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Abstract. The mechanisms of long-term memory formation and ways to improve it (in the case of its impair-
ment) remain an extremely difficult problem yet to be solved. Over the recent years, much attention has been
paid to microRNAs in this regard. MicroRNAs are unique endogenous non-coding RNAs about 22 nucleotides in
length; each can regulate translation of hundreds of messenger RNA targets, thereby controlling entire gene net-
works. MicroRNAs are widely represented in the central nervous system. A large number of studies are currently
being conducted to investigate the role of microRNAs in the brain functioning. A number of microRNAs have
been shown to be involved in the process of synaptic plasticity, as well as in the long-term memory formation.
Disruption of microRNA biogenesis leads to significant cognitive dysfunctions. Moreover, impaired microRNA
biogenesis is one of the causes of the pathogenesis of mental disorders, neurodegenerative ilinesses and senile
dementia, which are often accompanied by deterioration in the learning ability and by memory impairment.
Optimistic predictions are made that microRNAs can be used as targets for therapeutic treatment and for diag-
nosing the above pathologies. The importance of applications related to microRNAs significantly raises interest
in studying their functions in the brain. Thus, this review is focused on the role of microRNAs in cognitive pro-
cesses. It describes microRNA biogenesis and the role of miRNAs in the regulation of gene expression, as well
as the latest achievements in studying the functional role of microRNAs in learning and in long-term memory
formation, depending on the activation or inhibition of their expression. The review presents summarized data
on the effect of impaired microRNA biogenesis on long-term memory formation, including those associated with
sleep deprivation. In addition, analysis is provided of the current literature related to the prospects of improving
cognitive processes by influencing microRNA biogenesis via the use of CRISPR/Cas9 technologies and active
mental and physical exercises.
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AHHoOTaLusA. MexaHn3Mbl GOPMUPOBAHNA [ONTOBPEMEHHON MAaMATU 1 CNOCO6bI ee ynyylueHna (B ciyyae Hapy-
LUEHWSA) OCTAOTCA CNOXHENLen HepellueHHoN npobnemoii. B nocneaHve rogbl 601bLioe BHUMAHME B 3TON CBA3M
yaenaetca MUKPpOoPHK. MnkpoPHK ABnAlTCA yHUKanbHbIMW SHAOreHHbIMN Hekoamnpytowmmn PHK annHon okono
22 HyK/IeOTVAOB, KaXAasa M3 KOTOPbIX MOXET PeryinpoBaTb TPaHCAALMIO COTeH MaTpuuHbix PHK, Tem cambim
ynpasnaa uenbiMu cetamm reHoB. MnkpoPHK wrpoko npeactaBneHbl B LIeHTPanbHOWM HEPBHOM cucTeme. B Ha-
cToALLee BpemsA 3HauMTeIbHOE KOMIMYECTBO UCCIe[0BaHMI NOCBALLEHO M3ydeHunto ponn MUKpoPHK B dyHKLMO-
HMPOBaHUM Mo3ra. MokasaHo, YTo Lenblin pag MUKPOPHK BoBfieYeH B NpoLecc CMHaNTUYeCcKow NIacTMYyHOCTY,
a Takxe B popmrpoBaHme onroBpeMeHHON namaTu. Mpun 3Tom HapylieHne 6uoreHesa MUKPOPHK npuBoguT K
3HaUNTENbHbBIM KOTHUTUBHbIM AncdyHKLUMAM. bonee Toro, HapyLeHune 6roreHeza MukpoPHK AaBnaeTca ogHow 13
NPVYYH naTtoreHesa 3aboneBaHni, CBA3aHHbIX C MCUXMYECKMMIY PacCTPONCTBaMK, HeipofereHepaTUBHbIMM Ma-
TONOTMAMM 1 CTapUECKON leMeHLMeEN, KOTOPbIe YaCcTO COMPOBOXKAAITCA YXYALLIEHNEM CNIOCOBHOCTM K 06yUeH o
1 HapyLUeHeM NamATU. BbicKasblBaloTCA ONTUMUCTUYHbIE MPOrHO3bl, YTO MUKPOPHK MOryT 6bITb MCNONb30BaHbI
B KauecCTBe MULLEHeN ANA TepaneBTUUYECKOro leYeHna U ANArHOCTUKM AaHHbIX naTtonorui. BaxHoe npuknag-
Hoe 3HayeHne MUKpoPHK yBennumBaeT uHTepec K usyyeHuio nx GyHKUMn B pabote Mo3ra. MpeacTaBieHHbI
0630p nocesLeH ponv MUKPOPHK B KOrHUTUBHBIX Mpoueccax. OnucaHbl 6uoreHes MuKpoPHK 1 ponb MyukpoPHK
B perynaumm 3KCnpeccum reHoB. PaccMoTpeHbl nocnefHne JOCTUXEHUA B U3yUYeHUW GYHKLMOHaNbHON ponu
MUKPOPHK B 06yyeHnr 1 popMmnpoBaHnm JONTOBPEMEHHO NaMATH, B 3aBUCMMOCTM OT akTUBALUW UV UHTOU-
POBaHMA UX SKCNPECCU, U O BANAHWMN HapyLleHna 6uoreHesa MnkpoPHK Ha dopmupoBaHme fonroBpemeHHoM
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namAt. He6onbluol pasaen NocBALEH BAUAHMIO AeNprBaLMN CHa Ha KOTHUTUBHbIE NPOLIECChI, 3aBUCKMble OT
MUKPOPHK. Kpome Toro, npuBeaeH aHanm3 TeKyLyen imtepaTypbl, CBA3aHHOW C NePCneKTUBamMm yyyLeHnA Kor-
HUTVBHBIX GYHKLMIA NOCPeACTBOM BNUAHUA Ha 6roreHe3 MUKpoPHK nyTtem npumeHenmns CRISPR/Cas9 TexHono-

T N aKTUBHbIX YMCTBEHHDbIX U ¢M3VI‘-IECKVIX Harpysok.

KnioueBble cnoBa: annreHeTnKa; MVIKpOPHK; ponroppemMmeHHad namMmAaTb; KOrHUTUBHbIE HapyLleHWA; AenpuBaumna

CHa, oboralleHHas cpega.

Introduction

The mechanisms of forming long-term memory (LTM) and
of its improvement in case of impairment resulting from
trauma, neurological and neurodegenerative diseases, and
age-related dysfunctions are among the most challenging
issues to be solved by the science. Back in the middle of
the last century, researchers realized that LTM formation
requires active involvement of the genome. Later, it was
shown that newly synthesized proteins are necessary for
modification of synaptic contacts and rearrangements of
the neural networks involved in consolidating new experi-
ences (Sweatt, 2016). The main difficulties in studying the
molecular basis of LTM are associated with both complexity
of the structure of the central nervous system and with va-
riety of the regulatory processes acting at the genome level.
The latter include regulation of gene expression by DNA-
binding transcription factors, as well as epigenetic modi-
fications that regulate the structure of chromatin (Berger,
2007). These epigenetic processes are widely involved in
brain functioning, including neuronal differentiation and
adaptive behavior, inter alia LTM formation (Fischer, 2014;
Kim, Kaang, 2017).

Somewhat later, studies were started on involvement of
microRNA in the epigenetic regulation of gene expression.
MicroRNAs are unique non-coding molecules, each of
which able to regulate translation of hundreds to thousands
of messenger RNAs (mRNAs) targets. MicroRNAs are
most widely represented in the central nervous system,
and many of them are expressed at a high level (Chen,
Qin, 2015). A large number of studies have been published
on microRNAs participation in neuronal differentiation
(Baek et al., 2014; Chen, Qin, 2015), in the LTM formation
(Rajasethupathy et al., 2009; Gao et al., 2010; Hu Z., Li,
2017), as well as in the pathogenesis of diseases associated
with mental disorders, neurodegenerative pathologies and
senile dementia (Beveridge et al., 2010; Danka Mohammed
et al., 2017; Wingo et al., 2020). Optimistic predictions
are expressed that a number of microRNAs can be used as
targets for therapeutic treatment and diagnosis of diseases
accompanied by cognitive impairment (Liu et al., 2017).
This important applied value of microRNAs raises interest
in the study of their functions. This review will examine in
detail the role of microRNAs in cognitive processes.

MicroRNAs - biogenesis and mechanism

of regulating gene expression

For the first time, microRNAs, as functionally significant
molecules capable of regulating gene expression, were de-
scribed in the nematode C. elegans in 1993 (Lee R. et al.,
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1993). In 2000, highly conserved microRNA let-7, which
is necessary for organism development, was discovered
in the same animal (Reinhart et al., 2000). In parallel, in
1998, A. Fire and C. Mello published an article in which
it was shown that by means of small double-stranded
RNAs (siRNA) it is possible to silence genes — this mecha-
nism was called RNA interference. Moreover, already in
2006, in view of the importance of this discovery, An-
drew Fire and Craig Mello were awarded the Nobel Prize
in Physiology or Medicine. It has been shown that gene
silencing by means of RNA interference is also carried out
by microRNA (He, Hannon, 2004). Since the 2000s, an
avalanche of studies on the functional role of microRNA
and its biogenesis in many animal species started.

MicroRNAs are a family of small, highly conserved en-
dogenous non-coding RNAs about 22 nucleotides long (He,
Hannon, 2004; Bitetti et al., 2018). MicroRNA biogenesis
is a complex and multistep process, including transcription
from DNA of a rather long primary transcript (pri-miRNA)
with characteristic stem-loop structures, its processing to
form pre-miRNA, translocation of pre-miRNA into the
cytoplasm and its further processing to form microRNA
(miRNA). Next, the microRNA interacts with the RISC
complex (RNA-induced silencing complex) in which the
microRNA binds to the target mRNA and induces degrada-
tion and/or mRNA translational repression (Bartel, 2009;
Aksoy-Aksel et al., 2014). Evolutionarily conserved pro-
teins control all of the above stages: DROSHA, DGCRS,
EXP5, RAN, DICER, TARBP2, AGO, and PIWI. Proteins
DROSHA and DGCRS are endonucleases and control the
processing of the primary microRNA transcript. EXP5 and
RAN are involved in translocation of pre-miRNAs from the
nucleus to the cytoplasm. DICER endonuclease regulates
cleavage of pre-miRNAs to form mature miRNAs and as-
sociation of mature miRNAs with the RISC. The current
data on microRNA biogenesis are described in detail in the
review by Smith and Kenny (Smith, Kenny, 2018).

In the cytoplasm of neuronal cell bodies, miRNAs are
often associated with processing structures that are respon-
sible for storage and degradation of mRNA, and can also be
found in stress granules that are formed in response to stress
(Leung, 2015; Smith, Kenny, 2018). Expression of miRNAs
in neurons is induced by electrical activity and downstream
regulatory cascades at several levels, including the synthesis
and processing of the primary transcript, processing of pre-
miRNAs, and assembly of the RISC (Aksoy-Aksel et al.,
2014). However, these processes are still poorly understood.
MicroRNAs are highly stable molecules (up to 10 times
more stable than mRNAs) (Gantier et al., 2011).
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The complexity of studying the role of miRNAs in the
brain is determined by the variety of neuronal and glial
cells that perform different functions and express different
patterns of miRNAs (McNeill, Van Vactor, 2012; Malmevik
etal., 2016). Moreover, each miRNA can have hundreds of
different mRNAs as targets, and expression of a particular
mRNA can be regulated by several miRNAs (Lewis et al.,
2003; John et al., 2004). Therefore, dysregulation of a single
miRNA can have a large polygenic effect. The number of
identified miRNAs already amounts to several thousands,
and according to various estimates, miRNAs are capable of
regulating the expression of 30 to 70 % of all genes encoding
proteins at the posttranscriptional level (Selbach et al., 2008).
It is important that about 70 % of miRNAs are expressed in
the brain, and quite differentially in different regions (cited
after Chen, Qin, 2015). In addition, microRNAs can be se-
creted into the extracellular space, including the circulatory
system, to ensure intercellular and interorgan communica-
tion (Lesseur et al., 2014; Smith, Kenny, 2018). The pattern
of extracellular miRNAs changes in a number of patholo-
gies, and these data are beginning to be used for diagnostic
purposes (Lesseur et al., 2014; Smith, Kenny, 2018). Thus,
miRNAs are the key regulators of many gene networks and,
accordingly, can coordinate the most important processes
in the organism.

MicroRNAs in learning and long-term memory
Currently, several learning models are used to study the
molecular mechanisms of LTM, which can be divided into
associative and non-associative ones. The former includes
development of various conditioned reflexes, and the latter
includes non-associative analogs of learning, such as sensi-
tization (facilitation), depression (habituation), post-tetanic
potentiation and post-tetanic depression.

Sensitization is “enhancement of a pre-existing response
of an animal to a stimulus as a result of application of
another, nociceptive (painful) stimulus”. Sensitization is
necessary for an animal to respond to a stimulus that was
previously insignificant for it (Kandel, 1982). Depression
(habituation) is weakening of the response to a previously
significant stimulus as a result of its periodic reiteration.
Through habituation, an animal learns to ignore stimuli that
have lost their novelty or meaning. At the cellular level,
sensitization is associated with an increase in the efficiency
of synaptic communication between neurons, and depres-
sion — with its weakening (Kandel, 1982).

Post-tetanic potentiation is improvement in synapse con-
duction after a series of frequent (tetanizing) stimulations
of incoming fibers. Post-tetanic depression is deterioration
in synaptic conduction after a series of weak rhythmic
stimuli.

Long-term changes in the efficiency of synaptic transmis-
sion in these models require involvement of the genome and
are caused by long-term plastic changes in the synapses
through remodeling of presynaptic and/or postsynaptic struc-
tures, the spiny morphogenesis, and/or growth or elimination
of synapses. Thus, synaptic plasticity is the mechanism by
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which the brain encodes and stores information. It is be-
lieved that these processes underlie LTM formation in both
animals and humans.

The role of microRNAs in synaptic plasticity

and local biosynthesis in neurites

The role of microRNAs in synaptic plasticity has been most
fully investigated using models of long-term post-tetanic
depression (LTD) and post-tetanic potentiation (LTP).
Local protein synthesis plays an important role in these
processes. It has been shown that the synthesis of receptors,
proteins involved in the transport of synaptic vesicles and
proteins needed for modeling the growth of spines can oc-
cur in neurites, since neurites contain the necessary set for
translation of mRNA, including ribosomes, and, moreover,
pre-microRNA, microRNA and Dicer enzyme, which allows
microRNA to regulate local biosynthesis (Lugli et al., 2005;
Bicker et al., 2013; Smalheiser, 2014; Hu Z., Li, 2017).
Thus, during LTD formation in the dendrites of hippocampal
neurons, local synthesis of the glutamate receptor GluA1l
occurs, its expression is regulated by miR-501-3p, and this
process is required for remodeling of dendritic spines, the
density of which determines the efficiency of the synapse
(Hu Z. et al., 2015).

Long-term remodeling of the dendritic tree also involves
miR-191, miR-135, and miR-137 (Hu Z. et al., 2014; Siegert
et al., 2015). On the other hand, miR-26a and miR-384-5p
participate in the formation of LTP, the expression of which
decreases during tetanization in an RSK3-dependent manner.
Structural and signaling proteins of synapses (Gu Q. et al.,
2015) are the targets of these microRNAs. At the same time,
LTP is accompanied by expansion of spines and formation
of new ones, while the opposite picture is observed for
LTD (Hu Z., Li, 2017). It has been suggested that modula-
tion of protein synthesis in synapses may be based on local
CaZ*-dependent activation of the Dicer enzyme (Lugli et
al., 2005).

The effect of microRNA biogenesis disorders

on LTM formation

In the initial studies of involvement of miRNAs in learning
and memory, animals with genetic impairments of enzymes
involved in miRNA biogenesis, in particular, with dysfunc-
tion of the Dicer, were used (Konopka et al., 2010; Fiorenza,
Barco, 2016; Fiorenza et al., 2016). Induced by Tamoxifen
injection, deletion of Dicer in the forebrain of mice (muta-
tion Dicer1€aMKCreERT2) hag been shown to cause the loss of
anumber of brain-enriched microRNAs, including miR-124,
miR-132, miR-137, miR-138, miR-29a/c, and these mice
show improved memory (Konopka et al., 2010). In animals
with Dicer suppression, the excitability of pyramidal neurons
in the CA1 region of the hippocampus also increased, as well
as induction of “early genes” required for LTM formation
(Fiorenza et al., 2016). The above data are supported by the
studies of Hansen et al. (Hansen et al., 2010) and Siegert et
al. (Siegert et al., 2015), which showed that overexpression
of miR-132 in forebrain neurons in adult mice (transgenic
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mice), and miR-137 in the dentate gyrus (using the lentiviral
technology) leads to LTM impairment.

Contradictory to the above are the studies carried out on
aging animals in which the content of many microRNAs
decreases with age; however, cognitive impairment occurs
(Inukai et al., 2012; Chmielarz et al., 2017). Dicer dysfunc-
tion in the cerebellum leads to progressive loss of microRNA
and death of Purkinje cells, and in the forebrain it causes
abnormal hyper phosphorylation of the tau protein and
neurodegeneration similar to that in Alzheimer’s disease,
which accordingly impairs cognitive processes (Hébert et
al., 2010; Dimmeler, Nicotera, 2013). In addition, impair-
ment of microRNA biosynthesis in dopaminergic neurons
due to suppression or depletion of Dicer (tissue-specific
inducible suppression) causes dopaminergic cell dysfunc-
tion, while pharmacological stimulation is neuroprotective
(Chmielarz et al., 2017). In addition, the pharmacological
inhibition of Dicer activity with poly-lysine (Poly-L-lysine
hydrobromide) disrupts formation of a conditioned reflex
with single-trial induced LTM in the mollusk Lymnaea
stagnalis (Korneev et al., 2018) and impairs formation of the
conditioned defense reflex in the mollusk Helix (Grinkevich,
2019). Thus, the last two studies show that short-term Dicer
dysfunction can lead not to improvement, but to impairment
of LTM.

As molecular genetic studies continued, it became clear
that miRNAs are capable of not only inhibiting LTM, but
also improving its formation. Thus, in the lateral amygdala
7 microRNAs upregulated and 32 downregulated by auditory
fear training (Griggs et al., 2013). MicroRNAs miR-9 and
miR-34 do not suppress, but support the capacity of spatial
learning (the Morris water maze) and reference memory,
respectively (Malmevik et al., 2016). The expression of
a number of microRNAs in the hippocampus is activated
during contextual fear formation (Vetere et al., 2014; Jova-
sevic et al., 2015). Thus, it became clear that the effect of
microRNA on cognitive processes can be multidirectional,
which was shown in numerous further studies.

MicroRNAs that negatively
regulate LTM formation
The best-studied microRNAs whose expression decreases
during learning include miR-124, miR-134, and miR-206.
miR-124 is one of the first studied microRNAs associated
with LTM formation. It is a highly conserved microRNA
with a high level of expression in the central nervous sys-
tem. In 2009, a comprehensive work was published, which
for the first time demonstrated involvement of miR-124 in
LTM formation and studied its function (Rajasethupathy et
al., 2009). As a learning model, the authors used long-term
facilitation of synaptic connection between sensory and
motor neurons of the mollusk Aplysia. As noted above,
facilitation is an essential component in formation of a
number of conditioned reflexes, including defensive ones,
and is successfully used in the studies of the mechanisms
of LTM formation (Kandel, 2012). It was shown that during
development of facilitation, the level of miR-124 decreases,
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and, accordingly, translation of the target of miR-124, the
transcription factor CREB-1, is activated (Rajasethupathy
et al., 2009). As a result, CREB-1-dependent induction of
the genes involved in synaptic modifications takes place,
leading to a long-term increase in efficiency of synaptic
transmission. At the same time, regulation of miR-124 ex-
pression is effected by the modulatory mediator serotonin,
which mediates the action of the sensitizing pain stimulus,
through PKA-MAPK/ERK-dependent signaling cascades
(Rajasethupathy et al., 2009).

Further studies showed that miR-124 also plays an im-
portant role in LTM formation in vertebrates, in which,
similarly to Aplysia, miR-124 is inhibited during learning
(Yang et al., 2012; Malmevik et al., 2016). For example, the
amount of miR-124 decreases in the hippocampus during
spatial learning and social interactions in mice (Yang et al.,
2012). In this case, the target of miR-124 is the transcrip-
tion factor Zif268, which takes an active part in cognitive
processes; accordingly, a decrease in the miR-124 amount
induces translation of Zif268 (Yangetal., 2012). Increased
expression of miR-124 (vector rAAV1/2-miR-124), or
knockdown of Zif268 (LNA-Zif268 antisense) have a ne-
gative effect on LTM, and knockdown of miR-124 (LNA-
miR-124 antisense) restores expression Zif268 and reverses
of LTM formation.

The expression of miR-124 is regulated through cAMP
and its intracellular receptors EPAC1 and EPAC2. More-
over, in EPAC~ mice, impairment of spatial learning
and memory, as well as social interactions, suppression of
synaptic transmission, and impairment of long-term post-
tetanic potentiation in the hippocampus are observed (Yang
et al., 2012). It has been shown that inhibition of miR-124
in hippocampal neurons leads to improvement in LTM,
potentially through an increase in the level of expression
of genes associated with synaptic plasticity and neuronal
transmission (Malmevik et al., 2016). At the same time,
genes associated with translation and neurodegenerative
diseases are suppressed.

A decrease in the miR-124 expression level associated
with improvement in LTM formation in mice was noted in
the work of Konopka et al. (Konopka et al., 2010). miR-124
is also involved in memory consolidation during sleep (Ka-
rabulut et al., 2019). Post-learning sleep deprivation during
specific time windows induces expression of miR-124 in the
hippocampus, inhibits synthesis of the neurotrophic factor
BDNF, which is the target of miR-124, and, accordingly,
disrupts LTM consolidation.

miR-134 is highly expressed in the brain and is detected
not only in the bodies of neurons, but also in dendrites (Bic-
keretal.,2013). As in the case of miR-124, overexpression
of miR-134 (the lentiviral technology) in the CA1 region
of the hippocampus leads to significant deterioration in
LTM formation in the contextual fear-conditioning paradigm
and to abrogated long-term potentiation in this structure
(Gao et al., 2010). miR-134, like miR-124, affects synaptic
plasticity through post-transcriptional regulation of CREB-1
and BDNF in a CREB-dependent way. In turn, miR-134
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expression is regulated by SIRT1 deacetylase. In mutant
mice lacking the catalytic activity of SIRT1 in the brain,
an increase in levels miR-134 is observed, followed by
repression of target genes, and, accordingly, impairment of
LTM (Gao et al., 2010). The increase in miR-134 levels is
sufficient to mimic the behavioral and electrophysiological
phenotypes of SIRT 1-deficient mice. Conversely, inhibition
of miR-134 reverses memory in SIRT1 knockdown mice
and restores long-term potentiation in the CA1 region of
the hippocampus (Gao et al., 2010).

Memory impairment under stress is also associated with
suppression of the SIRT1/miR-134 pathway and the down-
regulation expression of BDNF and synaptic proteins in
the hippocampus (Shen et al., 2019). Thus, miR-134 and
miR-124 can have a synergistic effect on the expression
of genes involved in plastic rearrangements. In addition,
disruption of miR-134 and miR-124-dependent regulation
is an important mechanism underlying cognitive dysfunc-
tion in Alzheimer’s disease (Wang X. et al., 2018; Baby et
al., 2020).

miR-206. Increased levels of miR-206 are observed in the
brain of Tg2576 mice (a model of Alzheimer’s disease) and
in the temporal cortex of the human brain in Alzheimer’s
disease (Lee S. etal., 2012). Decreased miR-206 levels lead
to improved memory through induction of the neurotrophic
factor BDNF. Improving memory through decrease in the
content of miR-206-3p in the hippocampus and cortex is
also facilitated by administration of donepezil, a drug with
an antidementional effect (Wang C. et al., 2017).

Summarizing the above data, down-regulation expression
of miR-124, miR-134, and miR-206 is necessary for suc-
cessful formation of LTM, since these microRNAs normally
block the expression of genes the products of which are
necessary for plastic rearrangements.

MicroRNAs positively regulating learning
and LTM formation
miR-9-3p positively influences hippocampus-dependent
memory. Inhibition of miR-9-3p in the hippocampus leads
to impairment of long-term post-tetanic potentiation (LTP)
and disruption of LTM through increased expression of
Dmd (dystrophin) and SAP97 (synapse-associated pro-
tein 97) genes, which are negatively correlated with LTP
(Sim et al., 2016). At the same time, miR-9-5p, which is
formed from a common precursor, is not involved in these
processes. The miR-9 family is also involved in the regula-
tion of synaptogenesis during early brain development, and
a link was found between these developmental events and
cognitive functions later in the adult life (Lin et al., 2017).
miR-92. The level of miR-92 increases in the hippocam-
pus during the contextual fear memory formation in mice,
which reduces expression of several miR-92 targets, includ-
ing proteins KCC2, CPEB3 and MEF2D, which negatively
regulates memory-induced structural plasticity (Vetere et
al., 2014). Selective inhibition of miR-92 in CA1 neurons
of the hippocampus (lentiviral technology) leads to up-
regulation of KCC2, CPEB3 and MEF2D, prevents the
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learning-induced increase in the spine density and impairs
this type of memory.

miR-195. Overexpression of miR-195 in the rat hippo-
campus using lenti-pre-miR-195 protects against develop-
ment of dementia, and its inhibition (knockdown by anti-
sense microRNA — lenti-pre-AMO-miR-195) leads to im-
pairment of spatial memory (Morris water maze) (Ai et al.,
2013). Potential targets for miR-195 are APP and BACE1
proteins associated with B-amyloid aggregation.

MicroRNA cluster miR-183/96/182. Enhanced expres-
sion of the microRNA cluster miR-183/96/182 in the hip-
pocampus promotes LTM formation (an object recognition
task), and miR-183/96/182 expression is regulated by protein
phosphatase PP1 (Woldemichael et al., 2016). An increase
in the levels of miR-183/96/182 leads to suppression of
histone deacetylase HDAC9 activity and promotes LTM
formation. It is known that HDAC9 negatively affects LTM
through deacetylation of histones and chromatin remodeling
(Grinkevich, 2012; Fischer, 2014). Downregulation of the
miR-183/96/182 cluster leads to memory impairment in the
old age, and memory can be improved by overexpression of
this cluster (Jawaid et al., 2019).

Thus, miRNAs (miR-9-3p, miR-92, miR-195 and the
miR-183/96/182 miRNA cluster), which contribute to
LTM formation, repress mRNAs encoding proteins that
inhibit LTP (Dmd, Sap97), structural plasticity (KCC2,
CPEB3, MEF2D) and gene silencing (histone deacetylase
HDACDY), as well as proteins causing B-amyloid aggrega-
tion (APP and BACE1). Below is a simplified diagram of
microRNA-dependent regulation of long-term memory
formation (Fig. 1).

MicroRNAs that can influence learning
and long-term memory in both positive
and negative ways
On the other hand, to date, a large number of miRNAs have
been described that can influence formation of LTM in both
positive and negative ways.

miR-132. CREBI1-dependent activation of miR-132 ex-
pression in the hippocampus is observed during formation
of fear-induced memory, matches the kinetics of inducing
immediate early genes and regulates the spine size in the
presynapses (Nudelman et al., 2010). While in transgenic
mice (tTA::miR132), with increased expression of miR-132
in forebrain neurons, violation of LTM formation is observed
(Hansen et al., 2010). It should be noted that in this case,
another type of learning was studied — recognition of new
objects. Nevertheless, the authors note that, in tTA::miR 132
transgenic mice, there is a decrease in the expression of
MeCP2, a protein involved in development of the Rett
syndrome and other mental disorders, as well as a notice-
able increase in dendritic spine density in the hippocampus,
which ultimately should lead to improving LTM. The authors
associate all these inconsistencies with too high expression
of miR-132.

miR-34. The data on the effect of the miR-34 family, con-
sisting of three members, miR-34a, miR-34b, and miR-34c,
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Fig. 1. MicroRNA-dependent regulation of gene expression in the long-term memory formation.

During training, both inhibition of expression of a number of miRNAs (miR-124, miR-134, miR-206 — marked with a double line) and activa-
tion (MiR-9-3p, miR-92, miR-195 and cluster miR-183/96/182 — marked with a single line) can occur. Downregulation of miRNAs is needed
to reactivate genes, the products of which are necessary for plastic rearrangements and are regulated by transcription factors Zif268,
CREB1 and by the growth factor BNDF (all marked with a double line). MicroRNAs which are activated during training repress mRNAs
encoding proteins that inhibit structural and synaptic plasticity (Dmd, Sap97, KCC2, CPEB3 and MEF2D), proteins promoting 3-amyloid
aggregation (APP and BACE1) and also proteins repressing synthesis of histone deacetylase HDACY (all marked with a single line).

PKA - protein kinase A; EPAC1/EPAC2 - intracellular cAMP receptors; SIRT1-deacetylase and PP1-protein phosphatase are involved in the
regulation of microRNAs shown in the diagram. The pathways of regulation of microRNAs that are not described in the literature analyzed

in this review are indicated by dashed lines.

on the learning of microRNAs are even more diverse. It has
been shown that inhibition of all the members of miRNAs
of this family in hippocampal neurons with using AAV-
delivered miRNA sponges reduces the ability for reference
memory and causes transcriptome changes associated with
transduction of neuroactive ligand-receptors and cell com-
munication (Malmevik et al., 2016). Inhibition of miR-34a
alone has a similar effect on LTM in rats. In this case, we
are talking about amygdala-dependent memory (auditory
fear conditioning) (Dias et al., 2014). The learning-induced
increase in miR-34a amount in the basolateral amygdala
suppresses the Notch pathway. Given the leading role of
the Notch pathway proteins in embryonic development
and synapse maturation, the authors believe that Notch
signaling normally maintains the steady state of synaptic
stability by suppressing synaptic plasticity. Fear-mediated,
transient increases in miR-34a in the amygdala reduce Notch
signaling, thereby creating an environment that temporarily
allows synaptic modification and hence long-term memory
consolidation.

Unlike miR-34a, miR-34c is a negative factor in memory
consolidation. The level of miR-34c¢ increases in the hip-
pocampus during aging, which contributes to impairment
of learning and memory, can be restored by inhibiting this
microRNA (Zovoilis et al., 2011). In this study, the effect
of miR-34c was attributed, at least in part, to a decrease in
the target of miR-34c deacetylase SIRT1. The content of
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miR-34c is also increased in the hippocampus in patients
with Alzheimer’s dementia and in hippocampal neurons in
APPPS1-21 transgenic mice exhibiting -amyloid pathology
and cognitive deficits at an early age (Zovoilis et al., 2011).
In turn, SIRT1 modulates synaptic plasticity and memory
formation through a miR-134-mediated mechanism (Gao
et al., 2010). Thus, miR-34a is positively associated with
amygdala-dependent LTM, while miR-34c is negatively
associated with hippocampus-dependent LTM.

miR-137. This microRNA is being intensively studied
both in connection with the mechanisms of LTM and with
various cognitive pathologies, and its functions are very
diverse. It has been shown that activation of miR-137 is
required for long-term memory formation in the pond snail
Lymnaea (Korneev et al., 2018). At the same time, miR-137
inhibits the transcription factor CREB2, a negative regulator
of the expression of genes necessary for LTM formation.
In mice knocked out of the miR-137 gene, spatial learning
and memory are impaired, which is potentially associated
with increased expression of the Ezh2 gene (Yan et al.,
2019). Ezh2 encodes histone-lysine N-methyltransferase
involved in the methylation of histones at sites that inhibit
gene expression. Thus, it has been shown that miRNAs
are capable of modulating another regulatory pathway,
namely, epigenetic chromatin remodeling. Data obtained
in heterozygous mice with partial loss of miR-137 function
support the activating effect of miR-137 on LTM (Cheng et
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al.,2018). On the other hand, overexpression of miR-137 in
the dentate gyrus of the hippocampus disrupts presynaptic
plasticity and impairs fear-induced context memory, while
the expression of presynaptic target genes associated with the
release of synaptic vesicles (complexin-1, Nsf, and synapto-
tagmin-1) decreases (Siegert et al., 2015). miR-137 is also
implicated in the Pb-induced hippocampus-dependent spa-
tial memory impairment (Gu X. et al., 2019). It was shown
that chronic oral administration of lead acetate (PbAc) with
drinking water causes a change in the genomic landscape
of histone H3 methylation at the H3K27me3 site in the
hippocampus. It should be noted that the change in me-
thylation is associated with activated interaction of miR-137
and EZH2 methyltransferase, which make up a mutually
inhibitory loop. Overexpression of EZH2 in PbAc-treated
rats reverses H3K27me3 methylation and partially restores
spatial memory.

miR-153 also has a multidirectional effect on LTM. Thus,
the expression of miR-153 is specifically induced in the
hippocampus during fear-dependent memory acquisition
(Mathew et al., 2016). At the same time, miR-153 inhibits
the expression of key components of the vesicular transport
system, reduces the level of the glutamate receptor A1 traf-
ficking and neurotransmitter release. On the other hand,
knockdown of miR-153 in the hippocampus of adult mice
leads to improvement in the fear memory. The authors ex-
plain the resulting contradiction by the fact that miR-153,
along with, possibly, other fear-induced miRNAs, acts as a
component of a feedback loop that blocks neuronal hyper-
activity by inhibiting the vesicular transport pathway (Ma-
thew et al., 2016). Dysregulation of miR-153 has been
associated with decreased learning and memory ability in
autistic mice (You et al., 2019). It has been shown that the
target of miR-153 is the LEPR (a leptin receptor) and the
JAK-STAT signaling pathway regulated by it. Overexpres-
sion of miR-153 suppresses LEPR and the JAK-STAT
signaling pathway, which leads to an increase in BDNF
expression, an increase in the proliferative capacity of hip-
pocampal neurons, and promotes LTM formation. That is,
the high expression of miR-153, and not its knockdown, as
stated in the work of Mathew et al. (Mathew et al., 2016),
improves LTM formation.

miR-182. An increase in the expression of this miRNA
in the hippocampus within the miR-183/96/182 miRNA
cluster promotes the hippocampus-dependent LTM forma-
tion (Woldemichael et al., 2016). On the contrary, in the
amygdala, during formation of amygdala-dependent LTM,
a decrease in the amount of miR-182 is noted, and its artifi-
cial overexpression leads to a disruption of LTM (Griggs et
al., 2013). The miR-182 targets in the amygdala are the key
actin-regulating proteins, cortactin and Racl. Interestingly,
another member of the miR-183/96/182 cluster, miR-96, is
not expressed in the amygdala. The mechanisms of indepen-
dent functioning of some microRNAs belonging to clusters
are currently not clear, but presumably, this phenomenon is
associated with the type of cells in which their differential
expression occurs (Banks et al., 2020).
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Thus, miR-132, miR-34, miR-137, miR-153, and miR-182
may influence LTM formation in both positive and negative
ways, depending on the learning paradigm and the brain
structures involved in learning. In addition, the effect of
microRNAs on memory may often depend on their concen-
tration. Thus, a moderate increase in miR-212/132 facilitates,
and an excessive increase in its expression negatively affects,
learning and memory (Benito et al., 2018). The important
role of miRNAs in LTM formation is also evidenced by the
recent studies related to sleep deprivation.

MicroRNAs, long-term memory and sleep
It is widely known that even a short period of sleep depri-
vation may impair memory formation. Sleep disturbance,
caused by emotional overload, the rugged rhythm of life and
chronic life stress, causes a decrease in performance and cog-
nitive functions in a significant number of the world popula-
tion. It is believed that one of the mechanisms of the effect
of'sleep deprivation on cognitive processes may be impaired
epigenetic regulation of gene expression, including genes
associated with microRNA dysfunction (Gaine et al., 2018).
Thus, the recent studies have shown that sleep deprivation
significantly changes the profiles of DNA methylation and,
accordingly, the synthesis of RNA, including microRNA
(Nilsson et al., 2016). On the other hand, miRNAs are
involved in the regulation of circadian rhythms that regu-
late the sleep and wakefulness cycles (Gaine et al., 2018).
Disruption of microRNA biogenesis may lead to changes in
the circadian rhythms and potentially affect cognitive abili-
ties. In patients with depression and late insomnia, genetic
variants of miR-182 miRNA were found that induce inhibi-
tion of expression of circadian clock proteins CLOCK and
DSIP (Saus et al., 2010). In addition, impaired expression
of miR-182, along with miR-132 and miR-124, is observed
during the paradoxical sleep phase deprivation and leads
to disruption of hippocampus-dependent LTM (Karabulut
etal., 2019). At the same time, the synthesis of the growth
factor BDNF, which is involved in memory consolidation
during sleep, changes markedly (Karabulut etal., 2019). The
relation of these microRNAs with numerous cognitive pro-
cesses has been described in the chapters above. In addition,
miR-132 is a key pathway for coupling the circadian rhythm
and the rhythm of cognitive abilities (Aten et al., 2018).
Sleep deprivation also disrupts the content of miRNAs
let-7b, miR-125a, and miR-138 (Gaine et al., 2018). It is
believed that induction of the epigenetic processes caused
by sleep deprivation is carried out by signaling cascades that
regulate synaptic plasticity (Havekes, Abel, 2017). Sleep
disturbance is common in people with fear-related anxiety
disorders. It has been shown that some microRNAs, such
as miR-132 and miR-144-3p, play an important role both
in generation of fear and in suppression of memories of it
and are associated with consolidation and reconsolidation of
LTM, respectively (Murphy, Singewald, 2018). At the same
time, impaired miR-132 expression is observed during sleep
deprivation and is accompanied by cognitive dysfunctions
(Karabulut et al., 2019).
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Perspectives for improving cognitive processes

by influencing microRNA biogenesis

In recent years, more and more data have been accumulated
that microRNAs play an important role in cognitive disor-
ders in neurological, neurodegenerative, and age-related
dysfunctions (Ramakrishna, Muddashetty, 2019; Wingo et
al., 2020; Wu, Kuo, 2020). Coverage of these issues requires
a separate review. However, it is important to note that there
is an increasing number of predictions regarding the pos-
sibility of therapeutic treatment of a number of cognitive
impairments by influencing microRNA biogenesis (Cao,
Zhen, 2018; Paul et al., 2020; Wingo et al., 2020). Optimism
in this area is determined by the emergence of new genome
editing technologies using the CRISPR/Cas9 system adapted
to microRNA (Aquino-Jarquin, 2017). In addition, CRISPR-
Cas9 systems have been developed, which allows editing of
the genome in a specific cell population without affecting
other organs and tissues (Hirosawa et al., 2017; Hoffmann
et al., 2019). These technologies are especially important
in studying the mechanisms of the central nervous system
functioning and the prospects for therapeutic intervention
in the pathogenesis of brain diseases.

On the other hand, it has been known for a long time that
cognitive processes can be improved through intensification
of cognitive processes, fine motor movement work or physi-
cal exercise. In recent years, it has been shown that mental
and physical activities improve the epigenetic processes in-
volved in formation of LTM and protect neurons from death.
For example, running exercise helps to improve memory
in mice with traumatic brain injury (Hu T. et al., 2015). At
the same time, there is a decrease in the content of miR-21
and an increase in the number of branch points of the hip-
pocampal neurons. Physical exercise also improves the
cognitive function in aged mice (Jessop, Toledo-Rodriguez,
2018). The process involves miR-137, which is associated
with good memory and neurogenesis in adults (the rate of
neurogenesis decreases with age). In addition, the possibility
of improving aging-related memory decline by enriching the
environment (a combination of cognitive training and phy-
sical exercise) has been shown (Jawaid et al., 2019). In this
case, an increase in the biogenesis of the miR-183/96/182
cluster is stimulated, which is closely associated with hip-
pocampus-dependent memory. Environmental enrichment
also attenuates mild cognitive impairment by activating the
SIRT1/miR-134 signaling pathway in the hippocampus, fol-
lowed by ultrastructure changes of synapses and dendritic
remodeling (Shen et al., 2019). Moreover, it has been shown
that an environmental enrichment is capable of enhancing
synaptic plasticity and cognition even in the next generation,
with sperm RNA, and especially miRs 212/132, mediating
the effect (Benito et al., 2018). Widely available ways to
improve cognitive abilities are shown in Fig. 2.

Mental work, physical exercise, manual creativity, light
stress, good sleep and a good mood are able to protect
neurons from death and improve cognitive processes via
epigenetic mechanisms on chromatin remodeling and
miRNA expression.
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Fig. 2. Ways to improve cognitive abilities.

Conclusion

Thus, miRNAs are widely involved in the regulation of gene
expression required for the long-term memory formation.
Further study of ways to regulate microRNA activity in in-
dividual cell populations, as well as detailed study of their
targets using bioinformatics analysis methods, will help to
better understand the molecular genetic basis of long-term
memory and potentially to develop methods of treatment in
case of cognitive dysfunctions in neurodegenerative patho-
logies and senile dementia.

References

AiJ., Sun L.H., Che H., Zhang R., Zhang T.Z., Wu W.C., Su X.L.,
Chen X., Yang G., Li K., Wang N., Ban T., Bao Y.N., Guo F.,
Niu H.F,, Zhu Y.L., Zhu X.Y., Zhao S.G., Yang B.F. MicroRNA-
195 protects against dementia induced by chronic brain hypo-
perfusion via its anti-amyloidogenic effect in rats. J. Neurosci.
2013;33(9):3989-4001. DOI 10.1523/JINEUROSCI.1997-12.2013.
https://www.ncbi.nlm.nih. gov/pmc/articles/PMC6619292.

Aksoy-Aksel A., Zampa F., Schratt G. MicroRNAs and synaptic
plasticity — a mutual relationship. Philos. Trans. R. Soc. Lond. B
Biol. Sci. 2014;369(1652):20130515. DOI 10.1098/rstb.2013.
0515. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4142036.

Aquino-Jarquin G. Emerging role of CRISPR/Cas9 technology for
microRNAs editing in cancer research. Cancer Res. 2017;77(24):
6812-6817. DOI 10.1158/0008-5472.CAN-17-2142. https://
cancerres.aacrjournals.org/content/77/24/6812.long.

Aten S., Hansen K.F., Snider K., Wheaton K., Kalidindi A., Gar-
cia A., Alzate-Correa D., Hoyt K.R., Obrietan K. miR-132 cou-
ples the circadian clock to daily rhythms of neuronal plasticity
and cognition. Learn. Mem. 2018;25(5):214-229. DOI 10.1101/
Im.047191.117. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC
5903403.

Baby N., Alagappan N., Dheen S.T., Sajikumar S. MicroRNA-134-5p
inhibition rescues long-term plasticity and synaptic tagging/cap-
ture in an AB(1-42)-induced model of Alzheimer’s disease. Aging
Cell. 2020;19(1):e13046. DOI 10.1111/acel.13046. https://www.
ncbi.nlm.nih.gov/pmc/articles/PMC6974725.

Bacek S., Hwan C., Kim J. Ebf3-miR218 regulation is involved in
the development of dopaminergic neurons. Brain Res. 2014;1587:

BaBunosckuii xKypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 2020 - 24 - 8


https://pubmed.ncbi.nlm.nih.gov/23447608/?from_term=Yang+G&from_cauthor_id=23447608&from_pos=1
https://pubmed.ncbi.nlm.nih.gov/23447608/?from_term=Yang+G&from_cauthor_id=23447608&from_pos=1
https://pubmed.ncbi.nlm.nih.gov/23447608/?from_term=Yang+G&from_cauthor_id=23447608&from_pos=1
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6619292/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4142036/
https://pubmed.ncbi.nlm.nih.gov/29208606/?from_term=CRISPR+-+Based+Genome+Editing+MicroRNA+&from_pos=7
https://pubmed.ncbi.nlm.nih.gov/29208606/?from_term=CRISPR+-+Based+Genome+Editing+MicroRNA+&from_pos=7
https://cancerres.aacrjournals.org/content/77/24/6812.long
https://cancerres.aacrjournals.org/content/77/24/6812.long
https://www.ncbi.nlm.nih.gov/pubmed/?term=Aten S%5BAuthor%5D&cauthor=true&cauthor_uid=29661834
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hansen KF%5BAuthor%5D&cauthor=true&cauthor_uid=29661834
https://www.ncbi.nlm.nih.gov/pubmed/?term=Snider K%5BAuthor%5D&cauthor=true&cauthor_uid=29661834
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wheaton K%5BAuthor%5D&cauthor=true&cauthor_uid=29661834
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kalidindi A%5BAuthor%5D&cauthor=true&cauthor_uid=29661834
https://www.ncbi.nlm.nih.gov/pubmed/?term=Garcia A%5BAuthor%5D&cauthor=true&cauthor_uid=29661834
https://www.ncbi.nlm.nih.gov/pubmed/?term=Garcia A%5BAuthor%5D&cauthor=true&cauthor_uid=29661834
https://www.ncbi.nlm.nih.gov/pubmed/?term=Alzate-Correa D%5BAuthor%5D&cauthor=true&cauthor_uid=29661834
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hoyt KR%5BAuthor%5D&cauthor=true&cauthor_uid=29661834
https://www.ncbi.nlm.nih.gov/pubmed/?term=Obrietan K%5BAuthor%5D&cauthor=true&cauthor_uid=29661834
https://www.ncbi.nlm.nih.gov/pubmed/29661834
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5903403/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5903403/
https://www.ncbi.nlm.nih.gov/pubmed/?term=Baby N%5BAuthor%5D&cauthor=true&cauthor_uid=31625272
https://www.ncbi.nlm.nih.gov/pubmed/?term=Alagappan N%5BAuthor%5D&cauthor=true&cauthor_uid=31625272
https://www.ncbi.nlm.nih.gov/pubmed/?term=Dheen ST%5BAuthor%5D&cauthor=true&cauthor_uid=31625272
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sajikumar S%5BAuthor%5D&cauthor=true&cauthor_uid=31625272
https://www.ncbi.nlm.nih.gov/pubmed/31625272
https://www.ncbi.nlm.nih.gov/pubmed/31625272
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6974725/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6974725/
http://www.ncbi.nlm.nih.gov/pubmed?term=Baek S%5BAuthor%5D&cauthor=true&cauthor_uid=25192643
http://www.ncbi.nlm.nih.gov/pubmed?term=Hwan C%5BAuthor%5D&cauthor=true&cauthor_uid=25192643
http://www.ncbi.nlm.nih.gov/pubmed?term=Kim J%5BAuthor%5D&cauthor=true&cauthor_uid=25192643
http://www.ncbi.nlm.nih.gov/pubmed/25192643

JI.H. TpnHKkeBMnY

23-32. DOI 10.1016/j.brainres.2014.08.059. https://pubmed.ncbi.
nlm.nih.gov/25192643.

Banks S.A., Pierce M.L., Soukup G.A. Sensational microRNAs:
neurosensory roles of the microRNA-183 family. Mol. Neurobiol.
2020;57(1):358-371. DOI 10.1007/s12035-019-01717-3. https://
link.springer.com/article/10.1007%2Fs12035-019-01717-3.

Bartel D.P. MicroRNAs: target recognition and regulatory functions.
Cell. 2009;136:215-233. DOI 10.1016/j.cell.2009.01.002. https://
www.ncbi.nlm.nih.gov/pmc/articles/PMC3794896.

Benito E., Kerimoglu C., Ramachandran B., Pena-Centeno T.,
Jain G., Stilling R.M., Islam M.R., Capece V., Zhou Q., Ed-
bauer D., Dean C., Fischer A. RNA-dependent intergenerational
inheritance of enhanced synaptic plasticity after environmen-
tal enrichment. Cell Rep. 2018;23(2):546-554. DOI 10.1016/
j.celrep.2018.03.059. https://www.ncbi.nlm.nih.gov/pmc/articles/
PMC5912949.

Berger S.L. The complex language of chromatin regulation during
transcription. Nature. 2007;447(7143):407-412. DOI 10.1038/
nature 05915. https://pubmed.ncbi.nlm.nih.gov/17522673.

Beveridge N.J., Gardiner E., Carroll A.P., Tooney P.A., Cairns M.J.
Schizophrenia is associated with an increase in cortical microRNA
biogenesis. Mol. Psychiatry. 2010;15(12):1176-1189. DOI
10.1038/mp.2009.84. https://www.ncbi.nlm.nih.gov/pmc/articles/
PMC299 0188.

Bicker S., Khudayberdiev S., Weiss K., Zocher K., Baumeister S.,
Schratt G. The DEAH-box helicase DHX36 mediates dendritic lo-
calization of the neuronal precursor-microRNA-134. Genes Dev.
2013;27(9):991-996. DOI 10.1101/gad.211243.112. https://www.
ncbi.nlm.nih.gov/pmc/articles/PMC3656329.

Bitetti A., Mallory A.C., Golini E., Carrieri C., Carrefio Gutiér-
rez H., Perlas E., Pérez-Rico Y.A., Tocchini-Valentini G.P., En-
right A.J., Norton W.H.J., Mandillo S., O’Carroll D., Shkuma-
tava A. MicroRNA degradation by a conserved target RNA regu-
lates animal behavior. Nat. Struct. Mol. Biol. 2018;25(3):244-251.
DOI 10.1038/s41594-018-0032-x. https://pubmed.ncbi.nlm.nih.
2g0ov/29483647.

Cao T., Zhen X.C. Dysregulation of miRNA and its potential thera-
peutic application in schizophrenia. CNS Neurosci. Ther. 2018;
24(7):586-597. DOI 10.1111/cns.12840.

Chen W., Qin C. General hallmarks of microRNAs in brain evolution
and development. RNA Biol. 2015;12(7):701-708. DOI 10.1080/
15476286.2015.1048954. https://www.ncbi.nlm.nih.gov/pmc/
articles/PMC4615839.

Cheng Y., Wang Z.M., Tan W., Wang X., Li Y., Bai B,, Li Y.,
Zhang S.F., Yan H.L., Chen Z.L., Liu CM., Mi T.W,, Xia S.,
Zhou Z., Liu A., Tang G.B., Liu C., Dai Z.J., Wang Y.Y., Wang H.,
Wang X., Kang Y., Lin L., Chen Z., Xie N., Sun Q., Xie W.,
Peng J., Chen D., Teng Z.Q., Jin P. Partial loss of psychiatric
risk gene miR137 in mice causes repetitive behavior and im-
pairs sociability and learning via increased PdelOa. Naz. Neuro-
sci. 2018;21(12):1689-1703. DOI 10.1038/s41593-018-0261-7.
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6261680.

Chmielarz P., Konovalova J., Najam S.S., Alter H., Piepponen T.P.,
Erfle H., Sonntag K.C., Schiitz G., Vinnikov [.A., Domanskyi A.
Dicer and microRNAs protect adult dopamine neurons. Cel/ Death
Dis. 2017;8(5):¢2813. DOI 10.1038/cddis.2017.214. https:/www.
ncbi.nlm.nih.gov/pmc/articles/PMC5520729.

Danka Mohammed C.P., Park J.S., Nam H.G., Kim K. MicroRNAs
in brain aging. Mech. Ageing Dev. 2017;168:3-9. DOI 10.1016/
j-mad.2017.01.007. https://pubmed.ncbi.nlm.nih.gov/28119001.

Dias B.G., Goodman J.V., Ahluwalia R., Easton A.E., Andero R.,
Ressler K.J. Amygdala-dependent fear memory consolidation via
miR-34a and notch signaling. Neuron. 2014;83(4):906-918. DOI

Ponb mukpoPHK B 06yueHun
1 ONrOBPEMEeHHON NamATh

2020
248

10.1016/j.neuron.2014.07.019.
pmc/articles/PMC4172484.

Dimmeler S., Nicotera P. MicroRNAs in age-related diseases. EMBO
Mol. Med. 2013;5(2):180-190. DOI 10.1002/emmm.201201986.
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3569636.

Fiorenza A., Barco A. Role of Dicer and the miRNA system in neu-
ronal plasticity and brain function. Neurobiol. Learn. Mem. 2016;
135:3-12. DOI 10.1016/j.nlm.2016.05.001. https://pubmed.ncbi.
nlm.nih.gov/27163737.

Fiorenza A., Lopez-Atalaya J.P.,, Rovira V., Scandaglia M., Geijo-
Barrientos E., Barco A. Blocking miRNA biogenesis in adult
forebrain neurons enhances seizure susceptibility, fear memory,
and food intake by increasing neuronal responsiveness. Cereb.
Cortex. 2016;26:1619-1633. DOI 10.1093/cercor/bhu332. https://
pubmed.ncbi.nlm.nih.gov/25595182.

Fischer A. Epigenetic memory: the Lamarckian brain. EMBO J.
2014;33(9):945-967. DOI 10.1002/embj.201387637. https://www.
ncbi.nlm.nih.gov/pmc/articles/PMC4193930.

Gaine M.E., Chatterjee S., Abel T. Sleep deprivation and the epige-
nome. Front. Neural Circuits. 2018;12:14. DOI 10.3389/fncir.2018.
00014. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5835037.

Gantier M.P., McCoy C.E., Rusinova I., Saulep D., Wang D., Xu D.,
Irving A.T., Behlke M.A., Hertzog P.J., Mackay F., Williams B.R.
Analysis of microRNA turnover in mammalian cells following
Dicerl ablation. Nucleic Acids Res. 2011;39(13):5692-5703. DOI
10.1093/nar/gkr148. https://www.ncbi.nlm.nih.gov/pme/articles/
PMC3141258.

Gao J., Wang W.Y., Mao Y.W., Griff J., Guan J.S., Pan L., Mak G.,
Kim D., Su S.C., Tsai L.H. A novel pathway regulates memory and
plasticity via SIRT1 and miR-134. Nature. 2010;466(7310):1105-
1109. DOI 10.1038/nature09271. https://www.ncbi.nlm.nih.gov/
pmc/articles/PMC2928875.

Griggs E.M., Young E.J., Rumbaugh G., Miller C.A. MicroRNA-182
regulates amygdala-dependent memory formation. Version 2.
J. Neurosci. 2013;33(4):1734-1740. DOI 10.1523/INEUROSCI.
2873-12.2013. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC
3711533.

Grinkevich L.N. Epigenetics and long-term memory formation. Ros-
siyskiy Fiziologicheskiy Zhurnal im. .M. Sechenova = 1.M. Seche-
nov Physiological Journal. 2012;98(5):553-574. https://pubmed.
ncbi.nlm.nih.gov/22838191/ (in Russian)

Grinkevich L.N. Influence of PLL treatment on the long-term mem-
ory formation in Helix mollusk. Meditsynskiy Akademicheskiy
Zhurnal = Medical Academic Journal. 2019;19(4):87-92. DOI
10.17816/MAJ19080. https:/journals.eco-vector.com/MAJ/article/
view/19080. (in Russian)

Gu Q.H,, Yu D., Hu Z, Liu X., Yang Y., Luo Y., Zhu J,, Li Z.
miR-26a and miR-384-5p are required for LTP maintenance and
spine enlargement. Nat. Commun. 2015;6:6789. DOI 10.1038/
ncomms7789.  https://www.ncbi.nlm.nih.gov/pme/articles/PMC
4403380.

Gu X, XuY., Xue WZ., WuY., Ye Z., Xiao G., Wang H.L. Interplay
of miR-137 and EZH2 contributes to the genome-wide redistri-
bution of H3K27me3 underlying the Pb-induced memory impair-
ment. Cell Death Dis. 2019;10(9):671. DOI 10.1038/s41419-019-
1912. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6739382.

Hansen K.F., Sakamoto K., Wayman G.A., Impey S., Obrietan K.
Transgenic miR132 alters neuronal spine density and impairs
novel object recognition memory. PLoS One. 2010;5(11):e15497.
DOI 10.1371/journal.pone.0015497. https://www.ncbi.nlm.nih.
gov/pmc/articles/PMC2993964.

Havekes R., Abel T. The tired hippocampus: the molecular impact
of sleep deprivation on hippocampal function. Curr. Opin. Neu-

https://www.ncbi.nlm.nih.gov/

FEHETUKA YEJTIOBEKA / HUMAN GENETICS 893


https://pubmed.ncbi.nlm.nih.gov/25192643/
https://pubmed.ncbi.nlm.nih.gov/25192643/
https://pubmed.ncbi.nlm.nih.gov/31359323/
https://pubmed.ncbi.nlm.nih.gov/31359323/
https://link.springer.com/article/10.1007%2Fs12035-019-01717-3
https://link.springer.com/article/10.1007%2Fs12035-019-01717-3
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3794896/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3794896/
https://www.ncbi.nlm.nih.gov/pubmed/?term=Benito E%5BAuthor%5D&cauthor=true&cauthor_uid=29642011
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kerimoglu C%5BAuthor%5D&cauthor=true&cauthor_uid=29642011
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ramachandran B%5BAuthor%5D&cauthor=true&cauthor_uid=29642011
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pena-Centeno T%5BAuthor%5D&cauthor=true&cauthor_uid=29642011
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jain G%5BAuthor%5D&cauthor=true&cauthor_uid=29642011
https://www.ncbi.nlm.nih.gov/pubmed/?term=Stilling RM%5BAuthor%5D&cauthor=true&cauthor_uid=29642011
https://www.ncbi.nlm.nih.gov/pubmed/?term=Islam MR%5BAuthor%5D&cauthor=true&cauthor_uid=29642011
https://www.ncbi.nlm.nih.gov/pubmed/?term=Capece V%5BAuthor%5D&cauthor=true&cauthor_uid=29642011
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zhou Q%5BAuthor%5D&cauthor=true&cauthor_uid=29642011
https://www.ncbi.nlm.nih.gov/pubmed/?term=Edbauer D%5BAuthor%5D&cauthor=true&cauthor_uid=29642011
https://www.ncbi.nlm.nih.gov/pubmed/?term=Edbauer D%5BAuthor%5D&cauthor=true&cauthor_uid=29642011
https://www.ncbi.nlm.nih.gov/pubmed/?term=Dean C%5BAuthor%5D&cauthor=true&cauthor_uid=29642011
https://www.ncbi.nlm.nih.gov/pubmed/?term=Fischer A%5BAuthor%5D&cauthor=true&cauthor_uid=29642011
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5912949/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5912949/
https://pubmed.ncbi.nlm.nih.gov/17522673/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2990188/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2990188/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3656329/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3656329/
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bitetti A%5BAuthor%5D&cauthor=true&cauthor_uid=29483647
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mallory AC%5BAuthor%5D&cauthor=true&cauthor_uid=29483647
https://www.ncbi.nlm.nih.gov/pubmed/?term=Golini E%5BAuthor%5D&cauthor=true&cauthor_uid=29483647
https://www.ncbi.nlm.nih.gov/pubmed/?term=Carrieri C%5BAuthor%5D&cauthor=true&cauthor_uid=29483647
https://www.ncbi.nlm.nih.gov/pubmed/?term=Carre�o Guti�rrez H%5BAuthor%5D&cauthor=true&cauthor_uid=29483647
https://www.ncbi.nlm.nih.gov/pubmed/?term=Carre�o Guti�rrez H%5BAuthor%5D&cauthor=true&cauthor_uid=29483647
https://www.ncbi.nlm.nih.gov/pubmed/?term=Perlas E%5BAuthor%5D&cauthor=true&cauthor_uid=29483647
https://www.ncbi.nlm.nih.gov/pubmed/?term=P�rez-Rico YA%5BAuthor%5D&cauthor=true&cauthor_uid=29483647
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tocchini-Valentini GP%5BAuthor%5D&cauthor=true&cauthor_uid=29483647
https://www.ncbi.nlm.nih.gov/pubmed/?term=Enright AJ%5BAuthor%5D&cauthor=true&cauthor_uid=29483647
https://www.ncbi.nlm.nih.gov/pubmed/?term=Enright AJ%5BAuthor%5D&cauthor=true&cauthor_uid=29483647
https://www.ncbi.nlm.nih.gov/pubmed/?term=Norton WHJ%5BAuthor%5D&cauthor=true&cauthor_uid=29483647
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mandillo S%5BAuthor%5D&cauthor=true&cauthor_uid=29483647
https://www.ncbi.nlm.nih.gov/pubmed/?term=O'Carroll D%5BAuthor%5D&cauthor=true&cauthor_uid=29483647
https://www.ncbi.nlm.nih.gov/pubmed/?term=Shkumatava A%5BAuthor%5D&cauthor=true&cauthor_uid=29483647
https://www.ncbi.nlm.nih.gov/pubmed/?term=Shkumatava A%5BAuthor%5D&cauthor=true&cauthor_uid=29483647
https://pubmed.ncbi.nlm.nih.gov/29483647/
https://pubmed.ncbi.nlm.nih.gov/29483647/
https://www.ncbi.nlm.nih.gov/pubmed/?term=Cao T%5BAuthor%5D&cauthor=true&cauthor_uid=29529357
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zhen XC%5BAuthor%5D&cauthor=true&cauthor_uid=29529357
https://www.ncbi.nlm.nih.gov/pubmed/29529357
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chen W%5BAuthor%5D&cauthor=true&cauthor_uid=26000728
https://www.ncbi.nlm.nih.gov/pubmed/?term=Qin C%5BAuthor%5D&cauthor=true&cauthor_uid=26000728
https://www.ncbi.nlm.nih.gov/pubmed/26000728
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4615839/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4615839/
https://www.ncbi.nlm.nih.gov/pubmed/30397325
https://www.ncbi.nlm.nih.gov/pubmed/30397325
https://www.ncbi.nlm.nih.gov/pubmed/30397325
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6261680/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5520729/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5520729/
https://www.ncbi.nlm.nih.gov/pubmed/28119001
https://www.ncbi.nlm.nih.gov/pubmed/28119001
https://pubmed.ncbi.nlm.nih.gov/28119001/
http://www.ncbi.nlm.nih.gov/pubmed?term=Dias BG%5BAuthor%5D&cauthor=true&cauthor_uid=25123309
http://www.ncbi.nlm.nih.gov/pubmed?term=Ressler KJ%5BAuthor%5D&cauthor=true&cauthor_uid=25123309
http://www.ncbi.nlm.nih.gov/pubmed/25123309
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172484/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172484/
https://www.ncbi.nlm.nih.gov/pubmed/?term=Dimmeler S%5BAuthor%5D&cauthor=true&cauthor_uid=23339066
https://www.ncbi.nlm.nih.gov/pubmed/?term=Nicotera P%5BAuthor%5D&cauthor=true&cauthor_uid=23339066
https://www.ncbi.nlm.nih.gov/pubmed/?term=Dimmeler+S%2C+Nicotera+P.+MicroRNAs+in+age-related+diseases
https://www.ncbi.nlm.nih.gov/pubmed/?term=Dimmeler+S%2C+Nicotera+P.+MicroRNAs+in+age-related+diseases
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3569636/
https://pubmed.ncbi.nlm.nih.gov/27163737/
https://pubmed.ncbi.nlm.nih.gov/27163737/
https://pubmed.ncbi.nlm.nih.gov/25595182/
https://pubmed.ncbi.nlm.nih.gov/25595182/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4193930/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4193930/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5835037/
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gantier MP%5BAuthor%5D&cauthor=true&cauthor_uid=21447562
https://www.ncbi.nlm.nih.gov/pubmed/?term=McCoy CE%5BAuthor%5D&cauthor=true&cauthor_uid=21447562
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rusinova I%5BAuthor%5D&cauthor=true&cauthor_uid=21447562
https://www.ncbi.nlm.nih.gov/pubmed/?term=Saulep D%5BAuthor%5D&cauthor=true&cauthor_uid=21447562
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wang D%5BAuthor%5D&cauthor=true&cauthor_uid=21447562
https://www.ncbi.nlm.nih.gov/pubmed/?term=Xu D%5BAuthor%5D&cauthor=true&cauthor_uid=21447562
https://www.ncbi.nlm.nih.gov/pubmed/?term=Irving AT%5BAuthor%5D&cauthor=true&cauthor_uid=21447562
https://www.ncbi.nlm.nih.gov/pubmed/?term=Behlke MA%5BAuthor%5D&cauthor=true&cauthor_uid=21447562
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hertzog PJ%5BAuthor%5D&cauthor=true&cauthor_uid=21447562
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mackay F%5BAuthor%5D&cauthor=true&cauthor_uid=21447562
https://www.ncbi.nlm.nih.gov/pubmed/?term=Williams BR%5BAuthor%5D&cauthor=true&cauthor_uid=21447562
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gantier+MP%2C+Mccoy+CE%2C+Rusinova+I%2C+et+al.+Analysis+of+microRNA+turnover+in+mammalian+cells+following+Dicer1+ablation
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3141258/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3141258/
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gao J%5BAuthor%5D&cauthor=true&cauthor_uid=20622856
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wang WY%5BAuthor%5D&cauthor=true&cauthor_uid=20622856
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mao YW%5BAuthor%5D&cauthor=true&cauthor_uid=20622856
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gr%C3%A4ff J%5BAuthor%5D&cauthor=true&cauthor_uid=20622856
https://www.ncbi.nlm.nih.gov/pubmed/?term=Guan JS%5BAuthor%5D&cauthor=true&cauthor_uid=20622856
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pan L%5BAuthor%5D&cauthor=true&cauthor_uid=20622856
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mak G%5BAuthor%5D&cauthor=true&cauthor_uid=20622856
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kim D%5BAuthor%5D&cauthor=true&cauthor_uid=20622856
https://www.ncbi.nlm.nih.gov/pubmed/?term=Su SC%5BAuthor%5D&cauthor=true&cauthor_uid=20622856
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tsai LH%5BAuthor%5D&cauthor=true&cauthor_uid=20622856
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gao+J+et+al.%2C+2010.+A+novel+pathway+regulates+memory+and+plasticity+via+SIRT1+and+miR-134.+Nature+466%3A+1105.
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2928875/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2928875/
https://pubmed.ncbi.nlm.nih.gov/23345246/?from_term=Griggs+EM&from_cauthor_id=23345246&from_pos=1
https://pubmed.ncbi.nlm.nih.gov/23345246/?from_term=Griggs+EM&from_cauthor_id=23345246&from_pos=1
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3711533/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3711533/
https://pubmed.ncbi.nlm.nih.gov/22838191/
https://pubmed.ncbi.nlm.nih.gov/22838191/
https://www.elibrary.ru/contents.asp?id=42615098&selid=42615108
https://doi.org/10.17816/MAJ19080
https://journals.eco-vector.com/MAJ/article/view/19080
https://journals.eco-vector.com/MAJ/article/view/19080
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4403380/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4403380/
https://pubmed.ncbi.nlm.nih.gov/31511494/?from_term=miR-137+memory&from_pos=1
https://pubmed.ncbi.nlm.nih.gov/31511494/?from_term=miR-137+memory&from_pos=1
https://pubmed.ncbi.nlm.nih.gov/31511494/?from_term=miR-137+memory&from_pos=1
https://pubmed.ncbi.nlm.nih.gov/31511494/?from_term=miR-137+memory&from_pos=1
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6739382/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2993964/
https://dx.doi.org/10.1371%2Fjournal.pone.0015497
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2993964/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2993964/

L.N. Grinkevich

robiol. 2017;44:13-19. DOI 10.1016/j.conb.2017.02.005. https://
www.ncbi.nlm.nih.gov/pmc/articles/PMC5511071.

He L., Hannon G.J. MicroRNAs: small RNAs with a big role in gene
regulation. Nat. Rev. Genet. 2004;5(7):522-531. DOI 10.1038/
nrg1379. https://pubmed.ncbi.nlm.nih.gov/15211354.

Hébert S.S., Papadopoulou A.S., Smith P., Galas M.C., Planel E., Si-
lahtaroglu A.N., Sergeant N., Buée L., De Strooper B. Genetic ab-
lation of Dicer in adult forebrain neurons results in abnormal tau
hyperphosphorylation and neurodegeneration. Hum. Mol. Genet.
2010;19(20):3959-3969. DOI  10.1093/hmg/ddq311. https://
pubmed.ncbi.nlm.nih.gov/20660113.

Hirosawa M., Fujita Y., Parr C.J.C., Hayashi K., Kashida S., Hot-
ta A., Woltjen K., Saito H. Cell-type-specific genome editing with
a microRNA-responsive CRISPR-Cas9 switch. Nucleic Acids
Res. 2017;45(13):e118. DOI 10.1093/nar/gkx309. https://www.
ncbi.nlm.nih.gov/pmc/articles/PMC5570128.

Hoffmann M.D., Aschenbrenner S., Grosse S., Rapti K., Domen-
ger C., Fakhiri J., Mastel M., Borner K., Eils R., Grimm D., Nio-
pek D. Cell-specific CRISPR-Cas9 activation by microRNA-de-
pendent expression of anti-CRISPR protein. Nucleic Acids Res.
2019;47(13):¢75. DOI 10.1093/nar/gkz271. https://www.ncbi.
nlm.nih.gov/pmc/articles/PMC6648350.

Hu T., Zhou F.J., Chang Y.F., Li Y.S., Liu G.C., Hong Y., Chen H.L.,
Xiyang Y.B., Bao T.H. miR21 is associated with the cognitive
improvement following voluntary running wheel exercise in
TBI mice. J. Mol. Neurosci. 2015;57(1):114-122. DOI 10.1007/
$12031-015-0584-8. https://pubmed.ncbi.nlm.nih.gov/26018937.

Hu Z., Li Z. miRNAs in synapse development and synaptic plas-
ticity. Curr. Opin. Neurobiol. 2017;45:24-31. DOI 10.1016/
j.conb.2017.02.014.  https://www.ncbi.nlm.nih.gov/pmc/articles/
PMC5554733.

Hu Z., Yu D., Gu Q.H., Yang Y., Tu K., Zhu J., Li Z. miR-191 and
miR-135 are required for long-lasting spine remodelling associ-
ated with synaptic long-term depression. Nat. Commun. 2014;5:
3263. DOI 10.1038/ncomms4263. https://www.ncbi.nlm.nih.gov/
pmc/articles/PMC3951436.

Hu Z., Zhao J., Hu T., Luo Y., Zhu J., Li Z. miR-501-3p mediates
the activity-dependent regulation of the expression of AMPA re-
ceptor subunit GluAl. J. Cell Biol. 2015;208(7):949-959. DOI
10.1083/jcb.201404092. https://www.ncbi.nlm.nih.gov/pme/
articles/PMC43 84731.

Inukai S., de Lencastre A., Turner M., Slack F. Novel microRNAs
differentially expressed during aging in the mouse brain. PLoS
One. 2012;7:¢40028. DOI 10.1371/journal.pone.0040028. https://
www.ncbi.nlm.nih.gov/pmc/articles/PMC3402511.

Jawaid A., Woldemichael B.T., Kremer E.A., Laferriere F., Gaur N,
Afroz T., Polymenidou M., Mansuy .M. Memory decline and its
reversal in aging and neurodegeneration involve miR-183/96/182
biogenesis. Mol. Neurobiol. 2019;56(5):3451-3462. DOI 10.1007/
$12035-018-1314-3. https://pubmed.ncbi.nlm.nih.gov/30128653.

Jessop P., Toledo-Rodriguez M. Hippocampal TET! and TET2 ex-
pression and DNA hydroxymethylation are affected by physical
exercise in aged mice. Front. Cell Dev. Biol. 2018;6:45. DOI
10.3389/fcell.2018.00045.  https://www.ncbi.nlm.nih.gov/pme/
articles/PMC 5922180.

John B., Enright A.J., Aravin A., Tuschl T., Sander C., Marks D.S.
Human microRNA targets. PLoS Biol. 2004;2(11):e363. DOI
10.1371/journal.pbio.0020363.  https://www.ncbi.nlm.nih.gov/
pmc/articles/PMC521178.

Jovasevic V., Corcoran K.A., Leaderbrand K., Yamawaki N., Gue-
dea A.L., Chen H.J., Shepherd G.M., Radulovic J. GABAergic
mechanisms regulated by miR-33 encode state-dependent fear.
Nat. Neurosci. 2015;18(9):1265-1271. DOI 10.1038/nn.4084.
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4880671.

894

The role of microRNAs
in learning and long-term memory

Kandel E. Small neuron systems. In: The Brain. Scientific American,
1979.

Kandel E. The molecular biology of memory: cAMP, PKA, CRE,
CREB-1, CREB-2, and CPEB. Mol. Brain. 2012;5(14):1-12. DOI
10.1186/1756-6606-5-1426. https://www.ncbi.nlm.nih.gov/pme/
articles/PMC3514210.

Karabulut S., Korkmaz Bayramov K., Bayramov R., Ozdemir F.,
Topaloglu T., Ergen E., Yazgan K., Taskiran A.S., Golgeli A. Ef-
fects of post-learning REM sleep deprivation on hippocampal
plasticity-related genes and microRNA in mice. Behav. Brain Res.
2019;361:7-13. DOI 10.1016/j.bbr.2018.12.045. https://pubmed.
ncbi.nlm.nih.gov/30594545.

Kim S., Kaang B.K. Epigenetic regulation and chromatin remodel-
ing in learning and memory. Exp. Mol. Med. 2017;49(1):e281.
DOI 10.1038/emm.2016.140. https://www.ncbi.nlm.nih.gov/pmc/
articles/PMC5291841.

Konopka W., Kiryk A., Novak M., Herwerth M., Parkitna J.R.,
Wawrzyniak M., Kowarsch A., Michaluk P., Dzwonek J., Arns-
perger T., Wilczynski G., Merkenschlager M., Theis F.J., Kohr G.,
Kaczmarek L., Schiitz G. MicroRNA loss enhances learning and
memory in mice. J. Neurosci. 2010;30(44):14835-14842. DOI
10.1523/JINEUROSCI.3030-10.2010. https://www.ncbi.nlm.nih.
gov/pmc/articles/PMC6633640.

Korneev S.A., Vavoulis D.V., Naskar S., Dyakonova V.E., Ke-
menes I., Kemenes G. A CREB2-targeting microRNA is required
for long-term memory after single-trial learning. Sci. Rep. 2018;
8(1):3950. DOI 10.1038/s41598-018-22278-w. https://www.ncbi.
nlm.nih.gov/pmc/articles/PMC5834643.

Lee R.C., Feinbaum R.L., Ambros V. The C. elegans heterochronic
gene lin-4 encodes small RNAs with antisense complementar-
ity to lin-14. Cell. 1993;75(5):843-854. DOI 10.1016/0092-8674
(93)90529-y. https://pubmed.ncbi.nlm.nih.gov/8252621.

Lee S.T., Chu K., Jung K.H., Kim J.H., Huh J.Y., Yoon H., Park D.K.,
Lim J.Y., Kim J.M., Jeon D., Ryu H., Lee S.K., Kim M., Roh J.K.
miR-206 regulates brain-derived neurotrophic factor in Alzhei-
mer disease model. Ann. Neurol. 2012;72:269-277. DOI 10.1002/
ana.23588. https://pubmed.ncbi.nlm.nih.gov/22926857.

Lesseur C., Paquette A.G., Marsit C.J. Epigenetic regulation of in-
fant neurobehavioral outcomes. Med. Epigenet. 2014;2(2):71-79.
DOI 10.1159/000361026. https://www.ncbi.nlm.nih.gov/pme/
articles/PMC4116357.

Leung A.K.L. The whereabouts of microRNA actions: cytoplasm and
beyond. Trends Cell Biol. 2015;25(10):601-610. DOI 10.1016/
j-tcb.2015.07.005.  https://www.ncbi.nlm.nih.gov/pmc/articles/
PMC4610250.

Lewis B.P., Shih I.-H., Jones-Rhoades M.W., Bartel D.P., Burge C.B.
Prediction of mammalian microRNA targets. Cell. 2003;115(7):
787-798. DOI 10.1016/s0092-8674(03)01018-3. https://pubmed.
ncbi.nlm.nih.gov/14697198.

Lin Q., Ponnusamy R., Widagdo J., Choi J.A., Ge W., Probst C.,
Buckley T., Lou M., Bredy T.W., Fanselow M.S., Ye K., Sun Y.E.
MicroRNA-mediated disruption of dendritogenesis during a criti-
cal period of development influences cognitive capacity later in
life. Proc. Natl. Acad. Sci. USA. 2017;114(34):9188-9193. DOI
10.1073/pnas.1706069114.  https://www.ncbi.nlm.nih.gov/pmc/
articles/PMC 5576812.

Liu E.Y., Cali C.P,, Lee E.B. RNA metabolism in neurodegenerative
disease. Dis. Model. Mech. 2017;10(5):509-518. DOI 10.1242/
dmm.028613.  https://www.ncbi.nlm.nih.gov/pmc/articles/PMC
5451173.

Lugli G., Larson J., Martone M.E., Jones Y., Smalheiser N.R. Dicer
and elF2c are enriched at postsynaptic densities in adult mouse
brain and are modified by neuronal activity in a calpain-depen-
dent manner. J. Neurochem. 2005;94(4):896-905. DOI 10.1111/

BaBunosckuii xKypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 2020 - 24 - 8


file:///D:/d/%d0%92%d0%9e%d0%93%d0%98%d0%a1/nih.gov/pmc/articles/PMC5511071/
file:///D:/d/%d0%92%d0%9e%d0%93%d0%98%d0%a1/nih.gov/pmc/articles/PMC5511071/
https://pubmed.ncbi.nlm.nih.gov/15211354/
https://pubmed.ncbi.nlm.nih.gov/20660113/
https://pubmed.ncbi.nlm.nih.gov/20660113/
https://pubmed.ncbi.nlm.nih.gov/28525578/?from_term=CRISPR+-+Based+Genome+Editing+MicroRNA+&from_pos=1
https://pubmed.ncbi.nlm.nih.gov/28525578/?from_term=CRISPR+-+Based+Genome+Editing+MicroRNA+&from_pos=1
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5570128/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5570128/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6648350/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6648350/
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hu T%5BAuthor%5D&cauthor=true&cauthor_uid=26018937
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zhou FJ%5BAuthor%5D&cauthor=true&cauthor_uid=26018937
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chang YF%5BAuthor%5D&cauthor=true&cauthor_uid=26018937
https://www.ncbi.nlm.nih.gov/pubmed/?term=Li YS%5BAuthor%5D&cauthor=true&cauthor_uid=26018937
https://www.ncbi.nlm.nih.gov/pubmed/?term=Liu GC%5BAuthor%5D&cauthor=true&cauthor_uid=26018937
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hong Y%5BAuthor%5D&cauthor=true&cauthor_uid=26018937
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chen HL%5BAuthor%5D&cauthor=true&cauthor_uid=26018937
https://www.ncbi.nlm.nih.gov/pubmed/?term=Xiyang YB%5BAuthor%5D&cauthor=true&cauthor_uid=26018937
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bao TH%5BAuthor%5D&cauthor=true&cauthor_uid=26018937
https://www.ncbi.nlm.nih.gov/pubmed/26018937
https://pubmed.ncbi.nlm.nih.gov/26018937/
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hu Z%5BAuthor%5D&cauthor=true&cauthor_uid=28334640
https://www.ncbi.nlm.nih.gov/pubmed/?term=Li Z%5BAuthor%5D&cauthor=true&cauthor_uid=28334640
https://www.ncbi.nlm.nih.gov/pubmed/28334640
https://www.ncbi.nlm.nih.gov/pubmed/28334640
https://www.ncbi.nlm.nih.gov/pubmed/28334640
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5554733/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5554733/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3951436/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3951436/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4384731/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4384731/
https://dx.doi.org/10.1371%2Fjournal.pone.0040028
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3402511/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3402511/
https://www.ncbi.nlm.nih.gov/pubmed/?term=Memory+decline+and+its+reversal+in+aging+and+neurodegeneration+involve+miR-183%2F96%2F182+biogenesis
https://pubmed.ncbi.nlm.nih.gov/30128653/
https://pubmed.ncbi.nlm.nih.gov/29732371/?from_term=miR-137+memory&from_page=2&from_pos=1
https://pubmed.ncbi.nlm.nih.gov/29732371/?from_term=miR-137+memory&from_page=2&from_pos=1
https://pubmed.ncbi.nlm.nih.gov/29732371/?from_term=miR-137+memory&from_page=2&from_pos=1
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5922180/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5922180/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC521178/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC521178/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4880671/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3514210/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3514210/
https://www.ncbi.nlm.nih.gov/pubmed/?term=Karabulut S%5BAuthor%5D&cauthor=true&cauthor_uid=30594545
https://www.ncbi.nlm.nih.gov/pubmed/?term=Korkmaz Bayramov K%5BAuthor%5D&cauthor=true&cauthor_uid=30594545
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bayramov R%5BAuthor%5D&cauthor=true&cauthor_uid=30594545
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ozdemir F%5BAuthor%5D&cauthor=true&cauthor_uid=30594545
https://www.ncbi.nlm.nih.gov/pubmed/?term=Topaloglu T%5BAuthor%5D&cauthor=true&cauthor_uid=30594545
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ergen E%5BAuthor%5D&cauthor=true&cauthor_uid=30594545
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yazgan K%5BAuthor%5D&cauthor=true&cauthor_uid=30594545
https://www.ncbi.nlm.nih.gov/pubmed/?term=Taskiran AS%5BAuthor%5D&cauthor=true&cauthor_uid=30594545
https://www.ncbi.nlm.nih.gov/pubmed/?term=Golgeli A%5BAuthor%5D&cauthor=true&cauthor_uid=30594545
https://www.ncbi.nlm.nih.gov/pubmed/30594545
https://pubmed.ncbi.nlm.nih.gov/30594545/
https://pubmed.ncbi.nlm.nih.gov/30594545/
https://pubmed.ncbi.nlm.nih.gov/28082740/
https://pubmed.ncbi.nlm.nih.gov/28082740/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5291841/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5291841/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6633640/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6633640/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5834643/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5834643/
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lee RC%5BAuthor%5D&cauthor=true&cauthor_uid=8252621
https://www.ncbi.nlm.nih.gov/pubmed/?term=Feinbaum RL%5BAuthor%5D&cauthor=true&cauthor_uid=8252621
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ambros V%5BAuthor%5D&cauthor=true&cauthor_uid=8252621
https://pubmed.ncbi.nlm.nih.gov/8252621/
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lee ST%5BAuthor%5D&cauthor=true&cauthor_uid=22926857
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chu K%5BAuthor%5D&cauthor=true&cauthor_uid=22926857
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jung KH%5BAuthor%5D&cauthor=true&cauthor_uid=22926857
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kim JH%5BAuthor%5D&cauthor=true&cauthor_uid=22926857
https://www.ncbi.nlm.nih.gov/pubmed/?term=Huh JY%5BAuthor%5D&cauthor=true&cauthor_uid=22926857
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yoon H%5BAuthor%5D&cauthor=true&cauthor_uid=22926857
https://www.ncbi.nlm.nih.gov/pubmed/?term=Park DK%5BAuthor%5D&cauthor=true&cauthor_uid=22926857
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lim JY%5BAuthor%5D&cauthor=true&cauthor_uid=22926857
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kim JM%5BAuthor%5D&cauthor=true&cauthor_uid=22926857
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jeon D%5BAuthor%5D&cauthor=true&cauthor_uid=22926857
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ryu H%5BAuthor%5D&cauthor=true&cauthor_uid=22926857
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lee SK%5BAuthor%5D&cauthor=true&cauthor_uid=22926857
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kim M%5BAuthor%5D&cauthor=true&cauthor_uid=22926857
https://www.ncbi.nlm.nih.gov/pubmed/?term=Roh JK%5BAuthor%5D&cauthor=true&cauthor_uid=22926857
https://pubmed.ncbi.nlm.nih.gov/22926857/
https://www.ncbi.nlm.nih.gov/pubmed/25089125
https://www.ncbi.nlm.nih.gov/pubmed/25089125
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4116357/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4116357/
https://www.ncbi.nlm.nih.gov/pubmed/26410406
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4610250/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4610250/
https://pubmed.ncbi.nlm.nih.gov/14697198/
https://pubmed.ncbi.nlm.nih.gov/14697198/
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lin Q%5BAuthor%5D&cauthor=true&cauthor_uid=28790189
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ponnusamy R%5BAuthor%5D&cauthor=true&cauthor_uid=28790189
https://www.ncbi.nlm.nih.gov/pubmed/?term=Widagdo J%5BAuthor%5D&cauthor=true&cauthor_uid=28790189
https://www.ncbi.nlm.nih.gov/pubmed/?term=Choi JA%5BAuthor%5D&cauthor=true&cauthor_uid=28790189
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ge W%5BAuthor%5D&cauthor=true&cauthor_uid=28790189
https://www.ncbi.nlm.nih.gov/pubmed/?term=Probst C%5BAuthor%5D&cauthor=true&cauthor_uid=28790189
https://www.ncbi.nlm.nih.gov/pubmed/?term=Buckley T%5BAuthor%5D&cauthor=true&cauthor_uid=28790189
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lou M%5BAuthor%5D&cauthor=true&cauthor_uid=28790189
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bredy TW%5BAuthor%5D&cauthor=true&cauthor_uid=28790189
https://www.ncbi.nlm.nih.gov/pubmed/?term=Fanselow MS%5BAuthor%5D&cauthor=true&cauthor_uid=28790189
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ye K%5BAuthor%5D&cauthor=true&cauthor_uid=28790189
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sun YE%5BAuthor%5D&cauthor=true&cauthor_uid=28790189
https://www.ncbi.nlm.nih.gov/pubmed/28790189
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5576812/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5576812/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5451173/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5451173/

JI.H. TpnHKkeBMnY

j-1471-4159.2005.03224.x. https://pubmed.ncbi.nlm.nih.gov/160
92937.

Malmevik J., Petri R., Knauff P., Brattas P.L., Akerblom M., Jakob-
sson J. Distinct cognitive effects and underlying transcriptome
changes upon inhibition of individual miRNAs in hippocampal
neurons. Sci. Rep. 2016;6:19879. DOI 10.1038/srep19879. https://
www.ncbi.nlm.nih.gov/pmc/articles/PMC4728481.

Mathew R.S., Tatarakis A., Rudenko A., Johnson-Venkatesh E.M.,
Yang Y.J., Murphy E.A., Todd T.P., Schepers S.T., Siuti N., Mar-
torell A.J., Falls W.A., Hammack S.E., Walsh C.A., Tsai L.H.,
Umemori H., Bouton M.E., Moazed D.A. microRNA negative
feedback loop downregulates vesicle transport and inhibits fear
memory. eLife. 2016;5:¢22467. DOI 10.7554/eLife.22467. https:/
www.ncbi.nlm.nih.gov/pme/articles/PMC5293492.

McNeill E., Van Vactor D. MicroRNAs shape the neuronal landscape.
Neuron. 2012;75(3):363-379. DOI 10.1016/j.neuron.2012.07.005.
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3441179.

Murphy C.P., Singewald N. Potential of microRNAs as novel targets
in the alleviation of pathological fear. Genes Brain Behav. 2018;
17(3):e12427. DOI 10.1111/gbb.12427. https://onlinelibrary.
wiley.com/doi/full/10.1111/gbb.12427.

Nilsson E.K., Bostrom A.E., Mwinyi J., Schith H.B. Epigenomics
of total acute sleep deprivation in relation to genome-wide DNA
methylation profiles and RNA expression. OMICS. 2016;20(6):
334-342. DOI 10.1089/0mi.2016.0041. https://www.ncbi.nlm.nih.
gov/pmc/articles/PMC4926204.

Nudelman A.S., DiRocco D.P., Lambert T.J., Garelick M.G., Le J.,
Nathanson N.M., Storm D.R. Neuronal activity rapidly induces
transcription of the CREB-regulated microRNA-132, in vivo.
Hippocampus. 2010;20(4):492-498. DOI 10.1002/hipo.20646.
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2847008.

Paul S., Reyes P.R., Garza B.S., Sharma A. MicroRNAs and child
neuropsychiatric disorders: a brief review. Neurochem. Res.
2020;45(2):232-240. DOT 10.1007/s11064-019-02917-y. https://
pubmed.ncbi.nlm.nih.gov/31773374.

Rajasethupathy P., Fiumara F., Sheridan R., Betel D., Puthanveet-
til S.V,, Russo J.J., Sander C., Tuschl T., Kandel E. Characteriza-
tion of small RNAs in Aplysia reveals a role for miR-124 in con-
straining synaptic plasticity through CREB. Neuron. 2009;63(6):
803-817. DOI 10.1016/j.neuron.2009.05.029. https://www.ncbi.
nlm.nih.gov/pmc/articles/PMC2875683.

Ramakrishna S., Muddashetty R.S. Emerging role of microRNAs
in dementia. J. Mol. Biol. 2019;431(9):1743-1762. DOI 10.1016/
jjmb.2019.01.046. https://pubmed.ncbi.nlm.nih.gov/30738891.

Reinhart B.J., Slack F.J., Basson M., Pasquinelli A.E., Bettinger J.C.,
Rougvie A.E., Horvitz H.R., Ruvkun G. The 21-nucleotide let-7
RNA regulates developmental timing in Caenorhabditis elegans.
Nature.  2000;403(6772):901-906. DOI  10.1038/35002607.
https://pubmed.ncbi.nlm.nih.gov/10706289.

Saus E., Soria V., Escaramis G., Vivarelli F., Crespo J.M., Kager-
bauer B., Menchon J.M., Urretavizcaya M., Gratacos M., Es-
tivill X. Genetic variants and abnormal processing of pre-miR-
182, a circadian clock modulator, in major depression patients
with late insomnia. Hum. Mol. Genet. 2010;19(20):4017-4025.
DOI 10.1093/hmg/ddq316. https://pubmed.ncbi.nlm.nih.gov/206
56788.

Selbach M., Schwanhédusser B., Thierfelder N., Fang Z., Khanin R.,
Rajewsky N. Widespread changes in protein synthesis induced by
microRNAs. Nature. 2008;455(7209):58-63. DOI 10.1038/nature
07228. https://pubmed.ncbi.nlm.nih.gov/18668040.

Shen J., Li Y., Qu C., Xu L., Sun H., Zhang J. The enriched envi-
ronment ameliorates chronic unpredictable mild stress-induced
depressive-like behaviors and cognitive impairment by activating

2020
248

Ponb mukpoPHK B 06yueHun
1 ONrOBPEMEeHHON NamATh

the SIRT1/miR-134 signaling pathway in hippocampus. J. Affect
Disord. 2019;248:81-90. DOI 10.1016/j.jad.2019.01.031. https://
pubmed.ncbi.nlm.nih.gov/30716615.

Siegert S., Seo J., Kwon E.J., Rudenko A., Cho S., Wang W., Flood Z.,
Martorell A.J., Ericsson M., Mungenast A.E., Tsai L.H. The schi-
zophrenia risk gene product miR-137 alters presynaptic plasticity.
Nat. Neurosci. 2015;18(7):1008-1016. DOI 10.1038/nn.4023.
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4506960.

Sim S.E., Lim C.S., Kim J.I., Seo D., Chun H., Yu N.K., Lee J.,
Kang S.J., Ko H.G., Choi J.H., Kim T., Jang E.H., Han J.,
Bak M.S., Park J.E., Jang D.J., Baek D., Lee Y.S., Kaang B.K. The
brain-enriched microRNA miR-9-3p regulates synaptic plasticity
and memory. J. Neurosci. 2016;36(33):8641-8652. DOI 10.1523/
JNEUROSCI.0630-16.2016.  https://www.ncbi.nlm.nih.gov/pmc/
articles/PMC6601897.

Smalheiser N.R. The RNA-centred view of the synapse: non-coding
RNAs and synaptic plasticity. Philos. Trans. R. Soc. Lond. B Biol.
Sci. 2014;369(1652):20130504. DOI 10.1098/rstb.2013.0504.
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4142025.

Smith A.C.W., Kenny P.J. MicroRNAs regulate synaptic plasti-
city underlying drug addiction. Genes Brain Behav. 2018;17(3):
e12424. DOI 10.1111/gbb.12424. https://www.ncbi.nlm.nih.gov/
pmc/articles/PMC5837931.

Sweatt J.D. Neural plasticity and behavior — sixty years of concep-
tual advances. J. Neurochem. 2016;139(Suppl.2):179-199. DOI
10.1111/jnc.13580. https://pubmed.ncbi.nlm.nih.gov/26875778.

Vetere G., Barbato C., Pezzola S., Frisone P., Aceti M., Ciotti M.,
Cogoni C., Ammassari-Teule M., Ruberti F. Selective inhibition
of miR-92 in hippocampal neurons alters contextual fear memory.
Hippocampus. 2014;24(12):1458-1465. DOI 10.1002/hip0.22326.
https://pubmed.ncbi.nlm.nih.gov/24990518.

Wang C.N., Wang Y.J., Wang H., Song L., Chen Y., Wang J.L., Ye Y.,
Jiang B. The anti-dementia effects of Donepezil involve miR-206-
3p in the hippocampus and cortex. Biol. Pharm. Bull. 2017;40(4):
465-472. DOI 10.1248/bpb.b16-00898. https://pubmed.ncbi.nlm.
nih.gov/28123152.

Wang X., Liu D., Huang H.Z., Wang Z.H., Hou T.Y., Yang X,
Pang P., Wei N., Zhou Y.F., Dupras M.J., Calon F., Wang Y.T.,
Man H.Y., Chen J.G., Wang J.Z., Hébert S.S., Lu Y., Zhu L.Q.
A novel microRNA-124/PTPN1 signal pathway mediates synap-
tic and memory deficits in Alzheimer’s disease. Biol. Psychiatry.
2018;83(5):395-405. DOI 10.1016/j.biopsych.2017.07.023. https://
pubmed.ncbi.nlm.nih.gov/28965984.

Wingo T.S., Yang J., Fan W., Min Canon S., Gerasimov E.S., Lori A.,
Logsdon B., Yao B., Seyfried N.T., Lah J.J., Levey A.I., Boyle P.A.,
Schneider J.A., De Jager P.L., Bennett D.A., Wingo A.P. Brain
microRNAs associated with late-life depressive symptoms are
also associated with cognitive trajectory and dementia. NPJ Ge-
nom. Med. 2020;5:6. DOI 10.1038/s41525-019-0113-8. https://
www.ncbi.nlm.nih.gov/pmc/articles/PMC7004995.

Woldemichael B.T., Jawaid A., Kremer E.A., Gaur N., Krol J., Mar-
chais A., Mansuy .M. The microRNA cluster miR-183/96/182
contributes to long-term memory in a protein phosphatase 1-de-
pendent manner. Nat. Commun. 2016;7:12594. DOI 10.1038/
ncomms12594. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC
5007330.

Wu Y.Y., Kuo H.C. Functional roles and networks of non-cod-
ing RNAs in the pathogenesis of neurodegenerative diseases.
J. Biomed. Sci. 2020;27(1):49. DOI 10.1186/s12929-020-00636-z.
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7140545.

Yan H.L., Sun X.W., Wang ZM., Liu PP, Mi T.W, Liu C,
Wang Y.Y., He X.C., DuH.Z., Liu C.M., Teng Z.Q. MiR-137 defi-
ciency causes anxiety-like behaviors in mice. Front. Mol. Neuro-

FEHETUKA YEJTIOBEKA / HUMAN GENETICS 895


https://pubmed.ncbi.nlm.nih.gov/16092937/
https://pubmed.ncbi.nlm.nih.gov/16092937/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4728481/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4728481/
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mathew RS%5BAuthor%5D&cauthor=true&cauthor_uid=28001126
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tatarakis A%5BAuthor%5D&cauthor=true&cauthor_uid=28001126
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rudenko A%5BAuthor%5D&cauthor=true&cauthor_uid=28001126
https://www.ncbi.nlm.nih.gov/pubmed/?term=Johnson-Venkatesh EM%5BAuthor%5D&cauthor=true&cauthor_uid=28001126
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yang YJ%5BAuthor%5D&cauthor=true&cauthor_uid=28001126
https://www.ncbi.nlm.nih.gov/pubmed/?term=Murphy EA%5BAuthor%5D&cauthor=true&cauthor_uid=28001126
https://www.ncbi.nlm.nih.gov/pubmed/?term=Todd TP%5BAuthor%5D&cauthor=true&cauthor_uid=28001126
https://www.ncbi.nlm.nih.gov/pubmed/?term=Schepers ST%5BAuthor%5D&cauthor=true&cauthor_uid=28001126
https://www.ncbi.nlm.nih.gov/pubmed/?term=Siuti N%5BAuthor%5D&cauthor=true&cauthor_uid=28001126
https://www.ncbi.nlm.nih.gov/pubmed/?term=Martorell AJ%5BAuthor%5D&cauthor=true&cauthor_uid=28001126
https://www.ncbi.nlm.nih.gov/pubmed/?term=Martorell AJ%5BAuthor%5D&cauthor=true&cauthor_uid=28001126
https://www.ncbi.nlm.nih.gov/pubmed/?term=Falls WA%5BAuthor%5D&cauthor=true&cauthor_uid=28001126
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hammack SE%5BAuthor%5D&cauthor=true&cauthor_uid=28001126
https://www.ncbi.nlm.nih.gov/pubmed/?term=Walsh CA%5BAuthor%5D&cauthor=true&cauthor_uid=28001126
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tsai LH%5BAuthor%5D&cauthor=true&cauthor_uid=28001126
https://www.ncbi.nlm.nih.gov/pubmed/?term=Umemori H%5BAuthor%5D&cauthor=true&cauthor_uid=28001126
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bouton ME%5BAuthor%5D&cauthor=true&cauthor_uid=28001126
https://www.ncbi.nlm.nih.gov/pubmed/?term=Moazed D%5BAuthor%5D&cauthor=true&cauthor_uid=28001126
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5293492/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5293492/
https://pubmed.ncbi.nlm.nih.gov/22884321/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3441179/
https://www.ncbi.nlm.nih.gov/pubmed/?term=Murphy CP%5BAuthor%5D&cauthor=true&cauthor_uid=29028150
https://www.ncbi.nlm.nih.gov/pubmed/?term=Singewald N%5BAuthor%5D&cauthor=true&cauthor_uid=29028150
https://www.ncbi.nlm.nih.gov/pubmed/29028150
https://onlinelibrary.wiley.com/doi/full/10.1111/gbb.12427
https://onlinelibrary.wiley.com/doi/full/10.1111/gbb.12427
https://pubmed.ncbi.nlm.nih.gov/27310475/?from_term=sleep+deprivation+NOTCH&from_pos=3
https://pubmed.ncbi.nlm.nih.gov/27310475/?from_term=sleep+deprivation+NOTCH&from_pos=3
https://pubmed.ncbi.nlm.nih.gov/27310475/?from_term=sleep+deprivation+NOTCH&from_pos=3
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4926204/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4926204/
https://www.ncbi.nlm.nih.gov/pubmed/?term=Nudelman AS%5BAuthor%5D&cauthor=true&cauthor_uid=19557767
https://www.ncbi.nlm.nih.gov/pubmed/?term=DiRocco DP%5BAuthor%5D&cauthor=true&cauthor_uid=19557767
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lambert TJ%5BAuthor%5D&cauthor=true&cauthor_uid=19557767
https://www.ncbi.nlm.nih.gov/pubmed/?term=Garelick MG%5BAuthor%5D&cauthor=true&cauthor_uid=19557767
https://www.ncbi.nlm.nih.gov/pubmed/?term=Le J%5BAuthor%5D&cauthor=true&cauthor_uid=19557767
https://www.ncbi.nlm.nih.gov/pubmed/?term=Nathanson NM%5BAuthor%5D&cauthor=true&cauthor_uid=19557767
https://www.ncbi.nlm.nih.gov/pubmed/?term=Storm DR%5BAuthor%5D&cauthor=true&cauthor_uid=19557767
https://www.ncbi.nlm.nih.gov/pubmed/?term=Nudelman+miR-132++2010
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2847008/
https://www.ncbi.nlm.nih.gov/pubmed/?term=Paul S%5BAuthor%5D&cauthor=true&cauthor_uid=31773374
https://www.ncbi.nlm.nih.gov/pubmed/?term=Reyes PR%5BAuthor%5D&cauthor=true&cauthor_uid=31773374
https://www.ncbi.nlm.nih.gov/pubmed/?term=Garza BS%5BAuthor%5D&cauthor=true&cauthor_uid=31773374
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sharma A%5BAuthor%5D&cauthor=true&cauthor_uid=31773374
https://www.ncbi.nlm.nih.gov/pubmed/31773374
https://pubmed.ncbi.nlm.nih.gov/31773374/
https://pubmed.ncbi.nlm.nih.gov/31773374/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2875683/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2875683/
https://www.ncbi.nlm.nih.gov/pubmed/30738891
https://www.ncbi.nlm.nih.gov/pubmed/30738891
https://pubmed.ncbi.nlm.nih.gov/30738891/
https://www.ncbi.nlm.nih.gov/pubmed/?term=Reinhart BJ%5BAuthor%5D&cauthor=true&cauthor_uid=10706289
https://www.ncbi.nlm.nih.gov/pubmed/?term=Slack FJ%5BAuthor%5D&cauthor=true&cauthor_uid=10706289
https://www.ncbi.nlm.nih.gov/pubmed/?term=Basson M%5BAuthor%5D&cauthor=true&cauthor_uid=10706289
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pasquinelli AE%5BAuthor%5D&cauthor=true&cauthor_uid=10706289
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bettinger JC%5BAuthor%5D&cauthor=true&cauthor_uid=10706289
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rougvie AE%5BAuthor%5D&cauthor=true&cauthor_uid=10706289
https://www.ncbi.nlm.nih.gov/pubmed/?term=Horvitz HR%5BAuthor%5D&cauthor=true&cauthor_uid=10706289
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ruvkun G%5BAuthor%5D&cauthor=true&cauthor_uid=10706289
https://pubmed.ncbi.nlm.nih.gov/10706289/
https://pubmed.ncbi.nlm.nih.gov/20656788/
https://pubmed.ncbi.nlm.nih.gov/20656788/
https://pubmed.ncbi.nlm.nih.gov/18668040/
https://pubmed.ncbi.nlm.nih.gov/18668040/
https://pubmed.ncbi.nlm.nih.gov/18668040/
https://www.ncbi.nlm.nih.gov/pubmed/?term=Shen J%5BAuthor%5D&cauthor=true&cauthor_uid=30716615
https://www.ncbi.nlm.nih.gov/pubmed/?term=Li Y%5BAuthor%5D&cauthor=true&cauthor_uid=30716615
https://www.ncbi.nlm.nih.gov/pubmed/?term=Qu C%5BAuthor%5D&cauthor=true&cauthor_uid=30716615
https://www.ncbi.nlm.nih.gov/pubmed/?term=Xu L%5BAuthor%5D&cauthor=true&cauthor_uid=30716615
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sun H%5BAuthor%5D&cauthor=true&cauthor_uid=30716615
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zhang J%5BAuthor%5D&cauthor=true&cauthor_uid=30716615
https://www.ncbi.nlm.nih.gov/pubmed/30716615
https://www.ncbi.nlm.nih.gov/pubmed/30716615
https://pubmed.ncbi.nlm.nih.gov/30716615/
https://pubmed.ncbi.nlm.nih.gov/30716615/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4506960/
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sim SE%5BAuthor%5D&cauthor=true&cauthor_uid=27535911
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lim CS%5BAuthor%5D&cauthor=true&cauthor_uid=27535911
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kim JI%5BAuthor%5D&cauthor=true&cauthor_uid=27535911
https://www.ncbi.nlm.nih.gov/pubmed/?term=Seo D%5BAuthor%5D&cauthor=true&cauthor_uid=27535911
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chun H%5BAuthor%5D&cauthor=true&cauthor_uid=27535911
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yu NK%5BAuthor%5D&cauthor=true&cauthor_uid=27535911
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lee J%5BAuthor%5D&cauthor=true&cauthor_uid=27535911
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kang SJ%5BAuthor%5D&cauthor=true&cauthor_uid=27535911
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ko HG%5BAuthor%5D&cauthor=true&cauthor_uid=27535911
https://www.ncbi.nlm.nih.gov/pubmed/?term=Choi JH%5BAuthor%5D&cauthor=true&cauthor_uid=27535911
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kim T%5BAuthor%5D&cauthor=true&cauthor_uid=27535911
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jang EH%5BAuthor%5D&cauthor=true&cauthor_uid=27535911
https://www.ncbi.nlm.nih.gov/pubmed/?term=Han J%5BAuthor%5D&cauthor=true&cauthor_uid=27535911
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bak MS%5BAuthor%5D&cauthor=true&cauthor_uid=27535911
https://www.ncbi.nlm.nih.gov/pubmed/?term=Park JE%5BAuthor%5D&cauthor=true&cauthor_uid=27535911
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jang DJ%5BAuthor%5D&cauthor=true&cauthor_uid=27535911
https://www.ncbi.nlm.nih.gov/pubmed/?term=Baek D%5BAuthor%5D&cauthor=true&cauthor_uid=27535911
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lee YS%5BAuthor%5D&cauthor=true&cauthor_uid=27535911
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kaang BK%5BAuthor%5D&cauthor=true&cauthor_uid=27535911
https://www.ncbi.nlm.nih.gov/pubmed/27535911
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6601897/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6601897/
http://www.ncbi.nlm.nih.gov/pubmed?term=Smalheiser NR%5BAuthor%5D&cauthor=true&cauthor_uid=25135965
http://www.ncbi.nlm.nih.gov/pubmed/25135965
http://www.ncbi.nlm.nih.gov/pubmed/25135965
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4142025/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5837931/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5837931/
https://pubmed.ncbi.nlm.nih.gov/26875778/
https://pubmed.ncbi.nlm.nih.gov/26875778/
https://pubmed.ncbi.nlm.nih.gov/26875778/
https://pubmed.ncbi.nlm.nih.gov/24990518/
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wang CN%5BAuthor%5D&cauthor=true&cauthor_uid=28123152
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wang YJ%5BAuthor%5D&cauthor=true&cauthor_uid=28123152
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wang H%5BAuthor%5D&cauthor=true&cauthor_uid=28123152
https://www.ncbi.nlm.nih.gov/pubmed/?term=Song L%5BAuthor%5D&cauthor=true&cauthor_uid=28123152
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chen Y%5BAuthor%5D&cauthor=true&cauthor_uid=28123152
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wang JL%5BAuthor%5D&cauthor=true&cauthor_uid=28123152
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ye Y%5BAuthor%5D&cauthor=true&cauthor_uid=28123152
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jiang B%5BAuthor%5D&cauthor=true&cauthor_uid=28123152
https://www.ncbi.nlm.nih.gov/pubmed/28123152
https://pubmed.ncbi.nlm.nih.gov/28123152/
https://pubmed.ncbi.nlm.nih.gov/28123152/
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wang X%5BAuthor%5D&cauthor=true&cauthor_uid=28965984
https://www.ncbi.nlm.nih.gov/pubmed/?term=Liu D%5BAuthor%5D&cauthor=true&cauthor_uid=28965984
https://www.ncbi.nlm.nih.gov/pubmed/?term=Huang HZ%5BAuthor%5D&cauthor=true&cauthor_uid=28965984
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wang ZH%5BAuthor%5D&cauthor=true&cauthor_uid=28965984
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hou TY%5BAuthor%5D&cauthor=true&cauthor_uid=28965984
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yang X%5BAuthor%5D&cauthor=true&cauthor_uid=28965984
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pang P%5BAuthor%5D&cauthor=true&cauthor_uid=28965984
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wei N%5BAuthor%5D&cauthor=true&cauthor_uid=28965984
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zhou YF%5BAuthor%5D&cauthor=true&cauthor_uid=28965984
https://www.ncbi.nlm.nih.gov/pubmed/?term=Dupras MJ%5BAuthor%5D&cauthor=true&cauthor_uid=28965984
https://www.ncbi.nlm.nih.gov/pubmed/?term=Calon F%5BAuthor%5D&cauthor=true&cauthor_uid=28965984
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wang YT%5BAuthor%5D&cauthor=true&cauthor_uid=28965984
https://www.ncbi.nlm.nih.gov/pubmed/?term=Man HY%5BAuthor%5D&cauthor=true&cauthor_uid=28965984
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chen JG%5BAuthor%5D&cauthor=true&cauthor_uid=28965984
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wang JZ%5BAuthor%5D&cauthor=true&cauthor_uid=28965984
https://www.ncbi.nlm.nih.gov/pubmed/?term=H%C3%A9bert SS%5BAuthor%5D&cauthor=true&cauthor_uid=28965984
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lu Y%5BAuthor%5D&cauthor=true&cauthor_uid=28965984
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zhu LQ%5BAuthor%5D&cauthor=true&cauthor_uid=28965984
https://www.ncbi.nlm.nih.gov/pubmed/28965984
https://pubmed.ncbi.nlm.nih.gov/28965984/
https://pubmed.ncbi.nlm.nih.gov/28965984/
https://www.ncbi.nlm.nih.gov/pubmed/32047652
https://www.ncbi.nlm.nih.gov/pubmed/32047652
https://www.ncbi.nlm.nih.gov/pubmed/32047652
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7004995/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7004995/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5007330/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5007330/
https://pubmed.ncbi.nlm.nih.gov/32264890/
https://pubmed.ncbi.nlm.nih.gov/32264890/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7140545/

L.N. Grinkevich

sci. 2019;12:260. DOI 10.3389/fnmo1.2019.00260. https://www.
ncbi.nlm.nih.gov/pmc/articles/PMC6831983.

Yang Y., Shu X., Liu D., Shang Y., Wu Y., Pei L., Xu X,, Tian Q.,
Zhang J., Qian K., Wang Y.X., Petralia R.S., Tu W., Zhu L.Q.,
Wang J.Z., Lu Y. EPAC null mutation impairs learning and so-
cial interactions via aberrant regulation of miR-124 and Zif268
translation. Neuron. 2012;73(4):774-788. DOI 10.1016/j.neuron.
2012.02.003. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC33
07595.

You Y.H., Qin Z.Q., Zhang H.L., Yuan Z.H., Yu X. MicroRNA-153
promotes brain-derived neurotrophic factor and hippocampal

ORCIDID
L.N. Grinkevich orcid.org/0000-0003-3744-5946

The role of microRNAs
in learning and long-term memory

neuron proliferation to alleviate autism symptoms through inhi-
bition of JAK-STAT pathway by LEPR. Biosci. Rep. 2019;39(6):
BSR20181904. DOI 10.1042/BSR20181904. https://www.ncbi.
nlm.nih.gov/pmc/articles/PMC6591574.

Zovoilis A., Agbemenyah H.Y., Agis-Balboa R.C., Stilling R.M.,
Edbauer D., Rao P., Farinelli L., Delalle 1., Schmitt A., Falkai P.,
Bahari-Javan S., Burkhardt S., Sananbenesi F., Fischer A. Micro-
RNA-34c is a novel target to treat dementias. EMBO J. 2011;30:
4299-4308. DOI 10.1038/emboj.2011.327. https://www.ncbi.nlm.
nih.gov/pmec/articles/PMC3199394.

Acknowledgements. This work was supported by the Program of Fundamental Research of State Academies for 2013-2020 (GP-14, section 63).

Conflict of interest. The author declares no conflict of interest.
Received July 2, 2020. Revised October 11, 2020. Accepted October 15, 2020.

896 BaBunoBckuii XXypHan reHeTuku n cenekuyum / Vavilov Journal of Genetics and Breeding - 2020 - 24 - 8


https://www.ncbi.nlm.nih.gov/pubmed/?term=Yang Y%5BAuthor%5D&cauthor=true&cauthor_uid=22365550
https://www.ncbi.nlm.nih.gov/pubmed/?term=Shu X%5BAuthor%5D&cauthor=true&cauthor_uid=22365550
https://www.ncbi.nlm.nih.gov/pubmed/?term=Liu D%5BAuthor%5D&cauthor=true&cauthor_uid=22365550
https://www.ncbi.nlm.nih.gov/pubmed/?term=Shang Y%5BAuthor%5D&cauthor=true&cauthor_uid=22365550
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wu Y%5BAuthor%5D&cauthor=true&cauthor_uid=22365550
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pei L%5BAuthor%5D&cauthor=true&cauthor_uid=22365550
https://www.ncbi.nlm.nih.gov/pubmed/?term=Xu X%5BAuthor%5D&cauthor=true&cauthor_uid=22365550
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tian Q%5BAuthor%5D&cauthor=true&cauthor_uid=22365550
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zhang J%5BAuthor%5D&cauthor=true&cauthor_uid=22365550
https://www.ncbi.nlm.nih.gov/pubmed/?term=Qian K%5BAuthor%5D&cauthor=true&cauthor_uid=22365550
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wang YX%5BAuthor%5D&cauthor=true&cauthor_uid=22365550
https://www.ncbi.nlm.nih.gov/pubmed/?term=Petralia RS%5BAuthor%5D&cauthor=true&cauthor_uid=22365550
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tu W%5BAuthor%5D&cauthor=true&cauthor_uid=22365550
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zhu LQ%5BAuthor%5D&cauthor=true&cauthor_uid=22365550
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wang JZ%5BAuthor%5D&cauthor=true&cauthor_uid=22365550
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lu Y%5BAuthor%5D&cauthor=true&cauthor_uid=22365550
https://www.ncbi.nlm.nih.gov/pubmed/?term=EPAC+null+mutation+impairs+learning+and+social+interactions+via+aberrant+regulation+of+miR-124+and+Zif268+translation.
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3307595/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3307595/
https://www.ncbi.nlm.nih.gov/pubmed/?term=You YH%5BAuthor%5D&cauthor=true&cauthor_uid=30975733
https://www.ncbi.nlm.nih.gov/pubmed/?term=Qin ZQ%5BAuthor%5D&cauthor=true&cauthor_uid=30975733
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zhang HL%5BAuthor%5D&cauthor=true&cauthor_uid=30975733
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yuan ZH%5BAuthor%5D&cauthor=true&cauthor_uid=30975733
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yu X%5BAuthor%5D&cauthor=true&cauthor_uid=30975733
https://www.ncbi.nlm.nih.gov/pubmed/30975733
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6591574/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6591574/
https://www.ncbi.nlm.nih.gov/pubmed/?term=Agbemenyah HY%5BAuthor%5D&cauthor=true&cauthor_uid=21946562
https://www.ncbi.nlm.nih.gov/pubmed/?term=Agis-Balboa RC%5BAuthor%5D&cauthor=true&cauthor_uid=21946562
https://www.ncbi.nlm.nih.gov/pubmed/?term=Stilling RM%5BAuthor%5D&cauthor=true&cauthor_uid=21946562
https://www.ncbi.nlm.nih.gov/pubmed/?term=Edbauer D%5BAuthor%5D&cauthor=true&cauthor_uid=21946562
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rao P%5BAuthor%5D&cauthor=true&cauthor_uid=21946562
https://www.ncbi.nlm.nih.gov/pubmed/?term=Farinelli L%5BAuthor%5D&cauthor=true&cauthor_uid=21946562
https://www.ncbi.nlm.nih.gov/pubmed/?term=Delalle I%5BAuthor%5D&cauthor=true&cauthor_uid=21946562
https://www.ncbi.nlm.nih.gov/pubmed/?term=Schmitt A%5BAuthor%5D&cauthor=true&cauthor_uid=21946562
https://www.ncbi.nlm.nih.gov/pubmed/?term=Falkai P%5BAuthor%5D&cauthor=true&cauthor_uid=21946562
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bahari-Javan S%5BAuthor%5D&cauthor=true&cauthor_uid=21946562
https://www.ncbi.nlm.nih.gov/pubmed/?term=Burkhardt S%5BAuthor%5D&cauthor=true&cauthor_uid=21946562
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sananbenesi F%5BAuthor%5D&cauthor=true&cauthor_uid=21946562
https://www.ncbi.nlm.nih.gov/pubmed/?term=Fischer A%5BAuthor%5D&cauthor=true&cauthor_uid=21946562

