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Abstract—By 2003, the Human Genome project had been completed; however, it turned out that 97% of genome sequences
did not encode proteins. The explanation came later when it was found the untranslated DNA contain sequences for short
microRNAs (miRNAs) and long noncoding RNAs that did not produce any mRNAs or tRNAs, but instead were involved
in the regulation of gene expression. Initially identified in the cytoplasm, miRNAs have been found in all cell compart-
ments, where their functions are not limited to the degradation of target mRNAs. miRNAs that are secreted into the extra-
cellular space as components of exosomes or as complexes with proteins, participate in morphogenesis, regeneration, onco-
genesis, metastasis, and chemoresistance of tumor cells. miRNAs play a dual role in oncogenesis: on one hand, they act as
oncogene suppressors; on the other hand, they function as oncogenes themselves and inactivate oncosuppressors, stimulate
tumor neoangiogenesis, and mediate immunosuppressive processes in the tumors, The review presents current concepts of
the miRNA biogenesis and their functions in the cytoplasm and nucleus with special focus on the noncanonical mechanisms
of gene regulation by miRNAs and involvement of miRNAs in oncogenesis, as well as the authors’ opinion on the role of
miRNAs in metastasis and formation of the premetastatic niche.
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INTRODUCTION

The first microRNA (miRNA) was identified in
1993 in the nematode Caenorhabditis elegans in the lin-4
gene locus [1]. Lee et al. found that a 22-nucleotide
RNA transcript of this gene is complementary to the
mRNA of another gene, /in-14, and suppresses transla-
tion of the /in- 14 mRNA required for nematode transi-
tion from the first to the second larval stage [1]. In 2000,
two independent research groups showed that a small 21-
nuleotide RNA, let-7, plays an important role in the
development of C. elegans larvae into adult organisms
[2, 3]. Since then, miRNAs have been then reported in
many evolutionary distant organisms, including humans

Abbreviations: Ago, Argonaute protein; EMT, epithelial-mes-
enchymal transition; MET, mesenchymal-epithelial transition;
RISC, RNA-induced silencing complex; UTR, untranslated
region.

* To whom correspondence should be addressed.

[4]. At present, miRNAs are defined as small noncoding
evolutionary conservative RNAs of 18-25 nucleotides
that participate in the gene expression regulation.
Thousands of miRNAs have been identified; their
description can be found in numerous databases, includ-
ing miRbase (http://www.mirbase.org/), miRDB
(http://mirdb.org/), and miRTarBase (http://mirtarbase.
cuhk.edu.cn/php/index.php).

The most studied function of miRNAs is the regula-
tion of gene expression via binding to the 3'-untranslated
regions (UTRs) of target mRNAs and inhibition of their
translation. However, it has been found recently that
miRNAs also interact with other targets, such as gene
promoters, coding sequences, and 5'-UTRs [5]. A grow-
ing body of data indicates that miRNAs can shuttle
between different cell compartments, where they regulate
various processes, including transcription, translation,
alternative splicing, and DNA repair. Moreover, miRNAs
are secreted into the extracellular space and can serve as
molecular markers of oncologic diseases, in the develop-
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ment of which they may play a key role. It was suggested
that miRNAs act as both suppressors of tumor growth and
oncogenes stimulating carcinogenesis [6]. This review
describes different pathways of miRNA biosynthesis,
their functions in cells and upon secretion into the extra-
cellular space, and potential role in the formation of
premetastatic niche.

BIOGENESIS OF miRNAs

Biogenesis of miRNAs is a multistage process that
starts with transcription of their genes. In the nucleus,
miRNAs are transcribed by RNA polymerase II, either
from their own promoters or from promoters of the host
genes as long sequences called primary miRNAs
(pri-miRNAs) [7]. The biogenesis of miRNAs can occur
either through the canonical (Fig. 1) or noncanonical
pathways, e.g., the mirtron pathway, in which miRNAs are
produced in a Drosha-independent manner (see below).

miRNA precursors can be encoded in short introns
[8] that were named mirtrons. Such precursors have a
hairpin structure similar to that of pre-miRNAs. Unlike
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classic pri-miRNAs, mirtrons are not processed by the
Drosha—DGCRS8 complex after their transcription
(Fig. 1, right panel), but undergo splicing instead. The
resulting product (similar to all other spliced introns)
forms a lariat structure, in which the 5’-end of the intron
is linked to the 2'-OH group of adenosine residue. This
2'-5" phosphodiester bond is hydrolyzed by DBR1 (lariat
debranching enzyme) [9]. The processed mirtron
acquires the pre-miRNA structure and is exported to the
cytoplasm, where it is cleaved by Dicer resulting in the
generation of a 22-bp RNA duplex. RNA duplex is later
transformed into the guide miRNA that regulates the
expression of its target RNAs. In 2018, a program was
developed for distinguishing mirtrons from precursors of
canonical miRNAs based on the hairpin length and the
GC-content, which might be for elucidating the mecha-
nisms of mirtron processing [10].

At present, miRNA (miR)-451 is the only one
known miRNA generated via a Dicer-independent path-
way. It is processed by the enzyme Ago2, since Dicer can-
not cleave it due to the short length of its hairpin (19 bp)
[11]. Translation initiation eukaryotic factor 1A (EIF1A),
which is a RISC component, plays an important role in
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Fig. 1. Biogenesis of miRNAs. Canonical biogenesis of miRNA starts with the synthesis of pri-miRNA transcript. A complex consisting of the
ribonuclease 111 Drosha and DiGeorge syndrome critical region 8 (DGCRS) protein cleaves the primary pri-miRNA with the formation of
miRNA precursor (pre-miRNA). Pri-miRNA is capped at the 5'-end and polyadenylated at the 3'-end. Pre-miRNA can also be produced by
DBRI1 (lariat debranching enzyme). After splicing, pre-miRNA is exported to the cytoplasm by the RanGTP/exportin-5 complex and cleaved
by the ribonuclease Dicer in the presence of TRBP (transactivating response RNA-binding protein) and PACT (protein activator of interfer-
on-induced protein kinase) cofactors with the generation of the miRNA duplex. The duplex binds the Ago1-4 proteins producing the RISC
precursor. The passenger strand leaves the complex and is destroyed, whereas the guide miRNA remains in the RISC, ready for binding the
mRNA target. (Colored versions of the figures are available in the online version of this article and can be accessed at:

https://www.springer.com/journal/10541)
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the processing of pre-miR-451 by interacting with Ago2
and promoting its activation. miR-451 is then incorporat-
ed into the RISC in the cytoplasm and performs its well-
known function, i.e., post-transcriptional regulation of
gene expression [12].

FUNCTIONS OF miRNAs
IN THE CYTOPLASM

The majority of miRNAs studies address the well-
known activity of these molecules, such as binding to the
3'-UTRs of target mRNAs and their translational repres-
sion [13]. However, recently published papers report
interactions between miRNA and the 5'-UTRs of
mRNAs, leading to the opposite effect — activation of
translation [14].

Ago proteins and guide miRNAs are the major com-
ponents of the miRNA/RISC (miRISC) complex [15].
To initiate the endonuclease activity of Ago2 towards
mRNA, it is necessary and sufficient to provide a com-
plementary interaction between the seed sequence
(nucleotides 2 to 8) of the miRNA and its target [16].
Seed sequences are commonly used for predicting the tar-
gets of miRNAs; however, it was shown that the comple-
mentarity of the seed sequence is not sufficient for the
miRNA activity and that pairing between the 3'-end
sequence of miRNA and the target RNA is required for
the RISC functioning [5]. Moreover, interactions
between miRNA and its target can be controlled by
RNA-binding proteins. Some of these interactions are
cell type specific and determine specific features of
miRNA functioning in different cells [17]. The impor-
tance of Ago proteins in the miRISC formation has been
confirmed by their involvement in the recruitment of
TNRC6A-C proteins [18] (Fig. 2).

Until recently, the general statement was that
miRNAs suppress gene expression exclusively through
degradation of the target mRNAs. However, in recent
years, a large body of data has been accumulated indicat-
ing that miRNAs could act as both inhibitors and coacti-
vators of translation. In particular, it was found that
miRNA-15a interacts with the translation initiation fac-
tor elF4E and inhibits its expression [19]. eIF4E recog-
nizes the 5'-cap of the mRNA and recruits other factors,
such as elF4G, elF2, eIF3, and RNA helicase elF4A, as
well as 40S small ribosomal subunit [20]. Other studies
have shown that miRNAs can act as translation activa-
tors. Thus, a complex of lez- 7 with Ago2 and FXR1 (frag-
ile-X-mental retardation-related) protein can activate
translation in HeLa cells upon cell cycle arrest [21].

In the above examples, miRNAs were found to regu-
late gene expression in the cytoplasm: either directly, by
degrading the target mRNAs, or indirectly, through mod-
ulating the translational complex activity, with these two
mechanisms complementing each other. However, fur-
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ther studies are needed to find out which of the mecha-
nisms predominates.

Recently, a new function of miR-1254 has been
reported. In association with Ago2/miRISC, miR-1254
can interact with the 5'-UTR of the CCARI (cell cycle
and apoptosis protein regulator) mRNA and upregulate
CCARI expression. The 5'-UTR of the CCARI mRNA
acts a natural stabilizer of miR-1254 (similarly to
miRancers, which are artificially synthesized molecules
that stabilize associated miRNAs). This interaction re-
sensitized tamoxifen-resistant breast cancer cells to
tamoxifen [22].

Unexpectedly, it has been discovered that several
miRNAs can operate as either suppressors or activators of
translation, depending on its pairing to the target (both
processes required the presence of the Ago protein). Such
miRNA was detected in the protozoan Giardia lamblia
and named miR-3. miR-3 can repress translation of his-
tone H2A mRNA in case of incomplete and imperfect
pairing, but can enhance translation when the target
mRNA is fully complementary [23]. It has been shown
that a mismatch at the position 10 or 11 in the
miRNA/target mRNA duplex makes the target RNA
resistant to cleavage by Thermus thermophilus Argonaute
protein [24]. Other examples of the dual role of miRNAs
in various organisms also exist. miRNAs can influence
the levels of mRNAs, micronucleoproteins, and ribonu-
cleoproteins both directly and indirectly, through the reg-
ulation of their target promoters. Human miR-369-3 can
activate translation of the of TNF-ao mRNA upon the cell
cycle arrest, but suppresses it in proliferating cell [21]. All
these data indicate that miRNAs perform multiple func-
tions in the cytoplasm that extend beyond their canonical
role as the negative regulators of translation.

FUNCTIONS OF miRNAs IN THE NUCLEUS

It has been commonly accepted that miRNAs
remain in the cell cytoplasm after their biogenesis, how-
ever, in 2004 Meister et al. detected microRNA-21 at
high concentration in the nuclei of HeLa cells [25]. Later,
the presence of mature miRNAs in the nuclear fraction
has been confirmed in several studies. Hundreds of
miRNAs have been identified by RNA sequencing in the
nuclei of different cells. Nuclear localization of some of
these miRNAs was corroborated by Northern blotting,
RT-gqPCR, RT-PCR, as well as in situ hybridization
(ISH) — the methods which allow for excluding any sig-
nal detection from the miRNA precursors [26-29]. Three
possible mechanisms ensuring nuclear localization of
miRNAs are under consideration: (i) the presence of the
nuclear localization signal in the miRNA sequence;
(ii) independent nuclear biogenesis of miRNAs;
(iii) shuttling of miRNAs between the cytoplasm and the
nucleus via RISC [30] (Fig. 2).
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Mechanisms of miRNA transport into the nucleus.
The presence of nuclear localization signals has been
demonstrated for miR-29b and miRNAs of the lez- 7 fam-
ily [30]. miR-29b belongs to the miR-29 family and is one
of the most extensively studied nuclear miRNAs. It differs
from the other members of the family due to the presence
of uridine at position 10 and the AGUGUU motif (posi-
tions 18-23) at the 3'-end. This motif is responsible for
miR-29 translocation to the nucleus [31]. Two other
miRNAs of the same family were detected in the nuclei of
embryonic C166 cells [32]. Unlike miR-29b, miRs-29a
and miR-29c lack the AGUGGU motif, but are signifi-
cantly enriched in the nucleus, suggesting the existence of
an alternative mechanisms for miRNA transport to the
nucleus.

Moreover, miRNAs with the 5'-UUGCAUAGU-3’
and 5'-AGGUUGKSUG-3" motifs (K = U/G) has been
also detected in the nuclei of C166 cells. These motifs are
present mainly in miRNAs of the lez- 7 family [32]. About
a third of nuclear miRNAs has the ASUS consensus
sequence (S = G/C). Therefore, it has been commonly
accepted that some miRNAs contain nucleotide
sequences that ensure their transport to the nucleus with
the help of RNA-binding proteins, but the specific mech-
anisms and the proteins involved in the process, remain
unresolved.

RISC components that have been initially identified
in the cytoplasm (Agol-4, TRBP, and TNRC6A), has
also been found in the nuclei of mammalian cells [33-39].
The presence of these factors per se does not guarantee
the loading of the nuclear miRNAs on the RISC, since
the formation of the functional complex requires cyto-
plasmic HSP90, TRAX, and Translin proteins [34].
Apparently, some nuclear miRNAs, which are not func-
tional can undergo degradation after their processing in
the nucleus by Drosha and Dicer [30].

It has been reported that RISC formation may
involve miRNA loading with assistance of some non-
canonical proteins. One of the identified assistant pro-
teins, AUF1, binds to miRNAs of the let-7 family and
shuttles between the nucleus and the cytoplasm [40].
Although it remains still obscure, whether miRNAs are
transported into the nucleus as a part of RISC, it was
shown that the components of RISC can move between
the nucleus and the cytoplasm operating as protein shut-
tles. Thus, proteins from the karyopherin family, such as
exportin-1, exportin-5, importin-8, and karyopherins
mediate shuttling of the proteins with classical nuclear
localization and nuclear export signals through the
nuclear pore complex [41].

Regulation of miRNA gene expression in the nucleus.
As of today, miRNAs are commonly known to regulate
gene expression by either transcriptional activating or
repression. One of the mechanisms for gene transcription
regulation is miRNA binding to gene promoters. In 2008
Place et al. demonstrated that miR-373 can activate gene
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expression of CSDC2 (cold shock domain-containing
protein C2) and CDH1 (E-cadherin) proteins by inter-
acting with their promoters in prostate carcinoma PC-3
cells, but fail to upregulate the synthesis of these proteins
in another prostate carcinoma cell line LNCaP. In col-
orectal cancer HCT-116 cells only CSDC2 expression
was induced [42], suggesting that miR-373 can differen-
tially activate its target genes in various cell lines. It is also
possible that gene activation by small RNAs depends on
the epigenetic genome status. Thus, a small double-
stranded (ds) RNA targeting the E-cadherin gene pro-
moter induced E-cadherin expression in the prostate can-
cer PC-3 and DU-145 cell lines, but not in HeLa cells,
because of the aberrant methylation of the E-cadherin
gene in HeLa cells that prevented dSRNA binding. When
used in combination with a demethylating agent, the
same dsRNA was able to induce E-cadherin expression in
Hela cells [43]. Moreover, miR-373 interacted with
sequences in the CDH 1, CSCD2, and PDE4D genes in the
breast carcinoma MCF-7 cells, but not in Hela cells
[44]. miR-552 inhibited expression of human
cytochrome P450 2E1 (CYP2EIl) via binding to the
CYP2E] gene promoter [45]. Taken together, these data
confirm that the direct interaction of miRNAs with their
target gene sequences exists as an additional mechanism
of gene expression modulation besides the canonical
binding of target mRNAs followed by the induction of
RNA interference in the cytoplasm.

It has become clear that RISC components can local-
ize both to the cytoplasm and to the nucleus, and there-
fore, can be involved in the miRNA-mediated post-trans-
lational inactivation of genes in the nucleus. It is also pos-
sible that precursors of miRNAs and other nuclear non-
coding RNAs are undergo degradation in the nucleus. In
2013, Matsui et al. found that miR-589 inside the Ago2-
and TNRC6A-containing complex can interact with the
promoter-associated RNA of cyclooxygenase-2 (COX-2)
gene, resulting in the activation of enzyme expression,
although the exact mechanism of this regulation remains
obscure. However, such interaction was accompanied by
the increase in the chromatin marks associated with gene
activation (H3K4me3) and histone H4 acetylation
(H4Ac) [46]. MALAT1 (metastasis-associated lung ade-
nocarcinoma transcript; >200 nucleotides) affiliated with
the class of long noncoding RNAs (IncRNAs), was also
shown to be controlled by post-transcriptional gene
silencing;: its binding to miR-9 resulted in Ago2-mediated
MALATT cleavage [47]. Another example of this type of
control is MACC1-AS1, which operates as an anti-sense
IncRNA of the sixth intron of the MACC gene. The main
function of this IncRNA is the modulation of cell prolifer-
ation and tumor progression in breast cancer. However,
MACCI1-ASI1 binding to the tumor suppressors miR-384
and miR-145 promotes cell proliferation due to the
increase in the expression of mRNA of pleiotrophin
(PTN) and c-Myc mRNAs [48].
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It has been shown that miRNAs-encoding sequences
can be located in the enhancer loci of protein-coding
genes. In a recent study [49], miR-26a-1, miR-339, miR-
3179, miR-24-1, and miR-24-2 were found to induce
expression of the neighboring genes. Thus, the miR-26a-
1 gene is surrounded by the protein-coding /7GA9, CTD-
SPL, VILL, and PLCDI genes. Overexpression of this
miRNA in the kidney epithelium HEK?293T cells causes
transcriptional activation of two of these genes, /TGAY
and VILL, whereas miR-24-1 increases expression of the
neighboring FBPI and FANC genes [49]. Moreover, some
miRNAs are indispensable for activation of gene tran-
scription by their enhancers, since transcription was abol-
ished when the enhancer sequence was deleted.
Transcriptional activation of the neighboring genes also
requires the presence of Ago2, indicating that miRNA
alone cannot activate transcription. Taken together, these
data suggest an existence of a new specific mechanism of
gene expression regulation [49].

Interestingly, miRNAs can also participate in the
regulation of alternative splicing factors. It was shown
[50] that miRNAs are involved in alternative splicing
coordination in the postnatal heart development through
binding with the CELF (ELAV-like) proteins, which reg-
ulate mRNA stability and bind to the introns in pre-
mRNA precursors, acting as alternative mediators of
splicing. Two miRNAs, miR-23a and miR-23b, were
found to target mRNAs for two CELF paralogs, CUG-
binding proteins 1 and 2 (CUGBPI and CUGBP2).
Since these proteins have control over one half of all
splice isoforms during heart embryogenesis, the authors
suggested a hierarchy, in which rapid postnatal increase in
specific miRs may control the expression of alternative
splicing regulators and their downstream targets [50].
Another example of this regulation is the effect of
miRNAs on the mRNA processing via participation of
the splicing factors asd-2, hrp-2, and smu-2 that contain
functional miRNA regulatory elements in their 3’-UTR
sequences. It has been also discovered that the alternative
splicing patterns of the respective downstream targets of
these splicing factors (unc-60, unc-52, lin-10, and ret-1,
main regulators of C. elegans development) was disrupted
when the miRNA pathway was inhibited [51].

Mounting evidence of the last decade studies suggest
that miRNAs participate in DNA repair. Double-strand
DNA breaks (DSBs) initiate formation of a class of
miRNAs [52] that are produced from the sequences in the
vicinity of DSB sites and are processes by Dicer. Such
miRNAs were termed diRNAs (DSB-induced small
RNAs). A complex of diRNA with Ago2 can be trans-
ported to the DSB site, where Ago2 recruits RADSI, a
key eukaryotic factor of DNA repair [52]. Different DNA
modifications, such as oxidation, methylation, alkyla-
tion, and thymine replacement by uracil, can lead to
spontaneous DNA damage. To protect DNA, cells utilize
the base excision repair (BER) mechanism. BER
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enzymes specifically recognize and repair the damaged
DNA. Some miRNAs are involved in the regulation of
BER components. Thus, miR-16, miR-34c, and
miR-199a can bind to the 3’-UTR of the mRNA that
encodes the uracil-DNA glycosylase (UNG?2), which is
an enzyme responsible for elimination of uracil residues
from DNA in tumor cells [53]. DNA polymerase 3 (PolB)
is regulated by miR-499, that binds to the 3'-UTR of the
Polf mRNA and activates its degradation [54].

In 2011, a group of Chinese researchers revealed
another function of miRNAs, such as binding with pri-
miRNAs in the nucleus. It was shown that miR-709 can
bind to pri-miR-15a and pri-miR-16-1 preventing their
further processing, thus suggesting a new, extremely
unique role of miRNAs in the regulation of gene expres-
sion [55].

EXTRACELLULAR miRNAs AND THEIR
FUNCTIONS AS COMPONENTS OF EXOSOMES

Numerous studies indicate that miRNAs can be
released into the extracellular medium and serve as bio-
markers in various pathologies [56]. Extracellular
miRNAs are extremely stable and withstand degradation
for a prolonged period of time (days); for example, circu-
lating miRNAs remain intact even when stored at room
temperature or under unfavorable conditions, e.g., upon
rapid change of temperature or in high or low pH medi-
um [57]. Extracellular miRNAs exist as integral compo-
nents of vesicles (exosomes, microvesicles, apoptotic
bodies) or in a soluble form as protein-containing com-
plexes (e.g., Ago2) [58]. High-density lipoproteins
(HDLs) [59] and nucleophosmin 1 (NPM1) [60] can also
bind extracellular miRNAs. These complexes ensure the
miRNA stability outside the cells and in the blood.

Exosomes are extracellular vesicles with a diameter
of 30-150 nm that are secreted by different types of cells.
Exosomes contain a variety of biological molecules, such
as proteins and nucleic acids [61] (see the ExoCarta data-
base for is comprehensive description of the exosome
composition; http://www.exocarta.org/). The loading of
miRNAs into exosomes is controlled by hnRNPA2B1
and hnRNPAI proteins that recognize specific sequence
motifs [62]. The presence of extracellular complexes of
miRNAs with Ago2 has been also described [63].
Exosomal miRNAs can be exported outside the cells via a
ceramide-dependent mechanism, as the inhibition of
neutral sphingomyelinase 2 (nSMase2), an enzyme
involved in ceramide biosynthesis, downregulates secre-
tion of exosomes and release of exosomal miRNAs into
the extracellular space [64]. The above-described mecha-
nisms of miRNA sorting into the exosomes suggest that
exocytosis of miRNAs is a tightly controlled process.
However, upon certain conditions, high miRNAs con-
centration in the exosomes can appear as a byproduct of
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other cellular processes, such as cell damage or
death [65, 66].

At present, the mechanisms for the exosomal
miRNAs uptake by cells are poorly understood, although
several different pathways of miRNA penetration into the
cells have been proposed. One of the possible mecha-
nisms of exosomal miRNAs entry into the cells is via
endocytosis, phagocytosis, micropinocytosis, the other is
direct fusion of exosomes with the plasma mem-
brane [67, 68]. Exosome-free miRNAs can also penetrate
the cells through specific receptors [69].

Recently accumulated data indicate that extracellu-
lar miRNAs can act as signaling molecules and perform
various functions in the recipient cells in both normal and
pathological conditions (Table 1). Of special interest is
the miRNA function as parts of extracellular vesicles and
their role in the incipient and progressing malignancies.
miRNAs-carrying exosomes released by tumor cells can
be absorbed by the recipient cells. miRNAs that enter the
cells can have an impact on tumor growth and stimu-
late/inhibit cell invasion, metastasis, and tumor neoan-
giogenesis. Moreover, exosomal miRNAs can also affect
tumor microenvironment by modulating the extracellular
matrix or through recruitment and activation of immune
cells [70-74].

Recent studies have demonstrated that mesenchymal
stromal cells (MSCs) actively produce miRNAs as a part
of their secretome. These miRNAs operate as the anti-
inflammatory and antifibrotic mediators and stimulate
the growth of blood vessels and nerves during tissue
regeneration [75]. However, the discovery of the anti-
angiogenic miR-92a in the MSC secretome [76, 77]
underlined the heterogeneity of the MSC population, as
well as the dual role of this miRNA [78]. Thus, it was
demonstrated that the effect of miR-92a is dependent on
the specific cell line, experimental conditions, and cellu-
lar microenvironment [78]. The heterogeneity of the
MSC population in terms of miR-29c and miR-21 pro-
duction has been demonstrated by our colleagues who
addressed the role of extracellular vesicles and incorpo-

rated miRs in association with fibrosis [79], despite of the
well-known suppressing role of the MSC secretome in
fibrosis [80].

To infer, numerous research groups in this field focus
on miRNAs identification and studying their key func-
tional features. At the same time, the mechanisms of
miRNA delivery and uptake by recipient cells remain to
be ascertained. We believe that further research in this
area will offer a perspective on the context of potential
practical application of exosomal miRNAs.

miRNAs AS ONCOSUPPRESSORS IN CANCER
PROGRESSION AND METASTASIS

Most of the papers in the field of miRNAs analyze the
miRNA expression profiles in aberrant and normal cells.
This comparative approach is also used in the studies
addressing already known and yet to be identified miRNA
and their functions (tumor suppressor or oncogenes) in
cancer [6]. Oncosuppressor miRNAs apparently prevent
tumor growth via suppression of oncogenes and/or genes
controlling cell differentiation and apoptosis. Below, we
discuss molecular mechanisms that underlie the oncosup-
pressor properties of several well-studied miRNAs and
their potential effects on cancer cell invasion, metastasis,
EMT, their proliferation and differentiation.

The studies on the role of miR-532-3p in prostate
cancer progression in vitro revealed that overexpression of
this miRNA suppressed invasion and migration of PC-3
prostate cancer cells due to the downregulation of the
TRAF1/2/4 transcription factor expression and the
decrease in NF-xB transcription factor activity. /n vivo
overexpression of miR-532-3p abrogated the formation of
bone metastases by PC-3 cells [81]. A similar mechanism
has been described for miR-3664-5P and miR-145-5p
that suppress tumor progression through binding and
inactivating the mediators of NF-«kB signaling, thus
decelerating invasion, migration, and metastasis of tumor
cell of various origin [82, 83].

Table 1. Functions of some miRNAs in physiological conditions

miRNA Process Source of miRNA | Publication date/
Reference
miR-21-3p stimulation of fibroblast proliferation and migration, induction of umbilical blood 2018 [70]
angiogenesis in endothelial cells
miR-214 stimulation of cell migration, angiogenesis in HMEC-1 cells HMEC-1 cells 2013 [71]
miR-335 suppression of SOX-4 mRNA translation in antigen-presenting cells T lymphocytes 2011 [72]
(APCs), stimulation of immune system
miR-143/145 | stimulation of the atheroprotective properties of smooth muscle cells HUVECs 2012 [73]
miR-21 stimulation of regeneration of peripheral nerve axons repair Schwann cells 2020 [74]
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miRNAs can also control tumor growth and metas-
tasis by suppressing the EMT, one of the essential
processes in carcinogenesis that triggers metastasis and
supports the chemoresistance of tumor cells.
Downregulation of miR-2392 expression revealed that
this miRNA suppresses invasion, migration, and metasta-
sis of gastric cancer cells in vitro and in vivo. miR-2392
targets the MAML3 and WHSC1 genes and their down-
stream targets Slug and Twistl, respectively, which are
transcriptional repressors of the CDH gene. Expression
of the CDH1 gene supports the epithelial phenotype of
tumor cells and prevents the onset of mesenchymal mark-
ers expression, typical for the migrating cells [84]. These
features of miR-2392 and its ability to inhibit the EMT
makes it a promising target in the therapy of highly
metastatic gastric cancer. Another likely oncosuppressor
miRNA that inhibits the EMT is miR-143-5p. It has been
revealed that miR-143-5p exerts its inhibitory effects
through downregulation of HIF-1oa expression, which
further decreases Twist]l and suppresses the EMT in the
gall bladder cancer cells [85].

Disruption of the Wnt/B-catenin/TCF signaling in
tumor cells can cause their hyperproliferation, dediffer-
entiation, and chemoresistance [86]. Recently, miR-148a
was shown to suppress the Wnt/B-catenin-mediated pro-
liferation and invasion of the PANC-1 pancreatic cancer
cells in vitro and in vivo and to trigger apoptosis by upreg-
ulating the oncosuppressor MEG-3 (maternally expressed
gene-3) [87]. miR-506 is another miRNA that controls
the Wnt/B-catenin signaling pathway and EMT. The
overexpression of this oncosuppressor miRNA inhibited
expression of the homeobox protein LHX2 and transcrip-
tion factor TCF4, as well as downregulated Wnt/[3-
catenin and Twist activity in a xenograft model in vivo,
thus triggering apoptosis and suppressing metastasis of
nasopharyngeal carcinoma cells in the lymph nodes.
These experimental results are now being tested using
clinical specimens [88].

Although the oncosuppressor properties of miRNAs
attract a considerable interest of oncologists due to their
potential use in cancer therapy, they require further
detailed investigation. For example, in prostate cancer
miR-532-3p acts as an oncosuppressor [81]; whereas in
lung adenocarcinoma its expression is upregulated and
contributes significantly to cancer progression thus func-
tioning in this case as an oncogene [89].

miRNAs AS ONCOGENES IN CANCER
PROGRESSION AND METASTASIZING

miRNAs which are upregulated in tumors may be
considered as oncogenes promoting tumor progression
and metastasis acting via inhibition of tumor suppressor
genes and/or genes involved in the control of cell differ-
entiation and apoptosis. In 2009, the term metastamiR
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was proposed for metastasis-associated miRNAs [90],
and since then, the role of such miRNAs has been active-
ly studied. Metastasis is a stage of tumor progression asso-
ciated with the negative course of oncologic diseases. It is
a complex multistage process that includes dissemination
of tumor cells from the primary tumor site into the sur-
rounding stroma (invasion), blood or lymph, and then to
the distant organs and tissues. Table 2 summarizes the
functions of the most well-known miRNAs involved in
the tumor progression.

It is well known that tumor cells actively produce
miRNAs-containing extracellular vesicles, which are
used for information exchange between cancer cells and
the surrounding stroma [118]. Invasion is preceded by the
remodeling of the cancer cell niche and demolition of the
structural proteins and cell-cell contacts, which facili-
tates the entry of tumor cells into the circulation. It has
been shown that the highly metastatic breast cancer cells
release the exosomal miR-105 that downregulates expres-
sion of the tight junction protein ZO-1 in the endothelial
cells, thus disturbing the endothelial barrier function and
facilitating migration of tumor cell across the vascular
wall [91]. Stimulation of tumor neoangiogenesis is direct-
ly associated with the tumor growth and metastasis. It was
shown that nSMase?2 in the content of exosomes released
by HUVECs (human umbilical vein endothelial cells)
regulates expression of miR-210 in the breast cancer cells.
In turn, exosomal miR-210 stimulates neoangiogenesis
and metastasis by affecting expression of ephrin-A3 [92].

Another specific feature of tumor progression is
reprograming of glucose metabolism not only in cancer
cells per se, but also in the surrounding cells in the
metastatic niche. Fong et al. demonstrated that exosomal
miR-122 released by the breast cancer cell exerts their
effects on normal pulmonary fibroblasts and astrocytes,
i.e., on cells which are typically affected upon metastatic
spreading in breast cancer. In particular, the authors
revealed that tumor exosomes downregulated expression
of the glycolytic enzyme pyruvate kinase in normal cells
in vitro and in vivo [93]. Such reprogramming of systemic
metabolism can lead to the increased availability of glu-
cose for the tumor cells and promote tumor progression
and formation of favorable environment in the metastatic
niche.

Prostate cancer is characterized by bone metastasis
and destruction of osteoblasts; however, the mechanism
of this targeted and selective damage of osteoblasts is
unknown. Exosomal miR-940 released by the tumor was
shown to stimulate the osteogenic differentiation of
human MSCs in vitro and induced large osteoblastic and
osteolytic metastases formation in vivo in mice [98]. The
fact that MSCs can reside in the bone tissue and differen-
tiate in the osteogenic direction provides evidence that
tumor miRNAs can reprogram the metastatic niche and
generate the environment favorable for the development
of secondary tumors.
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Table 2. miRNAs involved in oncogenesis and metastasis in various types of cancer
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miRNA Target Process regulated by miRNA Cancer type Publication date/
Reference
miR-105 ZO 1 disturbance of the endothelial barrier function | breast cancer 2014 [91]
miR-210 Ephrin-A3 | angiogenesis 2013 [92]
miR-122 PKM changes in glucose metabolism 2015 [93]
miR-200 family Zebl activation of MET 2014 [94]
Zeb2
miR-615-3p PICK1 activation of EMT 2020 [95]
miR-222 LBR stimulation of invasion and cell migration 2019 [96]
miR-665 NR4A3 activation of EMT, invasion 2019 [97]
miR-940 ARHGAPI1 | induction of osteoblastic damage prostate cancer 2018 [98]
FAM134A
miR-21 TLR7 induction of proinflammatory cytokine secre- | lung cancer 2012 [99]
tion
miR-29a TLRS induction of proinflammatory cytokine secre- 2012 [99]
tion
miR-26a-5p ITGBS cell migration, invasion 2018 [100]
miR-214 SUFU activation of EMT 2018 [101]
miR-490-3p PCBPI activation of EMT, cell migration, invasion 2016 [102]
miR-1247-3p B4GALT3 induction of secretion of proinflammatory liver cancer 2018 [103]
cytokines
2018 [104]
miR-190 PHLPPI1 activation of EMT
2020 [105]
miR-92a-3p PTEN activation of EMT
miR-135a GSK3p activation of EMT urinary bladder cancer 2018 [106]
miR-221 STMNI1 activation of EMT 2015 [107]
miR-301b EGRI1 activation of EMT 2017 [108]
miR-301a SOCS5 angiogenesis, activation of tumor cell migra- | pancreatic cancer 2020 [109]
tion
miR-196a 5p IxkBa activation of EMT, cell migration, invasion colorectal cancer 2019 [110]
miR-188-5p PTEN cell migration, invasion gastric cancer 2019 [111]
miR-187 FOXA2 cell migration, invasion 2017 [112]
miR-155-5p TPS5S3INP1 cell migration, invasion cervical cancer 2019 [113]
miR-652 RORA cell migration, invasion endometrial carcinoma 2018 [114]
miR-590-3p FOXA2 cell migration, invasion ovarian cancer 2018 [115]
miR-504 TP53INPI cell migration, invasion bone cancer 2017 [116]
miR-144 3p ARIDIA cell migration, invasion renal carcinoma 2017 [117]
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Secretion of proinflammatory cytokines by tumor
cells can change the tumor microenvironment and stim-
ulate the growth and invasion of tumor cells. miR-21 and
miR-29a in the exosomes released by A-549 and
SK-MES lung cancer cells can bind Toll-like receptors 8
and 7 (TLRS8 and TLR7) on the immune cells resulting in
their activation. This interaction resulted in the NF-xB
activation that triggered the cytokine secretion ultimately
leading to further activation of the tumor microenviron-
ment and resulting in invasion of tumor cells, metastasis,
and secondary tumors [99]. In another study, cells of a the
highly metastatic hepatocellular carcinoma secreted exo-
somal miR-1247-3p, which directly targeted the
B4GALT3 gene, leading to the activation of the 1-inte-
grin/NF-kB signaling pathway in the fibroblasts. As a
result, the fibroblasts reprogrammed into cancer-associ-
ated fibroblasts (CAFs) that contribute to the tumor pro-
gression via secretion of the proinflammatory cytokines
IL-6 and IL-8 and the formation of the tumor microen-
vironment [103].

High metastatic potential of cancer cells is a negative
predictor of the clinical outcome, while the invasive sta-
tus of the primary tumor cells serving as a diagnostic
marker. miR-188-5p has been recognized to provoke
metastasis of AGS and MGC803 gastric cancer cells by
promoting their invasion with subsequent increase in the
number of metastases to the lungs [111].

It is known that the level of miRNAs regulating the
EMT process are elevated in blood serum of patients with
metastatic cancers [119]. The miR-200 family comprises
miR-200a, miR-200b, miR-200c, miR-429, and
miR-141. The major function of these miRNAs is EMT
suppression and triggering of the reverse process — the
mesenchymal-epithelial transition (MET). MET is
induced by direct binding of miR-200 with the Zebl/2
transcriptional factors, followed by their subsequent inhi-
bition and further repression of a various mesenchymal
genes [119]. Lee et al. showed that the exosomal miR-200
produced by the highly metastatic 4T1 breast cancer cell
line was absorbed by cells of the non-metastatic mamma-
ry gland tumor line, resulting in their altered gene expres-
sion and MET activation [94]. We demonstrated [120]
that uPAR knock-down in Neuro2a neuroblastoma cells
resulted in upregulated expression of miR-34c-5p and
downregulated expression of miR-141-3p, miR-28a-5p,
miR-291-3p, and miR-295-5p. Using bioinformatics, we
have identified target gene clusters for these miRNAs and
classified them into several functional group, such as
genes involved in the EMT (Snail, Zeb2), apoptosis
(Bcl6, p21), proliferation (Atf1), cell adhesion and migra-
tion (CD93, ITGAV), exosome biogenesis (TSPAN2,
TSPAN11, Rab11b, Rab21) [120].

Taken together, the above data point to an important
role of the secreted extracellular vesicles containing
miRNAs, which can act as humoral mediators of cell—cell
communication, remodel the extracellular matrix, repro-
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gram the premetastatic niche, and finally enable tumor
cells to form metastasis and secondary tumors.

CONCLUSIONS

It is common knowledge that upon cancer progres-
sion and metastasis tumor cells can exert their effects far
beyond their immediate microenvironment via paracrine
signaling through the production of extracellular vesicles
containing proteins, miRNAs, receptors, and signaling
molecules. miRNAs of extracellular vesicles can be con-
sidered as markers of tumor chemoresistance and active
fibrosis in the tumor surrounding tissues. In this connec-
tion, miRNAs application for diagnostics or as a potential
therapeutic target will significantly expand an arsenal of
current approaches in oncology, especially taking into
consideration the fact that miRNA-containing exosomes
lack the side effects and limitations of cellular technolo-
gies.

It should be emphasized that the bioinformatic
search for miRNA targets is based on the in silico identi-
fication of the complementary sequences in the 3'-UTR
of target mRNAs. The approaches based on the analysis
of direct interactions of miRNAs with their target gene
sequences or target proteins are rare. High expectations
reside in the identification of miRNA receptors, which
supposedly mediate endocytosis of miRNAs and deter-
mine the specificity of their effects on target cells. As
demonstrated for the well-known /let-7;, miRNAs not
only perform their “classical” functions, such as regula-
tion of gene expression and suppression of tumor cell
invasion, but also act as ligands for Toll-like receptors
[121] and activate the TLR-dependent signaling. Taking
into consideration an important role of these receptors in
antitumor immunity, the application of let-7i-based exo-
somes might become a new efficient method in the anti-
tumor therapy.

To summarize, numerous data on the expression and
functioning of exosomal miRNAs indicate that these
molecules can be considered as humoral mediators in
oncogenesis. miRNAs are not only the byproducts of the
primary tumors, but can actively reprogram the cells in
the metastatic niche. Therefore, the suppression of onco-
genic miRNAs biosynthesis or the application of the anti-
sense sequences might be a promising strategy in
oncotherapy of the primary tumors and invasion/metas-
tasis.
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