doi 10.3389/fimmu.2023.1212086

De Cecco M., Ito T., Petrashen A.P., Elias A.E., Skvir N.J., Sedivy J.M.
L1 drives IFN in senescent cells and promotes age-associated in-
flammation. Nature. 2019;566(7742):73-78. doi 10.1038/s41586-
018-0784-9

de Koning A.P., Gu W., Castoe T.A., Batzer M.A., Pollock D.D. Re-
petitive elements may comprise over two-thirds of the human ge-
nome. PLoS Genet. 2011;7:¢1002384. doi 10.1371/journal.pgen.
1002384

Dong Y., Xiong J., Ji L., Xue X. MiR-421 aggravates neurotoxicity and
promotes cell death in Parkinson’s disease models by directly tar-
geting MEF2D. Neurochem Res. 2021;46(2):299-308. doi 10.1007/
$11064-020-03166-0

Elbarbary R.A., Maquat L.E. Distinct mechanisms obviate the poten-
tially toxic effects of inverted-repeat Alu elements on cellular RNA
metabolism. Nat Struct Mol Biol. 2017;24(6):496-498. doi 10.1038/
nsmb.3416

Feusier J., Watkins W.S., Thomas J., Farrell A., Witherspoon D.J.,
Baird L., Ha H., Xing J., Jorde L.B. Pedigree-based estimation of
human mobile element retrotransposition rates. Genome Res. 2019;
29(10):1567-1577. doi 10.1101/gr.247965.118

Frohlich A., Pfaff A.L., Bubb V.J., Quinn J.P., Koks S. Reference
LINE-1 insertion polymorphisms correlate with Parkinson’s disease
progression and differential transcript expression in the PPMI co-
hort. Sci Rep. 2023;13(1):13857. doi 10.1038/s41598-023-41052-1

Frohlich A., Pfaff A.L., Middlehurst B., Hughes L.S., Bubb V.J.,
Quinn J.P., Koks S. Deciphering the role of a SINE-VNTR-Alu
retrotransposon polymorphism as a biomarker of Parkinson’s
disease progression. Sci Rep. 2024;14(1):10932. doi 10.1038/
s41598-024-61753-5

Gazquez-Gutierrez A., Witteveldt J., Heras S., Macias S.R. Sensing of
transposable elements by the antiviral innate immune system. RNA.
2021;27(7):735-752. doi 10.1261/rna.078721.121

Ghosh A., Tyson T., George S., Hildebrandt E.N., Steiner J.A., Madaj Z.,
Schulz E., Machiela E., McDonald W.G., Escobar Galvis M.L.,
Kordower J.H., Van Raamsdonk J.M., Colca J.R., Brundin P. Mito-
chondrial pyruvate carrier regulates autophagy, inflammation, and
neurodegeneration in experimental models of Parkinson’s disease.
Sci Transl Med. 2016;8(368):368ral74. doi 10.1126/scitransImed.
aag2210

The role of retroelements
in Parkinson’s disease development

Gorbunova V., Seluanov A., Mita P, McKerrow W., Fenyé D.,
Boeke J.D., Linker S.B., Gage F.H., Kreiling J.A., Petrashen A.P.,
Woodham T.A., Taylor J.R., Helfand S.L., Sedivy J.M. The role of
retrotransposable elements in ageing and age-associated diseases.
Nature. 2021;596(7870):43-53. doi 10.1038/s41586-021-03542-y

Greenawalt E.J., Edmonds M.D., Jain N., Adams C.M., Mitra R.,
Eischen C.M. Targeting of SGK1 by miR-576-3p inhibits lung
adenocarcinoma migration and invasion. Mol Cancer Res. 2019;
17(1):289-298. doi 10.1158/1541-7786.MCR-18-0364

Han C., Song Y., Lian C. MiR-769 inhibits colorectal cancer cell pro-
liferation and invasion by targeting HEY'1. Med Sci Monit. 2018;
24:9232-9239. doi 10.12659/MSM.911663

He S., Huang L., Shao C.,Nie T., Xia L., Cui B., Lu F., Zhu L., Chen B.,
Yang Q. Several miRNAs derived from serum extracellular vesicles
are potential biomarkers for early diagnosis and progression of Par-
kinson’s disease. Transl Neurodegener. 2021;10(1):25. doi 10.1186/
$40035-021-00249-y

He X., Chen S.Y., Yang Z., Zhang J., Wang W., Liu M.Y., Niu Y.,
Wei X.M., Li H.M., Hu W.N., Sun G.G. miR-4317 suppresses non-
small cell lung cancer (NSCLC) by targeting fibroblast growth fac-
tor 9 (FGF9) and cyclin D2 (CCND?2). J Exp Clin Cancer Res. 2018;
37(1):230. doi 10.1186/s13046-018-0882-4

Honson D.D., Macfarlan T.S. A IncRNA-like role for LINE1s in de-
velopment. Dev Cell. 2018;46:132-134. doi 10.1016/j.devcel.2018.
06.022

Hossain M.B., Islam M.K., Adhikary A., Rahaman A., Islam M.Z. Bio-
informatics approach to identify significant biomarkers, drug targets
shared between Parkinson’s disease and bipolar disorder: a pilot
study. Bioinform Biol Insights. 2022;16:11779322221079232. doi
10.1177/11779322221079232

Iravanpour F., Farrokhi M.R., Jafarinia M., Oliaece R.T. The effect of
SARS-CoV-2 on the development of Parkinson’s disease: the role
of a-synuclein. Hum Cell. 2024;37(1):1-8. doi 10.1007/s13577-023-
00988-2

Jang H., Boltz D.A., Webster R.G., Smeyne R.J. Viral parkinsonism.
Biochim Biophys Acta. 2009;1792(7):714-721. doi 10.1016/j.bbadis.
2008.08.001

Jin L., Wan W., Wang L., Wang C., Xiao J., Zhang F., Zhao J., Wang J.,
Zhan C., Zhong C. Elevated microRNA-520d-5p in the serum of pa-
tients with Parkinson’s disease, possibly through regulation of cere-
loplasmin expression. Neurosci Lett. 2018;687:88-93. doi 10.1016/
j-neulet.2018.09.034

Jingyang Z., Jinhui C., Lu X., Weizhong Y., Yunjiu L., Haihong W.,
Wuyuan Z. Mir-320b inhibits pancreatic cancer cell proliferation by
targeting FOXM1. Curr Pharm Biotechnol. 2021;22(8):1106-1113.
doi 10.2174/1389201021999200917144704

Kamenova S., Aralbayeva A., Kondybayeva A., Akimniyazova A.,
Pyrkova A., Ivashchenko A. Evolutionary changes in the interactions
of miRNA with mRNA of candidate genes for Parkinson’s disease.
Front Genet. 2021;12:647288. doi 10.3389/fgene.2021.647288

Kern F., Fehlmann T., Violich 1., Alsop E., Hutchins E., Kahraman M.,
Grammes N.L., Guimardes P., Backes C., Poston K.L., Casey B.,
Balling R., Geffers L., Kriiger R., Galasko D., Mollenhauer B.,
Meese E., Wyss-Coray T., Craig D.W., Van Keuren-Jensen K.,
Keller A. Deep sequencing of sncRNAs reveals hallmarks and
regulatory modules of the transcriptome during Parkinson’s disease
progression. Nat Aging. 2021;1(3):309-322. doi 10.1038/s43587-
021-00042-6

Khoo S.K., Petillo D., Kang U.J., Resau J.H., Berryhill B., Linder J.,
Forsgren L., Neuman L.A., Tan A.C. Plasma-based circulating
MicroRNA biomarkers for Parkinson’s disease. J Parkinsons Dis.
2012;2(4):321-331. doi 10.3233/JPD-012144

Koks S., Pfaff A.L., Singleton L.M., Bubb V.J., Quinn J.P. Non-reference
genome transposable elements (TEs) have a significant impact on
the progression of the Parkinson’s disease. Exp Biol Med (May-
wood). 2022;247(18):1680-1690. doi 10.1177/15353702221117147

Kulski J.K., Suzuki S., Shiina T., Pfaff A.L., Koks S. Regulatory SVA
retrotransposons and classical HLA genotyped-transcripts asso-

298 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2025 <29 -2



P.H. MyctadpuH

ciated with Parkinson’s disease. Front Immunol. 2024;15:1349030.
doi 10.3389/fimmu.2024.1349030

Larsen P.A., Lutz M.W., Hunnicutt K.E., Mihovilovic M., Saunders A.M.,
Yoder A.D., Roses A.D. The Alu neurodegeneration hypothesis: a
primate-specific mechanism for neuronal transcription noise, mi-
tochondrial dysfunction, and manifestation of neurodegenerative
disease. Alzheimers Dement. 2017;13(7):828-838. doi 10.1016/
jjalz.2017.01.017

Leblanc P., Vorberg [.M. Viruses in neurodegenerative diseases: more
than just suspects in crimes. PL0OS Pathog. 2022;18(8):e1010670.
doi 10.1371/journal.ppat.1010670

Lee D.H., Bae W.H., Ha H., Park E.G., Lee Y.J., Kim W.R., Kim H.S.
Z-DNA-containing long terminal repeats of human endogenous
retrovirus families provide alternative promoters for human func-
tional genes. Mol Cells. 2022;45(8):522-530. doi 10.14348/molcells.
2022.0060

LiH., ShenS., Chen X.,RenZ., Li Z., Yu Z. miR-450b-5p loss mediated
KIF26B activation promoted hepatocellular carcinoma progression
by activating PI3K/AKT pathway. Cancer Cell Int. 2019;19:205. doi
10.1186/s12935-019-0923-x

Li L., RenJ, Pan C., Li Y., Xu J., Dong H., Chen Y., Liu W. Serum
miR-214 serves as a biomarker for prodromal Parkinson’s disease.
Front Aging Neurosci. 2021;13:700959. doi 10.3389/fnagi.2021.
700959

Liu T, Yang Z., Liu S., Wei J. Parkinson’s disease as a risk factor for
prostate adenocarcinoma: a molecular point of view. Gerontology.
2023;69(8):986-1001. doi 10.1159/000530088

Lu X., Sachs F., Ramsay L., Jacques P.E., Goke J., Bourque G., Ng H.H.
The retrovirus HERVH is a long noncoding RNA required for hu-
man embryonic stem cell identity. Nat Struct Mol Biol. 2014;21(4):
423-425. doi 10.1038/nsmb.2799

Ma Y.M., Zhao L. Mechanism and therapeutic prospect of miRNAs in
neurodegenerative diseases. Behav Neurol. 2023;2023:8537296. doi
10.1155/2023/8537296

Marreiros R., Muller-Schiffmann A., Trossbach S.V., Prikulis I.,
Hansch S., Weidtkamp-Peters S., Moreira A.R., Sahu S., Soloviev I.,
Selvarajah S., Lingappa V.R., Korth C. Disruption of cellular pro-
teostasis by HINI influenza A virus causes alpha-synuclein ag-
gregation. Proc Natl Acad Sci USA. 2020;117(12):6741-6751. doi
10.1073/pnas.1906466117

Marsh A.G., Cottrell M.T., Goldman M.F. Epigenetic DNA methyla-
tion profiling with MSRE: a quantitative NGS approach using a Par-
kinson’s Disease test case. Front Genet. 2016;7:191. doi 10.3389/
fgene.2016.00191

Martins M., Rosa A., Guedes L.C., Fonseca B.V., Oliveira S.A. Con-
vergence miRNA expression profiling, a-synuclein interaction and
GWAS in Parkinson’s disease. PL0oS One. 2011;6(10):e25443. doi
10.1371/journal.pone.0025443

McCue A.D., Nuthikattu S., Slotkin R.K. Genome-wide identification
of genes regulated in trans by transposable element small interfering
RNAs. RNA Biol. 2013;10:1379-1395. doi 10.4161/rna.25555

Monogue B., Chen Y., Sparks H., Behbehani R., Chai A., Rajic A.J.,
Massey A., Kleinschmidt-Demasters B.K., Vermeren M., Kunath T.,
Beckham J.D. Alpha-synuclein supports type 1 interferon signalling
in neurons and brain tissue. Brain. 2022;145(10):3622-3636. doi
10.1093/brain/awac192

Morais S., Bastos-Ferreira R., Sequeiros J., Alonso I. Genomic mecha-
nisms underlying PARK2 large deletions identified in a cohort of
patients with PD. Neurol Genet. 2016;2:e73. doi 10.1212/NXG.
0000000000000073

Motawi T.K., Al-Kady R.H., Abdelraouf S.M., Senousy M.A. Empa-
gliflozin alleviates endoplasmic reticulum stress and augments auto-
phagy in rotenone-induced Parkinson’s disease in rats: Targeting the
GRP78/PERK/elF20/CHOP pathway and miR-211-5p. Chem Biol
Interact. 2022;362:110002. doi 10.1016/j.cbi.2022.110002

Mustafin R.N. The hypothesis of the origin of viruses from transposons.
Mol. Genet. Microbiol. Virol. 2018;33(4):223-232. doi 10.3103/
S0891416818040067

2025
29.2

Ponb petposanemeHToB
B pa3BuUTrm 6one3Hun MapKnuHcoHa

Mustafin R.N., Khusnutdinova E.K. Involvement of transposable ele-
ments in neurogenesis. Vavilov J Genet Breed. 2020;24(2):209-218.
doi 10.18699/VJ20.613

Mustafin R.N., Khusnutdinova E.K. Non-coding parts of genomes
as the basis of epigenetic heredity. Vavilovskii Zhurnal Genetiki i
Selektsii = Vavilov J Genet Breed. 2017;2017;21(6):742-749. doi
10.18699/VJ17.30-0 (in Russian)

Mustafin R.N., Khusnutdinova E. Perspective for studying the relation-
ship of miRNAs with transposable elements. Curr Issues Mol Biol.
2023;45(4):3122-3145. doi 10.3390/cimb45040204

Nair V.D., Ge Y. Alterations of miRNAs reveal a dysregulated mole-
cular regulatory network in Parkinson’s disease striatum. Neurosci
Lett. 2016;629:99-104. doi 10.1016/j.neulet.2016.06.061

Nalls M.A., Blauwendraat C., Vallerga C.L., Heilbron K., Bandres-
Ciga S., Chang D., Tan M., Iwaki H.; 23andMe Research Team;
System Genomics of Parkinson’s Disease Consortium; International
Parkinson’s Disease Genomics Consortium. Identification of novel
risk loci, causal insights, and heritable risk for Parkinson’s disease:
a meta-analysis of genome-wide association studies. Lancet Neurol.
2019;18(12):1091-1102. doi 10.1016/S1474-4422(19)30320-5

Nurk S., Koren S., Rhie A., Rautiainen M., Bzikadze A.V., Mikheen-
ko A., Vollger M.R., Altemose N., Uralsky L., Gershman A.,
Miga K.H., Philippy A.M. The complete sequence of a human ge-
nome. Science. 2022;376(6588):44-53. doi 10.1126/science.abj6987

Ohnmacht J., May P., Sinkkonen L., Kriiger R. Missing heritability in
Parkinson’s disease: the emerging role of non-coding genetic varia-
tion. J Neural Transm (Vienna). 2020;127(5):729-748. doi 10.1007/
$00702-020-02184-0

Oliveira S.R., Dionisio P.A., Gaspar M.M., Correia Guedes L., Coel-
ho M., Rosa M.M., Ferreira J.J., Amaral J.D., Rodrigues C.M.P.
miR-335 targets LRRK2 and mitigates inflammation in Parkinson’s
disease. Front Cell Dev Biol. 2021;9:661461. doi 10.3389/fcell.
2021.661461

Park S.J., Jin U., Park S.M. Interaction between coxsackievirus B3
infection and alpha-synuclein in models of Parkinson’s disease.
PLoS Pathog. 2021;17(10):e1010018. doi 10.1371/journal.ppat.
1010018

Pascarella G., Hon C.C., Hashimoto K., Buscho A., Luginbuhl J.,
Parr C., Yip W.H., Abe K., Kratz A., Bonetti A., Agostini F., Seve-
rin J., Murayama S., Suzuki Y., Gustincich S., Frith M., Carninci P.
Recombination of repeat elements generates somatic complexity in
human genomes. Cell. 2022;185(16):3025-3040.¢6. doi 10.1016/
j.cell.2022.06.032

Peze-Heidsieck E., Bonnifet T., Znaidi R., Ravel-Godreuil C., Massia-
ni-Beaudoin O., Joshi R.L., Fuchs J. Retrotransposons as a source
of DNA damage in neurodegeneration. Front Aging Neurosci.
2022;13:786897. doi 10.3389/fnagi.2021.786897

Pfaff A.L., Bubb V.J., Quinn J.P., Koks S. An increased burden of high-
ly active retrotransposition competent 11s is associated with Par-
kinson’s disease risk and progression in the PPMI cohort. Int J Mol
Sci. 2020;21(18):6562. doi 10.3390/ijms21186562

Pfaff A.L., Bubb V.J., Quinn J.P., Koks S. Reference SVA insertion
polymorphisms are associated with Parkinson’s disease progression
and differential gene expression. NPJ Parkinsons Dis. 2021;7(1):44.
doi 10.1038/s41531-021-00189-4

Playfoot C.J., Sheppard S., Planet E., Trono D. Transposable elements
contribute to the spatiotemporal microRNA landscape in human
brain development. RNA. 2022;28:1157-1171. doi 10.1261/rna.
079100.122

Qin L.X., Tan J.Q., Zhang H.N., Tang J.G., Jiang B., Shen X.M.,
Guo J.F,, Tan L.M., Tang B., Wang C.Y. Preliminary study of hsa-
mir-626 change in the cerebrospinal fluid in Parkinson’s disease.
Neurol India. 2021;69(1):115-118. doi 10.4103/0028-3886.310102

Ravanidis S., Bougea A., Papagiannakis N., Koros C., Simitsi A.M.,
Pachi 1., Breza M., Stefanis L., Doxakis E. Validation of differen-
tially expressed brain-enriched microRNAs in the plasma of PD pa-
tients. Ann Clin Transl Neurol. 2020;7(9):1594-1607. doi 10.1002/
acn3.51146

MEOAUUMNHCKAA TEHETUKA / MEDICAL GENETICS 299



R.N. Mustafin

Ravel-Godreuil C., Massiani-Beaudoin O., Mailly P., Prochiantz A.,
Joshi R.L., Fuchs J. Perturbed DNA methylation by Gadd45b in-
duces chromatin disorganization, DNA strand breaks and dopamin-
ergic neuron death. iScience. 2021;24(7):102756. doi 10.1016/].isci.
2021.102756

Santerre M., Arjona S.P., Allen C.N., Callen S., Buch S., Sawaya B.E.
HIV-1 Vpr protein impairs lysosome clearance causing SNCA/
alpha-synuclein accumulation in neurons. Autophagy. 2021;17(7):
1768-1782. doi 10.1080/15548627.2021.1915641

Sonobe R., Yang P., Suzuki M.M., Shinjo K., Iijima K., Nishiyama N.,
Miyata K., Kataoka K., Kajiyama H., Kondo Y. Long noncoding
RNA TUG1 promotes cisplatin resistance in ovarian cancer via up-
regulation of DNA polymerase eta. Cancer Sci. 2024;115(6):1910-
1923. doi 10.1111/cas.16150

Soreq L., Salomonis N., Bronstein M., Greenberg D.S., Israel Z., Berg-
man H., Soreq H. Small RNA sequencing-microarray analyses in
Parkinson leukocytes reveal deep brain stimulation-induced splicing
changes that classify brain region transcriptomes. Front Mol Neuro-
sCi. 2013;6:10. doi 10.3389/fnmol.2013.00010

Sun Z., Chen J., Zhang J., Ji R., Xu W., Zhang X., Qian H. The role
and mechanism of miR-374 regulating the malignant transforma-
tion of mesenchymal stem cells. Am J Transl Res. 2018;10(10):
3224-3232

Tang J., Pan H., Wang W., Qi C., Gu C., Shang A., Zhu J. MiR-495-3p
and miR-143-3p co-target CDK1 to inhibit the development of cervi-
cal cancer. Clin Transl Oncol. 2021;23(11):2323-2334. doi 10.1007/
$12094-021-02687-6

Thomas R., Connolly K.J., Brekk O.R., Hinrich A.J., Hastings M.L.,
Isacson O., Hallett P.J. Viral-like TLR3 induction of cytokine net-
works and a-synuclein are reduced by complement C3 blockade in
mouse brain. Sci Rep. 2023;13(1):15164. doi 10.1038/s41598-023-
41240-z

Tong D., Zhao Y., Tang Y., Ma J., Wang M., Li B., Wang Z., Li C. MiR-
487b suppressed inflammation and neuronal apoptosis in spinal cord
injury by targeted Ifitm3. Metab Brain Dis. 2022;37(7):2405-2415.
doi 10.1007/511011-022-01015-3

Van Bree E.J., Guimaraes R.L.F.P., Lundberg M., Blujdea E.R., Rosen-
krantz J.L., White F.T.G., Poppinga J., Ferrer-Raventos P., Schnei-
der A.E., Clayton I., Haussler D., Reinders M.J.T., Holstege H.,
Ewing A.D., Moses C., Jacobs F.M.J. A hidden layer of structural

The role of retroelements
in Parkinson’s disease development

variation in transposable elements reveals potential genetic modi-
fiers in human disease-risk loci. Genome Res. 2022;32(4):656-670.
doi 10.1101/gr.275515.121

Vojtechova 1., Machacek T., Kristofikova Z., Stuchlik A., Petrasek T.
Infectious origin of Alzheimer’s disease: amyloid beta as a compo-
nent of brain antimicrobial immunity. PLoS Pathog. 2022;18(11):
€1010929. doi 10.1371/journal.ppat.1010929

Wallace A.D., Wendt G.A., Barcellos L.F., de Smith A.J., Walsh K.M.,
Metayer C., Costello J.F., Wiemels J.L., Francis S.S. To ERV is hu-
man: a phenotype-wide scan linking polymorphic human endoge-
nous Retrovirus-K insertions to complex phenotypes. Front Genet.
2018;9:298. doi 10.3389/fgene.2018.00298

Wang H., Liu X., Tan C., Zhou W., Jiang J., Peng W., Zhou X., Mo L.,
Chen L. Bacterial, viral, and fungal infection-related risk of Par-
kinson’s disease: meta-analysis of cohort and case-control studies.
Brain Behav. 2020;10(3):e01549. doi 10.1002/brb3.1549

Wu D.M., Wang S., Wen X., Han X.R., Wang Y.J., Shen M., Fan S.H.,
Zhuang J., Zhang Z.F., Shan Q., Li M.Q., Hu B., Sun C.H., Lu J.,
Chen G.Q., Zheng Y.L. Suppression of microRNA-342-3p in-
creases glutamate transporters and prevents dopaminergic neuron
loss through activating the Wnt signaling pathway via p21-activated
kinase 1 in mice with Parkinson’s disease. J Cell Physiol. 2019;
234(6):9033-9044. doi 10.1002/jcp.27577

Yufeng Z., Ming Q., Dandan W. MiR-320d inhibits progression of
EGFR-positive colorectal cancer by targeting TUSC3. Front Genet.
2021;12:738559. doi 10.3389/fgene.2021.738559

Zhang Q., Yan Y.F, Lv Q., Li Y.J.,, Wang R.R., Sun G.B., Pan L.,
Hu 1.X., Xie N., Zhang C., Tian B.C., Jiao F., Xu S., Wang P.Y.,
Xie S.Y. miR-4293 upregulates IncRNA WFDC21P by suppressing
mRNA-decapping enzyme 2 to promote lung carcinoma prolifera-
tion. Cell Death Dis. 2021;12(8):735. doi 10.1038/s41419-021-
04021-y

Zhang Y., Xia Q., Lin J. LncRNA H19 attenuates apoptosis in MPTP-in-
duced Parkinson’s disease through regulating miR-585-3p/PIK3R3.
Neurochem Res. 2020;45:1700-1710. doi 10.1007/s11064-020-
03035-w

Zhong C., Zhang Q., Bao H., Li Y., Nie C. Hsa circ 0054220 upregu-
lates HMGAL1 by the competitive RNA pattern to promote neural
impairment in MPTP model of Parkinson’s disease. Appl Biochem
Biotechnol. 2023;47:40-42. doi 10.1007/s12010-023-04740-2

Conflict of interest. The author declares no conflict of interest.

Received May 28, 2024. Revised August 19, 2024. Accepted October 24, 2024.

300 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2025 - 29 - 2



