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miRNA BIOGENESIS AND FUNCTIONING: 30 YEARS SINCE THEIR DISCOVERY
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The role of mMiRNAs (small non-coding RNASs) in regulation of gene expression is reported. By binding with target mRNAs miRNAs control expression of the
genes encoding these mRNAs at post-transcriptional level taking part in physiological and pathological processes, from embryogenesis to neoplastic
disorders. Various research teams have been studying the miRNA functions and mechanisms of action since the discovery of these molecules in 1993. The paper
reports miRNA biogenesis pathways, modes of interaction between miRNAs and target mRNAs, and the mechanisms underlying suppression of translation and
mMRNA degradation. The results of numerous studies have shown that miRNAs can be used in medicine as biomarkers for diagnostic and prognostic purposes.
Developments in miRNA therapeutics hold promise for the treatment of diseases, in which gene dysregulation plays a key role.
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BUNOIrEHE3 NN ®YHKUMNOHUPOBAHUE mukpoPHK: 30 JIET MOCIJIE X OTKPbITUA
M. B. Mucknosa'™, H. M. BaynuHa'?, H. A. MaTseesa'?, O. O. dasoposa'?

" HaupoHanbHbIn MeguLMHCKN CCnefoBaTenbCKUi LIEHTP Kapauonorim M. ak. E. 1. Yasosa, Mocksa
2 POCCUNCKUIN HALMOHaBHBI MCCIEN0BaTeNbCKUA MEAVLIMHCKIIA yHUBEpCUTET MeHn H. . Tnporosa, Mockea

Onucara ponb MrkpoPHK (Manbix Hekoampytowmx PHK) B perynaumm skcnpeccum reHos. CeasbiBasgcb ¢ MPHK-muweHamn, MUKpoPHK KoHTponnpytoT
3KCMpecCrto KoaVpytoLLMX 3T MPHK reHoB Ha MoCTTPaHCKPUMNLIMOHHOM YPOBHE, y4acTBys B (DV3MONOMHECKYIX 1 MATONOMHECKIX MPOoLieccax oT aMOpuoreHesa
[0 onyxoneBblx 3abonieBaHuii. C MOMeHTa OTKPbITVS 3TUX Monekyn B 1993 . pasnnyHble HayyHble rPynMbl UCCNEAYOT (PYHKLMM 1 MEXaHV3Mbl AeCTBUS
MrkpoPHK. B ctatbe paccmotperbl nyTu 6uoreHesa MUKpoPHK, cnocobel B3anmMopeinctsns MMkpoPHK ¢ MPHK-MULLeHAMN 1 MexaHn3Mbl nofasnenmns
TpaHcnaumm n gerpagaunmn MPHK. Pe3ynstaTel MHOMOYUCNEHHBIX UCCNeaoBaHniA nokasanu, YTo MMKpoPHK MOXHO 1MCnonb30oBaTh B MeAULIMHE B Ka4ecTBe
OVIOMapKEPOB B ANArHOCTUHECKMX W MPOrHOCTUHECKMX Liensx. PaspaboTkin B 061acTi Tepanim ¢ 1Cronib3oBaHneM MMKPoPHK oTKpbIBatoT nepcnexkTvBb! Ans
neveHns 3aboneBaHnin, Mpu KOTOPbIX HAPYLLEHWE PErynaLmm reHoB UMrPaeT KItoYEBYIO POSb.

KnioueBble cnosa: MMKpoPHK, perynaumst akenpeccum reHos, broreHe3 MUKpoPHK,  anarHocTnka, MporHo3 TedeHns 3abonesaHnin, Tepanms

DrHaHCUPOBaHMe: VICCNefoBaHVe BbIMOMHEHO B pamkax [ocyaapcTBeHHOro 3aaaHns OrbY HauvoHansHbI MEAVILIMHCKI MCCNELOBATENBCKUA LIEHTP Kapayonorim
M. ak. E. M. Hazosa MuHagpasa Poccum (Ne 12402020001 3-3).

Bknap aBTopos: M. B. INicknoBa — c6op, aHanma 1 cucTemMaTnaLyist MTepaTypHbIX AaHHbIX, MaHUPOBaHWE 1 HanvcaHne NepBUHHONO TEKCTa, NofGop PUCYHKOB;
H. M. BaynmHa, O. O. ®aBopoBa — MniaHVpoBaHe, CTRYKTYPUPOBaHE TEKCTa CTaTbi, pefakTposaHne; H. A. MaTtBeeBa — aHanma 1 cuctTematsaLyis iMTepaTypHbIX
[laHHbIX, HarnMcaHne cTarby.

<] Ansa koppecnoHaeHumn: Mapus BnagvcnasosHa Mncknosa
yn. Akagemuka Hasoea, a. 15A, . Mocksa, 121552, Poccus; pisklova_maria@mail.ru

Cratbsi nonyyeHa: 24.11.2024 Cratbsa npuHATa Kk nedatu: 20.12.2024 Ony6nvkoBaHa oHnaiiH: 28.01.2025
DOI: 10.24075/vrgmu.2025.001

AsTopckue npasa: © 2025 npuHagnexar astopam. Jiuuensnar: PH/AMY nm. H.. Muporosa. Ctates pasmellieHa B OTKPLITOM AOCTYMeE 1 PacnpoCTpaHsaeTCs
Ha ycnosuax mmueHamn Creative Commons Attribution (CC BY) (https://creativecommons.org/licenses/by/4.0/).

In 1993, research groups of American biologists Victor Ambros
and Gary Ruvkun reported a short RNA of the nematode
Caenorhabditis elegans, which did not encode any protein, but
played a key role in regulation of the nematode development via
suppression of the LIN-14 protein mRNA translation [1, 2]. This
small RNA referred to as lin-4 became the first discovered short
RNA having regulatory properties. In 2000, the second short
RNA, let-7, having the same mechanism of action, was found
in Caenorhabditis elegans by Gary Ruvkun and collegues [3].
From that moment began extensive study of the new type of
small non-coding RNAs, 21-24 nucleotides in length, referred
to as microRNAs (miRNAs), the discovery of which significantly

influences the established ideas about regulation of gene
functioning. While before this discovery the main mechanisms
underlying regulation of transcription and RNA splicing
implemented by specific proteins in the nucleus were known,
currently this knowledge is complemented by the idea about
further control of gene expression in the cytoplasm through
miRNAs. This mechanism is of fundamental importance for
the development and functioning of all cell types, it involves
regulation of the target genes expression through the interaction
with their mRNAs at post-transcriptional level. The presence of
miRNA molecules was reported for various eukaryotic species,
including plants and animals, as well as for some viruses [4]. In
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2024, V. Ambros and G. Ruvkun were awarded the Nobel Prize
in Physiology or Medicine “for the discovery of microRNA and
its role in post-transcriptional gene regulation”.

In recent years, it was found that numerous miRNAs
are important for regulation of almost all physiological and
disease processes: from early stages of embryogenesis to
body’s ageing and death. Let us consider the current state of
knowledge about miRNA biogenesis and functioning.

miRNA abundance and nomenclature

According to the last version of miRBase, the miRNA sequence
and annotation database, by 17.03.2024 a total of 48,860
mature miRNAs have been found in 271 species, of those 2654
have been identified in human body. The number of miRNAs
detected continues to grow. The range of MiIRNAs present in this
or that organism depends directly on its structural complexity
[5]. The evolutionarily related miRNAs are grouped into various
families (there are 267 families in humans), the members of
which have highly homologous sequences and some common
targets. Highly conservative nature of the nucleotide sequences
of some miRNAs (primarily in the target mRNA binding region)
in phylogenesis has been demonstrated. In general, miRNA
evolution is closely linked to evolution of target genes [5].

miRNAs are numbered consecutively as they are discovered.
The experimentally confirmed mature miRNAs are assigned a
number, which is attached to the “miR” prefix through a hyphen
(for example, miR-499). The "miR" can be preceded by a three-
letter abbreviation indicating the species (for example, “hsa” for
Homo sapiens, “mmu” for Mus musculus). miRNAs identical
in the sequence but transcribed from different regions of the
genome are added a numeric suffix with an ordinal number, for
example, hsa-miR-219-1 and hsa-miR-219-2. A letter suffix is
added to the names of miRNAs, the sequences of which
differ slightly (by 1-2 nucleotides), for example, hsa-miR-130a
and hsa-miR-130b; they form miRNA families. miRNAs, the
genes of which are located physically close to each other and
are often transcribed as a single unit, are grouped in clusters,
which are named either based on the lowest miRNA number
in the cluster (for example, cluster miR-17), or based on the
lowest and highest miBRNA numbers written through a hyphen
(cluster miR-17-92 consisting of miR-17, miR-91, miR-18,
miR-19, miR-19b, miR-20, and miR-92) [6].

Genes and miRNA biogenesis

Depending on their localization relative to the genome
components, miRNA genes can be classified as intergenic,
intronic, and exonic. About 50% of genes of miRNAs are
located within protein-encoding and non-protein-coding genes
(host genes), mainly in introns and less frequently in exons.
Genes of miRNAs can be transcribed from both independent
promoters and the host gene promoter [7]. New miRNA genes
are generated as a result of duplication of the existing miRNA
genes (as it happens in the majority of cases) or de novo
from the hairpin structures located within introns or intergenic
regions [8]. De novo structures emerge by means of different
mechanisms: 1) due to inverted duplication of the gene that
will become a miRNA target in the future; 2) from transposons;
3) due to spontaneous evolution from random sequences [8].

The most common miRNA biogenesis pathway is referred
to as canonical. In addition, other miRNA biogenesis pathways
have been reported, which involve other proteins and in which
one or more phases of canonical biogenesis are missing; they
are referred to as non-canonical [9].
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Canonical pathway of miRNA biogenesis

In animals, primary miBNA (pri-miRNA) is transcribed from the
miRNA gene with the help of RNA polymerase Il, and then
undergoes 5' capping, 3' polyadenylation, and splicing (Fig. 1).

Then a microprocessor complex consisting of ribonuclease
Il (Drosha) and the DGCR8 protein (DiGeorge Syndrome Critical
Region 8 also referred to as Pasha — Partner of Drosha) cuts
primary miRNA to pre-miRNA (precursor miRNA), 70—120
nucleotides in length. Pre-miRNA represents a hairpin consisting
of the single-stranded region (terminal loop) and double-
stranded stem with two nucleotides protruding at the 3' end.
The protruding nucleotides are recognized by the exportin-5
(XPO5) protein, which transports pre-miRNA from the nucleus
to the cytoplasm with the participation of the GTP-binding
protein Ran. In the cytoplasm (Fig. 1, on the right), ribonuclease
[l Dicer cuts the terminal loop out of pre-miRNA, which results in
a duplex consisting of two mature miRNAs, 21-24 nucleotides
in length [10]. Depending on the mature miRNA strand position
in the pre-miRNA hairpin, their names are followed by suffixes
-3p or -5p (for example, the hsa-miR-25-5p strand is located
at the 5' end of the hsa-miR-25 pre-miRNA, while the hsa-
miR-25-3p strand is located at the 3' end). After cutting out the
terminal loop, the miRNA duplex binds to the Argonaute (AGO)
family protein being part of the RISC complex (RNA-induced
silencing complex): thus the intermediate pre-RISC complex is
formed. One of two strands of the RNA duplex dissociates and
usually undergoes degradation, while the other remains loaded
into the miRISC complex. The strand remaining loaded in this
complex is referred to as guide strand, while the dissociated
one is referred to as passenger strand [10]. This is followed by
binding of the guide strand being part of the miRISC complex
to the target mRNA.

In plants, the canonical pathway is slightly different from
that of animals. Pri-miRNA is processed in the nucleus directly
to the miRNA duplex by the Dicer protein homolog, DICER-
LIKE 1 (DCL1), which is responsible for both processing events
essential for miRNA maturation [4]. In plants, the stem-loop
precursor is longer and more variable. In contrast to bilateral
animals, plant miRNAs undergo methylation by the HEN1 protein.

Non-canonical pathways of miRNA biogenesis

Not all proteins of the canonical pathway are involved in
processing in non-canonical (alternative) pathways of miRNA
maturation. Drosha- and DGSR8-independent (microprocessor-
independent), as well as Dicer-independent miRNA biogenesis
pathways are distinguished. In the majority of Drosha-
independent pathways, miRNA precursors represent products
of processing of other RNAs (for example, small nuclear RNA
or transfer RNA) and do not need to be hydrolyzed by the
microprocessor complex [11]. In Dicer-independent processing,
pri-miRNA is hydrolyzed by the microprocessor complex, but
the resulting stem of the hairpin structure is too short for Dicer
recognition. Therefore, the miIRNA precursor is loaded directly
onto the AGO protein, which incises one of the miRNA strands,
and then the intermediate product obtained using the poly(A)-
specific ribonuclease (PARN) is truncated to produce the mature
molecule [10].

Selection of functionally active miRNA strand
Selection of the guide strand between the -5p and -3p strands

is associated with thermodynamic instability of the duplex and
miRNA nucleotide composition [12]. The 5' end of miRNA
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Fig. 1. Canonical miRNA biogenesis and generation of the functionally active miRISC complex. AAAA — poly(A) tails at the 3' ends of the mRNA and miRNA molecules;
DGCR8 — DiGeorge syndrome critical region 8; Dicer, Drosha — RNase Il family endoribonucleases; miRISC — RNA-induced silencing complex bound to the miRNA
strand; Ran — Ras-related nuclear protein (GTP-binding nuclear protein); RISC — RNA-induced silencing complex; XPO5 — exportin-5; pre-miRNA — miRNA

precursor. The 5' cap is marked with gray circle in the primary miRNA image

duplex is incorporated in specific pocket formed by the MID
and PIWI domains of the AGO protein. These domains are
sensitive to the nucleotide composition of the duplex and bind
uracil twice stronger, than adenine, and 30 times stronger, than
cytosine or guanine, i.e. preference is given to the strand that
is uracil-rich at the 5' end. AGO is also likely to load the strand
showing lower relative thermodynamic stability. It is believed
that the first four nucleotides at each end of the duplex are
responsible for thermodynamic stability, and the difference in
one additional hydrogen bond at one end is enough to affect
the choice of the guide and passenger strands. Usually, 5' ends
of the degrading passenger strands are pyrimidine-rich, while
those of guide strands are purine-rich [12].

Target mRNA recognition and binding
by the miRNA molecule

The miRISC complex bound to the target mRNA interacts
with the GW182 protein (182 kDa glycine-tryptophan repeat-
containing protein). GW182 functions as a molecular scaffold
for linking of the AGO protein being part of the miRISC complex
and the downstream effector complexes involved in the
miRNA-mediated translational repression of the target mRNA [7].

To facilitate target mRNA recognition and binding, AGO
protein ensures spatial positioning of the miRNA guide strand.
The miRNA guide strand region between nucleotides 2 and 7 at
the 5" end is referred to as seed region; it is responsible for target
mRNA binding and is of crucial importance for its recognition
[13]. Nucleotides 8 and 13-16 of the miRNA sequence are
also involved in recognition [10]. In the mRNA target molecule,
the miRISC binding site is usually in the 3'-untranslated region
(8'-UTR). Rather rare non-canonical binding sites in the coding

and 5'-UTR regions of mRNA have been reported, during
interaction with which miRNAs also suppress mRNA translation.
In some cases, MiRNAs can interact with promoter regions of
genes, thereby ensuring activation of their transcription [14].

miRNA-mediated gene silencing mechanisms

As stated above, recognition of the target mRNA by the miRNA
molecule usually leads to suppression of translation of this
mRNA. In the case of complete complementarity observed
mainly in plants, the target mRNA is cleaved within miRISC by
the AGO protein with RNAse H endonuclease activity, in the
region complementary to nucleotides 10 and 11 of the miRNA
guide strand (endonuclease cleavage of mRNA) [4, 15]. In the
majority of animal cells, binding sites within mRNA are not fully
complementary to the miRNA seed region. In this case, the
miRISC-mediated translation repression and destabilization of
MRNA with subsequent degradation are initiated [7].

Despite the fact that the exact mechanisms underlying
these processes in mammals remain the matter of debate, it is
generally accepted that initially translation repression occurs,
followed by destabilization and decay of the target mRNA
[16]. Several mechanisms underlying repression of translation
have been reported, among which inhibition of the formation
of a “closed-loop” structure of the target MRNA (Fig. 2A). The
PABPC protein bound to the 3’ poly(A) tail of the target mMRNA
stabilizes interaction between the 5" cap and the eukaryotic
translation initiation factor 4F complex consisting of elF4A,
elF4G and elF4E through binding to elF4G. The mRNA ends
are brought close together, and the “closed-loop” structure is
formed, and thus facilitates translation initiation and ribosome
recycling.
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Fig. 2. Reported mechanisms underlying miRNA-mediated silencing. A. Inhibition of the target mRNA “closed-loop” formation. Under exposure to the RISC complex,
PABPC dissociates from the target mRNA poly(A) tail, making it impossible to interact with elF4AG and preventing formation of the “closed-loop” essential for initiation
of mRNA translation. B. Target mMRNA decay (on the left) and inhibition of mRNA translation initiation through prevention of the eukaryotic translation initiation factor
4F complex assembly (on the right). Target mRNA is marked with black line; the GW182 protein representing a scaffold for proteins CCR4-NOT and PAN2-PANS is
marked with yellow line; the guide strand of miIRNA being part of the miRISC complex is marked with light-blue line. Gray arrows point to engagement of the CCR4-NOT
complex by the AGO proteins with subsequent recruitment of the DCP1 and DCP2 decapping proteins by the CCR4-NOT complex. Modified from [17]

The AGO protein being part of the miRISC complex causes
dissociation of the PABPC protein, which leads to aberrant
“closed-loop” formation and inhibition of translation initiation. Other
mechanisms include inhibition of MRNA translation via prevention
of the eukaryotic translation initiation factor 4F complex assembly.
These include attraction of the 4E-T and 4EHP translation
inhibitors by the miRISC complex and subsequent dissociation of
elFAE and elF4G or dissociation of the elF4A subunit (Fig. 2B, on
the right). The mechanisms are not mutually exclusive; they can
work at different rates at the same time. Predominance of certain
mechanism depends on the nature of target mRNA and the cell
type [16]. Repression of translation is followed by destabilization
of the target mRNA, including deadenylation and decapping
with subsequent exonucleolytic degradation of mRNA (miRNA-
mediated target mRNA decay) (Fig. 2B, on the left). First, proteins
of the AGO family recruit the GW182 protein, which interacts with
the PABPC poly(A)-binding protein and causes its dissociation from
the mRNA poly(A) tail. This increases accessibility of the mRNA
poly(A) tail for the CCR4-NOT and PAN2-PANS deadenylases,
which are also recruited by the GW182 protein. As a result, mRNA
deadenylation occurs. Furthermore, the CCR4-NOT complex
recruits the DCP1 and DCP2 proteins dacapping target mRNA
targets, which makes mRNA accessible for degradation by the
XRN1 exonuclease [16].

miRNA is characterized by redundancy: expression of one
mRNA can be regulated by various miRNAs interacting with its
different binding sites. Furthermore, miRNA is pleiotropic: one
miRNA can interact with various target mRNAs. In animals, one
miRNA has much more targets, than in plants, due to frequently
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occurring incomplete complementarity [4]. The combination of
such properties results in generation of the complex miRNA-
mediated regulatory network.

miRNA localization in the cell

Previously it was assumed that miRNA performs its function
in the cytoplasm only. However, recent studies have shown
that the cytoplasmic miRISC complex can be imported to
the nucleus [18]. The nuclear miRISC complex is either
similar to cytoplasmic one in components, or can exist as a
separate AGO-miRNA complex. The nuclear miRISC binds
to complementary nuclear transcripts or, if there are none, is
exported to the cytoplasm again. Accumulation of miRNA in
the cytoplasm or nucleus is partially determined by localization
of its target MRNAs. In the nucleus, miRNA can perform
several functions: 1) gene expression regulation via binding to
their promoter; 2) binding and suppression of function of the
long non-coding RNAs; 3) disruption of miRNA biogenesis via
binding to pri-miRNA; 4) fine-tuning of target mMRNA expression
via miRNA retention in the nucleus [19].

It is well known that miRNAs can be released from the
cell, to be carried by blood, and to affect other cells of the
body, mediating intercellular communication. Outside the cell,
miRNAs can be contained in the membrane vesicles (exosomes,
microvesicles), as well as in the apoptotic bodies formed when
the cells die. In the extracellular environment, the majority of
miRNAs (90%) are carried by AGO proteins, the other 10%
circulate as complexes with high-density lipoproteins [20].
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miRNA involvement in physiological
and pathological processes in the cell

miRNAs regulate almost all processes in the cells: metabolism,
cell cycle progression, proliferation, differentiation, and
apoptosis, so disruption of their regulatory properties can
lead to various diseases [21]. Actually, alterations of miRNA
levels in humans are often observed in a broad spectrum
of pathologies: tumors, cardiovascular, neurological and
autoimmune diseases, inflammation, gastrointestinal tract and
skeletal muscle diseases [22]. The role of miBNA has been
extensively studied in the context of various disorders since the
moment of their discovery, and to date, information has been
accumulated about what levels of microBRNAs most frequently
change in affected tissues in certain conditions, which miRNAs
have protective effects and which, on the contrary, contribute
to developing pathological phenotype.

miRNAs are examined both directly in the patients’ tissue
specimens and in in vivo, in vitro experiments, as well as in silico,
using the latter approach to construct preliminary hypotheses.
Among all patients’ biomaterials, biopsy specimens of affected
tissues are best suited for investigation of the role of mMiRNAs
in etiopathogenesis, but obtaining them is associated with
invasive interventions, so it is usually hardly accessible.
In this regard, circulating miRNAs most often become the
research object. These are miRNAs that are released into the
extracellular space due to tissue damage, apoptosis, necrosis
or intense secretion and circulate in the body [7]. Such miRNAs
are found in blood serum and plasma, urine, tears, saliva,
seminal, peritoneal and cerebrospinal fluids, breast milk and
bronchoalveolar lavage [7]. They can regulate the target cell
activity, thereby acting as intercellular signaling molecules. For
example, endothelium-released miRNAs regulate activity of
vascular smooth muscle cells, while oncoogenic miRNAs in
exosomes increase invasiveness of breast cancer cells [23, 24].

Circulating miRNAs are stable at high pH and temperature
and are resistant to degradation, so they seem to be attractive
as candidate biomarkers. Actually, there are studies, in which
such circulating molecules are used for differential diagnosis,
early diagnosis, prediction of the disease course, disease
severity assessment, or control over response to therapy
[25]. Since miRNAs can regulate translation of several mRNA
targets, some authors propose to evaluate diagnostic value of
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