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The itinerary of circulating miRNAs – implications 
for cancer progression and diagnosis
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ABSTRACT

microRNAs (miRNAs) are non-coding RNAs that regulate gene expression and protect cells from foreign 
nucleic acids. miRNA is produced in the nucleus and processed in the cytoplasm. These small nucleic acid 
molecules are released from cells to the extracellular matrix (extracellular miRNA, ex-miRNA) and reach 
blood plasma (circulating miRNA). Circulating miRNA can also be detected in other biological fluids, such 
as saliva, cerebrospinal fluid or urine, and it is usually carried by proteins or extracellular vesicles. Argo-
naute-miRNA, or miRNA-lipoprotein complex, protect miRNA from being degraded. The entrance of extra-
cellular miRNA into a target cell is mediated by endocytosis and membrane fusion of extracellular vesicles. 
Additionally, miRNA can also be delivered in high-density lipoproteins by means of interactions with scav-
enger receptors. miRNAs absorbed into a cell can act as tumour promoters (oncomirs), or suppressors by 
inhibiting the translation process of the target mRNAs, thus, affecting cells in the tumour microenviron-
ment. miRNA can impact other cells by supporting tumour growth, promoting angiogenesis and modulat-
ing the immune system. Molecular high-throughput methods are employed to detect circulating miRNA, and 
a potentially helpful diagnostic test has been designed to characterise the cancer type. In this review, we aim 
to summarise the itinerary of miRNAs from a source cell to a target cell, as well as to show how this class 
of small nucleic acids participates in intercellular communication. Finally, we highlight examples of miRNAs 
usage as potential molecular markers and discuss treatment approaches in clinical trials.
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Abbreviation list:
short interfering RNA – siRNA, microRNA – miR-
NA, precursor miRNA – pre-miRNA, RNA bind-
ing proteins – RBPs, tunnelling nanotubes – TnT, 
high-density lipoproteins – HDLs, argonaute 
2 – Ago2, extracellular vesicles – EV, extracel-
lular microRNA – ex-miRNA, toll-like receptors 
– TLR, heparan sulfate proteoglycans – HSPGs, 
heterogeneous ribonuclear protein E2 – hnRNP 
E2, non-coding RNA – ncRNA, tumour-necrosis 
factor-α (TNF-α), tumour microenvironment – 
TME, cancer-associated fi broblast – CAF, vascu-
lar endothelial cadherin – VE-cadherin, human 
umbilical vein endothelial cells monolayer – 
HUVEC, polyethyleneimine -PEI.

1. Synthesis and release 
of miRNA molecules into 
the intercellular space 

1.1. miRNA synthesis
Different types of small RNAs, including miRNAs, 
tRNAs, rRNAs and yRNAs (YRNAs – small non-

coding RNAs essential for the initiation of chro-
mosomal DNA replication), have been detected in 
the extracellular matrix and circulation [1]. In the 
last decades, small RNAs have gained new sig-
nifi cance as regulators of eukaryotic genomes. 
Mature miRNA is a single-stranded RNA derived 
from a double-stranded precursor with 20-22 
base pairs in length. It regulates gene expres-
sion and defends cells against invasive extracel-
lular nucleic acids, and recent research proves 
its diversity in terms of biogenesis pathways and 
regulatory mechanisms [2]. Furthermore, miR-
NAs are the most broadly distributed in both phy-
logenetic and physiological terms, therefore, we 
will focus on these molecules, as since they are 
secreted and absorbed by cells, they could there-
fore be considered as signalling molecules. 

The biogenesis of miRNA constitutes a multi-
stage process in which both nuclear and cyto-
plasmic enzymes have been addressed in a num-
ber of reviews, e.g. Bartel (Figure 1) [2]. Accord-
ing to the studies, miRNAs could regulate gene 
expression in the cell, or could be exported to 
the extracellular matrix by means of extracellular 
vesicles [1].

Figure 1. miRNA biogenesis, secretion and uptake
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The miRNA genes are transcribed in the 
nucleus to produce primary miRNA (pri-miRNA). 
Subsequently, pri-miRNA is further converted 
to the precursor miRNA (pre-miRNA) and trans-
ported to the cytoplasm. In the cytoplasm, an 
enzyme Dicer cleaves pre-miRNA into miRNA 
duplex, which eventually releases mature miRNA. 
In turn, mature miRNA mainly targets cytoplas-
mic mRNA, resulting in the translation inhibition 
or mRNA degradation. Additionally, miRNA can 
also be secreted into the extracellular environ-
ment, which allows it to reach distant cells.

Extracellular miRNA may be surrounded by 
a vesicle-associated membrane. The transport-
ing vesicles of a normal cell include exosomes 
(30-150 nm) and microvesicles (100-1000 nm). 
However, the extracellular miRNA may be also 
non-vesicle associated, when carried by ribonu-
cleoproteins, mostly by Argonaute 2 (Ago2), as 
well as transported with high density lipoproteins 
(HDL). 

Once miRNA reaches the recipient cell, the 
uptake commences. Exosomes and microvesicles 
can be absorbed by recipient cells by endocytosis 
or by direct fusion with the plasma membrane. 
HDL-associated miRNAs and miRNA-AGO2 com-
plexes are taken up by the recipient cells through 
binding to the specifi c receptors present in the 
cellular membrane.

Following the release in the recipient cells, 
miRNAs control protein synthesis, mainly by 
means of targeting mRNA, which further leads to 
its inhibition or degradation. 

1.2. miRNA sorting into exosomes
Exosomes are 30 to 100 nm-sized type of extra-
cellular vesicles secreted by most cell types into 
the extracellular space and were broadly char-
acterised in Minimal information for studies of 
extracellular vesicles [3]. In fact, as carriers of 
different biomolecules, including proteins, lipids 
or nucleic acids, exosomes play an essential role 
in physiological and pathological states [4]. They 
participate in cell-to-cell communication and act 
as mediators, modulating the activity of other 
cells, with exosome content being transported not 
only into the surrounding cells, but also to more 
distant tissues [1]. Moreover, they are capable 
of triggering a systemic response. However, the 
mechanisms of information exchange between 
cells are extensive and not fully understood. 

In terms of the exosomal resident transcripts, 
particular attention has been given to miRNAs, 
due to their high conservation across species, 
involvement in gene expression regulation and the 
role of signalling molecules in metastatic tumour 
cell growth. Unfortunately, the molecular mecha-
nisms controlling the specifi c loading of miRNAs 
into exosomes remain poorly understood. Both 
selecting and non-selecting mechanisms have 
been described in this context, and it is suggest-
ed that several loading mechanisms may govern 
exosome sorting of specifi c subsets of miRNAs 
[5, 6]. In fact, on the basis of the current research, 
several pathways have been described which 
impact sorting of miRNAs into exosomes, i.e. 1) 
the neutral sphingomyelinase 2 (nSMase2) mem-
brane protein-dependent pathway; 2) the loading 
of miRNAs controlled by hnRNPA2B1 SUMOyla-
tion, 3) the 3'-end of the miRNA sequence-de-
pendent pathway; 4) the miRNA induced silenc-
ing complex (miRISC)-related pathway, where 
Argonaute 2 (Ago2) is reportededly involved in 
the sorting of such genes as let-7a, miR-100, and 
miR-320a; 5) other RNA-binding proteins related 
pathways since the conducted studies proved 
that specifi c proteins might govern miRNA sort-
ing by means of recognising and binding to spe-
cifi c RNA sequences called the EXO motif [7]. 
Moreover, research conducted to date has dem-
onstrated that miRNA are selectively packed into 
exosomes by a mechanism dependent on RNA 
binding proteins (RBPs) [7], and RBPs, in turn, 
form complexes with RNAs and transport them 
into exosomes during biosynthesis [8].

There is evidence that short sequence motifs 
(EXOmotifs) are overrepresented in miRNAs and 
connected with the process of sorting the miR-
NAs into exosomes, e.g. hnRNPA2B1 complex 
binds and loads specifi cally about 30 exosomal 
miRNAs through the recognition of GGAG motif 
(e.g. identifi ed in the T cells) [9]. Furthermore, it 
has been reported that some miRNAs proved to 
promote cancer metastasis and are selectively 
sorted into exosomes, such as miR-122 contain-
ing complex, bipartite motifs (UGGA at the 5' end, 
UUU at the 3' end) [6]. Additionally, identifying the 
GCAG motif in the miR-1246 sequences further 
supports the concept that RNA sequence motifs 
are a crucial factor responsible for the selective 
cellular miRNA sorting into exosomes [10]. 
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2. Close and distant miRNA 
peregrinations outside the cell 

Extracellular RNA is found in biological fluids in 
large quantities and is detected in saliva, blood, 
cerebrospinal fluid, breast milk, semen, and 
urine [11]. RNA present in the extracellular flu-
ids originates from endogenous and exogenous 
sources. miRNA can be expelled from cells due 
to cell death, in the course of apoptosis or necro-
sis [12]. Moreover, RNA may also be released as 
a paracrine signal for communication with other 
cells. The exogenous extracellular RNA might be 
derived from another organism (foreign RNA) and 
can be exchanged between different kingdoms in 
the horizontal transfer process. In fact, horizontal 
transfer has been observed between RNA viruses 
and eukaryotes, plants and viruses, plants and 
mammals or other animals [13, 14]. 

In general, the concentration of miRNA in the 
extracellular space is much smaller than in cells, 
due to RNA-degrading enzymes in biofluids [15]. 
Blood cells constitute a signifi cant contributor 
to the circulating miRNA [16]. However, extracel-
lular miRNA profi ling is affected by gender, age, 
metabolism, diet, physical exercise and general 
health condition. miRNAs are transported from 
cell-to-cell in membrane-derived vesicles, high-
density lipoprotein particles (HDLs), apoptotic 
bodies and a short distance through tunnelling 
nanotubes (TnT) [17]. In addition, miRNA is pro-
tected in the extracellular space from ribonu-
cleases (RNases) and other degrading factors 
by being transported with proteins. 500 known 
transporting proteins may have a specifi c affi nity, 
forming stable ribonucleoprotein complexes with 
RNA and it is assumed that more than 90% of cir-
culating miRNAs in plasma are associated with 
proteins [18]. The most abundant form of extra-
cellular RNA (ex-miRNA) in the blood is bound 
with Ago2, suggesting that the RNA protection 
mechanism may be the most effective. Another 
ribonucleoprotein involved in the transport, stabi-
lisation and protection of miRNA is nucleophos-
min 1 (NPM1). Primarily, NMP1 has been known 
as a nucleolus protein, participating in ribosomal 
RNA processing. According to the studies by Kai 
Wang et al., NPM1 participates in the exportation 
and ex-miRNA protection [19], but it may also be 
transported with high-density lipoproteins [20]. 

miRNA can be transported between cells 
through direct connections without entering the 
extracellular space. One of the direct connections 
is referred to as TnT and connect cells and com-
municate by electrical signals, exchange proteins, 
nucleic acids and organelles [21]. Another way for 
miRNA to be transported between cells is a gap 
junction, which directly connects two cells by 
a channel consisting of connexins. Although gap 
junctions are used predominantly to transport 
small molecules, such as water or ions, they also 
transport RNA, proteins and other molecules [22].

In healthy individuals, the amount of vesicle-
associated RNA is minimal, since most extra-
cellular RNA is protein-associated; conversely, 
it increases in pathological states. Interesting-
ly, breast cancer patients present signifi cantly 
increased levels of vesicle-associated exosomal 
RNA, which may indicate the degree of disease 
severity [23]. Thus, the amount of extracellu-
lar RNA, its type and its method of transport are 
affected by various factors, and, due to that, they 
differ in certain organisms and tissues, which 
should be taken into consideration in its analysis. 

Approximately 1–3×1012 exosomes could be 
derived from 1 ml of the human serum, and these 
exosomes contain 0.5 – 2.5 ng of RNA [24], and 
miRNAs levels for various cell types are estimat-
ed in the range of tens to 120,000 copies per cell 
[25]. The variety of miRNAs present in extracel-
lular vesicles could become a diagnostic mark-
er for breast cancer. EVs released from hepato-
cytes could indicate liver insuffi ciency, where-
as exosomes from the placenta might become 
a diagnostic biomarker of the foetal disease [26]. 
According to the studies, specifi c miRNA is only 
associated with EVs, such as let-7a [27].

HDL had become the focus of new studies 
which suggest that HDL is a miRNA transporter 
and a protector from RNases in the circulatory 
system. Nevertheless, the process of releasing 
miRNA associated with HDL and the role of HDL in 
gene modifi cation remains unknown. An investi-
gation of miRNA-HDL complexes by Wagner et al. 
presents that miR-223, miR-92a, and miR-126 are 
more likely to be associated with HDL. However, 
the highest ratio of miRNA-HDLA complex to the 
entire circulating miRNA was below 10%, indicat-
ing that HDL cannot be a signifi cant transporter 
of miRNA. The same study referred to a specifi c 
miRNA associated with the low-density lipopro-
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tein (LDL), miR-155, which resulted in atheroscle-
rosis in more vulnerable organisms [28].

It has been suggested that circulating miR-
NA-protein complexes are able to participate in 
paracrine functions, and that miRNA encapsulat-
ed in exosomes might play a role in intercellular 
communication [18]. Furthermore, investigation 
of miRNA concentration kinetics in the blood is 
required, particularly for miRNA associated with 
exosomes. These particles contributing to inter-
cellular communication could be molecular cap-
sules involved in drug delivery to cells [18]. 

3. Transfer from the 
circulation into the cells

3.1. RNA entrance into target cells and 
the impact on gene expression
Several mechanisms allow for the entrance of 
RNA into target cells, thus affecting gene expres-
sion. One mechanism of RNA entering into cells 
is internalisation mediated via exosomes. In fact, 
they play a role in the communication of neo-
plastic cells and deliver mRNAs and miRNAs into 
target cells [29]. Zhang et al. demonstrated that 
the miR-150 packaged into exosomes entered 
Human Microvascular Endothelial Cells (HMEC-1 
cells) [30]. The binding of exosomes onto target 
cells can be mediated through receptors present 
on the cell surface, with MHC I, MHC II, tetraspa-
nins, and transferrin being the receptors involved 
in exosome transportation [31]. The exosome 
membrane surface, especially proteins, could be 
investigated as potential mediators of exosome 
docking on the target cell membrane [29]. Sub-
sequently fusion of exosomes with the cell mem-
brane occurs, which could be limited by the low 
pH of the tumour microenvironment, since the 
optimal pH of the membrane internalisation is 
about 5.0. Therefore, this pH is optimal to achieve 
the highest fluidity of membranes and fusion 
potential [32]. Furthermore, endocytosis, includ-
ing phagocytosis, is also an established internal-
isation mechanism [31]. Heparan sulfate proteo-
glycans (HSPGs) were described as mediators in 
exosome internalisation with destination cells, in 
particular in exosomes released by cancer cells. 
Moreover, it has been demonstrated that HSPGs 
play a signifi cant role in the uptake of exosomes. 
This phenomenon could be important for the 

development of exosomes delivering RNA thera-
peutics into cancer cells. 

miRNAs, present in the circulatory system 
and extracellular fluid compartments, can affect 
cells located far away from the donor cell, and as 
a result, they can alter cell gene expression [33]. 
The miRNA activity could be referred to as "hor-
mone-like", since this molecule requires inter-
action with a receptor situated within the cell, 
or on the cell membrane. The possible mecha-
nism of hormone-like activity of miRNA involves 
a protein receptor for miRNA (miRceptor) and 
a potential miRNA-protein interaction which was 
fi rst observed in 2010 [34]. Direct miRNA-protein 
interplay occurs in chronic myelogenous leukae-
mia cells between miR-328 and the heteroge-
neous ribonuclear protein E2 (hnRNP E2). hnRNP 
E2 inhibits CCAAT/enhancer-binding protein α 
(CEBP-α), leading to an inhibition in granulo-
cytic differentiation. The best-known mecha-
nism of controlling gene expression by miRNA is 
the repression of translation. It is performed by 
a pairing of six bases in 5’-end located in miRNA 
seed region with the 3'UTR sequence on the tar-
get mRNAs and, as a result, inhibiting the transla-
tion or, more radically, initiating the degradation 
of mRNA [2]. 

The aforementioned mechanisms of gene 
regulation are also mediated by incoming miR-
NA in the target cells. By means of the transport 
through EVs, the expression of miR-409 in strom-
al fi broblasts can affect other cells and promote 
tumorigenesis via repression of tumour sup-
pressors, such as RAS suppressor 1 (RSU1), as 
it was demonstrated in prostate fi broblasts [35]. 
On the other hand, miRNA, such as miR-135a, is 
also involved in tumour growth repression, where 
it suppresses the invasiveness of prostate cancer 
cells by impacting ROCK1 and ROCK2 [36].

3.2. The role of imported miRNAs in the target 
cells – preparation for cancer progression
In order to better understand the role of miRNA on 
cells, one should look at the immediate environ-
ment of the tumour. The tumour microenviron-
ment (TME) is defi ned as the area enclosing the 
tumour which contains cancer as well as stromal 
cells, fi broblast, and immune cells. The TME is 
rich in signalling molecules, blood vessels, and 
the extracellular matrix (ECM) [37]. The TME cre-
ates optimal conditions for tumour development, 
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growth and metastasis, supplies nutrients and 
provides a physical scaffold for cells [37]. miR-
NAs, secreted by the tumour cells, can impact 
other cells in the TME on several levels. Finally, 
similarly to hormones, miRNAs can be transport-
ed through the bloodstream to modify a healthy 
microenvironment, making it suitable for metas-
tasis. Recent studies have indicated that miR-
NAs play a signifi cant role in metastasis [38]. In 
this paper we report the representative examples 
of how miRNA can modify a local and distant 
cell microenvironment, so as to promote tumour 
growth and enhance metastasis formation.

3.2.1. Modulation of the vascular 
permeability and angiogenesis
The ability of cancer to form metastasis and 
invade distant organs requires miRNAs to facili-
tate this process by promoting vascular perme-
ability and angiogenesis. miR-105 was reported 
to destroy the vascular endothelial barrier and to 
promote metastasis by targeting the tight junc-
tion protein ZO-1. As a result of the destruction 
of tight junctions, the integrity of the barrier is 
compromised, increasing vascular permeability 
and leading to metastatic progression [39]. Other 
studies have demonstrated that over-expression 
of miR-939 targeting vascular endothelial cad-
herin (VE-cadherin) results in an increased per-
meability of human umbilical vein endothelial 
cells (HUVEC) [40]. Finally, miRNA is involved in 
forming new vessels, and although miRNA alone 
is not suffi cient to induce metastasis, they great-
ly contribute to the process. 

3.2.2. Immune modulation 
Tumour cells secrete extracellular vesicles trans-
porting miRNA, which are taken up by surround-
ing cells in the tumour microenvironment and by 
cells in distant organs [41]. It is worth noting that 
tumour extracellular vesicles can promote cancer 
angiogenesis, invasion and metastasis. Immune 
cells of myeloid and lymphoid origin are part of 
the tumour microenvironment, with myeloid cells 
being widely present in tissues. In fact, they com-
prise most immune cells and play an essential 
role in immune reactions and tissue remodelling. 
Different subsets of mature myeloid cells, such 
as monocytes, macrophages, dendritic cells and 
granulocytes take up EV and acquire a pro-tum-
origenic phenotype. In the course of neoplasm 

formation, the differentiation of myeloid cells and 
their functions are impaired, resulting in tumour 
promotion. A high capacity of myeloid cells to EV 
uptake from circulation enables the formation 
of pre-metastatic niches [42]. The exposure of 
myeloid cells to tumour EV could inhibit the anti-
tumour function of T cells and natural killer cells 
and promote tumour progression. Hence, immune 
cells establish a pro-inflammatory environment, 
which stimulates tumour growth and partially 
suppresses the anti-cancer immune response 
[43]. Moreover, lung cancer cells secrete miR-21 
and miR-29a, which bind and activate toll-like 
receptors (TLR) 7 and 8, inducing the secre-
tion of pro-inflammatory cytokines, such as IL-6 
and TNF-α which facilitate tumour growth and 
metastasis formation [44]. Although immense 
data indicate the involvement of miRNA in immu-
nomodulation of tumorigenesis, the participa-
tion of circulating miRNA in the process has not 
been well described. Nevertheless, it has been 
reported that miR-195 and miR-497 inhibit CD274 
expression, affecting the immune response. Oth-
er studies have shown that overexpression of 
miR-203 in pancreatic adenocarcinoma leads to 
downregulation of TLR4 on pancreatic dendritic 
cells, inducing immune tolerance [45]. Similarly, 
miR-212-3p inhibits regulatory factor X-associ-
ated protein, i.e. an important transcription fac-
tor for major histocompatibility complex (MHC) II, 
which results in a decreased MHC II expression 
and immune tolerance of dendritic cells in pan-
creatic carcinoma [46].

3.2.3. Drug resistance
miRNAs contribute to the drug resistance of 
tumour cells by means of targeting genes relat-
ed to cell proliferation, cell cycle, and apopto-
sis. Moreover, drug-resistant tumour cells can 
spread resistance to other non-resistant cells, 
which leads to treatment failure [47]. In the MCF-7 
breast cancer cell line, the altered expression of 
miRNA-21 affects the susceptibility to doxorubi-
cin used to treat breast cancer. Additionally, oth-
er studies have demonstrated that upregulated 
expression of miR-106a contributes to cispla-
tin resistance in non-small cell lung carcinoma 
[48]. Similarly, miR-15b increases the resistance 
of lung adenocarcinoma cells to cisplatin by sup-
pressing phosphatidylethanolamine-binding pro-
tein 4 [49]. The miR-23a overexpression in colon 
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cancer cells is reported to lead to resistance to 
5-fluorouracil, with the mechanism of miR-23a-
induced resistance decreasing the level of apop-
tosis-activating factor-1 in the colorectal cancer 
cells [50]. Furthermore, exosomal short-distance 
transfer of miRNAs may also lead to the develop-
ment of chemoresistance. Tumour-associated 
macrophages receive miR-1246 abundant exo-
somes derived from paclitaxel-resistant epithe-
lial ovarian carcinoma cells, and miR-1246 fur-
ther promotes paclitaxel resistance. In contrast, 
epithelial ovarian carcinoma cells receive miR-
21 abundant exosomes from cancer-associated 
adipocytes and fi broblasts, resulting in paclitaxel 
resistance. Moreover, in hypoxic conditions, miR-
223 enriched tumour-associated macrophage-
derived exosomes promote cisplatin resistance in 
epithelial ovarian carcinoma cells via the PTEN-
PI3K/AKT pathway [51]. Interestingly, miRNAs 
may also be associated with melanoma resistant 
to treatment with immune checkpoint inhibitors 
(ICIs) [52].

Recent studies have suggested that cancer-
derived exo-miRs are released in a different pat-
tern, which is assumed to display multi-drug 
resistance through the mechanisms described 
above [53]. As described in a recent review, 
secreted exo-miRs prepare the cell microenvi-
ronment for cancer evolution, therefore, chemo-
therapy resistance affects all types of tumour 
cells [53]. On the other hand, microenvironment 
cells (such as macrophages and fi broblasts) are 
considered to transmit multi-drug resistance to 
sensitive neighbouring cells. In all of the above-
mentioned scenarios, exo-miRs play a major role 
in cancer drug resistance.

4. Diagnostic signifi cance 
of circulating miRNAs.

Shortly after the discovery of circulating miR-
NA, these molecules have been observed to be 
potential diagnostic and prognostic biomarkers 
in cancer. There are at least three main objec-
tives in the use of circulating miRNA as cancer 
markers: early diagnosis markers (predictive bio-
markers), molecular classifi ers, as well as relapse 
monitoring markers (prognostic biomarkers) 
[54]. The predictive biomarkers could be helpful 
in the regular monitoring of a high-risk group of 

patients. There are numerous examples of stud-
ies aiming to elaborate on predictive biomark-
ers [55]. For instance, the MiR-17-92 is one of the 
oncogenic miRNA clusters involved in colorectal 
carcinogenesis, and levels of MiR-17, miR-18a, 
miR19a, miR-20a, miR-19b and miR-92a – mem-
bers of this cluster increase in colorectal cancer 
plasma samples [55]. Hence, it is of importance, 
as early detection of colorectal cancer, mark-
edly improves the prognosis. Other studies have 
also associated the expression of miR-17 also 
with cervical cancer [56]. The most frequent neo-
plasm in women is breast cancer, which is char-
acterised by heterogeneity and variable subtypes 
differing in grade and malignancy, which in con-
sequence, necessitates a diversifi ed therapeutic 
approach. In order to distinguish breast cancer 
types, reliable molecular classifi ers markers have 
been investigated [57]. As a result, it was demon-
strated that the miRNAs expression profi le could 
distinguish the triple-negative breast cancer 
from other molecular breast cancer subtypes [58, 
59]. The relapse prognostic biomarkers could be 
a form of post-surgery or a radiotherapy monitor-
ing marker. In post-surgical plasma samples, the 
tests showed good performance with regard to 
monitoring disease relapse. 

On the basis of screening cohorts comprising 
lung cancer patients, circulating miRNA pre-test 
were designed by selecting miRNA biomarkers 
— a non-commercial experimental miRNA signa-
ture classifi er test based on a microfluidics card 
containing the 24 miRNAs. Although the miR-Test 
uses 13-miRNA types, such experimental tests 
resulted in a fourfold to fi vefold reductions in the 
low-dose computed tomography false-positive 
rate [60, 61]. ThyraMIR classifi es the gene expres-
sions of ten microRNAs, and it allows physi-
cians to identify thyroid cancer with a single test. 
According to the supplier, ThyraMIR and ThyGenX 
present a specifi city of 85% and sensitivity of 
89%. ThyraMIR uses the expression levels of 10 
microRNAs, whereas ThyGenX aims at mutations 
or genetic alterations associated with thyroid 
cancer. In combination, the two tests are used 
to produce a positive or negative result from the 
routine fi ne-needle aspiration procedures [62].

The signifi cance of circulating miRNA in diag-
nostic tests has been developing dynamically in 
the breast cancer area. Researchers discovered 
that the concentration of miRNA-29b-2 and miR-
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NA-155 was higher in blood serum in samples 
from patients who suffer from breast cancer com-
pared to non-breast cancer patients. Therefore, 
these fi ndings could suggest that an increase in 
the concentration of certain molecules of miRNA 
in the blood serum may result from oncogene 
activation. Conversely, the amount of other types 
of miRNA decreases in the aftermath of a sup-
pressor gene turning off. Taking the abovemen-
tioned facts into account, diagnostic kits should 
be developed which would reliably exclude or con-
fi rm the diagnosis of breast cancer or enable the 
development of cancer screening with miRNA.

In the past, research regarding the effi cacy of 
miRNA panels in the detection of colorectal can-
cer was conducted. Researchers investigated 
examined a panel of 8 miRNAs, which distinguish 
patients with polyps from patients without them 
(miRNA-532-3p, miRNA-331, miRNA-195, miRNA-
17, miRNA-142-3p, miRNA-15b, miRNA-532, and 
miRNA-652) and a panel of 3 miRNAs, which dis-
tinguish patients with stage IV colorectal cancer 
from patients without colorectal cancer (miRNA-
431, miRNA-15b, and miRNA-139-3p). The differ-
entiation between patients with and without can-
cer by the panels demonstrated high accuracy. 
The sensitivity of the test, both in the group of 
patients with colorectal adenomas and the con-
trol group, amounted to 88%, while the specifi city 
reached 64%. In addition, the comparison between 
stage IV colorectal cancer patients and the con-
trol group was 93% and 74%, respectively [63].

Several similar studies have shown that 
breast cancer [56], prostate [64], colorectal [65], 
gastric and others [65] are all candidates for 
‘potential’ miRNA biomarkers This, in turn, rais-
es the question as to why the considerable data 
on the potential biomarkers have not been effi -
ciently transformed into clinically useful diag-
nostic tests [66]. The information on the web-
site https://clinicaltrials.gov/ concerning recent 
ongoing clinical trials involving miRNA biomark-
ers, comprises one completed study ‘Circulating 
miRNAs as Biomarkers of Hormone Sensitivity in 
Breast Cancer in phase IV, no studies in phase III, 
one study in phase II and one study in phase I. In 
order to be able to make a correct clinical diagno-
sis of a patient's sample, the most critical evalu-
ation criteria for biomarkers are high sensitivity 
and specifi city [67]. miRNA and expression mark-
ers are usually determined on a large cohort, and 

as such display some bias and rarely reach suffi -
cient specifi city and reproducibility in a particular 
patient sample. This is problematic for miRNAs, 
which are deregulated due to primary genetic or 
epigenetic alterations [68]. Furthermore, a num-
ber of uncontrollable factors and stochastic fluc-
tuations hinder the estimation of miRNA level in 
circulation. Recent works suggest genetically 
programmed-in fluctuations within miRNA pools, 
possibly driving the formation of adaptive pheno-
types [69].

This poses the question, whether there are any 
advantages to using miRNA markers miRNA is 
relatively stable in ex vivo blood samples and over 
200 types detectable in blood serum by the most 
sensitive method. Therefore, this broad spectrum 
of molecules enables the recruitment of several 
reliable sequences to increase the specifi city of 
a potential test [67]. Circulating miRNAs for diag-
nostic tests are collected as a liquid biopsy from 
plasma or serum [70]; nevertheless, easily acces-
sible plasma and serum vary, and so different 
results are obtained [66]. Serum is considered 
a better option, since it is less likely to contain 
products of haemolysis. A decreased circulating 
miRNA level compared with the cytoplasmic miR-
NA concentration requires the use of particular 
methods to detect it [71]. The two most common 
methods to detect miRNA in serum are microar-
rays and quantitative reverse transcriptase real-
time PCR (RT-qPCR) [72].

The disadvantages of miRNA markers might 
seemingly outweigh the advantages. In fact, miR-
NAs indicates altered expression patterns in the 
same type of cancer assayed by different studies, 
and miRNA levels are dependent on age, gender, 
ethnicity, lifestyle, pre-treatment, history of dis-
eases. Additionally, in terms of detection results, 
they can be affected by the measurement princi-
ple, the method used and the instrument and also 
haemolysis should be strictly controlled in plas-
ma samples [67]. In a relative quantifi cation of 
circulating miRNA, the lack of a normaliser is the 
most signifi cant obstacle. An additional challenge 
is the fact that miRNA is predominantly secreted 
by healthy cells; hence, a multi-parameter assay 
instead of a single marker has been proposed to 
allow miRNA biomarker testing. However, it is has 
recently been suggested that in order to develop 
a specifi c test the absolute level of miRNA should 
be considered as more reliable [73]. 
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5. Application of miRNA 
as drugs and vaccines

miRNA, as an essential tumour suppressing fac-
tor, could be used to inhibit oncogenesis. Sev-
eral anti-micro-RNA therapies have already 
been described by Miroshnichenko et al. [74]. 
Here we present several examples of promising 
drugs based on RNA oligonucleotides which have 
already been in clinical trials.

The gene encoding miR-34 is regulated by p53 
and has been observed to be decreased in sev-
eral types of cancer, including prostate cancer, 
pancreas cancer, breast cancer and many oth-
ers. Nanoparticles containing miR-34 inhibit the 
development of a tumour, metastasis and stimu-
late apoptosis. MRX34 is a form of nanoparticles 
containing RNA mimic tested in the fi rst phase 
of the study where the drug consisted of 23-nu-
cleotides closed in a liposomal nanoparticle [75]. 
MYC, MET, BCL2, and WNT 1/3 are examples of 
inhibited oncogenes by MRX34 (93). A clinical 
trial has shown plenty of side effects occurring 
as a result of miR-34 therapy including immune 
responses, which probably resulted from sup-
pressed immune-related genes by miR-34 [75]. 
Thus, MRX34 did not move to the second phase 
of trials due to high toxicity [76].

Imetelstat (GRN163L) is an oligonucleotide, 
a second phase trial drug, which acts as RNA's 
telomerase inhibitor. GRN163L exhibits antipro-
liferative and cytotoxic effects. The treatment 
of haematological cancers and solid tumours 
affects the delay in megakaryopoiesis [77]. The 
research presents possible action on reduc-
ing malicious hematopoietic stem cells and 
hematopoietic progenitor cells in myelofi brosis. 
Nevertheless, thrombocytopenia constitutes the 
toxicity factor limiting the drug's dosage [78]. 

An exciting novelty among miRNA's drugs is 
RGLS5579. The oligonucleotide inhibits miR-10b, 
whereas the overexpression of miR-10b occurs in 
colorectal and breast cancer, where it promotes 
metastasis [79]. The drug could be administered 
to patients diagnosed with glioblastoma multi-
forme, which is the most aggressive type of can-
cer of the brain [76].

“TargomiR” technology is based on targeted 
minicells containing miRNA mimic [80]. The fi rst 
drug using this novelty technique is MesomiR-1. 
The fi rst phase of clinical trials was completed, as 

a result of which MesomiR-1 based on miR-16 was 
most likely to suppresses tumours on the scale of 
cancer types [79]. The research was conducted 
on patients with malignant pleural mesothelioma 
and non-small-cell lung carcinoma. The drug was 
considered safe due to benign side effects [81].

The role of miR-155 is an oncomir regulating 
pathways in immune cells. Cobomarsen (MRG-
106) is introduced as a synthetic anti-miR-155 
oligonucleotide in second phase trials. The drug 
was administered to patients with haematologi-
cal malignancies [82]. Cobomirsen decreases 
cellular proliferation and generates apoptosis in 
mycosis fungoides. MGR-106 is currently being 
tested for safe use and tolerability.

siRNA drugs, based on RNA interference, 
degrade mRNA in a long-lasting period. It is 
essential to deliver the drug in lipid or N-acetyl-
galactosamine (GalNAc)-conjugated nanopar-
ticles to enable transport of siRNA into hepato-
cytes. [83]. Gene knockdown effects of double-
stranded siRNA therapeutics were used in several 
clinical trials. APN401, EphA2 siRNA, ALN-VSP02, 
CALAA-01 and DCR-MYC are examples of drugs 
remaining in the fi rst phase. siG12D-LODER and 
TKM-080301 were classifi ed for the second 
phase trials [84].

The delivery of EVs from the tumour into the 
destination cells could be facilitated by means 
of polyethyleneimine (PEI). PEI is the synthetic 
polymer of different molecular weights generated 
by aziridine monomers. The modifi cation of EVs 
with PEI/siRNA complexes signifi cantly increas-
es RNA molecules' uptake carried by exosomes. 
This uptake may improve the uptake of exosome-
mediated drug transfer against cancer, although it 
was mainly investigated in vitro [85]. Several RNA-
based vaccines contain genes situated in a bacte-
rial plasmid. The majority of vaccines do not have 
preventive activity, although they are based on the 
stimulation of cell responses. Dendritic cells are 
used to deliver mRNA to the cells. Dendritic cells 
with antigens related to melanoma combined with 
monoclonal antibodies against CTL antigen four 
results in a decrease in tumour size. Another solu-
tion of mRNA application includes a direct injec-
tion into the secondary lymphoid tissue, intrana-
sal, intratumoral, intradermal, systemic adminis-
tration using lipid-based carriers [86]. The table 
presenting clinical trials with mRNA vaccines has 
been published by Pardi et al.[86].
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5. Conclusions 

It is diffi cult to deny the effect of miRNAs secret-
ed by cancer cells on other body cells. However, 
despite extensive research, there are still issues 
with regard to the understanding the selection 
of miRNAs packed into EVs. The mechanisms of 
the selective uptake of EVs by cells from extra-
cellular space remains obscure. Nevertheless, 
the phenomenon of gene expression regulation 
by incoming small amounts of miRNA in recipient 
cells requires further research. miRNA has excel-
lent potential for future use as a biomarker, and 
more efforts should be made to reveal its mech-
anisms in order to develop new diagnostic and 
treatment methods.
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