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Abstract. The review describes the hypothesis that the drivers of epigenetic regulation in memory formation are
transposable elements that influence the expression of specific genes in the brain. The hypothesis is confirmed by
research into transposon activation in neuronal stem cells during neuronal differentiation. These changes occur
in the hippocampus dentate gyrus, where a pronounced activity of transposons and their insertion near neuron-
specific genes have been detected. In experiments on changing the activity of histone acetyltransferase and inhibi-
tion of DNA methyltransferase and reverse transcriptase, the involvement of epigenetic factors and retroelements
in the mechanisms of memory formation has been shown. Also, a number of studies on different animals have
revealed the preservation of long-term memory without the participation of synaptic plasticity. The data obtained
suggest that transposons, which are genome sensors highly sensitive to various environmental and internal in-
fluences, form memory at the nuclear coding level. Therefore, long-term memory is preserved after elimination
of synaptic connections. This is confirmed by the fact that the proteins involved in memory formation, including
the transfer of genetic information through synapses between neurons (Arc protein), originate from transposons.
Long non-coding RNAs and microRNAs also originate from transposons; their role in memory consolidation has
been described. Pathological activation of transposable elements is a likely cause of neurodegenerative diseases
with memory impairment. Analysis of the scientific literature allowed us to identify changes in the expression of
40 microRNAs derived from transposons in Alzheimer’s disease. For 24 of these microRNAs, the mechanisms of
regulation of genes involved in the functioning of the brain have been described. It has been suggested that the
microRNAs we identified could become potential tools for regulating transposon activity in the brain in order to
improve memory.
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AHHoTauuA. B 0630pHOI CTaTbe OnrcaHa rMnoTesa, CoracHo KOTOPOW ApariBepaMm SNUreHeTUYeCKo perynaumm
B GOPMUPOBaHNY NaMATU ABMIAIOTCA MOOMbHbIE FeHeTMYECKIE NIEMEHTbI, BIMAIOLLME Ha SKCMpeccuio cneundrye-
CKWX reHOB B FOIOBHOM Mo3re. B noaTsepxaeHne npusefeHbl pe3ynbTaTbl HayUYHbIX NCCIEA0BaHNI O 3aKOHOMEpP-
HOW aKTUBaLUM TPAHCMO30HOB B HEMPOHAJIbHbIX CTBOSIOBbIX KneTKax npu anddepeHUnpoBKe HENPOHOB. [JaHHble
npoLecchbl NPONCXOAAT B 30HE HelporeHesa — 3y6yaTol N3BUIMHE TMMMNOKaMNa, rae onpeaenaoTca Hambonbluas
AKTUBHOCTb MOOWIbHBIX TEHETUYECKNX 3NTIEMEHTOB 1 UX MHCEPLMU B JIOKYCbl BONM3W FEHOB, SKCMPeCCUpyeMbIX
HeﬁpOHaMI/I Ccux aKTVIBaU,I/Ieﬁ. B SKCnepmmeHTax Nno NU3MeHeHU0 akKTUBHOCTU aueTmnTpch¢epa3bl T’MCTOHOB, NHTN-
6uposaHuio JHK-meTuntpaHcdepasbl 1 06paTHON TPAHCKPMNTa3bl 6bI0 NOKa3aHO BOBMIEYEHWNE SNMUTEHETUUYECKNX
$aAKTOPOB 1 PETPO3IEMEHTOB B MEXaHN3Mbl pOPMMPOBAHUA NaMATU. B TO e Bpema B psae paboT Ha pasHbIX Xu-
BOTHbIX MPOAEMOHCTPMPOBAHO COXPaHEHWe AONTOBPEMEHHON NamATU 6e3 yyacTna CHaNTUYeCKON NAacTMyHo-
cTn. NonyyeHHble faHHble MO3BONAT NPEANONOXKNTb, YTO TPAHCMO30HbI, ABMAIOWMECA BbICOKOUYYBCTBUTENbHBIMU
CEHCOPaMM reHOMa K PasfIyHbIM CPeAOoBbIM 1 BHYTPEHHUM BO34eNCTBMAM, OPMMPYIOT NaMATb Ha YPOBHE Afep-
HOrO KOAMPOBAHMA. OTO OTPAXKAETCA B 3MEHEHUN CUHANTUYECKOWN NMAACTUYHOCTU, YEM MOXKHO OOBACHUTbL COXpa-
HeHVe JONroBpPeMEeHHON NaMATH Nocsie YCTPaHEeHNA CUHANTUYeCKNX CBA3EN Y XKUBOTHbIX. [logTBepXKaeHnem cy-
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[MnoTe3a B3aMMOCBA3Y SMMIreHeTUYECKUX HaKTopoB
C TpaHcno3oHamy B OpMMpPOBaHMU MAMATY

XKaT GpaKTbl MPONCXOKAEHNSA OT MOBUIIbHBIX FEHETUYECKUX 3/1EMEHTOB GETKOB, HEMOCPEACTBEHHO YUaCTBYIOLVX B
$bopmMmpoBaHMM NaMATY, B TOM YKC/IEe B Nepefaye reHeTuyeckom nHGopmaLmmn yepes crHarncbl Mexxay HelipoHamMm
(6enok Arc). TpaHCMO30HbI — NCTOYHUKIM ASIMHHBIX Hekoaupytowmx PHK n mnkpoPHK, ponb KoTopbix B KOHCONW-
Jauuy namaTy onmcaHa. MNatonoruyeckas akTmBauma MOOUIbHBIX FEHETUYECKUX IEMEHTOB ABNAETCA BEPOATHOM
NPUYMHOW HeNpoaereHepaTUBHbIX 60e3HeN C HapyLweHnemM NaMATW. AHann3 Hay4YHoOW NnTepaTypbl NO3BOSINII HaM
06HapyXuUTb AaHHble 06 n3meHeHMnAX sKcnpeccmn 40 MrKpoPHK, npon3olueaLwmx ot TpaHCMO30HOB, Npu 6one3HNn
Anburenmepa. ina 24 n3 stnx MUKPoPHK onmncaHbl MexaHW3Mbl perynaumm reHoB, y4acTBYoWmX B QYHKLMOHNPO-
BaHVM rofioBHoro mo3ra. CaenaHo NpeAnonoXeHuve, YTo yCTaHOBNIEHHbIE HamMmn MUKPOPHK mornu 6bl cTaTb noTeH-
LManbHbIMU NHCTPYMEHTaMU AN1A Perynaumnm akTMBHOCTA TPAHCMO30HOB B FOJIOBHOM MO3re C Liefibio ynyylleHunA

namATn.

KntoueBble cnosa: AnvHHble Hekogupytowme PHK; gonroepemeHHaa namaTb; MUKPOPHK; peTpoanemeHTbl; TpaHc-

MO30HbI; SNnUreHeTnvyeckmne (baKTOpr.

Introduction

Memory is defined as the storage and use of received informa-
tion in the brain during adaptation to the environment during
the life of the organism. Memory includes the processes of
encoding, consolidation, storage of information, and recol-
lection. The molecular and cellular mechanisms of memory
formation are logically interpreted by the transmission of
nerve impulses between the synapses of many neurons.
Most modern researchers explain the processes of memory
formation by synaptic plasticity (SP) — the possibility of
differential changes in the strength of neuronal transmission
through certain synapses (with the weakening of some and
strengthening of other connections between neurons) (Ortega-
de San Luis, Ryan, 2022). There are four levels of memory
study: psychological, neurophysiological, biochemical and
cybernetic. According to the neurophysiological concept,
memory is divided into short-term and long-term memory
(LTM). Most modern neurophysiological theories boil down
to the role of synaptic plasticity in the formation of LTM,
which is closely related to the biochemical theory, since the
electrochemical reaction of the formation of a nerve impulse
turns into the biochemical process of the formation of new
proteins (Munin, Olenko, 2022).

Reconsideration of the classical hypothesis of synaptic
plasticity is necessary in connection with the growing eviden-
ce of memory retention without the participation of synaptic
plasticity. The results of the first experiments in this area were
published in 1984. Preservation of odor avoidance memory
formed at the caterpillar stage was revealed in mature Man-
duca sexta moths after metamorphosis with reorganization
of synapses (Levine, 1984). The memory of recognizing a
textured surface to determine the presence of food was re-
tained in planarians after head removal and subsequent brain
regeneration (Shomrat, Levin, 2013). In a coculture of mo-
tor and sensory neurons from the sea hare Aplysia, memory
for training with interval serotonin pulses persisted after
its apparent elimination by anti-mnemonic drugs that erase
learning-associated synaptic growth (Chen et al., 2014). In
experiments on mice, the restoration of fear memory was de-
termined when engram cells were reactivated in the absence of
synaptic changes (after administration of the protein synthesis
inhibitor anisomycin) (Ryan T.J. et al., 2015).

Various genes are involved in the formation of LTM, the
most famous of which is CREB (cAMP-responsive element
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binding protein). Mutations in the CREB gene cause memory
deficits in mice (Hegde, Smith, 2019). The CREB gene pro-
duct, together with glucocorticoid receptors, is involved in the
intracellular mechanisms of the influence of glucocorticoids on
LTM formation in the hippocampus (Buurstede et al., 2022).

Experiments on Drosophila demonstrated the role of the
beta-catenin gene (CTNNBI) in the consolidation of LTM due
to its effect on Wnt signaling pathways (Tan Y. et al., 2013).
Systematic reviews of data accumulated in the scientific
literature have shown a stimulating effect of transcription
factors on memory development, which are protein products
of the expression of the following genes: NF-xB (Kaltschmidt
B., Kaltschmidt C., 2015), Zif268, XBP1, Srf, Npas4, Foxpl,
Crtcl, c-Rel (Hegde, Smith, 2019). In addition to the genes
necessary for memory consolidation, which also include NR2B
(encodes a subunit of the inotropic glutamate receptor N-
methyl-d-aspartate), memory suppressor genes, which include
AIM2,ATF4, BChE, Becl, CCRS, Cdk5, Crtll, Diapl, Dicerl,
DFF45,GABAaB3, GABAARa4, Gabra 4, Galectin-3, GAT1,
OR2,Np65,Hcenl, Hdac2, Mef2, Kvp1.1, PDE1b, Paip2a, Pkr,
GCN2, IRS2, RGS14, RARalpha, p75NTR, PDE44, Oggl,
PERK, RPTPsigma, Piwil, Piwi2, S100b, TLCN, Pde4d/8b,
11b-HSD1, are important in the regulation of LTM (Noyes
etal., 2021).

The results obtained indicate the presence of other mecha-
nisms for maintaining LTM, which are realized in the form of
synaptic plasticity. Most likely, memory is consolidated at the
level of nuclear DNA under the driver influence of transpos-
able elements (TEs), which rearrange the chromatin structure
upon their activation, and are also integrated into specific loci
during neuronal differentiation (Perrat et al., 2013; Upton et
al., 2015). Chromatin remodeling under the influence of epi-
genetic modifications is necessary for the preservation and
maintenance of memory, since it is reflected in changes in gene
regulation in the brain. Epigenetic factors include cytosine
methylation at CpG dinucleotides, chromatin modifications,
and non-coding RNAs (ncRNAs), all of which are involved
in long-term memory formation (Lipsky, 2013). The role of
epigenetic factors in memory formation has been proven in
experiments. Exposure to a DNA methyltransferase inhibitor
destroyed fully consolidated fear memory one month after its
onset (Miller et al., 2010).

Enhancing histone acetylation by manipulating the activi-
ty of a specific isoform of histone acetyltransferase (HAT) in
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neurons significantly reduced memory consolidation (Jarome,
Lubin, 2014). The formation of LTM is influenced by specific
histone modifications: H2BK 120ub, H3K9me2, H3K36me3,
H3K27me3, H3K9me3, H3K4me3, H3K14ac, H3K9ac
(Hegde, Smith, 2019).

At the same time, DNA methylation and chromatin reorga-
nization enzymes interact with microRNAs (Mustafin, Khus-
nutdinova, 2017), which can also serve as guides recognizing
complementary genome sequences in the mechanism of RNA-
dependent DNA methylation (Chalertpet et al., 2019). This
phenomenon suggests the role of TEs as drivers of epigenetic
regulation of memory, since transposons are important sources
for the emergence of microRNA genes (Wei et al., 2016). The
role for TEs in regulation of neuronal function in humans
was suggested in a 2022 review (Chesnokova et al., 2022).
Although TEs cannot be the drivers of all epigenetic changes
associated with mnestic processes, they are the evolutionary
sources of many microRNAs (Wei et al., 2016), most long
non-coding RNAs (IncRNAs) (Johnson, Guigo, 2014), and can
themselves be transcribed directly into IncRNAs (Lu X. etal.,
2014; Honson, Macfarlan, 2018). Consequently, transposons,
to one degree or another, participate in most epigenetic and
gene networks regulating genome functioning. In addition,
TEs themselves are under the control of epigenetic changes,
in part due to the mutual regulatory effects of microRNAs
derived from them (Mustafin, Khusnutdinova, 2017).

Epigenetic regulation of transposons involves KRAB zinc
finger proteins via heterochromatin initiation complexes,
which modify histones and alter DNA methylation (Wolf et
al., 2015). More than half of the binding regions for the PLZF
(Promyelocytic Leukemia Zinc Finger) protein, a member of
the Kriippel-type zinc finger family, are located within the
LINE1 element genes (Lapp, Hunter, 2016). The SOX2 and
HDACI control LINEI activity by binding to the transcrip-
tional repressor methyl-CpG-linked protein-2 (MeCP2). There
are many other ways to regulate transposon activity, which
include the APOBEC3 (Mager, Stoye, 2014), APOBECI,
ERCC, TREX1, RB1, HELLS, MEGP2 (Rodic, Burns, 2013),
SIRT6 proteins (Van Meter et al., 2014).

In the MDTE DB database, 661 human microRNAs de-
rived from TEs have been published (Wei et al., 2016). In
neuronal stem cells (NSCs), transposon activation promotes
genomic mosaicism of maturing neurons, which is necessary
for their differentiation (Muotri et al., 2005). These changes
are found in the zone of neurogenesis, the dentate gyrus of
the hippocampus, not only in experimental animals, but also
in humans (Coufal et al., 2009; Baillie et al., 2011; Kurnosov
et al., 2015). In this case, TEs are inserted into genes or near
genes involved in the functioning of neurons (Upton et al.,
2015), and the hippocampus plays a key role in learning and
memory formation (Zhang H. et al., 2021).

TEs can be activated under the influence of environmental
factors, the signals of which enter the brain through neural
networks, since transposons are highly sensitive sensors of
environmental and internal changes (Mustafin, Khusnutdi-
nova, 2019). Transposons are regions of the genome that
move within the genome using the mechanism of “cut and
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paste” (DNA transposons) and “copy and paste” (retroele-
ments — RE). REs may contain long terminal repeats (LTR-
REs) or not contain them (non-LTR-REs). In humans, the
latter include autonomous REs (LINEs — long interspersed
nuclear elements) and non-autonomous ones (SINEs — short
interspersed nuclear elements, SVA — SINE-VNTR-Alu ele-
ments) (Mustafin, Khusnutdinova, 2017).

Most IncRNAs, like microRNAs, are derived from trans-
posons. On average, 41 % of IncRNA exons contain RE se-
quences, and 83 % of them contain at least one transposon
fragment (Johnson, Guigo, 2014; Wei et al., 2016). Moreover,
LINEI transcripts themselves function as IncRNAs, interact-
ing with specific regions of chromatin and regulating gene
expression (Honson, Macfarlan, 2018), and LTR-REs serve
as genes for many IncRNAs (Lu X. et al., 2014). Therefore,
the participation of ncRNAs in memory storage indicates the
importance of transposons in these processes.

The role of non-coding RNAs

in memory formation

The tissue specificity of IncRNAs exceeds that of proteins.
In the regulation of stem cell differentiation, they interact
with REs (Ramsay et al., 2017). IncRNAs are formed from
intergenic regions of eukaryotic genomes, characterized by
tissue-specific transcription, from overlapping and antisense
patterns relative to adjacent genes, which they regulate (Arendt
et al., 2017). This allows them to determine a variety of cel-
lular phenotypes, especially in the brain (Lapp, Hunter, 2016),
which may reflect the role of transposons in these processes
(Coufal et al., 2009; Baillie et al., 2011). RNA sequencing
analysis with induction of long-term potentiation (LTP) in the
dentate gyrus of rats after high-frequency stimulation of the
perforant pathway showed a positive, pronounced correlation
of the dynamic expression of IncRNAs with REs and protein-
coding genes (Maag et al., 2015).

Anumber of scientific works have shown the role of specific
IncRNAs in memory consolidation. Experiments on rodents
revealed that IncRNA NEAT1 is an epigenetic suppressor
of LTM formation in the hippocampus (Butler et al., 2019).
Increased expression of the IncRNA SLAMR was detected
in hippocampal neurons under the influence of contextually
conditioned fear. SLAMR is transported to dendrites via the
molecular motor KIF5C and is recruited to the synapse in
response to stimulation. SLAMR modulates the activity of
the CaMKIla protein, which plays an important role in synap-
tic plasticity in synaptoneurosomes (Espadas et al., 2023).
IncRNA Carip also interacts with the CaMKII protein, which
controls the phosphorylation of AMPA and NMDA receptors
in the hippocampus, affecting spatial memory. In the absence
of Carip, synaptic plasticity dysfunction occurs in CA3-CAl
in the hippocampus, indicating the role of this IncRNA in
memory regulation (Cui et al., 2022). Since many IncRNAs
are expressed in the brain, they may regulate genes of LTM
(Samaddar, Bnerjee, 2021).

At least 70 % of human miRNAs are expressed in the
brain, with a specific miRNA activation pattern for each re-
gion (Chen, Qin, 2015). In hippocampal neurons, induction
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of Dicer by the BDNF protein leads to increased synthesis
of miR-7a, -7b, -7f, -9, -107, -124a, -125b, -132, -134, -143,
-375, which are involved in the regulation of memory (Leal
et al., 2014). A systematic review of the scientific literature
showed an increase in the expression of miR-124, miR-134,
miR-2006, as well as a decrease in the expression of miR-9-3p,
miR-92, miR-195 and the miR-183/96/182 cluster during
LTM consolidation (Grinkevich, 2020). miR-124 and miR-12
promote the formation of the early phase of long-term memory
(Michely etal., 2017). Because miRNAs play a role in normal
memory formation, their abnormal expression may play a role
in the development of neurodegenerative memory-impairing
diseases such as Alzheimer’s disease (AD). A systematic
review of the scientific literature conducted in 2019 showed
the post-transcriptional regulatory influence of specific mi-
croRNAs on the mRNA of genes involved in the pathogenesis
of AD. It was revealed that miR-17, -655, -644, -323-3p, -153,
-147, -20a bind to APP protein mRNA. miR-1306, -451, -181,
-144, -107, -103, -9 have an inhibitory effect on a-secretase
ADAMI10; miR-101, -107, -384, -339-5p, -200b, -195, -186,
-135a, -29a, -29b-1, -29c¢ inhibit B-secretase BACE1 (Patel
etal., 2019).

The role of retroelements

in the consolidation of long-term memory

The role of REs in the formation of long-term memory is
evidenced by the results of experimental work of independent
researchers. Thus, by inhibiting LINE1 in the hippocampus of
mice, the role of REs in memory consolidation resulting from
genomic mosaicism was determined. To do this, the animals
were placed on an illuminated side, after which they were
allowed to move to the dark side of the chamber, where they
were exposed to current. The learning memory was reflected
in an increase in mouse latency when moving to the dark
side of the chamber. Long-term memory was significantly
impaired 72 hours after hippocampal administration of the
reverse transcriptase inhibitor lamivudine (Bachiller et al.,
2017). Another study of context-dependent fear memory, in
addition to demonstrating significant suppression of long-
term memory following lamivudine administration, identified
LINE1 expression in the hippocampus and prefrontal cortex
during fear memory using quantitative real-time PCR of
hippocampal and prefrontal cortex samples (Zhang W.J. et
al., 2021). A significant number of TEs transpositions (more
than 200 per cell) in memory-related neurons have also been
identified in the Drosophila brain (Perrat et al., 2013). Since
the results of many of the studies cited in the review reflect
correlational relationships and require more direct confirma-
tion of the effect of transposons on memory, such as single-
cell sequencing of the hippocampal region and specific areas
of the cerebral cortex before and after long-term memory
training.

According to data from the ENCODE and FANTOM con-
sortia, transposon activity depends on the cell type and affects
the expression of neighboring genes. TEs are of greatest im-
portance in brain function regulation, providing adaptive
functions of the central nervous system. In response to the
effects of steroids, epigenetic and environmental factors, they
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change the functioning of neurotransmitter systems to adapt
to changing environmental conditions, including LTM forma-
tion (Lapp, Hunter, 2016). Activated REs play a regulatory
role not only for NSCs, but also in the late phase of neuronal
differentiation (Muotri et al., 2010), controlling the specific
pattern of gene expression in neurons located in certain areas
of the brain, due to which memory is formed (Singer et al.,
2010). In the mouse hippocampus, SINE expression profiles
are cell type specific. In response to brief exposure to a novel
stimulus, SINEs are activated in dentate granule neurons over
a time course similar to that of protein-coding genes (Linker
et al., 2020).

LTR-REs play an important role in the development of
long-term memory. The protein product of the HERV env gene
activates BDNF (brain-derived neurotrophic factor) (Huang et
al., 2011), which is involved in synaptic transmission and LTP
in the hippocampus and other brain regions for the formation
of various forms of memory (Leal et al., 2014). In evolution,
the domestication of LTR-REs led to the formation of genes
that are key to long-term memory. According to computer
analysis (Campillos et al., 2006), confirmed by phylogenetic
studies (Ashley et al., 2018; Pastuzyn et al., 2018), the Arc
gene (Activity-regulated cytoskeleton-associated protein) in
humans originated from ERV Ty3/gypsy. The Arc protein
regulates synaptic plasticity in the control of signaling net-
works during memory consolidation. Arc gene transcripts are
transported to dendrite synapses, where they are synthesized
into protein on ribosomes. Arc forms a capsid that encapsulates
its own mRNAs. The resulting virus-like structures are loaded
into extracellular vesicles and transported to neurons, trans-
mitting genetic information and regulatory signals through
neural networks, which is necessary for the formation of LTM
(Ashley et al., 2018; Pastuzyn et al., 2018).

The Prp8 protein, which is a component of the eukaryotic
spliceosome, evolved from ERV reverse transcriptase (Dla-
ki¢, Mushegian, 2011). Experiments on Drosophila demon-
strated the key role of Prp8 in controlling the expression of
the neuropeptide FMRFa in neurons (Cobeta et al., 2018). The
TERT protein, derived from retroelement reverse transcriptase
(Kopera et al., 2011), regulates spatial memory formation by
modulating neuronal development in the hippocampus (Zhou
et al., 2017). The Gag ERV protein gave rise to the PEG10
protein, which interacts with ATXN2 and ATXN10 in stress
granules and extracellular vesicles and regulates neuronal mi-
gration during LTM formation (Pandya et al., 2021). In evolu-
tion, Gag also became the source of the CCHC type of zinc
finger protein (encoded by the SIRH11/ZCCHC16 gene). Dele-
tion of the SIRH11/ZCCHC16 gene in mice causes abnormal
behavior associated with cognitive abilities, including working
memory (Kaneko-Ishino, Ishino, 2016). The Gag gene was
the origin of the RTLI/PEGI1I gene expressed in the brain.
Mice with knockout of the paternal allele (Rtl1m+/p—) showed
decreased memory (Chou et al., 2022). The data obtained on
the role of ERV-derived proteins in LTM formation indicate the
potential participation of ERVs themselves in these processes.

Thus, the strength of the hypothesis of the role of transpo-
sons in the formation of long-term memory is the presence
of direct experimental evidence of the participation of REs in
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these processes (Singer et al., 2010; Huang et al., 2011; Perrat
etal., 2013; Leal et al., 2014; Lapp, Hunter, 2016; Bachiller
et al., 2017; Zhang W.J. et al., 2021). There is also indirect
evidence of the importance of mobile genetic elements in
the mechanisms of long-term memory, since REs are the
evolutionary sources of proteins involved in the formation of
memory, such as Arc (Campillos et al., 2006; Ashley et al.,
2018; Pastuzyn et al., 2018), Prp8 (Dlaki¢, Mushegian, 2011;
Cobeta et al., 2018), TERT (Kopera et al., 2011; Zhou et al.,
2017), PEG10 (Pandya et al., 2021), CCHC type zinc finger
protein (Kaneko-Ishino, Ishino, 2016).

TEs are also sources of microRNAs (Wei et al., 2016) and
long ncRNAs (Johnson, Guigo, 2014), which are actively
involved in the epigenetic regulation of LTM. Therefore, the
strength of the proposed hypothesis is the explanation of the
mechanisms of influence of environmental stimuli on epige-
netic factors, since in these processes REs are effective media-
tors, sensitive not only to stress, but also to many external and
internal factors, perceiving information for the adaptation of
the body (Mustafin, Khusnutdinova, 2019), which corresponds
to the definition of memory (Ortega-de San Luis, Ryan, 2022).
Moreover, the ability of REs to insert into new loci of the
genome, thereby changing the expression of specific genes
involved in the formation of long-term memory, in contrast
to the synaptic plasticity hypothesis, explains long-term con-
solidation at the genome level (Perrat et al., 2013; Bachiller
etal., 2017; Zhang W.J. et al., 2021).

The proposed hypothesis is also supported by the high rate
of information consolidation at the genome level (compared
to the possible influence of the potential on protein synthesis
on ribosomes) due to the activation of REs, since TEs are
involved in many gene and epigenetic networks (due to the
presence of sequences complementary to non-coding RNAs
derived from TEs). Therefore, environmental stimuli that ac-
tivate TEs can quickly affect changes in gene networks, which
is sufficient for the formation of LTM.

A possible counterargument to the role of transposons
in memory formation can be the fact of activation of REs
during aging, which is characterized by a decline in cognitive
functions and memory. However, a systematic review of the
scientific literature showed that the cause of aging is a patho-
logical activation of REs (Mustafin, Khusnutdinova, 2018a),
while for ontogenesis, starting from the division of the zygote
and until reaching the sexually mature state of the organism,
species-specific activation of strictly defined transposons oc-
curs, including in the brain (Mustafin, Khusnutdinova, 2018b).
This statement is supported by pathological activation of REs
in diseases associated with old age, characterized by impaired
long-term memory.

Relationship between transposons

and microRNAs in memory disorders

Prospects for studying the relationship of TEs with epigenetic
factors in the formation of LTM in health and disease are
associated with the possibility of correcting disorders, since
epigenetic changes are reversible. Although TE expression is
required for normal memory consolidation, their pathological
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activation is a factor in the development of neurodegenerative
diseases. Experiments on mice modeled for AD showed im-
pairment of long-term memory due to derepression of REs (El
Hajjar et al., 2019). G-quadruplex derived from evolutionarily
conserved LINE1 suppresses gene expression in Alzheimer’s
disease neurons (Hanna et al., 2021). In the mouse brain, tau
proteins activate ERVs, increasing their DNA copy numbers
(Ramirez et al., 2022), and in patients with Alzheimer’s
disease, decondensation of heterochromatin and reduction in
piwi and piRNA levels activate HERVs (Sun W. et al., 2018),
LINE1 and Alu (Grundman et al., 2021).

Since microRNAs are also characterized by changes in ex-
pression during normal memory formation (Leal et al., 2014;
Chen, Qin, 2015; Michely et al., 2017; Grinkevich, 2020) and
in Alzheimer’s disease (Patel et al., 2019), these changes may
be associated with pathological TE activation. To confirm
this assumption, we analyzed the scientific literature on the
relationship between microRNAs and TEs in Alzheimer’s
disease. For this purpose, we studied the results of studies
on changes in the expression of microRNAs derived from
mobile genetic elements (according to the MDTE database
(Wei et al., 2016)) in Alzheimer’s disease. As a result, 40
such microRNAs were discovered, which indicate the role
of microRNAs interconnected (due to complementarity of
nucleotide sequences) with TEs in the mechanisms of memory
formation in humans under normal and pathological condi-
tions. For 24 of these miRNAs, functional significance in the
brain was described (see the Table).

Conclusion

Investigation of the role of epigenetic factors in normal and
pathological long-term memory formation is promising due
to the reversibility of changes occurring under their influen-
ce and the possibility of influencing them with the help of
microRNAs. The most likely drivers of epigenetic regulation
of genes during memory formation are TEs — highly sensitive
genome sensors to environmental and internal influences. This
is evidenced by the preservation of long-term memory with the
complete elimination of synaptic connections. TEs consolidate
memory at the level of nuclear DNA due to a programmed
pattern of their activation and transposition. An analysis of
the scientific literature made it possible to find evidence of
the role of TEs, IncRNAs and microRNAs interconnected
with them in the formation of memory in health and disease.
In Alzheimer’s disease, changes in the expression of 40 mi-
croRNAs derived from TEs were determined, the majority
of which originate from REs (24 microRNAs — from LINEs,
7 — from SINEs, 5 — from ERVs).

It can be assumed that in the future the identified mi-
croRNAs may become objects and tools for regulating the
activity of TEs in the brain. The proposed hypothesis of the
role of REs in the formation of LTM explains the missing
links in the theory of synaptic plasticity, since activated
transposons form insertions in specific genomic loci that
change the expression of genes involved in the development
of memory, which explains the consolidation of LTM at the
level of nuclear coding.
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Association of transposon-derived microRNAs with Alzheimer’s disease

microRNA

miR-1202
miR-1246
miR-1271

miR-151

miR-192
miR-211

miR-224

miR-28

miR-31
miR-3199

miR-320c

miR-3200
miR-325

miR-326

miR-335

miR-340
miR-342

miR-3646
miR-378a

miR-384

miR-4286
miR-4422
miR-4487
miR-4504
miR-4772
miR-495

miR-502
miR-511

miR-517
miR-545
miR-566
miR-576
miR-582

microRNA
source

LINE1
ERVL
LINE2

LINE2

LINE2
LINE2

MER135

LINE 2

LINE2
LINE2

LINE2

ERV-L
LINE2

hAT-Tip100

SINE

TcMar
SINE

SINE
SINE

LINE/Dong-R4
LTR/ERVL
LTR/Gypsy
LINE1

LINE1

LINE1

ERVL

LINE2
LINE1

SINE/Alu
LINE2
SINE/Alu
LINE1
LINE/CR1

Changes in microRNA expression
in Alzheimer’s disease (author)

(1 - increase, | — decrease)
1 (Henriques et al., 2020)

1 (Guo et al., 2017)

| (Majumder et al,, 2021)

1 (Satoh et al., 2015)

| (Qin etal.,, 2022)

1 (Sierksma et al., 2018;
Lietal, 2021)

1 (Sun X. etal., 2023)

1 (Hong etal, 2017;
Zhao et al., 2020)

| (Barros-Viegas et al., 2020)
1 (Sun C.etal,, 2021)

1 (Raheja et al., 2018;
Boese et al., 2016)

| (Satoh et al., 2015)
| (Barak et al., 2013)

1 (Caietal, 2017)
1 (Bottero, Potashkin, 2019)

| (Tan X. et al., 2020)
| (Dakterzada et al., 2021)

1 (LuL.etal, 2021)
1 (Dong et al., 2021)

1 (Samadian et al., 2021)
| (Henriques et al., 2020)
| (Hajjri et al., 2020)

|l (Huetal, 2018)

1 (Eysert et al., 2021)

| (Luglietal., 2015)

1 (Yuen et al, 2021)

| (Satoh et al., 2015)
| (Wang etal,, 2023)

1 (Schipper et al., 2007)
| (Cosin-Tomas et al., 2017)
1 (Yaqub et al., 2023)

| (Liuetal., 2014; Xu X. et al., 2022)

| (Eysertetal., 2021)

The role of microRNAs in the brain (author)

Inhibits Rab1a and TLR4/NFkB signaling pathways (Song et al., 2020)
NA

Interacts with the mRNA of the tyrosine kinase receptors ALK and RYK
(Majumder et al., 2021)

Regulates memory in the hippocampus (Xu X.F. et al., 2019;
Ryan B. et al,, 2017)

Affects the TGF-B1 signaling pathway (Tang et al., 2019)

Regulates migration and differentiation of neurons
(Mainigi et al., 2016)

Inhibits the NLRP3 inflammasome (Sun X. et al., 2023),
regulates NPAS4, is involved in long-term memory (Bersten et al., 2014)

NA

Regulates LTP (Parsons et al., 2012)

Participates in the regulation of beta-amyloid expression
(Sun C.etal,, 2021)

NA

NA

Inhibits tomosyn protein expression (impairs synaptic plasticity
in the hippocampus (Barak et al., 2013))

Regulates genes involved in synaptic plasticity (Cohen et al., 2014);
in response to BDNF, it reduces Arc expression (Wibrand et al., 2012)

Modulates synaptic plasticity and spatial memory in the hippocampus
(Capitano et al., 2017)

Regulates the enzyme that breaks down amyloid precursor protein
(BACE1) (Dong et al., 2022)

NA

Inhibits the EZH2 gene, regulating the production of pro-inflammatory
cytokines (Weng et al., 2023)

Is involved in LTP maintaining (Gu et al., 2015)

NA

NA

Suppresses beta-amyloid-induced apoptosis (Hu et al., 2018)
Inhibits the APP-interacting FERMT2 gene (Eysert et al., 2021)
NA

Participates in memory formation in the hippocampus
(Puig-Parnau et al., 2020)

NA

Regulates neuronal differentiation by inhibiting the FKBP5 gene
(Zheng et al., 2016)

NA
NA
NA
NA
Suppresses FERMT2 gene expression (Eysert et al., 2021)
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Table (end)
microRNA  microRNA Changes in microRNA expression The role of microRNAs in the brain (author)
source in Alzheimer’s disease (author)
(1 - increase, | — decrease)
miR-603 TcMar 1 (Zhang C. et al., 2016) NA
miR-6087  LINE1T | (Lauetal, 2013) NA
miR-619 LINE1 | (Baek et al, 2021) Regulates circadian rhythm genes PPP1CB, PPP1CC, CREBBP, HELZ2,
NCOAT, TBL1X (Baek et al., 2021)
miR-659 LINE2 1 (Luglietal., 2015) Inhibits the progranulin gene (GRN) (Pisopo et al., 2016)
miR-664 LINE1T 1 (Schonrock et al., 2010) Binds to the 3'UTR of the NMDART gene mRNA, which stimulates GnRH
(Juetal., 2019)
miR-708 LINE2 | (Rahman et al., 2020; Regulates neuronatin synthesis (Vatsa et al.,, 2019)
Di Palo et al., 2022)
miR-885 SINE/MIR | (Tan L. et al., 2014) Inhibits KREMENT gene expression (Pan et al., 2022)

Note. NA - no data available.
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