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Abstract—The paper summarizes data on the existence of evolutionarily fixed species balance of interactions
between peptides, RNA, and DNA that provide the stability of the development and functioning of tissues
and organs in ontogenesis. Identification of key structures that disturb this balance with aging can become a
basis for a specific targeted effect on reversible epigenetic mechanisms of their origin. Non-coding RNAs
that, in addition to the function of ribozymes and effectors of RNA interference, are capable of being trans-
lated into peptides, which can be the most convenient targets. The effect of the latter on non-coding RNAs
and involvement in the same biological processes can become a basis for a complex approach in the develop-
ment of new geroprotective drugs. It was suggested that peculiarities of the expression of non-coding RNAs
typical for a cell type and stage of development reflect transposon activation patterns (programmed at the
species level) required for setting of tissue-specific gene networks. This is caused by the formation of non-
coding RNAs from transposon transcripts that are regulators of the expression of protein-coding genes in suc-
cessive cell divisions.
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INTRODUCTION
Aging is a universal, evolutionary conservative, and

genetically controlled biological process characterized
by a cumulative decrease in physiological functions
and their coordination in the organism after reaching
adulthood. Aging is the main risk factor for the occur-
rence of diseases of cardiovascular, nervous, immune
systems, metabolic diseases, and cancer [33].
Genomic instability, telomere depletion, epigenetic
changes, loss of proteostasis, stem cell depletion,
changes in intercellular connections, and cellular
aging are typical molecular traits of aging [22]. Age-
related changes occur in the proteome and transcrip-
tome. Due to the creation of different projects such as
FANTOM (Functional Annotation of the Mamma-
lian Genome) and ENCODE (Encyclopedia of DNA
elements), it became known that approximately 98%
of nucleotide sequences (NSs) of mammalian
genomes are transcribed into countless multifunc-
tional forms of RNA molecules known as non-coding
RNAs (ncRNAs). They are divided into small
ncRNAs 20–30 nucleotides in size (they include
microRNA, piRNA, siRNA) and long ncRNAs
(lncRNAs) consisting of more than 200 nucleotides.
At the same time, only 1.5% of the genome is tran-
scribed into exons of protein-coding genes (PCGs).
Therefore, most NSs, which is a source of functional
ncRNAs, can be considered as potential targets to
study the mechanisms of aging. Indeed, in recent

years, data have been accumulated on the role of
lncRNA in these processes, many of which are evolu-
tionary conservative and specific for primates [33].
LncRNAs have common traits with coding mRNAs
(they are transcribed by RNA polymerase II, are
exposed to splicing and capping). However, lncRNAs
are expressed at a lower level and are involved in differ-
ent regulatory networks like ribozymes. This occurs
due to their ability to fold into complex three-dimen-
sional structures that bind to specific DNA, RNA,
and proteins [20].

Aging is associated with a progressive imbalance in
the functions of organs, tissues, and individual cells,
which leads to a decrease in immunity, cognitive func-
tions, stress resistance, interruption of blood flow, and
metabolism. At a molecular level, these processes are
caused by interrupting the synthesis of specific
lncRNAs (Fig. 1) that modulate the work of the genes
at transcriptional, post-transcriptional, and post-
translational levels. They can be expressed from inter-
genic regions (long intergenic noncoding RNA,
lincRNA), from the opposite mRNA strand (anti-
sense RNA, asRNA), from rudimentary genes that
lost their coding potential (pseudogene-encoded
lncRNA), from the introns of annotated genes (long
intronic lncRNA), from the promoters of PCG (pro-
moter-associated lncRNA), and splicing machine
(circular RNA, circRNA) [22]. Transposable elements
(TEs) that serve as the most important sources of ori-
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Fig. 1. Role of lncRNA in different mechanisms of aging regulation.
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gin and evolution of lncRNA are characterized by a
similar localization. Back in 2012 based on the analysis
of GENCODE data and RNA sequencing, it was
demonstrated that 41% of all lncRNA nucleotides
originated from TEs. Most (83%) of all known
lncRNAs contain at least one TE fragment [29].

TEs are genome regions that can move to other
loci. They are divided into two classes: I, retroele-
ments (REs) that are reproduced by copying and past-
ing using a reverse transcriptase and intermediate
RNA molecules; II, DNA-TEs moving through a cut-
ting and pasting mechanism using a transposase. REs
are divided into long terminal repeating (LTR)-con-
taining and non-LTR REs. The latter include long
interspersed nuclear elements (LINEs), which are
most common in the human genome [14]. The prod-
ucts of LINE transcription can directly function as
lncRNA affecting the expression of specific genes and
chromatin regions [25]. Human LTR-containing REs
include HERVH endogenous retroviruses that can
serve as lncRNA genes required to maintain the iden-
tity of embryonic stem cells [41].

LncRNAs are able to regulate the chromatin state
and methylation by recruiting remodeling factors in cis
and in trans; act as guides for targeting specific
genomic loci; mediate antisense interference for cod-
ing mRNAs; act as a carcass for the interaction of pro-
teins with transcription factors and chromatin modifi-
ers; and function as a bait (sponge) to inactivate
microRNA [20]. At a post-transcriptional level,
AD
lncRNA can pair with mRNA and regulate their trans-
lation and stability, as well as manage splicing and
translation by interference with RNA-binding pro-
teins. Some lncRNAs directly control protein metab-
olism, facilitating ubiquitination [22]. Like proteins,
lncRNAs have a modular organization due to individ-
ual domains that in combination determine the func-
tions of these molecules. There are at least two sepa-
rate mechanisms of realization of the effects of
lncRNA domains: (1) organization of specific second-
ary structure providing the interaction with protein
partners: (2) hybridization with other nucleic acids
based on complementarity of NSs [27]. In addition to
transcription by RNA polymerase II, formation of
5'-cap, and polyadenylation, lncRNAs are similar to
PCGs due to their regulation by transcription factors
p53, Oct, and Nanog. LncRNA genes are also charac-
terized by specific transcriptional chromatin marks:
trimethylation of H3K4 and H3K36, acetylation of
H3K9, methylation of CpG [33].

According to NONCODEv4 database
(http:www.noncode.org) [71], many lncRNAs in
human genome are evolutionarily new; out of them,
approximately 1/3 are primate-specific [9]. In 2020,
96308 human lncRNA genes were annotated in
NONCODEv4, which significantly exceeds the num-
ber of PCGs. The role of lncRNAs in aging is caused
by their involvement in the control of gene expression
during cell differentiation. The highest activity of
lncRNAs was detected in tissues, in which a maximal
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diversity of cell phenotypes is required to provide
organ functioning. These properties are possessed by
the brain for the work of which a huge number of neu-
rons differing in properties in its specific structures are
required [48]. In adult mice, 849 out of 1328 known
ncRNAs are expressed in the brain. Many of these
molecules are associated with specific neuroanatomi-
cal areas and cell types. The comparison of lncRNAs
expression profiled and PCGs associated with them
demonstrated the presence of relationships between
them according to cell type [47]. A decrease in cogni-
tive function and neurogenesis, increased risk of neu-
rodegenerative diseases are typical changes of human
brain with aging. These peculiarities are caused by
imbalance of epigenetic regulation and transcription,
as well as regular changes in coding and non-coding
regions of the genome. A key role in these processes is
played by lncRNAs that, as previously suggested, have
almost no ability to encode the protein [56]. However,
according to resent studies, the possibility of lncRNA
translation with the formation of peptides [6, 51, 70],
that can be promising objects for the development of
geroprotective preparations, was proven in several
works. It is necessary to take into account tissue-spe-
cific peculiarities of lncRNA transcription associated
with the effect of programmed activations of TEs that
are a kind of drivers for regulation of lncRNAs and
epigenetic factors [1]. In this regard, the consideration
of the peculiarities of lncRNA expression depending
on the tissue and stage of development, its changes
with age is of interest to determine possible ways of
influencing the molecular mechanisms of aging.

TISSUE SPECIFICITY OF LONG NON-
CODING RNA AND TRANSPOSONS

Genome-wide association studies (GWASs)
demonstrated that human lncRNAs are characterized
by greater uniqueness of expression depending on the
cell type, space, and time as compared with PCGs.
This indicates the role of lncRNAs as key regulators of
cell differentiation [29]. Together with sense mRNAs,
antisense asRNAs (that overlap coding mRNAs of
genes) are detected in the area of synapses. When
located close to their sense mRNAs, they hybridize
and form duplexes. The stability of encoded mRNAs
and the levels of their protein products, including
involvement in the work of neurons (BDNF, GDNF,
EPHB2, KCNA2), are regulated in this way. A change
in the expression with aging is observed for some asRNAs,
which can play a role in age-related neurodegenera-
tion. In mammals, more than a half of all genes have
non-coding asRNAs that are involved in billions of
different processes from epigenetic regulation of
silencing to stabilization and translation of coding
mRNAs [56]. According to the transcription sites of
target genes, asRNAs act in cis or in trans for the regu-
lation of different biological processes, such as
genomic imprinting, X chromosome inactivation,
ADVANCES IN GERONTOLOGY  Vol. 11  No. 4  202
alternative splicing, and post-transcriptional RNAi.
The association of a number of asRNAs with aging is
proven: LSAMP-AS1-001 is antisense for mRNAs
associated with the limbic system of membrane pro-
tein LSAMP; VCAN-AS1-001, for mRNAs of extra-
cellular matrix proteoglycan (versican); OSTN-AS1-
001, for mRNAs of secretory protein osteocrine; and
RP11-346A9.1, for mRNAs of metallopeptidase [33].
Antisense ANRIL lncRNA in the INK4 locus regu-
lates CDKN2A/B oncosuppressor; lncRNA Sarrah
(SCOT1-antisense RNA regulated during aging in the
heart) causes apoptosis and controls heart contractil-
ity during aging [66]. Sirt1 AS, which plays a role in
progressing organ fibrosis, is an antisense lncRNA for
Sirt1 (silent information regulator 1), sirtuin, regulat-
ing the proliferation and differentiation of myoblasts
[58]. Sirt1 is NAD+-dependent lysine deacetylase
activated in response to aging, metabolic changes, and
different cell stresses. The activation of Sirt1 using res-
veratrol prolongs the life of yeasts by 70%. lncRNA
Sirt1-AS binds and completely overlaps with 3'-UTR
mRNA Sirt1 and increases its stability due to the for-
mation of an lncRNA–mRNA duplex [40].

The prospects of using lncRNA for a possible cor-
rection of aging is associated with the fact that despite
the abundance of different lncRNAs in tissues and
organs, even one specific RNA molecule can have a
pronounced effect on their development. Genome-
wide transcriptome analysis of normal diploid fibro-
blasts demonstrated that lncRNA MALAT1 modu-
lates the expression of cell cycle genes and is required
for the transition of the G1 to S phase of mitosis.
A depletion of MALAT1 leads to the activation of p53
and its target genes. In the cells devoid of MALAT1, a
reduced expression of oncogenic transcription factor
B-MYB required for the transition of the G2 to M
phase is manifested [65]. lncRNA UCA1 negatively
regulates the protein complex CAPERα/TBX3,
although it contributes to carcinogenesis in trans-
formed cancer cells. The suppression of MALAT1 in
cervical cancer cells causes cell cycle arrest, an
increase in cellular aging, and a decrease in tumor size
by affecting the B-MYB transcription factor. lncRNA
PANDA interacts with PRC and scaffold-attachment
factor A (SAFA), suppressing gene transcription and
contributing to aging. HOTAIR interacts with repres-
sor complex PRC2 causing the suppression of HOXD
locus, contributing to aging [5].

The tissue specificity of lncRNAs is associated with
their role in the regulation of the development and
growth of the organism, apoptosis, reprograming of
differentiating cells, and maintenance of stem cells.
Many lncRNAs are localized in the nucleus and regu-
late the gene expression as enhancer RNA (for exam-
ple, Evf-2 stimulates the transcription), modify the
chromatin by recruiting DNA methyltransferases and
histone modifiers (for example, XIST, HOTAIR), and
regulate RNA transport by their editing (ALU-RNA).
Some lncRNAs are transported to the cytoplasm and
1
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function as translation modulators (UCH1-AS1,
ubiquitin carboxy-terminal hydrolase L1 antisense
RNA1), maintain mRNA stability by isolating
microRNA (lincMD1), or prevent degradation when
mating with 3'UTR (1/2-sbsRNA, lincRNA-p21), are
used as precursors of small ncRNAs (MALAT1) [33].
In 2011, when studying 8000 intergenic lincRNAs in
24 tissues, M.N. Cabili at el., demonstrated that the
expression of these lincRNAs has a remarkable tissue
specificity. At the same time, co-expression with
neighboring PCGs is peculiar for them. The addi-
tional subgroup of transcripts, which has high evolu-
tionary conservatism and is able to include short open
reading frames (short ORF, sORF) and translate into
peptides, was isolated [12]. These data can reflect the
abilities of genomes to co-opt TE sequences depend-
ing on their significance for the adaptation and sur-
vival of the organisms. That is, if germinative inser-
tions in the evolution contribute to the best adaptabil-
ity of individuals and their preservation during
selection, the mechanisms of conservation of these
sequences in the genome are activated; as a result,
lncRNA genes are formed from TEs. This assumption
can be justified by a similar tissue specificity of TEs.
However, TEs themselves have a high mobility and
ability to cause “harmful” mutations while preserving
them in the genome. In this regard, those individuals
are preserved in the course of evolution, in which
genome TEs useful for adaptation either are inacti-
vated and used as lncRNA genes or are a part of and
under the control of epigenetic networks of gene con-
trol. Like lncRNA, human transposons are also char-
acterized by tissue-specific peculiarities of expression
[67]. Moreover, activated TEs are drivers for the regu-
lation of expression of PCGs in different tissues [55],
which can explain similar peculiarities for lncRNAs,
since TEs are the most important sources of the emer-
gence of lncRNAs in evolution [27, 29].

EFFECT OF LONG NON-CODING RNAs
ON AGING MECHANISMS

LncRNAs taking a specific part in organism aging
were identified. They are designated as senescence-
associated lncRNAs (SAL-RNAs). When comparing
the expression of lncRNAs in proliferating “young”
fibroblasts with those in “old” cells, it was demon-
strated that a decrease in the levels of SAL-RNA1
(XLOC_023166) enhances the manifestation of phe-
notypic traits of aging, including increased sizes, pos-
itive β-galactosidase activity, and increased level of
p53 [4]. In the experiment on cell cultures of human
fibroblasts, the involvement of such lncRNAs in cellu-
lar aging as MIAT, XIST, TUG1, MALAT1, RP11-
255A11.21, and RP11-394.O4.4 (that are also involved
in epigenetic regulation throughout ontogenesis) was
detected [33]. This supports the fact that the same
lncRNAs are involved in the mechanism of aging and
organism development. Multiple studies demon-
AD
strated the role of lncRNAs in a change in different
aging mechanisms, including epigenetic and tran-
scription factors and cell differentiation control sys-
tems (Table 1) [22]. Despite a pronounced evolution-
ary variability and species specificity, there are fami-
lies of evolutionary conservative lncRNAs designated
as Transcribed ultraconservative elements (T-UCE)
the sequences of which are identical for human,
mouse, and rat genomes (for example, Evf-1/2, Dlxlas,
T-UC.283+, T-UCstem1, T-UC.77, T-UC.138,
T-UC.189, T-UC.338, T-UC.376, T-UC.377, T-UC.359,
AK141205, DIGIT, Evx1as, Meg3, Meteor, Neat1,
Pnky, TERRA, and TUNA). They play a significant
role in the control of stem cell differentiation in
embryogenesis. This process can be also affected by
less conservative lncRNAs, such as AK028326, Brave-
heart, GAS5, Hotair, LincPRESS1, LincRNA1592-
1552, Lin-RoR, and Oct4P4 [20].

The involvement of lncRNAs BORDERLINE,
PINT, ANRASSF1, ANRIL, NeST, and Kcnq1ot1 in
histone modification; TARID, PTENpg1-AS,
PAPAS, pRNA, ecCEBP, Airn, Kcnq1ot1, H19, and
Xist in DNA methylation; HULC, 7SL, and MEG3 in
autophagy; Gadd7, PANDA, GAS5, and 7SL in intra-
cellular protein distribution; and HOTAIR, lncRNA-
p21, and AS Uchl1 in protein synthesis and degrada-
tion was demonstrated. In addition, the involvement
of lncRNAs in the regulation of stem cell transcription
factors: AK141205, AK028326, ES1, ES2, ES3, linc-
RoR, Evx1as, and Hoxb5/6as; in cell cycle control:
MEG3, 7SL, H19, UCA1, eRNAs, Gadd7, HEIH,
HULC, NcRNACCND1, ANRIL, MALAT1, and
SRA; extracellular signaling pathways through exo-
somes: Linc-ROR, Tie-1as, TUC339, CCND1-
ncRNA, TUG1, GAS5, lincRNA-p21, HOTAIR, and
MALAT1 was described [22]. The role of lncRNAs in
aging was determined in different organisms. For
example, the expression patterns of 5299 different
lncRNAs were analyzed in an experiment on zebraf-
ish, and their relationship with changes in H3K9me3
histone trimethylation with aging was detected. It was
demonstrated that not only age-related, but also daily
changes of H3K9me3 in the genome coincide with the
peculiarities of lncRNA transcription [54]. It is inter-
esting that lncRNAs associated with transcription fac-
tors that have a global regulatory character on gene
expression are involved in the regulation of aging. p53-
associated long ncRNAs are an example: PANDA,
PINT, TUG1, LincRNA-p21, 7SL, and LincROR.
LncRNA affecting the chromatin modification play
an important role in aging. They include H19
(expressed at a high level in embryogenesis, functions
as a precursor for a number of microRNAs involved in
negative regulation of cell growth and proliferation),
Kcnq1ot1 (in embryogenesis, regulates gene imprint-
ing by recruiting the chromatin remodeling complex
from specific H3K9- and H3K27-histone methyl-
transferases, repression complex polycomb), ANRIL
(recruits the repression complex polycomb PRC1 and
VANCES IN GERONTOLOGY  Vol. 11  No. 4  2021
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Table 1. Effect of long ncRNA on aging mechanisms

Variable factor Names of long non-coding RNA

Histone modifications BORDERLINE, PINT, ANRASSF1, ANRIL, NeST, Kcnq1ot1
DNA methylation TARID, PTENpg1-AS, PAPAS, pRNA, ecCEBP, Airn,

Kcnq1ot1, H19, Xist
Heterochromatin H19, Kcnq1ot1, ANRIL, Air, ecCEBP, pRNA
Cell cycle control MEG3, 7SL, H19, UCA1, eRNAs, Gadd7, HEIH, HULC, 

NcRNACCND1, ANRIL, MALAT1, SRA
Protein synthesis and degradation HOTAIR, LncRNA-p21, AS Uchl1
Distribution of proteins within the cell Gadd7, PANDA, GAS5, 7SL
Autophagia HULC, 7SL, MEG3
Regulation of stem cell transcription factors AK141205, AK028326, ES1, ES2, ES3, linc-RoR, Evx1as, Hoxb5/6as
Intracellular signaling pathways of the exosome Linc-ROR, Tie-1as, TUC339, CCND1-ncRNA, TUG1, GAS5, 

LincRNA-p21, HOTAIR, MALAT1
P53 transcription factor PANDA, PINT, TUG1, LincRNA-p21, 7SL, LincROR
Stem cell differentiation Evf-1/2, Dlxlas, T-UC.283+, T-UCstem1, T-UC, AK141205,

DIGIT, Evx1as, Meg3, Meteor, Neat1, Pnky, TERRA, TUNA
PRC2), Air (antisense RNA for Igf2r, regulates chro-
matin-mediated silencing of parental alleles by
recruiting histone methyltransferase EHMT2),
ecCEBP (recruits DNMT1), pRNA (highly conserva-
tive promoter-associated lncRNAs involved in silenc-
ing of repetitive transcription units of rRNAs by the
formation of heterochromatin in the promoter region
of rRNAs) [33].

ROLE OF LONG NON-CODING RNA
IN DEVELOPMENT AND AGING

OF THE BRAIN

LncRNAs are characterized by a pronounced
expression in the brain, where they play a functional
role in neuroplasticity, cognitive processes, and stem
cell differentiation. It is assumed that the loss of ability
to neurogenesis is one of the reasons of aging [56]. In
the experimental studies on mice and cell cultures of
the brain, it was demonstrated that specific lncRNAs
serve as “switches” of gene expression for differentia-
tion of neuronal stem cells to the precursors of oligo-
dendrocytes. Data obtained indicate the role of
lncRNAs as regulators of differentiation [17]. It was
proven that specific lncRNAs regulate neurogenesis.
For example, it was demonstrated that lncRNA rhab-
domyosarcoma 2-associated transcript (RMST, the
expression of which is enhanced during the differenti-
ation of neurons in the human brain) is indispensable
for neurogenesis. RMST physically interacts with
SOX2, contributing to its binding to the promoter
region of neurogenic transcription factors [53].
LncRNAs play a key role in managing the transition
from one stage of differentiation of neuronal stem cells
to another, as well as in regulating the amount and
type of cells in each of the stages. For example,
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lncRNA Six3os reduced in the stem cells of subven-
tricular zone in adult mice leads to a twofold decrease
in the number of cells positive for neuronal Tuj1
marker and to an increase in the number of cells posi-
tive for GFAP (a marker activated by neuronal stem
cells). With Dlx1as knockdown, the expression of
transcription factors Dlx1/2 decreases, the number of
Tuj1-positive neuroblasts decreases 3 times, while
GFAP-positive is increased by 60%. The Pnky reduc-
tion causes an increase in the formation of neurons by
several times [56].

In the experiments, it was demonstrated that 849
out of 1328 known lncRNAs are expressed in the brain
in mice. They are associated with specific neuroana-
tomical regions, cell type, and even subcellular struc-
tures. These lncRNAs are transcribed from intergenic,
intronic, and imprinted loci, as well as together with
PCGs of the nervous system or as their antisense tran-
scripts [47]. There is no doubt that the study of
lncRNAs involved in the development of the brain
could be a key to elucidating their role in aging. It was
demonstrated that specific lncRNAs that are expressed
in the mammalian hippocampus in embryogenesis [11]
are also determined in an adult in the subventricular
zone of neurogenesis [9]. Specific lncRNAs are trans-
ported to neuronal dendrites, where they function as
mediators for a translational control of local protein
synthesis in synapses. For example, BC1 inhibits the
formation of preinitiator complex 48S, that is, recruit-
ing of small ribosomal subunits to mRNA. In addition,
BC1 interacts with ATP-dependent RNA helicase
eIF4A and poly(A)-binding protein in synaptoden-
dritic microdomains [68], thus affecting long-term
synaptic plasticity. Since disorders of synaptic plas-
ticity plays a role in Alzheimer’s disease, the expres-
sion of BC1 was studied with this pathology. A signif-
1
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icant change in the levels of primate-specific BC1
(BC200) in the brain of patients as compared with
healthy individuals of the same age was found. In
addition, the levels of BC200 are significantly
decreased in cortex of the human brain (more than
60% for the period 49–86 years) with normal aging
[50].

The role of asRNA in pathological protein aggrega-
tion in aging-associated neurodegenerative diseases
was detected. For example, they contribute to the
aggregation of amyloid beta sheets by controlling the
expression and splicing of proteins with Alzheimer’s
disease [56]. The role of specific lncRNAs in aging of
the brain was proven in experiments on rats. LincRNA
called LINC-RBE (rat brain expressed), containing
simple repeats and SINE, was described. The levels of
LINC-RBE differed significantly depending on age
and specific neuroanatomical areas, cell type, and
even subcellular structures [32]. A significant increase
in the expression of some lncRNAs, such as NEAT1,
MALAT1, TUG1, and GOMAFU (that are associated
with embryonic neurogenesis), was also detected in
humans with aging in the subventricular zone [9]. An
imbalance of TE activity with age can be a possible
prime cause of aging-associated changes in the regula-
tion of lncRNA [10, 14, 16], because many lncRNAs
are formed by processing of RNA transposons, while
REs can serve directly as lncRNA genes [25, 29, 41].
Data on the relationship of lncRNAs with telomeres, that
as well as lncRNAs [27] and telomerase [31] originated
from TEs in evolution, can be a confirmation of this
assumption. Moreover, the role of LINE1 in the mainte-
nance of telomeres in ontogenesis was proven [49].

In eukaryotes, each cell is divided a certain number
of times, after which it ages and undergoes apoptosis.
This is accompanied by shortening of telomeres at the
ends of chromosomes (fragments of double-stranded
repeating NSs (5'-TTAGGG-3'/5'-CCCTAA-3') end-
ing in a single-stranded G-rich lip). The telomeres
protect the chromosome ends from DNA damage,
degradation, recombination, and fusion with other
chromosomes. The loss of their function due to muta-
tions or inhibition of telomerase activity causes a chro-
mosome instability and premature cellular aging [33].
The length of telomeres is regulated by a telomerase
ribonucleoprotein complex containing TERT protein,
long ncRNA TERRA (Telomeric Repeat-containing
RNA), and TERC (Telomerase RNA Component)
[22]. According to numerous studies, aging and its
associated diseases are associated with dysfunction of
telomeres. The activity of telomerase in neuronal stem
cells (NSCs) isolated from the hippocampus is typical
in the brain of adult mice. The expression of telomer-
ase reverse transcriptase (TERT) decreases with aging
in these areas, as a result of which telomeres are short-
ened, and neurogenesis is impaired. Similar processes
are also observed in other tissues with aging. It was
proven that lncRNAs play a key role in stem cell telo-
mere dynamics. For example, TERC is a matrix for
AD
the synthesis of new telomere repeats, as well as act as
a scaffold combining protein subunit of telomerase.
TERRA is transcribed from subtelomeric regions of
the chromosomes and pairs with complementary
nucleotides at the ends of the chromosomes, forming
hybrid RNA–DNA structures that regulate the telo-
mere length. As a human ages, TERRA levels are
inversely correlated with telomere length [56]. The
activity of telomerase in the brain of adult mice is spe-
cific for NSCs isolated from the subventricular zone
and hippocampus. It is interesting that the suppres-
sion of total subtelomeric transcription due to a tem-
porary activation of mitochondrial reactive oxygen
species (as it was demonstrated in yeasts) prolongs the
life span [63]. That is, the effect of free radicals regard-
ing telomeres can be a stimulus for slowing down
aging, but not for its induction. Correspondingly,
there must be other reasons for the shortening of NSC
telomere length with aging.

The expression of TERT decreases with aging in
the subventricular zone of mice, leading to shortening
of telomeres and severe impairment of neurogenesis.
In most somatic tissues, telomeric DNA shortens pro-
gressively with each round of DNA replication with a
rate 50–200 bp per each cell division [7]. Telomere
shortening and dysfunction of telomere-binding pro-
teins leads to genomic instability and fusion of the
ends of chromosomes. The proliferation rate in NSCs
of the adult brain in mice deficient for telomerase is
gradually decreasing. However, similar changes are
also observed in NSCs with normal telomerase func-
tion, which indicates the presence of other mecha-
nisms for maintaining proliferative potential of SCs
[18]. TEs, the relationship of which with telomeres
and telomerase was proven in a number of studies, are
the most probable candidates. Indeed, telomerase
itself came from retroelements in evolution [35], while
the loss of telomerase in Drosophila was successfully
compensated by the function of HeT-A, TART, and
TAHRE retroelements [15]. A direct influence of REs
in maintaining the functioning of telomeres was
proven [6]. There is an epigenetic relationship of telo-
merase and transposons. For example, mRNA prod-
ucts of both TERT genes and reverse transcriptase of
LINE1 elements are targets of the same miR-128
microRNA [23]. miR-340 microRNA originated from
the TcMar-Mariner DNA transposon [37] causes
lengthening of telomeres by a targeting effect on the
POT1 (protection of telomere 1) protein [39]. In the
Bombyx mori silkworm, SART1Bm REs have a tar-
geted effect on TTAGG repeats and is involved in
maintaining the telomere length with normal develop-
ment. The experiments demonstrated that SART1Bm
can move to telomeric repeats of other species, includ-
ing human TTAGGG [52]. In humans, the role of
LINE1 in maintaining the telomere length in tumor
cells was detected [7, 8]. A dysfunction of TEs is typi-
cal both for carcinogenesis [59] and aging [10, 14, 46].
Correspondingly, shortening of telomere length in
VANCES IN GERONTOLOGY  Vol. 11  No. 4  2021
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NSCs with aging can only reflect a global imbalance
in TE regulation. At the same time, the alternative
telomeres lengthening using LINE1 [8] can be used in
the future to treat the diseases caused by shortening of
telomeres [61].

A shortening of telomeres in NSCs during aging
can also be associated with the fact that telomerase
activity is insufficient to preserve completely the telo-
mere length in the cells replicating throughout life.
Telomere shortening to a critical level leads to the acti-
vation of p53, which causes limitation of proliferation
of NSCs and/or their apoptosis [19]. It is interesting
that p53 also has a regulatory effect on TEs. Particu-
larly, 1509 different LTRs in the human genome are
p53 binding sites [69], while binding of 5'UTR LINE1
elements with p53 protein leads to their repression due
to histone modification [64]. That is, direct mutual
regulation of TEs → telomeres → p53 → TEs is
observed with aging, since deregulation of TEs with
age [1] leads to shortening of telomeres that activate
p53, while the latter causes repression of transposons.
In this respect, p53 protein acts as a stabilizer prevent-
ing the development of genomic instability caused by
dysfunction of both telomeres and transposons. It is
possible that such relationship has a universal charac-
ter and was developed evolutionarily as an adaptive
process required to maintain genome stability. How-
ever, this mechanism is not perfect, since the repres-
sion of necessary to maintain pluripotency LTR-RE
[21] leads to a depletion of proliferative potential of
NSCs and inevitable aging under the influence of p53,
which also represses TERT. In turn, TERT controls
the activity of p53 leading to a progressive aging in a
system of TEs → telomeres → p53 → TEs [43].

RELATIONSHIP OF LONG NON-CODING 
RNA WITH TRANSPOSONS AND PEPTIDES

The peptides are classified by size, 3D structure,
covalent pairing pattern, their biological sources, and
methods of biosynthesis (gene-encoded ribosomal
and not encoded by genes that are non-ribosomal).
The peptides with classical ORF are expressed on
ribosomes by larger precursors with subsequent pro-
cessing to shorter peptides using posttranslational
modifiers. In addition, in mature mRNA, ribosomes
can select different translation initiation sites or alter-
native start codons instead of classical ATG. The pep-
tides encoded by the reading frame upstream of the
gene (upstream ORF), short ORF (sORF), and micro
ORF (miORF) are distinguished [62]. At present, the
peptide drugs developed by V.H. Khavinson [3] are
successfully used in gerontology and geriatrics. The
experience gained can become a basis for studying the
possibility of using the products of lncRNA transla-
tion having a wide range of action. In future, this
approach would make it possible to develop highly
efficient drugs for prolonging human life. It caused by
the relationship of lncRNAs with transposons affect-
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ing a global regulatory role on the functioning of the
human genome with aging [1].

Traditional approaches for classification of RNA
with a protein-coding potential are based on the exis-
tence of long ORFs. In this regard, many transcripts
were annotated as ncRNA due to the absence of ORFs
longer than 100 codons. However, there are sORFs
with a length less than 100 triplets capable of binding
to ribosomes. lncRNAs are characterized by the pres-
ence of both sORFs and other ORFs required for their
translation. For example, approximately 10% of
sORFs play a functional role in Arabidopsis thaliana
[38]. Profiling of ribosomes in mammalian genomes
using a deep sequencing of ribosome-protected
mRNA fragments with a digital data processing
method allowed us to determine that most lncRNAs
contain regions with a high potential for translation
similar to those for PCGs [26]. In Drosophila, short
peptides called Pri with a length from 11 to 32 amino
acids, encoded by lncRNA, were detected. Pri control
epidermal differentiation by modifying the Svb tran-
scription factor (convert from a repressor to an activa-
tor by a terminal shortening). It was demonstrated that
during embryogenesis of Drosophila, Pri provide a
strict time control of the transcriptional program of
epidermal morphogenesis [30]. The genome of Dro-
sophila contains approximately 600000 sORFs, out of
which at least 4561 are functional [34].

The possibility of lncRNA translation for regulat-
ing the genome function provides additional adaptive
capabilities due to a comprehensive control of gene
expression. The translation of SgrS ncRNA in Escheri-
hia coli with the formation of SgrT peptide can be
given as the simplest example. Under conditions of a
glucose–phosphate stress, non-coding SgrS RNA due
to nucleotide pairing with mRNA prevents the trans-
lation of PtsG and ManXYZ glucose transporters. At
the same time, the SgrT peptide directly interacts with
PtsG protein and inhibits its function [62]. In mam-
mals, lncRNA SRA (steroid receptor RNA activator)
acts as a transcriptional coactivator of steroid hor-
mone receptor and is involved in differentiation of
muscle cells. Several splicing variants of SRA gene
transcripts, some of which include candidate open
reading frames and two potential start codons for
SRAP proteins, were detected. These polypeptides
show biological activity as a modulator of SRA-depen-
dent regulation of transcription. That is, SRA and
SRAP exhibit a bilateral genetic system, where RNA
and protein products of the same gene play a specific
and sometimes overlapping role in cell biology [16].

Using the DMDA-PatA translation inhibitor for
accurate detection of translated ORFs even for rare
transcripts, it was demonstrated that from 1/3 to 2/3 of
lncRNAs in embryonic stem cells of mice are trans-
lated [57]. Many examples in animals and plants about
the significance of peptides formed during lncRNA
translation in the organism development were
1
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described [60]. For example, the lncRNA pncr003:2L
gene was found, which encodes two peptides with a
length 28 and 29 amino acids that regulate the trans-
port of calcium ions through the sarcoplasmic reticu-
lum. They were conservative for over 550 million years
in several animal species (from flies to humans). In
humans, these lncRNAs were involved in heart
pathology [44]. Later, a conservative micropeptide out
of 46 amino acids called MLN (myoregulin), encoded
by muscle-specific lncRNA, was discovered. This
peptide has structural and functional similarity to sar-
colipin and phospholamban that inhibit the absorp-
tion of calcium ions through the membrane of the sar-
coplasmic reticulum [6]. In 2016, B.R. Nelson et al.
described muscle-specific lncRNA translated into a
peptide of 34 amino acids called DWORFs (dwarf
open reading frame). Localized in the membrane of
sarcoplasmic reticulum, DWORF displaces myoreg-
ulin, sarcolipin, and phospholamban, thus enhancing
the activity of SERCA (sarco-endoplasmic reticulum
Ca2+ adenosine triphosphatase) [51]. In 2017,
A. Matsumoto et al., detected encoded by lncRNA,
LINC00961 functional polypeptide, which is con-
served from mouse to human and is localized in lyso-
somes, where it interacts with lysosomal v-ATPase for
a negative regulation of mTORC1 activation. A tissue
specific regulation of mTORC1 expression was a char-
acteristic feature of this lncRNA [45]. Using full-
length translational mRNA sequencing and human
ribosome profiling, it was found that more than 3330
lncRNAs bind to the ribosomes with active transla-
tional elongation. 308 new proteins encoded by
lncRNA were described [42].

It is most likely that the role of lncRNA in the
genome regulation and formation of peptides reflects
evolutionary function of TEs to ensure the adaptive
properties of the organisms. This is reflected in spe-
cies-specific peculiarities of life expectancy, which is
associated with the composition and distribution of
TEs in genomes. The clarification of key TEs affecting
the peculiarities of aging of different species can
become a basis for the search for peptides with a
potential geroprotective role. Indeed, in addition to
the involvement in the formation of mature lncRNA
transcripts, transposons form for their genes promot-
ers, donor and acceptor splicing, and polyadenylation
sites [27]. The peculiarities of TE distribution in
genomes are reflected on interspecific differences of
the composition of TEs in the genes of their lncRNA
[28]. In the human genome, both LINE1 and LTR-RE
(from which thousands of lncRNAs originated) are
the sources of lncRNA. In addition, non-autonomous
REs Alu are actively incorporated into lncRNA genes
forming the structures interacting with PCG mRNA
due to short imperfect nucleotide pairings [24]. It was
proven that the transcripts of LTR-RE [41] and
LINE1 [25] themselves function as lncRNA. At the
same time, they interact with specific chromatin
regions and regulate gene expression at different stages
AD
of ontogenesis, beginning from a bicellular stage [25].
It is most likely that all lncRNAs during evolution
originated from TEs, which can explain the content of
TE sequences in most genes [27, 28]. A change in their
structure and difference from initial TE genes (their
sources) can be associated with the use of lncRNAs for
the needs of hosts and accumulation of adaptive muta-
tions most suitable for the regulation of genome func-
tion. However, the preservation of TE sequences in the
structure of their genes allows lncRNA to participate
in interactions with regulatory networks formed
during evolution using TEs. The studies on the search
of lncRNA as targets for the effect on aging processes
are already carried out. For example, several aging-associ-
ated lncRNAs was detected during the comparative analy-
sis of the levels of lncRNA expression in young and old
human fibroblasts. Among them, SAL-RNA1
(XLOC_023166) was detected, low concentrations of
which increased the appearance of phenotypic traits of
aging such as increased sizes, positive β-galactosidase
activity, and increased p53 levels [4].

The involvement of lncRNAs and products of their
translation in common biological processes opens up
prospects for a search for new peptides in gerontology
for a more successful effect on aging. An innovative
approach, which consists in the analysis of known
lncRNAs involved in the mechanisms of a change in
life span, is possible. Their products of translation can
have a large regulatory potential both due to the effect
on the same molecular targets as lncRNA and by reg-
ulating the expression of lncRNA genes. Such mecha-
nisms were described for the peptides formed from
pri-microRNA [36]. Their interaction with double
stranded DNA can be a possible mechanism of this
effect [2].

CONCLUSIONS
Long ncRNAs play a key role in human organism

aging. This is associated with their tissue-specific
effect on epigenetic control of PCG expression at dif-
ferent stages of ontogenesis. The peptides formed due
to lncRNA translation are able to affect both PCG and
production of lncRNA. In this regard, the study of
specific peptides formed from ncRNA for the devel-
opment of ways to prolong life and therapy of age-
associated pathology can become a promising direc-
tion in gerontology. The investigation of changes in TE
activity that are sources of lncRNA both in evolution
and in ontogenesis is important in this direction. It is
most likely that species-specific set and distribution of
TEs in the genome serve as a root cause of changes in
lncRNA expression in each cell division, which is
reflected on the genome functioning in ontogenesis.
The level of lncRNA transcription is lower than
mRNA of protein-coding genes. At the same time,
lncRNAs are translated to functional peptides and
even protein molecules involved in biological pro-
cesses united with their transcripts. It can be assumed
VANCES IN GERONTOLOGY  Vol. 11  No. 4  2021
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that it reflects evolutionary conservative property of
the organisms to form a large number of potentially
new functional RNA molecules and products of their
translation to adapt to changing environmental condi-
tions. Therefore, pronounced changes in lncRNA
expression with aging can reflect the adaptive pro-
cesses in the organism associated with an imbalance
on the genome functioning. Determination of the
most successful of such adaptive processes can
become a basis for the selection of specific lncRNA
translation products to slow down the aging processes.
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