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Abstract: Transposable elements are the oldest structural and functional units that were formed
during the emergence of life on Earth. The most ancient properties of transposable elements are
the multifunctionality of their transcription and translation products and the formation of their
many  variants  through  processing,  due  to  which  transposable  elements  are  key  evolutionary
sources of long non-coding RNAs, circular RNAs, microRNAs, proteins and peptides formation.
Moreover, the same type of transposon can simultaneously serve as the source of the origin of all
these molecules, providing the adaptive properties of living organisms, especially complex eukary-
otes, including humans. The ancient ability of transposable elements for mutual integration due to
their protein products interacting with DNA and RNA molecules, as well as for mutual regulation
due to the functionality of their RNA, is the basis for the origin of many proteins and non-coding
RNAs characterized by the same properties. This can explain the emergence of transcription fac-
tors from transposable elements, that is, proteins capable of interacting with the structures of DNA
molecules due to the presence of specific amino acid sequences derived from transposable ele-
ments. This article presents facts about the origin during the evolution of many protein and non--
coding RNA genes from transposable elements. Specific proteins and peptides translated from
long non-coding RNAs, pri-microRNAs and circular RNAs are described, which reflect the origin
of non-coding RNAs from transposable elements in evolution. These proteins and peptides are
promising tools for the treatment of viral infections and drug-resistant tumors, since, together with
non-coding RNAs, they are involved in antiviral and antitumor responses.

Keywords: Circular RNAs,  long non-coding RNAs,  microRNAs,  origin,  peptides,  proteins,  retroelements,  transposable  
elements.

1. INTRODUCTION
According to a scientific article published in 2022 on de-

ciphering the complete sequence of the human genome, the
haploid set contains 3.055 billion nucleotide pairs. A total of
63,494 genes have been identified, of which only 19,969 are
protein-coding genes (PCGs), responsible for the formation
of 84,277 different transcripts [1]. A significant proportion
consists of non-coding RNA (ncRNA) genes, the number of
which in the GENECODE database is increasing due to mod-
ern  molecular  genetic  research  methods.  Thus,  if  in  2012,
9277 long non-coding RNA genes (lncRNAs) were annotat-
ed in the human genome in the GENECODE database [2], in
2024 the statistics of this database (https://www.gencodege-
nes.org/human/stats.html) indicate the presence of 20,424 ln-
cRNA genes responsible for the formation of 59,719 tran-
scripts. In addition, 7565 small non-coding RNA genes and
14719 pseudogenes were annotated. It is interesting to note
that 53.94% of the human genome is occupied by repeats, of
which the main share is made up of transposable elements
(TEs) [1]. There are  class I  TEs - retroelements  (REs)  and
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class II - DNA transposons. REs are transposed by reverse
transcription  of  their  own  RNAs  with  the  insertion  of  the
formed complementary DNA (cDNA) into a new genomic
locus using a “copy and paste” mechanism. REs are classi-
fied  into  LTR,  DIRS,  PLE,  LINE and  SINE orders.  DNA
transposons  are  classified  into  subclass  1,  which  includes
TIR and Crypton, and subclass 2, which contains the Hel-
itron and Maverick orders [3].

LINEs  occupy  0.63  billion  bp  in  the  human  genome,
SINE –  0.39  billion  bp,  LTR –  0.27  billion  bp,  and  DNA
transposons – 0.108 billion bp. In total, TEs occupy about
1.4  billion  bp,  which  is  46.7% of  all  DNA sequences  [1].
Analysis of DNA sequences using specific oligonucleotides
complementary  to  TEs,  carried  out  back  in  2011,  showed
that TEs sequences occupy at least 2/3 of the entire human
genome [4]. This discrepancy in data is due to the key role
of TEs in the emergence and evolution of non-coding RNA
and  PCGs,  which  suggests  the  multifunctionality  of  such
genes as a specific property of TEs [5], since during the ori-
gin  of  life  on  Earth  and  the  emergence  of  the  DNA-R-
NA-proteins world from the RNA-DNA world, TEs served
as universal sources of origin for a countless variety of pep-
tide and protein molecules due to the processing of their tran-
scripts  [6].  Accordingly,  TE  transcripts  are  processed  by
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various enzymatic systems to produce different variants of
RNA molecules that can bind to ribosomes and form a huge
variety of proteins and peptides. An analysis of the scientific
literature shows the growing amount of information confirm-
ing this assumption. This article presents data on the ability
of ncRNAs to translate into functional peptide and protein
molecules, as well as the evolutionary role of ncRNAs in the
emergence of new PCGs.

2. TRANSPOSONS ARE SOURCES OF NON-CODING
RNA GENES

NcRNAs include long ncRNAs (lncRNAs) longer than
200  nucleotides  and  small  ncRNAs  (shorter  than  200  nu-
cleotides,  including  microRNAs  20–24  nucleotides  long).
MicroRNAs negatively regulate their target mRNAs by bind-
ing to their 3' untranslated region (UTR) and inhibiting trans-
lation or impairing the stability of the molecules. MicroRNA
biogenesis consists of the processing of larger pri-miRNA
molecules into shorter pre-miRNAs, followed by their fur-
ther processing into mature miRNAs. A single microRNA
can regulate multiple targets, participating in a variety of cel-
lular functions. For example, the tumor suppressor miR-34a
inhibits the expression of 700 individual PCGs [7]. Mature
lncRNAs can perform protein-independent functions, that is,
they  are  ribozymes.  Many  lncRNAs  are  named  after  the
PCGs in which they are located. If they are complementary
to genes, they are called antisense lncRNAs or NAT - natu-
ral  antisense  transcript.  There  are  cis-NATs  (overlap  with
complementary  genes)  and  trans-NATs  (transcribed  from
pseudogenes) [8].

The expression of lncRNAs is similar to that of PCGs,
since lncRNAs are transcribed by RNA polymerase II and
subject to splicing and capping [9]. LncRNAs can function
alone or as part of ribonucleoproteins (RNPs). They are in-
volved in transcription regulation by interacting with DNA-
binding proteins, and changing histone modification by bind-
ing to histone-modifying complexes and RNA polymerase
[10].  Functioning  as  ribozymes,  lncRNAs  promote  tRNA
processing,  ribosome  and  telomere  formation,  and  intron
splicing. LncRNAs play an important role in the regulation
of DNA synthesis, cell division, apoptosis, transcription, pro-
cessing, splicing and translation of mRNA. LncRNAs such
as ANRASSF1, ANRIL, BORDERLINE, Kcnq1ot1, NeST,
and PINT are involved in histone modifications due to the re-
cruitment of chromatin remodeling factors. LncRNAs Airn,
ecCEBP,  H19,  Kcnq1ot1,  PAPAS,  pRNA,  PTENpa1-AS,
TARID and Xist serve as guides for specific DNA methyla-
tion. LncRNAs interacting with transcription factors to regu-
late PCGs include AK141205, AK028326, ES1,ES2, ES3,
linc-RoR,  Evx1as,  and  Hoxb5/6as.  In  addition,  lncRNA
ALU-RNA  edits  mRNA  molecules,  and  lncRNAs  Uch-
l1-as1, lincMD1, lincRNA-p21, and ½-sbsRNA are used for
RNA interference in the regulation of mRNA translation [9].
Some lncRNAs (lincRNA-Cox2, lincRNA-p21) form RNPs
that regulate specific sets of gene transcription. For exam-
ple, lincRNA-p21 together with hnRNP-K form complexes
that bind to specific genome regions and suppress gene tran-
scription along the p53 pathway [8].

LncRNAs can act as decoys for transcription factors by
mimicking the sequence or structure of target DNA. These
lncRNAs include gas5, PANDA, DHFR minor, and Lethe.
Like mRNAs, long ncRNAs can also interact with microR-
NAs through hybridization due to partial sequence comple-
mentarity.  Some  lncRNAs  that  bind  to  miRNAs  serve  as
molecular sponges that  dampen the effects  of  miRNAs on
their target mRNAs [8]. The possibility of interactions with
transcription factors of lncRNAs may be due to their evolu-
tionary origin from TEs, which were important evolutionary
sources for the emergence of sequences of binding sites with
transcription factors due to the specific sequences of their nu-
cleotides [11]. Indeed, many mature lncRNAs are identical
to TE sequences [12].  On average, 41% of lncRNA exons
are proven to originate from TEs, and 83% of them contain
at least one TE fragment. This provides the basis for the for-
mation of functional domains of RNA molecules involved in
a variety of biological reactions. In addition to participating
in  the  structural  configurations  of  mature  transcripts,  TEs
form polyadenylation sites, promoters, splice donor and ac-
ceptor sites, that is, they are key evolutionary sources of ln-
cRNA world [13]. Individual families of TEs are most fre-
quently found in lncRNA genes. Interspecies differences in
the composition of  TEs in lncRNA genes are  also charac-
teristic, which is determined by the peculiarities of the distri-
bution of TEs in these genomes [12].

One of the reasons for the domestication of TE genes by
host genomes as sources of lncRNAs is the functionality of
TE  transcripts  [5],  which  is  due  to  their  ancient  universal
properties as sources of life on Earth [6]. For example, Alu
inserts into lncRNA genes and forms the structures required
to interact with mRNA through short imperfect nucleotide
pairings. LTR-REs also possess regulatory signals for ncR-
NAs. Thousands of lncRNA genes derived from LTR-REs
have been identified in the human genome [14]. These lncR-
NAs control the pluripotency network by altering chromatin
structure. They participate in blastocyst formation and fur-
ther embryogenesis [15]. In addition, LTR-REs can directly
serve  as  lncRNA  genes  [16].  LINE1  transcripts  can  also
function as lncRNAs themselves, interacting with specific re-
gions of chromatin and regulating gene expression in early
embryogenesis.  For example,  by binding to Nucleolin and
KAP1, LINE1s cause both the activation of ribosomal DNA
genes and the suppression of many two-cell embryo genes
through Dux silencing [17]. That is, in addition to transposi-
tions using protein products, RE transcripts subjected to al-
ternative  processing  exhibit  the  properties  of  ribozymes.
This reflects their ancient conservative characteristic, which
was key to the emergence of life on Earth. Accordingly, the
relationship of TEs with lncRNAs and their role in the emer-
gence of new PCGs may reflect similar processes at the ear-
ly stages of the evolution of living things, when the continui-
ty of ribozyme functions by protein molecules appeared.

The tissue specificity of lncRNAs exceeds that of pro-
teins. Moreover, in the regulation of stem cell differentiation
they interact with TEs [18]. LncRNAs, formed from inter-
genic regions of eukaryotic genomes, as well as from over-
lapping and antisense patterns relative to the adjacent PCGs
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that they regulate, are characterized by tissue-specific tran-
scription [19]. This allows lncRNAs to largely determine a
variety of cellular phenotypes, especially in the brain [20].
Like proteins, the secondary structures of lncRNAs have a
modular organization and form discrete domains consisting
mainly of TE sequences [13]. The ability of TE transcripts
to be processed to form mRNA by the spliceosome or func-
tional RNA molecules by ribonucleases is the basis for the
“search”  for  optimal  ways  of  regulating  gene  networks  in
connection with the ability of lncRNA to be translated into
peptides [21-23]. This can explain the emergence of PCGs
in evolution from lncRNAs genes, which reflects the identi-
cal properties of TE genes in evolution [24-27]. LncRNAs
are also capable of further processing to form microRNAs
[28], the precursors of which, in turn, are also translated into
peptides [29, 30]. In this case, lncRNA genes can simultane-
ously serve as microRNA genes that can be translated [31,
32]. In addition, TEs are also important sources of miRNA
genes (Fig. 1). Back in 2016, the MDTE DB database was
published, which included 661 human microRNAs derived
from TEs [33].

3.  ORIGIN OF PROTEINS FROM TRANSPOSABLE
ELEMENTS IN EVOLUTION

TEs  in  evolution  were  sources  of  new PCG formation
through direct  domestication of TEs genes,  exonization of
TEs sequences inserted into introns or non-coding regions,
and  the  formation  of  pseudogenes  using  retroelement  en-
zymes (Fig. 2). The emergence of new PCGs by TEs plays
an important role in evolution and speciation. Even the for-
mation of pseudogenes contributes to changes in gene regula-
tory  networks,  since  retrocopies  are  flanked  by  TEs  se-
quences  and,  due  to  mutations,  can acquire  new functions
and participation in new networks [34], controlled by com-
plex  epigenetic  systems  involving  non-coding  RNAs  de-
rived  from  TEs  [5].  Spliceosomal  introns  also  originated
from TEs in evolution [35], with subsequent new insertions
of  TEs into these introns,  which contributed to alternative
splicing transcripts formation. If, during evolution, new pro-
tein isoforms formed contributed to better adaptation, these
variants were fixed at the species level and exonization oc-
curred. Various exons derived from TEs have been identi-
fied in the human genome. This occurs due to the evolutio-
nary  selection  of  more  adaptive  regulatory  networks  con-
trolling alternative splicing of PCGs. As a result, organisms
survive in a number of generations in which such a regulato-
ry network promotes the formation of  adaptive alternative
splicing variants of PCGs, formed due to the exonization of
TEs in the introns of these genes [36]. The highly abundant
Alu retroelements in the introns of PCGs, constituting 11%
of  the  human  genome,  represent  a  typical  example  of  ex-
onization of TEs. It has been shown that the use of the Alu
sequences as protein-coding exons leads to the formation of
new protein isoforms, promoting increased functional diver-
sity.  As  a  result,  thousands  of  human  PCGs  express  Alu-
derived exons. Most exons are generated from the right arm,
albeit  left  arm  exonization  is  also  frequent,  and  Alu  ele-
ments are predominantly incorporated in the antisense to the
gene. The Alu sequence contains multiple sites resembling
consensus splice signals  and other splicing regulatory ele-

ments. Alu exon activation occurs through mutations, usual-
ly at the 5’ end of the Alu and in the surrounding introns,
that create new and typically weak splice junctions and splic-
ing regulatory elements. In most cases, Alu elements are in-
corporated as alternatively spliced exons, with the new Alu-
containing transcript becoming a minor isoform. Using the
eXAlu deep learning model, it was shown that the number
of Alu elements in the human genome subject to exonization
is about 110,000, which is 21 times more than represented in
the GENOCODE database [37].

REs cause reverse transcription of mRNA to form cD-
NA, which they insert into the genome as a retrocopy (Fig.
3).  The  terms  “retrogenes”  or  “pseudogenes”  are  synony-
mous with retrocopies. They do not contain ancestral regula-
tory sequences, so neighboring sites are used to control them
or new ones are formed due to mutations. In mammals, retro-
genes  generated  by  LINE  reverse  transcriptase  have  been
shown to contain characteristic sequences in their flanking
regions: a TTTT/AA endonuclease cleavage site, duplicated
target sites, and a polyadenine tail priming reverse transcrip-
tion. Pseudogenes in animals can also be formed by LTR-
RE enzymes. For example, 15 polymorphic chimeric retro-
genes  flanked  by  LTR  sequences  have  been  identified  in
Drosophila [38]. Arabidopsis, rice and many other plant spe-
cies also contain in their genomes many retrogenes, some of
which are functional (tomato has the Sun gene, Arabidopsis
has  the  CYP98A8  and  CYP98A9  genes).  Retrocopies  in
plants are flanked mainly by LTRs since LTR REs predomi-
nate in their genomes [39]. In rice, expression of more than
66% of retrocopies has been determined, although at a lower
level than their parent genes, but with tissue-specific correla-
tion of their levels [40].

Initially, pseudogenes do not contain introns, as they are
formed by reverse processing of mature mRNAs. However,
during evolution, they can acquire introns due to intragenic
insertions of TEs, the preservation of which also indicates
the inclusion of retrocopies in the functioning of regulatory
networks. If the new pseudogene protein product promotes
better adaptation and survival, the pseudogene may function-
ally replace the parent gene or develop a new function [35].
On average, about 10% of all eukaryotic PCGs contain one
or more retrocopies. The number of pseudogenes is signifi-
cantly higher than those determined by standard identifica-
tion  methods,  which  is  associated  with  their  5’  truncation
[41].  The  generated  pseudogenes  can  be  used  in  complex
regulatory gene networks involving TEs and epigenetic fac-
tors  since  retrocopies  serve  as  sources  of  transcription  of
non-coding RNAs, which was proven by analyzing the distri-
bution of microRNA clusters involving Alu and L1 in the hu-
man genome [42]. Due to this, new opportunities for mutual
regulation  with  other  genes  and  loci  of  the  genome  are
formed, which potentially serves as a source of new adap-
tive functions. To determine the origin of PCGs from TEs,
various approaches are used, one of which is the identifica-
tion of conserved domains specific to TEs. As a result, it is
possible to identify many genes that arose in evolution from
TE sequences and are used for the needs of hosts. Some of
these PCGs form tandem clusters of gene families [43].
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Fig. (1). Scheme of various proteins and peptides formation from transposable element transcripts due to their processing by various systems
(splicing, RNA-induced silencing complex (RISC), alternative splicing), which allows transposable elements to participate in the regulation
of new regulatory networks. (A higher resolution / colour version of this figure is available in the electronic copy of the article).

Fig.  (2).  Scheme of  the  formation  of  protein-coding  genes  from transposable  elements  (TEs)  during  evolution  in  three  different  ways:
through domestication, through exonization, and through the formation of pseudogenes using retroelement enzymes. (A higher resolution /
colour version of this figure is available in the electronic copy of the article).
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Fig. (3). Scheme of pseudogenes (retrocopies) formation using LINE retroelements. Reverse transcriptase of the LINE element produces
complementary DNA (cDNA), which is then inserted into a new genomic locus using LINE integrase. (A higher resolution / colour version
of this figure is available in the electronic copy of the article).

The origin of new genes through the recruitment of TE
domains is the reason for their spread due to the possibility
of participation in adaptive reactions. Evidence for domesti-
cation of TEs in evolution has been obtained due to the pres-
ence of functional differences between autonomous and do-
mesticated TEs [44].  The formation of new functional do-
mains from sequences encoded in TE genes can explain the
exonization of thousands of genes in the human genome [36,
37]. The use of TE genes for host needs can be explained by
the  mutual  regulation  of  TE  proteins  with  their  own  se-
quences, resulting in TEs becoming the evolutionary sources
of both transcription factors and binding sites for these tran-
scription factors.  This provides the possibility of self-  and
mutual control of TEs, inactivated as a result of the accumu-
lation of mutations in them and domesticated for the needs
of the hosts [11]. Genes of both DNA transposons, such as
transposase, and retroelements are domesticated due to the
transformation of regulatory networks, which also evolve as
a result of the dynamic influences of new TEs insertions into
eukaryotic genomes [44].

TEs turned out to be sources of the emergence of conser-
vative genes that play a key role in the evolutionary transfor-

mations of living organisms. For example, RE reverse tran-
scriptase  became  the  basis  for  telomerase  formation  [36,
45].  In  Drosophila  evolution,  telomerase  was  replaced  by
HeT-A,  TART  (telomere-associated  retrotransposon)  and
TAHRE  (telomere-associated  and  HeT-related  element)
retroelements  [46].  The  mammalian  centromeric  protein
CENP-B is homologous to the transposase (DNA transposon
enzyme) pogo from which it originated [47]. Back in 2005,
it was shown that in vertebrates, REs became the source of
more than 1000 genes in evolution [48]. A large number of
genes  derived  from  TEs  have  been  identified  in  animals,
plants  and  yeast  [49].  TE-derived  PCGs  can  encode  tran-
scription factors through the use of DNA-binding domains
of TEs, which is important for controlling genome function.
Moreover, many binding sites for transcription factors also
originate from TEs sequences [11]. This indicates the global
role  of  TEs  in  the  formation  of  regulatory  gene  networks
[49,  50],  which  may  also  involve  non-coding  RNAs  and
their translation products (Fig. 4). TE transcripts are selected
for functional fitness in parallel with their proteins since ncR-
NAs are formed in evolution from transposons [33, 35] and
are capable of being translated into peptides [21-23, 29, 51,
52].

genome
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Fig. (4). Scheme of the polyfunctionality of TE transcripts as participants in gene regulatory networks. The scheme shows that three different
processing products can be formed from the primary TE transcripts: 1) Messenger RNA (mRNA), which is translated to form the enzymes ne-
cessary for transposition and pseudogene formation. 2) Long non-coding RNAs (lncRNAs), which can be translated to form new proteins,
and also processed to form mature microRNAs. 3) Pri-microRNA, which is then translated to form a peptide that can interact with various
proteins. (A higher resolution / colour version of this figure is available in the electronic copy of the article).

A large amount of evidence has accumulated for the ori-
gin of PCGs through the domestication of specific genes of
various TEs. The source of the most important PCGs in ani-
mals, plants and fungi turned out to be DNA transposon tran-
sposase (Table 1).  Such conservative genes as CENP-B  of
all eukaryotes, RAG gene in vertebrates, Daysleeper gene in
drosophila, BUSTER1-3, ZBED1, ZBED4, ZBED5, P52rlPK
gene in arabidopsis originated from transposase [44, 53]. In
humans, rats, mice, cows, pigs, chickens, frogs, and various
species of fish, Harbinger transposases gave rise to genes en-
coding HARBI1 proteins, which serve as nucleases neces-
sary  for  DNA  rearrangement  [54].  Transposases  have  be-
come the basis for the formation of eukaryotic DNA-binding
domains such as sprial-turn-sprhal (STH), zinc fingers (ZF),
HD  (homeodomain),  KRAB  (Kruppel-linked  box),  BTB
(Broad-Complex,  Tramtrack,  and  Bric-a-brac),  SET  (Su(-
var), E(z) and Trithorax), SWIM (SWI2/SNF2 and MuDR),
hATC (hAT C-terminal dimerization), LZ (leucine zipper)
[49]. The protein products of DNA-transposons are charac-

terized by lower contact order compared to randomly select-
ed  control  proteins.  This  allows  them  to  fold  quickly  and
avoid aggregation [55]. The role of DNA-transposons as evo-
lutionary sources of PCGs involved in epigenetic regulation
should  be  noted.  Thus,  the  HDP1  (from  transposase)  and
HDP2  (from  DNA-binding  protein)  genes,  which  interact
with the components  of  the acetyltransferase complex ID-
M1, IDM2, IDM3, MBD7, involved in DNA demethylation,
originated  from  Harbinger  in  Arabidopsis  [56].  The  hAT
transposase gave rise to the chromatin modification factors
BEAF-32 and HIM-17 [57], the centromeric protein Abp1
(in fungi) [49], and insulators involved in chromatin modifi-
cation [58].  Genes derived from DNA-transposons are ex-
pressed into proteins THAP0, THAP1, E93 (Eip93F gene),
involved in apoptosis, as well as THAP, LIN-36, LIN-15B,
which control the cell cycle [57]. In yeast, DNA- transposon
integrase  gene  became  the  source  of  the  Fob1p  gene,  the
product  of  which  controls  ribosomal  RNA  recombination
[44, 53]. All this indicates the key role of TEs in the origin
and evolution of proteins in eukaryotes, including humans.
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Table 1. Human and other eukaryotes protein-coding genes originated from transposase.

DNA-Transposon, Encod-
ing a Transposase Transposon-Derived Gene Gene-encoded Protein Function Eukaryote Name

Tc1/mariner

PAX6 Transcription factor regulating organ development Homo sapiens
haT-like Participation in reproduction

Homo sapiens and other mam-
mals

SETMAR Non-homologous repair of double DNA breaks

METNASE DNA integration and repair

Transib, Tc1 RAG1, RAG2 Immune reactions (V(D)J recombination)
Homo sapiens and other jawed

vertebrates

PiggyBac-like PGBD1 Brain functioning
Homo sapiens and other verte-

brates

Pogo
CENP-B Centromere functioning

Homo sapiens, other animals and
fungi

JRK, JRKL DNA and RNA binding activity in neurons
Homo sapiens and other mam-

mals

P-element

THAP0, THAP1 Interferon-induced apoptosis

Homo sapiens and other mam-
mals

THAP2, 3, 4, 5, 6, 10, 11 DNA binding activity and metal ion binding activity

THAP7 Recruits HDAC3, NCoR deacetylase to specific DNA sites

E2F6 Repressor of E2F-dependent transcription in the S-phase

hAT
GTF2IRD2 Transcription factor

Homo sapiens and other mam-
mals

P52rIPK Inhibition of PKR protein kinase

ZBED1, 4, 5 Transcription regulation

Harbinger
HARBI1 DNA rearrangement

NAIF1 Nuclear apoptosis factor
Homo sapiens and other verte-

brates

Pogo

Bab1, Bab2 Morphogenesis of the ovaries and body Drosophila

Eip93F Regulation of steroid-mediated programmed cell death during me-
tamorphosis

Fungi
Abp1 Segregation of chromosomes, formation of centromere heterochro-

matin

P-element

CDC14B Cell cycle inhibitor

Roundworms
CTB-1 Regulation of transcription

HIM-17 Chromatin modification

LIN-36 Cell cycle inhibitor

phsa/pgga Repressor-like protein with a DNA-binding motif Drosophila

Mutator
Aft1

Transcription factor
Saccharomyces cerevisiae, Lod-

deromyces elongisporusRcs1
MUG1 Regulation of transcription

Arabidopsis
Mutator-like FHY3, FAR1 Phytochrome A pathways

Harbinger HDP1, HDP2 DNA demethylation

hAT Daysleeper Development regulation

hAT BEAF-32 Insulator activity for chromatin regulation
Drosophila

hAT DREF DNA replication, cell differentiation

hAT GON-14 Regulation of development
Caenorhabditis elegans

hAT LIN-15B Cell cycle inhibition
Note: *[44-49, 53-58]

The sources of many PCGs in evolution were also REs
(Table 2). The Gin-1 gene in mammals, which is involved in
the regulation of embryogenesis,  originated from LTR-RE
integrase  gene.  The  following  genes  originated  from  the
GAG retroelement gene in mammals: Mart (participates in
the control of cell proliferation and apoptosis), Ma (involved
in autoimmune response), Fv1 (participates in limiting the re-
plication of murine leukemia virus), PEG10 (participates in

parthenogenetic  development),  Rtl1  (regulates  the  expres-
sion of paternal genes), MyEF-3 (myelin basic protein tran-
scription factor) [44, 53]. SCAN (transcription factors) gene
family in vertebrates originated from the GAG gene of the
Ty3/gypsy  retroelements  [34].  The  Syncytin-1,  -2,  -A,  -B
genes originated from the Env genes of ERVs [44, 53]. Pro-
teins derived from the Env gene of LTR retroelements func-
tion in antiviral host defense  in  several  vertebrate  species.
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Table 2. Human and other eukaryotes protein-coding genes originated from retroelement genes.

Retroelement/ Source
Gene Retroelement-Derived Gene Gene-encoded Protein Function Eukaryote Name [Reference]

LTR-RE/ integrase Gin-1 Embryogenesis regulation

Homo sapiens and other mammals
[44, 53]LTR-RE/ GAG

Mart Control of cell proliferation and apoptosis

Ma Immune response

MyEF-3 Transcription factor

Fv1 Antiviral response

PEG10 Regulation of cell proliferation, differentiation and
apoptosis

Rtl1 Regulation of paternal genes expression

LTR-RE/ GAG SCAN Transcription factor
Homo sapiens and other vertebrates

[34]

ERV/ Env Syncytin Regulation of placental development
Homo sapiens and other vertebrates

[44, 53]

LINE/ORF1 L1TD1 RNA-binding protein that functions in undifferentiated
cells

Homo sapiens and other mammals
[65]

ERV/protease SASPase Cell protease Homo sapiens [66]

ERV/ Env Iris Antiviral response Drosophila [60]

Fig. (5). Scheme of transposable elements participation in epigenetic control of genes encoding proteins derived from them in evolution (indi-
cated by an arrow). MicroRNAs formed by processing transcripts of transposable elements can inhibit protein-coding gene expression at the
transcriptional level due to complementary base pairing, as well as at the post-transcriptional level. (A higher resolution / colour version of
this figure is available in the electronic copy of the article).

They form surface (determines cell specificity, tropism for
the host and cell type) and transmembrane (required for the
fusion of the envelopes of the virus and the target cell) subu-

nits. In all cases, endogenous env genes derived from differ-
ent  ERVs  act  as  restriction  factors  for  related  exogenous
retroviruses [59]. The homologue of the env gene of ERV in
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drosophila is the Iris gene [60]. Syncytin genes in placental
mammals are derived from the Env genes of LTR REs. Th-
ese genes are involved in the formation of the placenta and
include  the  primate-specific  Syncytin-1  (descended  from
HERV-W 25 million years ago) and Syncytin-2 (descended
from HERV-FRD 40 million years ago) [61]. Moreover, it
has been shown that in rodents [62], carnivores [63], lago-
morphs [64],  and primates [61],  Syncytin  genes originated
from  REs  as  a  result  of  independent  evolutionary  events,
which confirms the key role of REs in the regulation of onto-
genesis. The L1TD1 gene, which encodes an RNA-binding
protein that functions in undifferentiated cells, evolved from
ORF1 LINE retroelements  in  humans and other  mammals
[65]. The human gene that encodes the protein named Skin
Aspartic Protease (SASPase) evolved from ERV [66]. Do-
mestication of TE genes for the needs of hosts leads to the
fact that new PCGs contain transposon sequences not only
in their introns and regulatory regions but also in conserved
exons. This provides a basis for epigenetic control of PCGs
at the transcriptional and posttranscriptional levels, with tran-
sposon-derived ncRNAs serving as universal RNA interfer-
ence tools (Fig. 5).

4.  ORIGIN  OF  PROTEIN-CODING  AND  PEPTIDE-
CODING GENES FROM NON-CODING RNAS

The emergence of lncRNAs and microRNAs from TEs
in evolution could be the reason for the multifunctionality of
these ncRNAs. It means that despite the name “non-coding”,
they  have  the  potential  for  translation  into  functional  pro-
teins and peptides. The reason is the universal property of
TEs to contain nucleotide sequences that bind to ribosomes
even in the presence of a non-canonical short open reading
frame (ORF), which is due to the role of TEs as universal
evolutionary sources of life on Earth [6]. Several phylogenet-
ic  studies  have revealed the origin  of  evolutionarily  novel
PCGs from lncRNA genes [24-27]. A new gene, BSC4, has
been identified in Saccharomyces cerevisiae, containing an
ORF (which is absent in other closely related fungal species)
encoding a  protein  132 amino acids  long.  The BSC4  gene
product is involved in DNA repair pathways during the sta-
tionary phase of the fungus and contributes to its persistence
when transferred to low-nutrient environments. In fungi of
the species S. paradoxus, S. mikatae, S. bayanus, identical
non-coding sequences are  also transcribed,  so they can be
classified  as  the  lncRNA  gene,  which  in  Saccharomyces
cerevisiae in evolution became the source of a new PCG, do-
mesticated in connection with adaptive functions [25].

A comparative analysis of the Drosophila melanogaster
genome with other species of the genus Drosophila revealed
5 genes, 4 of which are located on the X chromosome and
translated into peptides of 58, 79, 97 and 158 amino acids in
length, 1 - on chromosome 2 with the encoding of a peptide
of 127 amino acids. These genes are derived from non-cod-
ing DNA sequences transcribed in other species (lncRNA ge-
nes) [24]. In 2012, 24 evolutionarily young PCGs were iden-

tified,  which  evolved  from  lncRNAs  genes.  Of  these,  11
genes  encode  proteins  specific  only  to  humans,  and  13
others  are  conserved  between  humans  and  chimpanzees.
Genes  contain  from  1  to  7  exons,  and  the  length  of  gene
translation products varies from 72 to 423 amino acids [26].
Such genes are called “orphan”, that is,  characteristic of a
specific  animal  species  and  not  found  in  other  species,
which is associated with their recent emergence in evolution
from lncRNAs and transposon genes and participation in spe-
cies-specific adaptive reactions. About 53% of “orphan” pri-
mate genes contain TE sequences, which indicates their use
as sources of origin of these genes [67].

Confirmation of the role of lncRNAs as sources of “or-
phan” genes were obtained in studies in 2014, which found
that ribosome-associated lncRNAs are characterized by low
evolutionary  conservation  and  contain  homologs  in  other
species from 0 to 15.6%, while for PCGs this figure more
than 95% for vertebrates and 70 – 73% for plants and fungi.
Analysis of the expression of lncRNAs in cells of 6 different
eukaryotic species (A. thaliana, S. cerevisiae, Danio rerio,
D.  melanogaster,  Homo  sapiens,  Mus  musculus)  showed
similar coding potential and sequence restrictions with evolu-
tionarily young proteins. The results showed that a signifi-
cant proportion of lncRNAs are associated with ribosomes
(from 28.6% in S. cerevisiae to 81.9% in mice), which indi-
cated their expression. It was also revealed that evolutionari-
ly  young  PCGs  encoding  experimentally  tested  proteins
were  characterized  by  properties  common  to  lncRNAs
genes. These PCGs contained short ORFs occupying a small
portion of the transcript and also had a low coding score sim-
ilar to that of lncRNAs. It indicates the origin of such evolu-
tionarily young PCGs from lncRNAs genes due to the selec-
tion of peptides involved in properties adaptive for the survi-
val of organisms [27]. The emergence of new PCGs from ln-
cRNA genes  in  various  animals  and  plants  is  due  to  their
translation into peptides that participate in a variety of adap-
tive  biological  processes.  Data  on  the  role  of  lncRNAs as
sources of PCGs indicate the possibility of the formation of
larger  polypeptide  molecules  from  their  gene  transcripts
[24-27]. This is possible due to the evolution of the resulting
genes with an increase in their size due to insertions of TEs
with their subsequent exonization [36, 37].

5. TRANSLATION OF HUMAN PROTEINS AND PEP-
TIDES FROM LONG NON-CODING RNAS AND PRI-
MIRNAS

In addition to the evolutionary role in the emergence of
PCGs  according  to  phylogenetic  studies,  more  data  are
emerging on the direct translation of lncRNA in living or-
ganisms, including humans. In this case, the mechanisms of
larger PCG formation from the entire or most of the lncRNA
gene sequence may differ  from the mechanisms of forma-
tion of a translated RNA molecule from lncRNA, the length
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of which is significantly less than the mature lncRNA. For
example,  the  skeletal  muscle-specific  peptide  myoregulin
(MLN) was discovered in  mice and humans,  formed from
the ORF of an evolutionarily conserved lncRNA, which is
designated LINC00948 in humans and AK009351 in mice.
In both organisms, lncRNA genes consist of 3 exons and are
more than 15,000 bp in length. At the same time, the OFR
from which  the  MLN peptide  is  translated  is  only  138  bp
long and is located in exon 3 of the gene. MLN shows simi-
larities  to  phosphalambane  and  sarcolipin,  which  control
muscle relaxation by regulating the uptake of calcium ions
by  the  endoplasmic  reticulum  [21].  Another  peptide,
DWORF (dwarf open reading frame), produced during lncR-
NA translation, also interacts with the endoplasmic reticu-
lum.  It  stimulates  the  activity  of  calcium ATPase SERCA
(sarco/endoplasmic reticulum Ca2+-ATPase) by displacing
its inhibitors (phospholamban, sarcolipin and MLN) in car-
diomyocytes and skeletal muscles. The DWORF peptide is
not  expressed  prenatally,  but  its  production  gradually  in-
creases in cardiac muscle in the postnatal period [22]. Vari-
ous functional peptides produced during the translation of ln-
cRNAs  have  also  been  identified  in  plants.  These  include
COLDAIR and  COOLAIR (control  flowering  time),  IPS1
(regulates phosphate uptake), ENOD40 (participates in sym-
biosis with bacteria) [23].

Studies of human lncRNA translation are of greatest in-
terest since the peptides produced during this process are spe-
cifically  expressed  or  suppressed  in  malignant  neoplasms
and  can  serve  as  tools  for  cancer-targeted  therapy.  Ful-
l-length sequencing of translated RNAs and ribosome profil-
ing published in 2019 indicate that 3,330 human lncRNAs
bind  to  ribosomes  with  active  translation  elongation.  The
proteomic analysis allowed the authors to discover 308 new
proteins and peptides formed as a result of the translation of
lncRNAs [68]. Similar studies were carried out by other re-
search groups, in which 128 peptides encoded by ncRNAs
were identified [69]. It should be noted that some peptides
are formed during the translation of lncRNAs not in normal
cells of the body, but only in cancer cells, which indicates
another mechanism for the evolution of cancer - due to the
formation of new PCGs from lncRNAs. This reflects the gen-
eral  evolutionary  mechanisms  of  tumors  and  the  develop-
ment of the living world, when possible variants of ncRNA
translation are selected to form new adaptive properties of
living organisms. For example, lncRNA LINC00675 is trans-
lated to produce a small, conserved 79 amino acid FORCP
protein that is expressed by colorectal cancer cells, whereas
it is not expressed by all normal human cells [70]. For the
same  type  of  cancer,  the  formation  of  the  ASAP  peptide
from lncRNA LINC00467 was detected, which is not only
expressed in  normal  cells  but  is  also conserved for  higher
mammals, regulating mitochondrial function [71]. This indi-
cates the development of different pathways of cancer evolu-
tion  using  both  newly  formed  and  conserved  peptides  in-
volved in carcinogenesis. It was also shown that the expres-
sion of lncRNAs is influenced by changes in the internal en-

vironment of the body and the external environment, which
indicates the potential of research in this direction to identify
risk factors for cancer and the possibility of their correction.
Thus,  the expression of  the YY1BM peptide is  influenced
not only by androgens (and therefore it is specifically trans-
lated in men), but also by cigarette smoke [72]. Several lncR-
NA genes that encoded MHC class I bound peptides have re-
cently  been  described.  Such  peptides  drove  a  potent  anti-
gen-specific CD8 T lymphocyte response, which translated
into  a  significant  delay  in  tumour  growth  and  can  be  de-
ployed as a cancer vaccine. Increased lncRNA Gm17173 (en-
coding peptide sequence RLAQLQTTI) and Gm37283 (en-
coding peptide sequence HIFSLHHF) expression were de-
tected in tumor tissues.  These peptides that  were tested in
mice could drive an antigen-specific T cell response when
delivered as a vaccine [73]. The metastasis-associated lung
adenocarcinoma  transcript  1  (MALAT1)  is  broadly  ex-
pressed  across  cell  types,  almost  exclusively  as  a  nuclear
long noncoding RNA. Within a 5' region of Malat1 contain-
ing short open reading frames. In differentiating neurons, a
portion  of  Malat1  RNA  redistributes  to  the  cytoplasm,
where it is translated to form the M1 peptide that modulates
synaptic function [74].

Viruses are also sources of lncRNAs that affect the pro-
teome of the human genome. For example, Human Immun-
odeficiency Virus 1 lncRNA named ASP promotes viral la-
tency by recruiting the Polycomb Repressor Complex 2 and
promoting nucleosome assembly [75]. Viral RNA-host pro-
tein interactions are critical for the replication of flavivirus-
es. It was found that three conserved host RNA-binding pro-
teins (RBPs) G3BP1, G3BP2 and CAPRIN1 in dengue virus
(DENV-2) infection are regulators of the interferon response
against DENV-2. Their antiviral activity was antagonized by
the  abundant  DENV-2  non-coding  subgenomic  flaviviral
RNA, which bound to G3BP1, G3BP2 and CAPRIN1, in-
hibited their activity and led to profound inhibition of inter-
feron-stimulated  genes  mRNA  translation  [76].  This  indi-
cates the role of viral lncRNAs as adaptive transcripts aimed
at combating host antiviral systems. Since exogenous virus-
es are evolutionarily associated with TEs [77], it can be as-
sumed that the emergence of lncRNAs in evolution was also
aimed at confronting host systems aimed at eliminating TEs
from genomes.  Adenovirus  кодирует  lncRNA named VA
RNA relieves the cellular anti-viral blockade of protein syn-
thesis through inhibition of the double-stranded RNA-acti-
vated protein kinase [78]. Since exogenous viruses probably
evolved from TEs [77], it is possible that viral lncRNA can
be translated to form peptides that have an inhibitory effect
on the viruses themselves. This is likely due to host defense
systems when translation of  foreign RNAs is  used against
pathogens. Discovery of such peptides may lead to new di-
rections in the treatment of viral infection. The basis for re-
search in this direction is the results of studies that make it
possible to identify peptides encoded by lncRNAs (Table 3).
Indeed  Epstein-Barr  virus  encodes  lncRNAs:  oriPtLs  and
oriPtRs. While the oriPtLs are noncoding, some of the oriP-
tRs  contain  the  BCRF1/vIL10  ORF  and  at  the  same  time
may serve a noncoding function [79].
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Table 3. Human lncRNAs and peptides translated from their open reading frame.

lncRNA Name Tissue where the Peptide is
Expressed/ Reference Peptide Name/ Length Peptide Function

MALAT1 Wild-type neurons/ [74] M1/35 Modulates synaptic function in the brain

CRNDE
Highly proliferating tissues/

[80]
CRNDEP/84 Regulates epithelial cells cell proliferation

LINC01420
Breast cancer and leukemia

cells/ [81]
NoBody/68

Interact with mRNA decapitating proteins that remove the 5' cap of mR-
NA, promoting 5' to 3' decay, cancer stimulator

LINC00665 Breast cancer/ [82] CIP2A-BP/52
Interacts with CIP2A oncogene, activating PP2A, which inhibits the

PI3K/AKT/NFκB pathway, which leads to a decrease in the expression of
MMP-2, MMP-9 and Snail, cancer inhibitor

LINC00908
Triple-negative breast cancer/

[83]
ASRPS/60

Inhibits STAT3 phosphorylation, which leads to decreased VEGF expres-
sion, cancer inhibitor

MAGI2-AS3 Breast cancer/ [84]
MAGI2-AS3-ORF5/

polypeptide
Affect the progression of breast cancer cells by binding to extracellular

matrix (ECM)-related proteins

NR029453 Breast cancer/ [85] CASIMO1/80
Interacts with squalene epoxidase to regulate lipid droplet clustering, can-

cer inhibitor

HOXB-AS3 Colon cancer/ [86] HOXB-AS3/53
Suppresses hnRNP A1-mediated splicing of pyruvate kinase M by block-

ing arginine residues in the RGG motif of hnRNP A1, cancer inhibitor

Gm17173 Human HTC116 p53-/- colon
cancer cells/ [73]

Peptide sequence RLAQLQTTI/9
Drive an antigen-specific T cell response, cancer inhibitor

Gm37283 Peptide sequence HIFSLHHF/8

LOC90024 Colorectal cancer/ [87] SRSP/130
Interacts with splicing regulators SRSF3, stimulating tumor splicing of

RNA transcription factor Sp4, cancer stimulator

LINC00675 Colorectal cancer/ [70] FORCP/79 Inhibits apoptosis of cancer cells, cancer stimulator

LINC00467 Colorectal cancer/ [71] ASAP/94
Stimulates ATP synthetase activity by interacting with ATP5A and AT-

P5C, cancer stimulator

LINC-00266-1 Colorectal cancer/ [88] RBRP/71
Interacts with RNA-binding proteins such as m6A reader IGF2BP1 to in-

crease c-Myc stability and expression, cancer stimulator

BVES-AS1 Colorectal cancer/ [89] BVES-AS1-201-50aa/50
Targeted and activated the Src/mTOR signaling pathway in cancer, cancer

stimulator

LINC00278 Esophageal cancer/ [72] YY1BM/21
Inhibits the interaction of YY1 with the androgen receptor, which reduces

eEF2K expression, cancer inhibitor

LINC00998
Hepatocellular carcinoma/

[90]
SMIM30/59

Promotes the attachment of non-receptor tyrosine kinases SRC/YES to
the membrane, activating the MAPK signaling pathway, cancer stimulator

NCBP2-AS2
Hepatocellular carcinoma /

[91]
KRASIM/90

Interacts with the KRAS protein, inhibiting ERK signaling pathways, can-
cer inhibitor

LINC-PINT Glioblastoma/ [92] PINT87aa/87
Interacts with polymerase-associated factors PAF1c complex, cancer in-

hibitor

AF127577.4 Glioblastoma/ [93] AF127577.4-ORF/29 Modulation of ERK2/METTL3 interaction, cancer inhibitor

HNF4A-AS1 Neuroblastoma/ [94] HNF4A-AS1-51aa/ 51 eEF1A1-repressed SMAD4 transactivation, cancer stimulator

UBAP1-AST6 Lung cancer/ [68] UBAP1-AST6 Stimulates cell proliferation, cancer stimulator

ASH1L-AS1 Acute myeloid leukemia/ [95]
APPLE/

90

Promotes PABPC1-eIF4G interaction and facilitates mRNA circulariza-
tion and eIF4F initiation complex assembly to support a specific pro--

cancer translation program, cancer stimulator

It  should  be  noted that  drug resistance  is  an  important
characteristic  of  cancer  cells,  therefore,  when  considering
the role of TEs and ncRNAs in the formation of proteins and
peptides that affect cancer, it is important to dwell on the is-
sue of drug resistance. Indeed, the de-regulation of TEs is
the most important mechanism for the development of drug
resistance,  since  TEs  are  able  to  rebuild  global  regulatory
gene networks [96]. This is due to the influence of TEs on
epigenetic regulation [97], due to which cell clones become
resistant to chemotherapy used to treat cancer. In particular,
it was revealed that TEs alter gene expression and may im-
pact response to cisplatin therapy in ovarian cancer [98]. Of

the lncRNAs listed in  Table  3,  LINC-PINT is  involved in
drug resistance, which suppresses cisplatin resistance in gas-
tric cancer by inhibiting autophagy activation via epigenetic
silencing of ATG5 by EZH2 [99]. Also, LINC-PINT attenu-
ates  paclitaxel  resistance  in  triple-negative  breast  cancer
cells  via  targeting  the  RNA-binding  protein  NONO  [100]
and  regulates  laryngeal  carcinoma  cell  stemness  and  che-
moresistance through miR-425-5p/PTCH1/SHH axis [101].
In  addition,  Anisomycin  inhibits  the  activity  of  human
ovarian  cancer  stem  cells  via  regulating  antisense  RNA
NCBP2-AS2/MEK/ERK/STAT3 signaling. Therefore, muta-
tions or changes in the expression of this lncRNA may be a
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factor in drug resistance to anisomycin [102].  LINC00467
mediates the 5-fluorouracil resistance in breast cancer cells
[103], and knockdown of this lncRNA contributed to Axi-
tinib  sensitivity  in  hepatocellular  carcinoma  through
miR-509-3p/PDGFRA axis [104]. LINC00675 activates the
androgen receptor axis signaling pathway to promote castra-
tion-resistant prostate cancer progression [105].

Transcriptional  suppression  of  Dicer  by  the  HOXB-
AS3/EZH2 complex dictates sorafenib resistance and cancer
stemness [106]. MAGI2-AS3 suppresses castration-resistant
prostate  cancer  proliferation  and  migration  via  the
miR-106a-5p/RAB31  axis  [107].  Long  non-coding  RNA
LINC00665 promotes gemcitabine resistance of Cholangio-
carcinoma cells via regulating EMT and stemness properties
through  miR-424-5p/BCL9L  axis  [108]  and  induces  ac-
quired resistance to gefitinib through recruiting EZH2 and
activation PI3K/AKT pathway in non-small-cell lung cancer
[109]. CRNDE induces cisplatin resistance through the SRS-
F1/TIA1 signaling pathway in ovarian cancer [110] and is in-
volved  in  radiation  resistance  in  hepatocellular  carcinoma
via the SP1/PDK1 axis [111]. MALAT1 mediates cisplatin
resistance via miR-101-3p/VEGF-C pathway in bladder can-
cer [112], modulates oxaliplatin resistance of gastric cancer
via sponging miR-22-3p [113], mediates doxorubicin resis-
tance  of  hepatocellular  carcinoma  by  regulating
miR-3129-5p/Nova1 axis [114], regulates the resistance of
breast cancer cells to paclitaxel via the miR-497-5p/SHOC2
axis  [115],  enhances  gemcitabine  resistance  in  non-small
cell  lung  cancer  cells  by  directly  affecting  miR-27a-5p/P-
BOV1 axis [116].

Recent studies suggest that lncRNAs may influence drug
resistance in cancer by targeting specific proteins. For exam-
ple, exosomal lncRNA LOC85009 inhibits docetaxel resis-
tance in lung adenocarcinoma by regulating ATG5-induced
autophagy  via  the  USP5/USF1  axis,  suggesting  that
LOC85009 might be a potential target to reverse docetaxel
resistance  in  the  treatment  of  lung  adenocarcinoma [117].
There were identified the role of different isoforms (by alter-
native polyadenylation) of  XBP1 in cisplatin resistance of
lung adenocarcinoma cells.  Due to decreased usage of  the
distal polyadenylation site (PAS) in 3'UTR, the XBP1-UL
level was lowered in cancer cells and decreased further in
cisplatin-resistant  cells.  XBP1  transcripts  with  shorter
3'UTR (XBP1-US) were more stable and presented stronger
potentiation on DDP resistance. DDP-induced nuclear lncR-
NA LINC00221  facilitated  CPSF6-induced  proximal  PAS
choice in the pre-XBP1 3'end, influencing progression and
cisplatin resistance in lung adenocarcinoma [118].

Some lncRNAs are also precursors for microRNAs, so
their DNA coding regions are both lncRNA genes and mi-
croRNA genes. Moreover, the transcription products of such
genes also have the potential to be translated into functional
peptides. Examples are lncRNA MIR497HG [32], lncRNA
MIR22HG  [33],  lncRNA  MIR155HG  [31].  Pri-miRNA
molecules  can  also  be  translated  into  functional  peptides
called  miPEPs  [29,  51,  52]  due  to  the  presence  of  short
ORFs that allow them to interact with ribosomes [51]. Pep-

tides and proteins encoded by pri-microRNAs are expressed
in plant and animal cells, regulating the growth and develop-
ment of normal and cancer cells [30]. MiPEP (miRNA en-
coded peptide) peptides, which are formed during the transla-
tion  of  pri-microRNAs,  are  involved  in  the  regulation  of
both PCGs [52] and their own microRNA genes. The func-
tional activity of miPEP has been proven. They are used in
agriculture  to  improve  plant  productivity.  For  example,
miPEP172c enhances the expression of miR172c, which pro-
motes the formation of soybean root nodules and stimulates
symbiosis with rhizobia [51].

In Arabidopsis, a functional miPEP165a was identified
and it was proven that more than each of the 50 pri-microR-
NAs of this plant contains a short ORF. Pri-miR171b was de-
tected  in  Medicago  truncatula  [29].  A  functional  peptide
miPEP31 was identified,  formed during translation of  pri-
miRNA-31, which suppresses the expression of miR-31, and
enhances the induction of regulatory T lymphocytes, acting
as a transcriptional repressor [119]. According to a 2023 sys-
tematic review of the scientific literature, miPEPs are cur-
rently  known  from  various  plants  and  animals,  including
miPEP-156a  in  Brassica  rapa,  miPEP397a  in  Brassica
oleacera,  miPEP-164b,  miPEP165a,  miPEP-397a,
miPEP858a  in  Arabidopsis  thaliana,  miPEP164b  in  Bar-
barea  vulgaris,  miPEP-164c,  miPEP-171d1,  miPEP-172d,
miPEP3635b in Vitis vinifera, miPEP171a/b/c/d/e/f in Med-
icago  truncatula,  miPEP171b  in  Lotus  japonicas,
miPEP171i у Oryza sativa, miPEP171e in Solanum lycoper-
sicum,  miPEP172c  in  Glycine  max,  miPEP-31  in  mouse,
miPEP8 in Drosophila [120]. MiPEP408, which is involved
in the response to  arsenic  stress  and sulfur  assimilation in
Arabidopsis, was also recently described [121].

In addition to the involvement of human miPEPs in the
antiviral response [122, 123], microRNAs are also encoded
in viral genomes. Moreover, virus-derived miRNAs (v-miR)
function by targeting host and virus-encoded transcripts and
are  critical  in  shaping  host-pathogen  interaction.  V-miRs
can function in an autocrine and paracrine fashion to counter
antiviral pathways in infected cells and likely modulate im-
mune responses in bystander cells [124]. Since in evolution
viruses and TEs were characterized by mutual transforma-
tions [77], it can be assumed that viral microRNAs can also
be translated, which would become the basis for a new direc-
tion in antiviral therapy since miPEPs are characterized by
inhibition of the expression of their own microRNAs [30].
Indeed, viruses have been found to regulate their proteins by
microRNAs formed from their genomes. For example, when
Epstein  Barr  Virus  multiplies,  miR-BART-1-5p,  miR-
BART3, miR-BART5, miR-BART16, miR-BART17-5p are
formed, the targets of which are Latent membrane protein 1
(LMP1, a membrane protein expressed by EBV). LMP1 acts
as  a  functional  homolog  of  CD40,  a  constitutively  active
TNF receptor. miR-BART16 suppresses the type I interfer-
on  signaling  by  directly  targeting  and  downregulating  the
CREB binding protein (CREBBP or CBP), which is a wel-
l-characterized transcriptional co-activator of interferon sig-
naling [124]. Expression products of TEs are also interferon
stimulators [125], which indicates the evolutionary relation-
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ship of exogenous viruses and TEs, as well as the systems of
their interaction with the human body at various levels. The
study of microRNAs of viruses and their interactions with
their  own  proteins  and  peptides,  as  well  as  with  host
molecules, is promising for the development of new meth-
ods of antiviral and antitumor therapy due to the possibility
of using convenient tools for these - specific peptides.

The ability to translate into functional peptides is charac-
terized not only by lncRNAs and pri-microRNAs, but also
by other known RNA molecules, such as snoRNAs [69]. It
demonstrates  the  enormous  number  of  different  peptide
molecules  that  have  not  yet  been  discovered,  functioning
both  specifically  for  individual  tissues  or  organs  and  for
pathological processes such as cancer. That is, the regulato-
ry systems of eukaryotic genomes are much more complex
than the classical concepts prevailing in genetics. TEs could
be the oldest universal system providing evolutionary mutu-
al  regulatory  tools  for  all  known organisms,  starting  from
the origin of life. This assumption is supported by the above
data  on  the  nonrandom  processing  of  mature  tRNAs,  rR-
NAs, snRNAs, and snoRNAs characteristic of TEs. The ncR-
NAs  formed  from  them  are  used  to  interfere  with  TEs
[126-131].  Table  4  presents  data  on the formation of  both
mature  microRNAs  with  their  specific  functions  and  pep-
tides  from  pri-microRNA  molecules  (which  can  serve  as
long ncRNAs).

Since the peptides encoded by pri-miRNAs influence the
expression  of  self-miRNAs involved  in  carcinogenesis,  as
well  as  signaling  pathways  similar  to  self-miRNAs,  it  is
promising to study the role of such peptides in cancer drug
resistance.  For  this  purpose,  the  influence  of  miRNAs  on
cancer drug resistance can be initially investigated.  LncR-
NAs can also be used as tools to modulate microRNA ex-
pression. For example, it has been shown that HDAC1/4-me-
diated  silencing  of  microRNA-200b  (miR-200b)  enhances
docetaxel-resistance  of  human lung adenocarcinoma cells.
There were confirmed that MARCKSL1-2 alleviated doce-
taxel resistance in lung adenocarcinoma cells by abolishing
the inhibitory effect of HDAC1 on miR-200b via the recruit-
ment  of  SUZ12  [135].  Tumor-suppressor  miR-22  (which
pri-miR-22 is translated into antiviral miPEP22 [122]) was
found  silenced  in  drug-resistant  colorectal  cancers  [136].
MiR-155 (which pri-miR-155 is translated into miPEP-155
[31]) takes part in a sequence of bioprocesses that contribute
to the development of breast cancer drug resistance, includ-
ing  repression  of  FOXO3a,  enhancement  of  epithelial-to-
mesenchymal transition (EMT) and mitogen-activated pro-
tein kinase (MAPK) signaling, reduction of RhoA, and af-
fecting the length of telomeres [137]. Therefore, it can be as-
sumed that miPEP-155 can be used to treat chemoresistant
breast  tumors  by  inhibiting  miR-155.  MiR-31  (which  pri-
miR-31  is  translated  into  miPEP-31  [119])  confers  Oxali-
platin  resistance  by  targeting  LATS2  in  colorectal  cancer
[138]. It can be assumed that miPEP-31 can be used for the
treatment of chemoresistant colorectal cancer by inhibiting
miR-31.  MiR-497  (which  pri-miR-497  is  translated  into
miPEP-497  [32])  mediates  Tamoxifen  resistance  via
PI3K/AKT  signaling  in  breast  cancer  [139].  Therefore,

miPEP-497 could also be used to overcome Tamoxifen resis-
tance in breast cancer. It can be assumed that peptides will
be found for other microRNAs involved in carcinogenesis
that can be used as tools in the complex treatment of che-
moresistant cancer.

6. FUNCTIONALITY OF MRNA OF PROTEIN-COD-
ING GENES AS A PROPERTY OF TRANSPOSABLE
ELEMENTS

Introns  of  PCGs are  also  processed  to  form functional
ncRNAs [140]. This confirms their evolutionary relationship
with TEs, which are key sources of small ncRNAs that ma-
ture through transcript processing [33]. Like lncRNAs, pre-
mRNA molecules of protein-coding genes can form specific
secondary and tertiary structures that affect the processing
and stability of these molecules [141]. This suggests an an-
cient origin of the mRNA sequences translated into peptides
[142-145]  from  TEs.  The  abundance  of  lncRNA  domains
with transposon sequences is due to the fact that TEs form
spatial structures involved in biological processes [13]. Algo-
rithms using minimum free energy and maximum expected
accuracy are used to predict RNA secondary structures with
comparative evolutionary methods. Using these methods, it
was shown that the secondary structure of pre-mRNA can en-
hance  or  suppress  its  own  splicing  depending  on  the  se-
quence features  in  the introns.  Even after  splicing,  the se-
condary  structure  of  RNAs  can  affect  their  regulation  by
RNAi.  The  tertiary  structure  also  influences  pre-mRNA
splicing. For example, a G-quadruplex can enhance or sup-
press splicing by creating or shading RNA-protein binding
sites [141]. In addition, REs are able to control the recogni-
tion of splice sites by forming specific spatial hairpin struc-
tures [146].

The functionality of PCG mRNA molecules is evidenced
by the formation of specific circular RNAs (circRNAs) from
gene  introns,  which  have  multiple  regulatory  abilities  and
can also be translated to form functional peptides and pro-
teins.  CircRNAs  are  widely  expressed  in  the  genomes  of
various  eukaryotes  because  they  are  formed  by  “forward
back splicing,” which results in the formation of covalent,
closed-loop RNA structures without 3′-5′ polarity. They do
not contain PolyA tails and are expressed at relatively low
levels. CicrRNAs, like lncRNAs, can function as microRNA
sponges and are involved in the regulation of PCGs and neu-
ronal  development,  and the mechanisms of  carcinogenesis
[143]. In addition, circRNAs bind to target gene promoters,
recruit transcription factors and modulate the expression of
PCGs [142]. The peptides encoded by circRNAs are of great-
est interest in humans due to the discovery of their involve-
ment in the development of malignant neoplasms, since they
can  be  used  as  targets  for  antitumor  therapy  (Table  5)
[142-145]. However, one of the first human circRNAs capa-
ble of translation was circ-ZNF609, which is involved in the
regulation of skeletal muscle differentiation. Unlike the pro-
tein product of the core PCGs (transcription factor, zinc fin-
ger protein) from which this circRNA is generated, the trans-
lation product of this ncRNA does not contain zinc finger do-
mains [147]. Since TEs in evolution were the sources of the
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Table 4. The role of pri-microRNAs as sources of functional microRNAs and peptides.

Precursor Name miRNA Name/ Function [Reference] Peptide Name (Length)/ Function [Reference]

pri-miR-147b

miRNA-147b targets the NDUFA4 mRNA with immune-

dampening effects and simultaneously enhances RIG-I/M-

DA-5-mediated viral immunity [123]

MOCCI (83) regulation of antiviral immune responses, paralog of the NDU-

FA4 subunit of cytochrome C oxidase (Complex IV), replaces NDUFA4 in

Complex IV during inflammation to lower mitochondrial membrane poten-

tial, leading to cyto-protection and dampened immune response [123]

pri-miR-22 (lnc

MIR22HG)

miRNA-22/ inhibits osteosarcoma cell proliferation, mi-

gration and invasion through the regulation of Twist1 ex-

pression [132]

miPEP22 (57) antiviral reactions [122]

pri-miR-7-3 (lnc

MIR7-3HG)

miRNA-7-3/ suppresses autophagy and apoptosis in Hela

and lung carcinoma cell lines through the downregulation

of autophagy and Beclin 1 regulator 1 [133]

miPEP7-3 (125) protects pancreatic beta cells from DEX-induced dysfunc-

tion by activating the PI3K/AKT pathway [133]

pri-miR-155 (lnc

MIR155HG)

miRNA-155/ antitumor activity of lymphocytes and

myeloid cells [134]

miPEP155 (17) interacts with the adenosine 5'-triphosphate binding domain

of heat shock-related protein 70 (HSC70), a chaperone required for antigen

transport and presentation in dendritic cells [31]

pri-miR-200a miRNA-200a/ tumor supressor [30]

miPEP-200a (187) regulates the expression of vimentin, and inhibits the

epithelial-mesenchymal transition of prostate cancer cells, suppressing their

migration [30]

pri-miR-200b miRNA-200b/ tumor supressor [30]

miPEP-200b (54) regulates the expression of vimentin, and inhibits the

epithelial-mesenchymal transition of prostate cancer cells, suppressing their

migration [30]

pri-miR-31
miRNA-31/ negative regulator of regulatory T lympho-

cytes [119]

miPEP-31 (48) promotes the induction of regulatory T lymphocytes, inhibit-

ing the expression of miRNA-31 [119]

pri-miR-34a
miRNA-34a/ tumor suppressor inhibits the expression of

700 target genes [7]

miPEP-133 (133) in mitochondria interacts with mitochondrial heat shock

protein, prevents the interaction of HSPA9 with proteins, enhances the tran-

scriptional activity of p53, and stimulates miR-34a expression [7]

pri-miR-497 (lnc

MIR497HG)

miRNA-497/ led to downregulation of genes encoding

cell cycle activators, as expected, such as CDC25A, CD-

K6, and Cyclin E [32]

miPEP497 (21) promotes the proliferation of tumor cells, and inhibits cervi-

cal cancer [32]

Table 5. Circular RNAs and peptides formed during their translation.

circRNA Name Peptide Expressed Tissue/
Reference Peptide Name/Length Peptide Function

circ-AKT3 Glioblastoma/ [153] AKT-174aa/174 Decreased the cell proliferation and radiation resistance

circCAPG
Triple-negative breast

cancer/ [154]
CAPG-171aa/171 Activates MEKK2-MEK1/2-ERK1/2 pathway

circ-SHPRH Glioblastoma/ [155] SHPRH-146aa/146
Protects full-length circ-SHPRH from degradation by the ubiquitin proteasome,

ubiquitinates the nuclear antigen of proliferating cells PCNA, inhibits cancer

circ-FBXW7 Glioblastoma/ [143] FBXW7-185аа/185
Inhibits proliferation and acceleration of the cell cycle, suppresses cancer develop-

ment

circ-FNDC3B Colon cancer cells/ [145] circ-FNDC3B-218aa/218
Inhibits Snail expression, promotes the tumor suppressor effect of FBP1, suppresses

proliferation, invasion and migration of cancer cells

circ-Gprc5a Bladder cancer/ [142] Circ-Gprc5a/11
In combination with the membrane protein, Gprc5a activates GPCR signaling, pro-

motes the development of cancer

circ-PPP1R12A Colon cancer/ [144] circ-PPP1R12A -73aa/73
Stimulates proliferation, migration and invasion of cancer cells by activating Hip-

po-YAP signaling pathways

circ-β-catenin Liver cancer/ [156] β-catenin-370aa/370
Activates the Wnt pathway by stabilizing full-length β-catenin, stimulates cancer de-

velopment

circZKSCAN1
Hepatocellular carcinoma/

[157]
circZKSaa

Promoted the interaction of FBXW7 with the mammalian target of rapamycin (m-
TOR) to promote the ubiquitination of mTOR, thereby inhibiting the PI3K/AKT/m-

TOR pathway, cancer suppressor
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Fig. (6). Scheme of various ways transposable elements participate in the origin of proteins and peptides in eukaryotic evolution (transposi-
tions and accumulation of mutations in evolution are highlighted with a dotted line to indicate the duration of the process in evolution). (A
higher resolution / colour version of this figure is available in the electronic copy of the article).

emergence of spliceosomal introns, as well as their variabili-
ty [35], it is logical to assume that the ability of circRNAs to
be translated into functional peptides also reflects the univer-
sal properties of TEs and is due to the emergence of circR-
NAs from TEs. Indeed, circRNAs, like lncRNAs, are charac-
terized by tissue-specific expression. Among all complemen-
tary  sequences,  human  SINEs  (especially  Alu)  have  been
shown to contribute the most to the formation of circRNAs
and  their  diversity.  Accordingly,  different  distributions  of
REs between species lead to an increase in the complexity
of  circRNA  expression  during  the  evolution  of  species
[148]. This is due to the role of Alu as a sources of splicing
acceptors and inhibitors of mRNA translation. Alu are the
primary targets of the RNA editing enzyme ADAR, and the
formation of Alu exons is suppressed by the ribonucleopro-
tein HNRNPC. The nuclear RNA helicase DHX9 was found
to specifically bind to Alu inverted repeats within PCGs mR-
NA. An increase in the number of Alu-containing genes that
form circRNAs occurs with the loss of DHX9, which acts as
a nuclear RNA resolvase that neutralizes the threat of tran-
scriptional and translational disruptions caused by Alu inser-
tions  [149].  It  has  been  proposed  that  circRNAs  of
100–1000  nucleotides  in  length,  produced  by  small  self-
cleaving RNAs or called hammer-type ribozymes, are encod-
ed by non-autonomous RE retrozymes [150]. This new fami-
ly of REs appears to be widespread in eukaryotic genomes.
The  resulting  expression  of  these  REs containing  hammer
motifs can be easily detected by RNA blotting [151].  It  is
possible that the wide distribution of Alu in the genomes of

eukaryotes (occupying 11% of the human genome) is due to
the ability to form circRNAs involved in the regulation of
gene expression during the adaptive evolution of organisms.
Indeed,  the formation of  circRNAs requires  the pairing of
RNA nucleotides between sequences flanking back splicing
sites due to the presence of Alus in gene introns [152].

It should be noted that viruses also encode functional cir-
cRNAs,  which indicates  the  role  of  TEs in  the  emergence
and evolution of circRNAs (due to the evolutionary relation-
ship of viruses and transposable elements [77]). For exam-
ple, EBV-encoded circBART2.2 was found to be highly ex-
pressed in nasopharyngeal carcinoma where it upregulated
PD-L1 expression and inhibited T-cell function by binding
the helicase domain of RIG-I and activating transcription fac-
tors  IRF3  and  NF-κB,  resulting  in  tumor  immune  escape.
Therefore, circBART2.2 may become a promising target for
the treatment of nasopharyngeal carcinoma [158]. The study
of circRNAs of other oncogenic viruses may become the ba-
sis for the development of new approaches to the treatment
of malignant tumors.  Such data are especially relevant for
the development of drug-resistant cancer treatment methods.
Multiple circRNAs encoded by the KSHV genome are ex-
pressed in KSHV-infected endothelial cells and primary effu-
sion  lymphoma  cells.  The  KSHV  circRNAs  are  located
within ORFs of viral lytic genes, are up-regulated upon the
induction  of  the  lytic  cycle,  and  alter  cell  growth.  There
were revealed new host-virus interactions of circRNAs: hu-
man antiviral circRNAs are activated in response to KSHV
infection, and viral circRNA expression is induced in the lyt-
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ic  phase  of  infection  [159].  Oncogenic  human  papillo-
maviruses  generate  circRNAs,  some  of  which  encompass
the E7 oncogene (circE7) that is translated to produce E7 on-
coprotein.  Specific  disruption  of  circE7  in  CaSki  cervical
carcinoma cells reduces E7 protein levels and inhibits can-
cer cell growth both in vitro and in tumor xenografts [160].
Analysis carried out in 2021 identified 28,754 circRNAs en-
coded  MERS-CoV,  720  circRNAs  encoded  SARS-CoV1
and 3437 circRNAs encoded SARS-CoV2. Viral circRNAs
exhibit low expression levels, but they up-regulated genes re-
lated to mRNA splicing and processing in the early stage of
viral infection, and regulated genes involved in diverse func-
tions including cancer, metabolism, autophagy, viral infec-
tion in the late stage of viral infection [161]. SARS-CoV-2
infection induces epigenetic changes in the LTR69 subfami-
ly of endogenous retroviruses [162]. Since TEs and exoge-
nous viruses are evolutionarily interrelated [77], it can be as-
sumed  that  the  effect  of  such  current  viral  infections  as
COVID-19 on the human body may be due to the effect of
virally encoded ncRNAs on TEs. Identifying such relation-
ships would make it possible to find new ways to treat viral
infections using non-coding RNAs of viral origin as targets.

CONCLUSION
This article presents the role of TEs as sources of lncR-

NA, microRNA, circRNA and protein-coding genes in hu-
man genome evolution (Fig. 6). Since TEs have been univer-
sal  opposing  units  of  life  since  the  emergence  of  life  on
Earth, the multifunctionality of their transcripts became the
basis for the emergence of complex systems for the function-
ing of the human genome. TEs inserted into genomes pose a
potential danger to the body; therefore, in the course of evo-
lution,  protective  systems  have  been  developed  in  cells
aimed at  TE silencing at  the  transcriptional  and post-tran-
scriptional levels. As a result, epigenetic systems of genome
regulation  arose,  which,  in  parallel  with  the  fight  against
TEs, made it possible to complicate the functioning and sig-
nificantly diversify the life forms of eukaryotes. Since many
ncRNA genes  and introns  of  protein-coding genes  are  de-
rived from TEs, their transcripts, in addition to splicing, are
processed to form various RNA molecules capable of transla-
tion  to  form  peptides  and  proteins.  This  review  presents
such peptides and proteins that may be new therapeutic tar-
gets  for  the  treatment  of  cancer  and  viral  infections  since
they are involved in carcinogenesis and antiviral response.
The targets of such peptides may also be TEs, which must
be taken into account when developing treatment methods to
avoid possible side effects associated with exposure to TEs,
which  also  play  a  role  in  carcinogenesis  and  antiviral  re-
sponse.  This  is  especially  relevant  for  the  development  of
therapies for drug-resistant cancer. An analysis of the scien-
tific literature showed that among the ncRNAs translated in-
to peptides, MALAT1, CRNDE, LINC00665, MAGI2-AS3,
HOXB-AS3, LINC00675, LINC00467, LINC-PINT have an
effect  on  drug  resistance.  It  can  be  assumed  that  peptides
can be used as tools to influence such lncRNAs in overcom-
ing  drug  resistance.  The  most  promising  targets  in  such
methods  are  multifunctional  lncRNAs,  such  as  MALAT1,

which  are  involved  in  drug  resistance  of  various  cancers
through interaction with various microRNAs.
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