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Abstract: MicroRNAs (miRNAs) are short, noncoding, single-stranded RNA molecules that regulate
gene expression at the post-transcriptional level by binding to mRNAs. miRNAs affect the course of
processes of fundamental importance for the proper functioning of the organism. These processes
include cell division, proliferation, differentiation, cell apoptosis and the formation of blood vessels.
Altered expression of individual miRNAs has been shown in numerous cancers, which may indicate
the oncogenic or suppressor potential of the molecules in question. This paper discusses the current
knowledge about the possibility of using miRNA as a diagnostic marker and a potential target in
modern anticancer therapies.
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1. Introduction

Cancer is an important problem in this day and age. Scientists are constantly search-
ing for new factors responsible for the process of carcinogenesis. MicroRNAs (miRNAs)
are a group of small single-stranded RNA molecules involved in regulating the expres-
sion of many genes preserved in evolution. In humans, an miRNA molecule is most
often 22 nucleotides long, although molecules with a length of 19-25 nucleotides have
been described [1].

miRNAs control biological processes, such as cell division, cell differentiation, angio-
genesis, migration, apoptosis and oncogenesis [2-5]. Genes encoding miRNAs are located
in the introns or exons of protein-coding genes and in intergenic regions, often in regions
with high instability. They are characterized as noncoding RNAs.

2. miRNA

In 1993, Victor Ambros and Gary Ruvkun, while working on Caenorhabditis elegans,
made a revolutionary discovery that ushered in a new era. They observed a relation-
ship between the amount of LIN14 protein and 22-nucleotide RNA, encoded by the
LIN-4 gene, which is involved in the development of C. elegans. The discovery of this
post-transcriptional silencing of target mRNA by small RNA molecules changed the under-
standing of the system controlling the expression of genetic information [6-9]. A dozen
or so years later, in 2005, the participation of miRNA molecules in the cancer process and
the possibility of determining specific miRNA profiles, which in the future could be used
as diagnostic markers, were suggested [10,11]. In a groundbreaking study on a mouse
xenogenous model of prostate cancer, the relationship between the amount of miRNA in the
blood and the size of the cancer that was transplanted was revealed [12]. Other repeatable
studies have confirmed the thesis that extracellular miRNAs are detectable in blood serum
and that their concentration is at a similar level in healthy people. Changes in the level
of miRNNA molecules may be a consequence of various physiological conditions, such as
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pregnancy (placental miRNAs are present in the blood serum of pregnant women, which
can be used to determine the stage of pregnancy) or various types of diseases and viral
infections, as well as cancer diseases. It has been suggested that a specific miRNA pattern
(increase or decrease in expression relative to control), both in blood and tissue, may be
characteristic of a given disease, and this allows the use of selected miRNAs to monitor the
physiological state of patients. The use of miRNA in diagnostics has significantly expanded
due to the discovery of their presence in other body fluids, such as urine, blood, bronchial
lavage, synovial fluid, milk, saliva and cerebrospinal fluid [13,14]. A single miRNA can
modulate thousands of genes by recognizing complementary sequences at the 3’ UTR
end of the target mRNA. It is estimated that about 30% of human mRNAs are strictly
regulated by miRNAs, but this figure increases after taking into account reports indicating
the possibility of some miRNAs also binding to the 5 UTR region and the open reading
frame (ORF) region (however, in such cases they occur less frequently and work less ef-
fectively) [15]. Endogenous miRNAs affect processes in cells such as proliferation, DNA
repair, cell differentiation, metabolism and apoptosis; however, the biological function
of circulating miRNAs needs to be investigated. It is assumed that some extracellular
miRNAs may be carriers of information between cells during many physiological and
pathological processes [16]. Depending on which genes they influence, miRNAs can func-
tion as oncomirs—procancerogenic or suppressor miRNAs—that inhibit oncogenes [17].
Mechanisms, e.g., genetic changes (point mutations and single-nucleotide polymorphism
of SNPs) and epigenetic changes within miRNA genes can affect their expression and
thus lead to changes in the expression of target genes. Genes encoding miRNAs are often
located within fragile chromosome sites, areas with a lack of LOH heterozygosity and
minimal amplification regions, supporting the theory of miRNA'’s relationship with the
tumor process. Quantitative changes in mature miRNA molecules may also be caused by
abnormalities associated with proteins involved in the biogenesis of miRNA molecules [18].

Previous research results indicate a link between regulatory disorders in the expression
of relevant miRNAs and the occurrence of various types of cancer [19]. Thanks to the
development of research on microRNAs, the possibility of typing cancers has appeared. The
procedure is based on the identification of miRNAs specifically expressed in tumor tissues
or miRNAs whose expression level is different from that present in normal tissues. The
profile of differentiation and expression of miRNA allows the degree of tumor development
to be determined, which clarifies the therapeutic possibilities and would allow the use of the
most appropriate therapy for a given case. The discovery that miRNAs are markers of the
tumor process and do not require invasive diagnostic procedures is extremely promising
for diagnostics. Intensive research is underway on the use of miRNAs present in body
fluids (such as plasma, cerebrospinal fluid, saliva, urine, seminal fluid) as a diagnostic
marker or prognostic marker of cancer (Table 1).

Table 1. Compilation of circulating miRNAs taking into account the place of occurrence in the body
and the diagnostic and prognostic potential.

Type of
Cancer

Diagnostic Marker Prognostic Marker

breast cancer

let-7¢ [20], miR-10 [21] miR-16 [22] miR-18a [23],
miR-106b [24], miR-21 [25],
miR29a [26], miR-34a [27], miR34b/c [28],
miR-125b [29], miR-155 [30]

miR-18a [31,32], miR-106b [33],
miR-21 [34], miR-34a [35], miR-125a [36],
miR-125b [37], miR-155 [38]

lung cancer

miR29¢ [45], miR-30a [46], miR-30c [47], miR-34c [48],

let-7i [51],
miR-10 [52], miR-19b [53],
miR-21 [54], miR-30d [55],
miR1-25b, miR-200c, miR-210
miR-375, miR-429 [56]

let-7a [39], let-7c [40], let-7f [41], miR-10 [42],
miR-19b [43], miR-21 [44],

miR-155 [49], miR-200c [50]
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Table 1. Cont.

Type of
Cancer

Diagnostic Marker

Prognostic Marker

liver cancer

miR-16 [57],
miR-21 [58]

miR-21 [58]

gastric cancer

let-7a [59], miR-18a [60],
miR-106a [60], miR-106b [60], miR-21 [60]

miR106a [60], miR-21 [60]

colorectal cancer

let-7a [61], let-7f [62], miR-18a [63], miR-19a [64],
miR-20a [65], miR-19, miR-92 [66], miR-92a [67],
miR-106a [68], miR-21 [69], miR-221 [62]

miR17 [70], miR-21 [71], miR-29b [71],
miR-29¢ [71]

pancreatic cancer

miR-205, miR-21, miR-642b, miR-885-5p,
miR-22 miR-145, miR-150, miR-223, miR-636, miR-26b,

miR-34a, miR-122, miR-126, miR-145, miR-150, miR-155,

miR-376a, miR-301, miR-223, miR-505, miR-636,
miR-885.5p [72,73]

miR-130b, miR-21, miR-105, miR-196a-2,
miR-221, miR-203, miR-210, miR-222,
miR-452, miR-105, miR-127, miR-187,
miR-518a-2, miR-30a-3p [74,75]

prostate cancer

miR-30c, miR-622, miR-1285, miR-10b, miR-373, let-7c,
-7e miR-141, -375, miR-26a, -195 [76,77]

miR-141, miR-375, miR-20a, miR-21, miR-141,
miR-145, miR-125b, miR-224, miR-23b,
miR-222, miR-221 [78,79]

ovarian cancer

miR-200 family, let-7 family, miR-21, miR-29a, miR-92,
miR-93, miR-126, miR-127, miR-132, miR-155, miR-214,
miR-182, miR-205, miR-144, miR-145, miR-222,
miR-302 [80-82]

miR-410, -645, miR-199a, miR-200 family,
miR-140, miR-141, -429 [83]

skin cancer

let-7a, b, miR-148, miR-155, miR-182, miR-203, miR-205,
miR-200c, miR-211, miR-214, miR-221, miR-222,
miR-150, miR-342-3p, miR-455-3p, miR-145, miR-155,
miR-497 [84]

miR-221, miR-199a-5p, miR-33a, miR-424,
miR-16, miR-125b, miR-200c, miR-205,
miR-142-5p, miR-150-5p, miR-342-3p,
miR-155-5p, miR-146b-5p [84]

kidney cancer

miR-141, miR-224, miR-21, miRNA-32, miR-34a,

miRNA-203, miR-378, miR-210, miR-20b-5p, miR-30a-5p,

miR-196a-5p, miR-224-5p, miR-34b-3p, miR-182-5p,

miR-210, miR-508-3p, miR-885-5p, miR-210, miR-378,

miR-451, miR-21, miR-106a, miR-200a, miR-193a-3p,
miR-362, miR-572, miR-28-5p, miR-378 [85]

miR-122-5p, miR-206, miR-21-5p, miR-210-3p,

miR-150, miR-210, miR-221, miR-1233, miR-7,
miR-221, miR-222, miR-221, miR-224,
miRNA-15a, miR-17-5p-miR-25-3p,

miR-let-7i-5p, miR-26a-1-3p, miR-615-3p [85]

thyroid cancer

miR-146b, miR-221, miR-222, miR-15a, miR-155 [86]

miR-146b, miR-221, miR-222 [86]

non-small-cell lung
cancer (NSCLC)

let-7c, miR-138, miR-145, miR-183, miR-29 family,
miR-34a, miR-34c-3p, miR-101-3p, miR-129, miR-200b,
miR-212, miR-218, miR-449a, miR-45165, miR-21/155,
miR-25, miR-31, miR-221/222, miR-224, miR-191,
miR-494, miR-19a, miR-34697 [87]

miR-1290, miR-1246, miR-150, miR-21-5p [88]

B-cell lymphoma

miR-17/92, miR-106a-363, miR-200c-3p, miR-638,
miR-518a-3p, miR-17-5p, miR-217-5p, miR-634,
miR-26b-5p, miR-330-3p, miR-106a-5p, miR-210-3p,
miR-612, miR-188-5p, miR-302c-3p, miR-433-3p,
miR-584-5p, miR-200a-3p, miR-135a-5p, miR-375-3p,

miR-138-5p, miR-517 isomiRs, miR-330-3p, miR-106a-5p,

miR-210-3p, miR-301 isomiRs, miR-338-5p [89]

miR-144-3p, miR-431-5p, miR-376b-3p [89]

3. miRNAs and Their Role in Oncogenesis

miRNAs regulate the expression of about 60% of human genes [90]. Interestingly,
one miRNA molecule (Up to 2019, about 2300 different miRNAs have been described in
humans [91]) can attach to many target mRNAs. In turn, one mRNA molecule can be
inhibited by different miRNAs. The effect of interaction with target mRNA molecules
depends on the complementarity of the bond and the level of expression of miRNA or
mRNA [91]. miRNA expression disorders consisting in the lack of expression of a specific
miRNA or expression of miRNA not yet present in this tissue or an increase or decrease
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in the expression of selected miRNAs have been shown to occur in the course of many
diseases, including cancer [85].

miRNA expression disorders in cancer cells are often rooted in the localization of the
genes encoding them. They are often located in genetically unstable regions, fragile sites or
cancer-associated genomic regions (CAGRs), which often results in their deletion, resulting
in a lack of miRNA expression [92].

For many years, it was thought that the expression of miRNA in cancer cells was
primarily reduced. Only a comparison of the miRNA profile of normal and cancerous
tissues showed significant overexpression of some miRNAs [93]. Depending on the function
of miRNAs in the development of tumors, they are classified as: suppressor miRNAs
(inhibiting the expression of oncogenes or genes that induce apoptosis) and oncogenic
miRNAs (activating oncogenesis or inhibiting the expression of suppressor genes) [94]. It
should be emphasized that this classification is a significant simplification, because in the
case of many miRNAs (e.g., miR-155, miR-125b), the effect of their activity depends on the
total activity of regulated genes [94].

Decreased expression or lack of expression of suppressor miRNAs results in increased
expression of genes important for tumor progression, including antiapoptotic proteins
or transcription factors. In 2017, reduced expression of miR-15 and miR-16 molecules in
chronic lymphocytic leukemia (CCL) cells was first described, leading to inhibition of the
apoptosis process (miR-15 and miR-16 regulate the expression of antiapoptotic BCL-2)
and thus contributing to uncontrolled proliferation of leukemic cells [94]. The reduced
expression of the miR-146a molecule regulating the expression of the transcription factor
NFkB in stomach cancer cells correlates with tumor growth [94]. An in vitro model of
colorectal cancer showed a decrease in the expression of miR-143, whose target gene is
m.in. Oncogene Raf1 [95].

An important role in the regulation of the expression of suppressor miRNAs in cancer
cells is played by the process of DNA methylation [96], e.g., hypermethylation of miRNA
promoters (let-7, miR-34, miR-342, miR345, miR-9, miR-129, miR-137) leads to a reduction
in their expression and the development of colorectal cancer. Decreased expression of
miR-143 in colorectal cancer cells results in increased activity of methyltransferase 3A DNA
(DNMT3A) and increased proliferation of cancer cells [97]. It is worth emphasizing that
miRNA expression, on the one hand, is dependent on DNA methylation, and on the other,
it can affect the activity of epigenetic regulators such as DNA methyltransferases or histone
deacetylases. Examples of suppressor miRNAs with potential target genes are shown in
Figure 1.

In colorectal cancer cells, increased expression of selected miRNAs is more often
observed, which means that they are more often oncogenic in nature [98]. Increased
miRNA expression may result from the amplification of genes encoding miRNAs as well
as more efficient biogenesis, constitutive activity of their promoters or greater stability of
miRNA molecules [96]. Over the last decade, a number of miRINA molecules involved in
the initiation, progression and metastasis of breast cancer have been identified [99]. The
relationship between the expression of individual miRNAs and the clinical-pathological
features of breast cancer or the response to causal treatment of this malignant tumor
has also been confirmed [99]. For example, studies have shown that in triple-negative
breast cancer there is an overexpression of oncogenic molecules miR-21, miR-210 and
miR-221, which is associated with a shorter disease-free time and worse survival [100].
Molecules with reduced expression, and therefore reduced suppressor potential, included,
for example, miR125-b in the case of HER-2-positive cancers or miR-520 in hormone-
dependent cancers [100]. Singh and Mo presented miRNA families in their review article,
which play an important role in the course of the discussed malignant tumor. They focused
on the miR-10 family, in which miR-10a and miR-10b are involved in the development and
metastasis of breast cancer [100]. MiR-10b overexpression is associated with a higher degree
of TNM cancer (larger size of the primary tumor, presence of metastases in the lymph
nodes), a greater degree of cellular proliferation and overexpression or amplification of
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the HER-2 receptor [100]. However, it is negatively correlated with the presence of steroid
receptors and the concentration of E-cadherin, which seems to play a role in suppressing
the metastasis process in the EMT mechanism. (epithelial-mesenchymal transition) [100].
Metastasis, as well as a worse course of particularly ductal breast cancer and consequently
shorter overall survival, is also associated with the oncogenic miR-21 family [100]. Among
the families of suppressor miRNAs with reduced expression in cancerous breast tissue
compared to healthy tissue, the aforementioned authors mentioned the miR-200 family
and miR-205 and miR-145. miR-200 and miR-205 probably inhibit the metastasis process
associated with the EMT mechanism, and miR-145 affects cell apoptosis [100]. On the
other hand, in a 2019 review article by Loh et al., the decisive oncogenic potential of the
miR-200 family was described. Increased concentrations of individual miR-200s were
associated not only with breast cancer’s ability to form distant metastases, but also with
resistance to chemotherapy [99]. Increased expression of miRNA leads to the repression
of numerous genes with a suppressor effect. An example is “oncomiR-1" or a cluster of
six miRNAs (miR-17-92; miR-17, miR-18, miR-19a, miR-20, miR-19b and miR-92), which
inhibits the expression of the Rbl2 suppressor gene [93]. Oncogenic miRNAs, e.g., miR-24,
miR-31 and miR-21, increase the proliferative potential of cells by silencing CDK inhibitors
(cyclin dependent kinases) [93,100]. Table 2 shows examples of oncogenic miRNAs and the
genes they regulate [101-104].
MIRNA 15a-16

cancer of the ovary, prostate and
breast

miRNA 340 regulated mRNAs: Bmi-1, CCDN1, miRNA 495
Iiver and brsast cancer BCL2, WNT3A, CCNE1, Synuclein- prostate and breast cancer
regulated mRNAs: ROCK1, Y, Cripto regulated mRNAs: Act, m-TOR,
MET B /' JAM-A
Let-7a =
breast and lung cancer «— Suppressor miRNAs miRNA 34a
regulated mRNAs: KRAS, T~ prostate cancer
EGFR, HMGA2, MYC regulated mRNAs: SIRT1,
/ J Notch
miRNA 145 miRNA 29b
cancer of the prostate, breast and lung cancer
pancreas and bladder regulated mRNAs: ADAM12-L

regulated mRNAs: ROCK1,
STAT3, FOXO1

Figure 1. Suppressor miRNA.

Table 2. Tumor-associated miRNNAs.

miRNA Tumor Type Target Genes
let-7 NSCLC RAS
miR-21 colorectal cancer, cancer of the stomach, MYCN, ATM, FXR, EGR2, MXD1, PIAS3,
lung cancer SOCS6, HIF-1a
— AIB1 (miR-17-5p), E2F1 (miR-17-5p,
miR-17-92 breast cancer miR-20a), TGFBR2 (miR-20a), Tsp1 and CTGF
miR-106a colorectal cancer, pancreatic cancer, Rbl
prostate cancer
miR-221, miR-222, miR-146b thyroid, papillary cancer KIT
miR-182 lung cancer Rsul, Mtssl, Pail, Timp1
miR-155 colorectal cancer, lung cancer, RAD51, VHL, SOCS1
pancreatic cancer
miR-372, miR-373 testis, germ cell tumors LATS2

miR-221/222

stomach cancer, prostate cancer p27, PTEN
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4. Circulating miRNA

The first circulating miRNAs were detected in the circulatory system of people with
diffuse large B-cell lymphoma. miR-21, miR-10 and miR-155 can be reliably determined in
blood serum and allow for the differentiation between sick and healthy people, and because
they show high stability, they can be used in clinical diagnostics [105]. Along with the
development of research, the growing potential of miRNA molecules in determining the
degree of cancer malignancy or predicting the effects of specific therapies, as well as in the
treatment of cancer patients, began to be noticed. miRNAs—unlike mRNA—in plasma,
serum, fresh-frozen tissues, paraffin blocks and saliva are characterized by resistance to
endo- and exogenous RNases, extreme temperatures and pH. miRNAs are characterized
by the ability to maintain high stability for a long period of time, even when left at room
temperature. From the point of view of clinical diagnostics, these characteristics make
miRNA molecules excellent biomarkers, especially when attention is paid to the need to
repeatedly freeze and defrost the diagnostic material, which quite often happens when
processing laboratory samples [106,107]. Since synthetic, blood-derived and purified
miRNAs, when reinjected into human plasma, were susceptible to endogenous RNaz and
immediately degraded, the causes of their specific stability have been investigated [108].
So far, there have been many hypotheses explaining the origin and properties of circulating
miRNAs, which are closely related to each other and most likely do not exclude each other.
Three leading theories are listed. The first is based on the claim that the occurrence of
miRNAs in the blood is an undesirable effect of cell destruction and occurs as a result
of nonenergy leakage of cellular miRNAs. This can occur as a result of tissue damage
characteristic of individual stages of carcinogenesis, cell entry into inflammation, apoptosis
or during the formation of metastases. The second hypothesis assumes an active process
of releasing miRNA from the cell in a way that depends on microvesicles (MVs). The
third theory, on the other hand, talks about the active and selective secretion of miRNNA
in an independent and MV-free form, which is a consequence of the cell’s response to
various stimuli [109]. Microbubbles are of cellular origin and can be released from the
cell by fusion with the cell membrane. These include MPs (microparticles) (>100 nm in
diameter) and exosomes (50-90 nm in diameter), as well as larger apoptotic bodies (ABs),
produced in response to apoptotic stimuli. MVs have been detected in plasma, urine and
other physiological fluids, and the ability of MVs to release miRNA allows most cells to
function under pathological and physiological conditions [109].

Valadi et al. [110], in their pioneering work, were the first to report on the transport of
miRNAs via exosomes, which, functioning as a vehicle for transporting miRNAs between
cells, can affect their activity and protein production. One strategy for studying circulating
miRNAs is to isolate miRNAs associated with exosomes. On such study involving peo-
ple with non-small-cell lung cancer (NSCLC) was conducted by Rabinowits et al. [111].
There was an elevated level of selected exosome miRNAs compared to the control group.
Reduced levels of miR-let-7f, miR-30e-3p and miR-20b associated with MVs compared
to levels in healthy people were noted. The high stability of miRNA molecules, in ad-
dition to the factors mentioned above, may also correspond to RNA-binding proteins
(RBPs) and lipoproteins [112]. The function of miRNA-binding proteins is not only to
protect the miRNA molecule from degradation, but also to actively participate in the
controlled packaging of specific miRNAs into exosomes and their export outside the cell.
The main RBPs include the protein AGO2 (Argonaute 2) belonging to the RISC complex
(RNA-induced silencing complex) and NPM1 (Nucleophosmin 1). The miRNA-AGO2 com-
plex is characterized by high stability. However, more research is required to determine
the magnitude of the scale at which it can be released from the cell. It is estimated that this
fraction may consist of up to 90% of all circulating miRNAs [113,114]. It has been suggested
that on the basis of the analysis of specific miRNAs present in the blood and the form they
have taken, it is possible to determine which type of cell they come from and thus identify
cellularly specific miRNAs or specific methods of their release by a given cell type [115].
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Examination of miRNAs for specific fractions can significantly increase both the sensitiv-
ity and specificity of selected circulating miRNAs as noninvasive biomarkers [20-71].
Figure 2 shows circulating miRNA as a potential biomarker in various types of cancer.

colon cancer breast cancer
miRNAs miRNAs
Serum Plasma / \
% . miR-92, miR-18a, miR-29a,
FIR-L8amIR:203 miR-335, miR-221, miR-20a,
miR-21, miR92a, miR-1332, seam, . Plasina; serim
iR miR-21, miR-106, miR29a, miR-21, miR-146a, miR-451,
miR-335, miR-133a, let-7b, miR-126, miR-335,
miR-125b, miR-145, let-7a let-7b, miR-335, miR-92a
Circulating
prostate cancer microRNAs gastric cancer

miRNAs \ miRNAs
Serum Plasma
miR-92a, miR-141, miR-106, miR-375, miR-20a
miR-451, miR-375, miR-200b, MiR-21 miR-221 Plasma
miR-200c, miR-126, miR-21 b Plasma,

Serum £ .
g miR-21, m!z-ZOa, nl:R-N-SQ,
v miR-1463, m{fe21; iR
miR-221 106a, miR-17-5p,

miR-20a, miR-21

Figure 2. Circulating microRNAs as potential cancer biomarkers (the arrow indicates the expression
level).

5. microRNA in Cancer Diagnosis and Therapy

miRNAs are seen as potential markers of cancer. First, miRNA molecules are readily
available for study because they are present in various body fluids. Secondly, the high
biological stability of miRNAs facilitates their detection. Third, miRNAs regulate all stages
of tumor development, and in many cases show tissue-specific expression. The use of
miRNAs as prognostic and predictive biomarkers during treatment seems to be particularly
clinically relevant. For example, elevated expression of miR-21 (circulating in the blood)
has a strong association with a predisposition to develop colorectal cancer [116], lung can-
cer [117,118], breast cancer [119] or pancreatic cancer [120]. miRNA expression in chemore-
sistant cancer cells may differ from that in cells that are sensitive to chemotherapy [121];
e.g., in colorectal cancer, an increase in miR-21 expression correlates with resistance to
fluorouracil therapy due to lowered expression of the repair protein MSH2 [122]. In vitro
studies have shown that increased expression of miR-140, miR-215, miR-224 and miR20a
promotes the development of chemoresistance to fluorouracil, methotrexate, oxaliplatin or
tenipozide in colorectal cancer cells [123-126]. Selected plasma/serum circulating miRNAs
could be used to discriminate various cancer patients from healthy individuals, such as
those with breast [127], colorectal [128], gastric [129], lung [130], pancreatic [131] and
hepatocellular [132] cancers, making them tools for earlier diagnosis. To date, two tests
have been developed to support the diagnosis of cancer based on the miRNA profile.
One of them is the ThyraMIR test, which, by assessing the expression of 10 different
miRNAs (miR-223-3p, miR-146b-5p, miR-146b, miR-375, miR-31-5p, miR-551b, miR-155-5p,
miR-204-5p, miR-138-1-3p, miR-29b-1-5p) allows for the determination of the type of
thyroid cancer [133].

Another example is the predictive diagnostic test (IVD-certified), miRpredX-31-3p,
used in patients with colorectal cancer without mutations in the K-RAS gene. Evaluation of
miR-31-3p expression is performed in histopathological scraps from colon tumors. Low ex-
pression of miR-31-3p predicts greater clinical efficacy of anti-EGFR therapy vs. traditional
chemotherapy [134].

Monitoring the changes in the expression profiles of chosen miRNAs could help in
early identification of cancer cells and serve as a prediction factor of the disease or treatment.
Two therapeutic strategies using miRNAs have been developed that potentially inhibit
cancer development (Figure 3).



Int. ]. Mol. Sci. 2022, 23, 2805 8 of 18

THERAPEUTIC STRATEGIES

“« A

Replacement therapies Inhibition of oncogenic miRNAs

‘ Suppressor miRNAs 1 ‘ miRNAs oncogenic 1

cancer

cancer | MIRNAs oncogenic 1

AMOs, LNA, MTg-AMOs,

< amiRNA, miRNA sponges,
.| Artificial mMiIRNA masks
suppressor
miRNA

‘ Suppressor miRNAs T

miRNAs oncogenic
cancer

‘llll.’
cancer

Figure 3. Schematic compilation of anticancer strategies using miRNA.

The first is based on the use of so-called “replacement therapies”, while the second is
related to the inhibition of oncogenic miRNAs [135,136]. “Replacement therapies” consist
in restoring the expression of suppressor miRNAs, the expression of which is inhibited in
cancer cells [137,138]. In this case, artificially synthesized suppressor miRNNA molecules
should lead to inhibition of the expression of genes that promote the development of
tumors (oncogenes) [139]. The strategy of importing exogenous miRNAs may play a role
in the treatment of cancer by inhibiting the proliferation or induction of apoptosis of cancer
cells [140,141]. An example of replacement therapy is the restoration of miR-34a expression
in various types of cancer (e.g., lung, colon, pancreas), which led to inhibition of tumor
development and inducing programmed cell death by regulating Notch 1, HMGA2 or
Bcl-2 [142]. It is worth mentioning the example of the use of the synthetic miRNA molecule
let-7a in the treatment of laryngeal cancer. The introduction of let-7a into cancer cells
restored proper regulation of RAS and c-MYC expression and limited the proliferation of
cancer cells [143]. A similar result from the use of artificial miRNAs from the let-7 family
was observed in the case of hepatocellular carcinoma, where the proliferation and migration
of cancer cells was inhibited [144]. Additionally, in the case of colorectal cancer, the miRNA
synthetic let-7 contributed to an increase in apoptosis of cancer cells [145]. Simultaneous
overexpression of the introduced let-7 and miR-34a molecules inhibited the progression
of lung cancer [146]. Furthermore, the introduction of miR-29b molecules into breast
or stomach cancer cells reduced tumor growth in vitro and in vivo (in a mouse model),
by influencing the Akt3 and KDM2A pathways [147,148]. The introduction of miR-34a
into breast cancer cells restores the normal expression of the p53 suppressor protein by
regulating the function of the transcription factor Fra-1 [149]. Another example is the
molecules miR-15a and miR-16-1, whose dysregulation allows prostate and pancreatic can-
cers to develop by influencing the signaling pathways associated with CCND1 (cyclin D1),
WNT3A and BCL2.
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WNT3A belongs to the Wnt/beta-catenin pathway, which is responsible for cell
adhesion and promoting the expression of oncogenes such as c-Myc and CCND1. BCL-2 is
responsible for inhibiting apoptosis. Re-expression, i.e., the restoration of normal miR-15a
expression, led to a reduction in the viability of cancer cells in in vitro studies [150].

Inhibition of oncogenic miRNAs can be obtained by the introduction of synthetic DNA
or RNA molecules that mimic oncosuppressive effects in cancer cells.

Various variants of inhibitory molecules are used, such as:

- Anti-miRNA oligonucleotides; AMOs [151],

- Locked-nucleic-acid antisense oligonucleotides; LNA; [152],

- miRNA sponges; [153],

- miRNA masks,

- Antagomirs; amiRNA,

- Multiple-target anti-miRNA antisense oligodeoxyribonucleotides; MTg-AMOs; [154].

Such molecules inhibit miRNA biogenesis or interactions of oncogenic miRNA with
target mRNA. For example, a synthetic miRNA molecule (AMOs/amiRNA) in the form
of an RNA oligonucleotide with a length of 21-23 nucleotides is matched complementar-
ily (as an antisense) to the target miRNA, thereby inhibiting the biogenesis of oncogenic
miRNA or preventing its binding to mRNA [155]. AMOs/amiRNAs cause the forma-
tion of miRNA duplexes or the degradation of miRNAs. LNA technology, which also
leads to the degradation of target miRNAs, uses modified oligonucleotides, in which the
ribose ring is “blocked” by a methylene bridge connecting the 2’-O atom and the 4'-C
atom. The introduced modification causes stiffening of ribose in the C3’ endo conformation,
which significantly improves the in vivo stability of the resulting heteroduplexes [156,157].
The MTg-AMOs strategy simultaneously uses several types of synthetic miRNA molecules
to inhibit the expression of different miRNAs concurrently. An in vitro model of stomach
cancer used MTg-AMOs, which inhibited the expression of miR-21, miR-106a and miR-221,
resulting in inhibition of cancer cell proliferation and migration [158]. miRNA sponges are
transcripts containing sites that mimic sequences found in mRNA complementary to the
target miRNA. The use of miRNA sponges allows the reduction in the number of free miR-
NAs (of one or more types) by binding them to a sponge. This leads to an increase in mRNA
expression inhibited by “stopped” miRNAs. For example, inhibition of miR-9 (which in
the case of breast cancer is characterized by overexpression) through the use of miRNA
sponges (mimicking mRNA for cadherin-1) resulted in a reduction in metastasis [158,159].

The functional action of miRNA masks is based on inhibition of miRNA interaction
with a specific mnRNA by competitively binding the introduced artificial miRNA to the end
of the 3’ mRNA. Binding of artificial miRNA leads to inhibition of mRNA expression [160].
A limitation of the possibility of the therapeutic use of miRNA molecules is the lack
of effective methods for delivering synthetic miRNAs, e.g., to the tumor environment.
Chemically synthesized miRNAs can be introduced into cancer cells through various types
of transporters, e.g., liposomes and nanocarriers, with the help of transfection reagents or
by electroporation [161,162]. In order to develop an effective way of delivering synthetic
miRNA variants, the focus should be on ensuring that they are protected from early
degradation in the bloodstream, reach the target cells directly and do not trigger an immune
response [163,164]. Chemical modification of miRNA oligonucleotides leads to increased
stability of such molecules and prevents their degradation by nucleases in the circulation.
For example, adding a methyl or methoxyethyl group to the 2’-OH group (in ribose) or
replacing the 2’-OH group with a fluorine atom in ribose residues leads to increased stability
and affinity of anti-miR binding to the target miRNA, which prolongs the duration of action
in organs such as the liver, lungs or kidneys [165]. There is so-called local and systemic
delivery of synthetic miRNAs. Local miRNA transport involving the administration of
miRNA molecules to the tumor may result in suppression of target genes while maintaining
reduced toxicity. This method is more effective compared to the delivery of synthetic
miRNAs via the systemic route. However, local miRNA transport is limited to readily
available solid cancers such as breast or cervical cancer. Topical application of synthetic
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miR-145 also produced anticancer effects in mouse models of colon cancer [166]. Attempts
to deliver synthetic let-7 (let-7g) using a polymer carrier in a mouse model of lung cancer
resulted in a 60-70% reduction in lung tumor [166]. Studies have shown that both routes of
delivery (intravenous and directly to the tumor) of synthetic miRNA variants (let-7a) led to
a reduction in tumor size in a mouse model of non-small-cell lung cancer [167]. Another
example of the methods being tested is the intranasal administration of a lentivirus vector
expressing let-7a in a model of human non-small-cell lung cancer, resulting in inhibition of
the growth of KRAS-dependent lung tumors.

Potential therapeutic use may have RNA aptamers [168,169]. Aptamers are short,
single-stranded nucleic acid molecules that adopt a strictly defined tertiary structure, which
is responsible for the selectivity of their interaction with specific ligands, e.g., with nucleic
acids, peptides, proteins or low-molecular compounds. Tumor suppressor miRNAs have
gained importance in anticancer therapies. The generation of the aptamer-miRNA chimera
to direct the delivery of let-7g miRINA to the cancer cell has been described [170]. GL21.
T aptamer was used, which blocks the activity of the oncogenic tyrosine receptor Axl
kinase and demonstrates the specificity of GL21. Targeted T-let aptamer-miRNA chimera
by increased let-7g accumulation in Axl-expressing A549 cells, but not in cells lacking AXL
MCE-7. After systemic administration of aptamer-miRNA chimera in immune-deficient
mice with an A549 NSCLC-derived tumor, there was downward adjustment of the target
7g HMGAZ2, as well as inhibition of tumor growth [170].

A strategy was also developed using the same aptamer, although this time it was con-
verted to miR-212 to deliver it to A549 NSCLC cells (non-small-cell lung cancer). Research
demonstrated that GL21 T-miR-212 increases caspase activation in NSCLC and enhances
the effect of such a strategy in combination with TRAIL therapy as an adjuvant [171].

Another study used a transferrin receptor aptamer (TRA) to deliver miR-126 to en-
dothelial cells and breast cancer. A chimera consisting of a TRA coupled by a sticky
bridge to pre-miR-126 was generated. Pre-miR-126 was successfully delivered to human
endothelial cells and MCF7 breast cancer cells in vitro. The effect of VCAM-1 (vascular cell
adhesion molecule 1) was inhibited, reducing the proliferation of MCF7 cancer cells, as well
as reducing the number of paracrine endothelial cells in the same breast cancer model
in vitro. The effect achieved by this is comparable to the effect obtained by transfection of
miR-126-3p via liposomes [172].

A new aptamers-based strategy has been investigated that alleviates hematopoietic
toxicity induced by chemotherapeutic drugs, such as carboplatin and 50 fluorouracil (5-FU),
in hematopoietic stem/progenitor cells (HSPC). A chimera consisting of an aptamer c-Kit
coupled with miR-26a mimic was generated to restore Bakl (Bcl-2 antagonist/killer) to
HSPC. The importance of restoring BAK1 in chemotherapy-induced myeloablation as
well as after bone marrow transplantation using a chimera mimicking c-Kit-miR26a has
been demonstrated. In vivo experiments in MICE NOD scid gamma NSG have shown
that systemic administration of aptamer-microRNA chimera protects individuals from
carboplatin and 5-FU while inhibiting tumor growth in the MDA-MB-231 human tumor
model [173]. Figure 4 shows RNA aptamers used to treat cancer.

All the strategies presented above give us hope for a more effective fight against cancer,
but it is worth paying attention to the doubts associated with them. First, the study of
one selected miRNA molecule is in most cases insufficient, because the changes occurring
in cancer cells are dependent on the expression of various pleiotropic miRNAs. Secondly,
the in vivo delivery of artificial miRNAs is a challenge, and no single, effective method of
transporting them to the target tissue (specific route of delivery) has yet been proposed [174].
Thirdly, the use of synthetic miRNA carriers raises doubts, due to the possibility of their
degradation in the blood and potential toxicity [175-178] and the durability of the effects
of therapy.
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Aptamer-miRNA \

Aptamer ___, iRNA/Target —— Breast cancer
TRA pre-miR-
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Figure 4. RNA aptamers in the treatment of cancer [170-173].

6. Summary

Since the discovery of miRNA molecules, interest in them has been increasing. Their
role is still not fully understood, but there is no doubt that they have a huge impact on
the cell and its physiology. Dysregulation of the level of expression of miRNAs present in
tissues, as well as in the blood, are found in almost all diseases, which shows their significant
participation in pathological processes. The presence and stability of circulating miRNAs
in easy-to-collect blood and sputum make the use of these molecules as noninvasive
biomarkers very promising. Already, the results so far suggest that miRNA molecules can
contribute to the development of screening for early detection of cancer, and by determining
the level of risk, which is a huge concern in the era of personalized medicine, miRNA can
significantly improve the quality of treatment for cancer patients.

Author Contributions: Conceptualization, B.S., A.D., PH., K.S. and H.R.; writing—original draft
preparation, B.S.; writing—review and editing, B.S.; revision and proofreading, B.S. All authors have
read and agreed to the published version of the manuscript.

Funding: This research has received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing is not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lee, LW, Zhang, S.; Etheridge, A.; Ma, L.; Martin, D.; Galas, D.; Wang, K. Complexity of the microRNA repertoire revealed by
next-generation sequencing. RNA 2010, 16, 2170-2180. [CrossRef] [PubMed]

2. Zhang, R;; Su, B. Small but influential: The role of microRNAs on gene regulatory network and 3’'UTR evolution. ]. Gene. Genomics
2009, 36, 1-6. [CrossRef]

3. Wen, W,; Mai, SJ; Lin, HX,; Zhang, M.Y.,; Huang, ].L.; Hua, X,; Lin, C,; Long, Z.Q.; Lu, Z.]J.; Sun, X.Q.; et al. Identification of
two microRNA signatures in whole blood as novel biomarkers for diagnosis of nasopharyngeal carcinoma. J. Transl. Med. 2019,
17, 186. [CrossRef] [PubMed]

4. Rossbach, M. Small non-coding RNAs as novel therapeutics. Curr. Mol. Med. 2010, 10, 361-368. [CrossRef]

5. Zhang, B.; Pan, X.; Cobb, G.P.; Anderson, T.A. MicroRNAs as oncogenes and tumor suppressors. Dev. Biol. 2007, 302, 1-12. [CrossRef]

6. Lee, R.C,; Feinbaum, R.L.; Ambros, V. The C. elegans heterochronic gene lin-4 encodes small RNAs with antisense complementarity
to lin-14. Cell 1993, 75, 843-854. [CrossRef]

7. Wightman, B.; Ha, I; Ruvkun, G. Posttranscriptional regulation of the heterochronic gene lin-14 by lin-4 mediates temporal
pattern formation in C. elegans. Cell 1993, 75, 855-862. [CrossRef]

8. Bartel, D.P. MicroRNAs: Genomics, biogenesis, mechanism, and function. Cell 2004, 116, 281-297. [CrossRef]


http://doi.org/10.1261/rna.2225110
http://www.ncbi.nlm.nih.gov/pubmed/20876832
http://doi.org/10.1016/S1673-8527(09)60001-1
http://doi.org/10.1186/s12967-019-1923-2
http://www.ncbi.nlm.nih.gov/pubmed/31159814
http://doi.org/10.2174/156652410791317048
http://doi.org/10.1016/j.ydbio.2006.08.028
http://doi.org/10.1016/0092-8674(93)90529-Y
http://doi.org/10.1016/0092-8674(93)90530-4
http://doi.org/10.1016/S0092-8674(04)00045-5

Int. ]. Mol. Sci. 2022, 23, 2805 12 0f 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Ambros, V;; Lee, R.C.; Lavanway, A.; Williams, P.T.; Jewell, D. MicroRNAs and other tiny endogenous RNAs in C. elegans. Curr. Biol.
2003, 13, 807-818. [CrossRef]

Lu, J.; Getz, G.; Miska, E.A.; Alvarez-Saavedra, E.; Lamb, J.; Peck, D.; Sweet-Cordero, A.; Ebert, B.L.; Mak, R.H.; Ferrando, A.A.; et al.
MicroRNA expression profiles classify human cancers. Nature 2005, 435, 834-838. [CrossRef]

Lin, S.; Gregory, R.I. MicroRNA biogenesis pathway in cancer. Nat. Rev. Cancer 2015, 15, 321-333. [CrossRef] [PubMed]
Mitchell, PS.; Parkin, R.K.; Kroh, EM.; Fritz, B.R.; Wyman, S.K.; Pogosova-Agadjanyan, E.L.; Peterson, A.; Noteboom, J.;
O'Briant, K.C.; Allen, A ; et al. Circulating microRNAs as stable blood-based markers for cancer detection. Proc. Natl. Acad. Sci. USA
2008, 105, 10513-10518. [CrossRef] [PubMed]

Weber, J.A.; Baxter, D.H.; Zhang, S.; Huang, D.Y.; Huang, K.H.; Lee, M.].; Galas, D.J.; Wang, K. The microRNA spectrum in
12 body fluids. Clin. Chem. 2010, 56, 1733-1741. [CrossRef] [PubMed]

Gilad, S.; Meiri, E.; Yogev, Y.; Benjamin, S.; Lebanony, D.; Yerushalmi, N.; Benjamin, H.; Kushnir, M.; Cholakh, H.; Melamed, N.; et al.
Serum microRNAs are promising novel biomarkers. PLoS ONE 2008, 3, e3148. [CrossRef]

Lytle, J.R.; Yario, T.A; Steitz, J.A. Target mRNAs are repressed as efficiently by microRNA-binding sites in the 5 UTR as in the 3’
UTR. Proc. Natl. Acad. Sci. USA 2007, 104, 9667-9672. [CrossRef]

Turchinovich, A.; Samatov, T.R.; Tonevitsky, A.G.; Burwinkel, B. Circulating miRNAs: Cell-cell communication function?
Front. Genet. 2013, 4, 119. [CrossRef]

Croce, C.M. Causes and consequences of microRNA dysregulation in cancer. Nat. Rev. Genet. 2009, 10, 704-714. [CrossRef]
Calin, G.A; Sevignani, C.; Dumitru, C.D.; Hyslop, T.; Noch, E.; Yendamuri, S.; Shimizu, M.; Rattan, S.; Bullrich, F; Negrini, M.; et al.
Human microRNA genes are frequently located at fragile sites and genomic regions involved in cancers. Proc. Natl. Acad. Sci. USA
2004, 101, 2999-3004. [CrossRef]

Peng, Y.; Croce, C.M. The role of MicroRNAs in human cancer. Signal Transduct. Target. Ther. 2016, 1, 15004. [CrossRef]
Bozgeyik, E. Bioinformatic Analysis and In Vitro Validation of Let-7b and Let-7c in Breast Cancer. Comput. Biol. Chem. 2020,
84,107191. [CrossRef]

Balatti, V.; Oghumu, S.; Bottoni, A.; Maharry, K.; Cascione, L.; Fadda, P.; Parwani, A.; Croce, C.; Iwenofu, O.H. MicroRNA
Profiling of Salivary Duct Carcinoma Versus Her2/Neu Overexpressing Breast Carcinoma Identify miR-10a as a Putative Breast
Related Oncogene. Head Neck Pathol. 2019, 13, 344-354. [CrossRef] [PubMed]

Kim, M.\W,; Park, S.; Lee, H.; Gwak, H.; Hyun, K.A.; Kim, J.Y; Jung, H.I; Kim, S. Multi-miRNA panel of tumor-derived extracellular
vesicles as promising diagnostic biomarkers of early-stage breast cancer. Cancer Sci. 2021, 112, 5078-5087. [CrossRef] [PubMed]
Chen, W,; Cao, R; Su, W.; Zhang, X; Xu, Y.; Wang, P; Gan, Z; Xie, Y.; Li, H.; Qin, J. Simple and fast isolation of circulating exosomes
with a chitosan modified shuttle flow microchip for breast cancer diagnosis. Lab Chip 2021, 21, 1759-1770. [CrossRef] [PubMed]
Farré, PL.; Duca, R.B.; Massillo, C.; Dalton, G.N.; Grafia, K.D.; Gardner, K.; Lacunza, E.; De Siervi, A. MiR-106b-5p: A Master Regulator
of Potential Biomarkers for Breast Cancer Aggressiveness and Prognosis. Int. |. Mol. Sci. 2021, 22, 11135. [CrossRef] [PubMed]

Li, M,; Li, Q.; Yin, Q.; Wang, Y.; Shang, ].M.; Wang, L.H. Evaluation of color Doppler ultrasound combined with plasma
miR-21 and miR-27a in the diagnosis of breast cancer. Clin. Transl. Oncol. 2021, 23, 709-717. [CrossRef]

Ahmed, E; Adnan, M.; Malik, A_; Tariq, S.; Kamal, F,; [jaz, B. Perception of breast cancer risk factors: Dysregulation of TGF-
beta/miRNA axis in Pakistani females. PLoS ONE 2021, 16, e0255243. [CrossRef]

Chen, X,; Li, X.; Wang, ].; Zhao, L.; Peng, X.; Zhang, C.; Liu, K.; Huang, G.; Lai, Y. Breast invasive ductal carcinoma diagnosis with
a three-miRNA panel in serum. Biomark. Med. 2021, 15, 951-963. [CrossRef]

Loginov, V.I; Burdennyy, A.M.; Filippova, E.A.; Pronina, I.V.; Lukina, S.S.; Kazubskaya, T.P.; Karpukhin, A.V.; Khodyrev, D.S,;
Braga, E.A. Aberrant Methylation of 21 MicroRNA Genes in Breast Cancer: Sets of Genes Associated with Progression and
a System of Markers for Predicting Metastasis. Bull. Exp. Biol. Med. 2021, 172, 67-71. [CrossRef]

Itani, M.M.; Nassar, FJ.; Tfayli, A.H.; Talhouk, R.S.; Chamandi, G.K,; Itani, A.R.S.; Makoukji, J.; Boustany, RN.; Hou, L,;
Zgheib, N.K,; et al. A Signature of Four Circulating microRNAs as Potential Biomarkers for Diagnosing Early-Stage Breast Cancer.
Int. ]. Mol. Sci. 2021, 22, 6121. [CrossRef]

Liu, X.; Chang, Q.; Wang, H.; Qian, H,; Jiang, Y. Discovery and function exploration of microRNA-155 as a molecular biomarker
for early detection of breast cancer. Breast Cancer 2021, 28, 806-821. [CrossRef]

Nair, M.G.; Prabhu, ].S.; Korlimarla, A.; Rajarajan, S.; Hari, P.S.; Kaul, R.; Alexander, A.; Raghavan, R.; Srinath, B.S,;
Sridhar, T.S. miR-18a activates Wnt pathway in ER-positive breast cancer and is associated with poor prognosis. Cancer Med.
2020, 9, 5587-5597. [CrossRef] [PubMed]

Sharma, P.C.; Gupta, A. MicroRNAs: Potential biomarkers for diagnosis and prognosis of different cancers. Transl. Cancer Res.
2020, 9, 5798-5818. [CrossRef]

Tan, W,; Liang, G.; Xie, X; Jiang, W.; Tan, L.; Sanders, A.]; Liu, Z.; Ling, Y.; Zhong, W.; Tian, Z.; et al. Incorporating MicroRNA
into Molecular Phenotypes of Circulating Tumor Cells Enhances the Prognostic Accuracy for Patients with Metastatic Breast
Cancer. Oncologist 2019, 24, e1044—-e1054. [CrossRef] [PubMed]

Anmirfallah, A.; Knutsdottir, H.; Arason, A.; Hilmarsdottir, B.; Johannsson, O.T.; Agnarsson, B.A.; Barkardottir, R.B.; Reynisdottir, L.
Hsa-miR-21-3p associates with breast cancer patient survival and targets genes in tumor suppressive pathways. PLoS ONE 2021,
16, €0260327. [CrossRef] [PubMed]

Kashyap, D.; Kaur, H. Life Sci. Cell-free miRNAs as non-invasive biomarkers in breast cancer: Significance in early diagnosis and
metastasis prediction. Life Sci. 2020, 246, 117417. [CrossRef] [PubMed]


http://doi.org/10.1016/S0960-9822(03)00287-2
http://doi.org/10.1038/nature03702
http://doi.org/10.1038/nrc3932
http://www.ncbi.nlm.nih.gov/pubmed/25998712
http://doi.org/10.1073/pnas.0804549105
http://www.ncbi.nlm.nih.gov/pubmed/18663219
http://doi.org/10.1373/clinchem.2010.147405
http://www.ncbi.nlm.nih.gov/pubmed/20847327
http://doi.org/10.1371/journal.pone.0003148
http://doi.org/10.1073/pnas.0703820104
http://doi.org/10.3389/fgene.2013.00119
http://doi.org/10.1038/nrg2634
http://doi.org/10.1073/pnas.0307323101
http://doi.org/10.1038/sigtrans.2015.4
http://doi.org/10.1016/j.compbiolchem.2019.107191
http://doi.org/10.1007/s12105-018-0971-x
http://www.ncbi.nlm.nih.gov/pubmed/30259272
http://doi.org/10.1111/cas.15155
http://www.ncbi.nlm.nih.gov/pubmed/34626053
http://doi.org/10.1039/D0LC01311K
http://www.ncbi.nlm.nih.gov/pubmed/33710183
http://doi.org/10.3390/ijms222011135
http://www.ncbi.nlm.nih.gov/pubmed/34681793
http://doi.org/10.1007/s12094-020-02501-9
http://doi.org/10.1371/journal.pone.0255243
http://doi.org/10.2217/bmm-2020-0785
http://doi.org/10.1007/s10517-021-05333-x
http://doi.org/10.3390/ijms22116121
http://doi.org/10.1007/s12282-021-01215-2
http://doi.org/10.1002/cam4.3183
http://www.ncbi.nlm.nih.gov/pubmed/32543775
http://doi.org/10.21037/tcr-20-1294
http://doi.org/10.1634/theoncologist.2018-0697
http://www.ncbi.nlm.nih.gov/pubmed/31300482
http://doi.org/10.1371/journal.pone.0260327
http://www.ncbi.nlm.nih.gov/pubmed/34797887
http://doi.org/10.1016/j.lfs.2020.117417
http://www.ncbi.nlm.nih.gov/pubmed/32044304

Int. ]. Mol. Sci. 2022, 23, 2805 13 0f 18

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Sato, J.; Shimomura, A.; Kawauchi, J.; Matsuzaki, J.; Yamamoto, Y.; Takizawa, S.; Sakamoto, H.; Ohno, M.; Narita, Y.; Ochiya, T.; et al.
Brain metastasis-related microRNAs in patients with advanced breast cancer. PLoS ONE 2019, 14, e0221538.

Kim, J. Identification of MicroRNAs as Diagnostic Biomarkers for Breast Cancer Based on the Cancer Genome Atlas. Diagnostics
2021, 11, 107. [CrossRef]

Li, Y,; Zhang, L.; Dong, Z.; Xu, H.; Yan, L.; Wang, W.; Yang, Q.; Chen, C. MicroRNA-155-5p promotes tumor progression and
contributes to paclitaxel resistance via TP53INP1 in human breast cancer. Pathol. Res. Pract. 2021, 220, 153405. [CrossRef]

Xie, X.; Du, D.; Guan, Y;; Jin, T.; Chen, J.; Wang, Q.; Li, D.; Xie, Y.; Liu, N.; Xie, P. Predictive Value of let-7a for Cancer Cell
Repopulation between Chemotherapy and Long-Term Survival: A Prospective Study. Ann. Clin. Lab. Sci. 2021, 51, 638—645.
Zhang, R.; Liu, P; Zhang, X.; Ye, Y.; Yu, ]. Lin28A promotes the proliferation and stemness of lung cancer cells via the activation
of mitogen-activated protein kinase pathway dependent on microRNA let-7c. Ann. Transl. Med. 2021, 9, 982. [CrossRef]
Faversani, A.; Favero, C.; Dioni, L.; Pesatori, A.C.; Bollati, V.; Montoli, M.; Musso, V.; Terrasi, A.; Fusco, N.; Nosotti, M.; et al.
An EBC/Plasma miRNA Signature Discriminates Lung Adenocarcinomas From Pleural Mesothelioma and Healthy Controls.
Front. Oncol. 2021, 11, 643280. [CrossRef] [PubMed]

Yi, M.; Liao, Z.; Deng, L.; Xu, L.; Tan, Y.; Liu, K.; Chen, Z.; Zhang, Y. High diagnostic value of miRNAs for NSCLC: Quantitative analysis
for both single and combined miRNAs in lung cancer. Ann. Med. 2021, 53, 2178-2193. [CrossRef] [PubMed]

Zhong, S.; Golpon, H.; Zardo, P; Borlak, J. miRNAs in lung cancer. A systematic review identifies predictive and prognostic
miRNA candidates for precision medicine in lung cancer. Transl. Res. 2021, 230, 164-196. [CrossRef] [PubMed]

Soliman, S.E.; Abdelaleem, A.H.; Alhanafy, A.M.; Ibrahem, R.A.L.; Elhaded, A.S.A.; Assar, M.F.A. Circulating miR-21-5p and
miR-126-3p: Diagnostic, prognostic value, and multivariate analysis in non-small-cell lung cancer. Mol. Biol. Rep. 2021, 48,
2543-2552. [CrossRef]

Zhu, L.R;; Yuan, R.X;; Xia, X.B.; Wang, Y.; Zhu, YM.; Fi, L.; Li, ]. Assessment of a panel of miRNAs in serum and pleural fluid for
the differential diagnosis of malignant and benign pleural effusion. Cancer Biomark 2022, 33, 71-82. [CrossRef]

Deng, F; Xu, Z.; Zhou, J.; Zhang, R.; Gong, X. ANLN Regulated by miR-30a-5p Mediates Malignant Progression of Lung
Adenocarcinoma. Comput. Math. Methods Med. 2021, 2021, 9549287. [CrossRef]

Shen, Z.Y.; Sun, S.H. CircPTCH1 Promotes Migration in Lung Cancer by Regulating MYCN Expression Through miR-34c-5p.
Onco Targets Ther. 2021, 14, 4779-4789. [CrossRef]

Wang, Y.; Wang, Z.; Lu, J.; Zhang, H. Circular RNA circ-PTEN elevates PTEN inhibiting the proliferation of non-small cell lung
cancer cells. Hum. Cell 2021, 34, 1174-1184. [CrossRef]

Cavallari, I.; Ciccarese, F.; Sharova, E.; Urso, L.; Raimondi, V.; Silic-Benussi, M.; D’Agostino, D.M.; Ciminale, V. The miR-
200 Family of microRNAs: Fine Tuners of Epithelial-Mesenchymal Transition and Circulating Cancer Biomarkers. Cancers 2021,
13, 5874. [CrossRef]

Xin, G.; Cao, X.; Zhao, W.; Ly, P,; Qiu, G.; Li, Y.; Wang, B.; Fang, B.; Jia, Y. MicroRNA expression profile and TNM staging system
predict survival in patients with lung adenocarcinoma. Math. Biosci. Eng. 2020, 17, 8074-8083. [CrossRef]

Siriwardhana, C.; Khadka, V.S.; Chen, ].].; Deng, Y. Development of a miRNA-seq based prognostic signature in lung adenocarci-
noma. BMC Cancer 2019, 19, 34. [CrossRef] [PubMed]

Yu, Y,; Zeng, D.; Ou, Q.; Liu, S.; Li, A.; Chen, Y,; Lin, D.; Gao, Q.; Zhou, H.; Liao, W.; et al. Association of Survival and Immune-
Related Biomarkers With Immunotherapy in Patients With Non-Small Cell Lung Cancer: A Meta-analysis and Individual
Patient-Level Analysis. JAMA Netw. Open 2019, 2, €196879. [CrossRef] [PubMed]

Krieger, T.; Pearson, IL; Bell, J.; Doherty, J.; Robbins, P. Targeted literature review on use of tumor mutational burden status
and programmed cell death ligand 1 expression to predict outcomes of checkpoint inhibitor treatment. Diagn. Pathol. 2020,
15, 6. [CrossRef] [PubMed]

Micolucci, L.; Akhtar, M.M.; Olivieri, F.; Rippo, M.R.; Procopio, A.D. Diagnostic value of microRNAs in asbestos exposure and
malignant mesothelioma: Systematic review and qualitative meta-analysis. Oncotarget 2016, 7, 58606-58637. [CrossRef] [PubMed]
Monastirioti, A.; Papadaki, C.; Rounis, K.; Kalapanida, D.; Mavroudis, D.; Agelaki, S. A Prognostic Role for Circulating
microRNAs Involved in Macrophage Polarization in Advanced Non-Small Cell Lung Cancer. Cells 2021, 10, 1988. [CrossRef]
Zhang, Y.; Zhang, Y,; Yin, Y.; Li, S. Detection of circulating exosomal miR-17-5p serves as a novel non-invasive diagnostic marker
for non-small cell lung cancer patients. Pathol. Res. Pract. 2019, 215, 152466. [CrossRef]

Nguyen, H.T.; Kacimi, S.E.O.; Nguyen, T.L.; Suman, K.H.; Lemus-Martin, R.; Saleem, H.; Do, D.N. MiR-21 in the Cancers of the
Digestive System and Its Potential Role as a Diagnostic, Predictive, and Therapeutic Biomarker. Biology 2021, 10, 417. [CrossRef]
Liu, X.; Pu, K.; Wang, Y.; Chen, Y.; Zhou, Y. Gastric cancer-associated microRNA expression signatures: Integrated bioinformatics
analysis, validation, and clinical significance. Ann. Transl. Med. 2021, 9, 797. [CrossRef]

Ahadi, A. A systematic review of microRNAs as potential biomarkers for diagnosis and prognosis of gastric cancer. Immunogenetics
2021, 73, 155-161. [CrossRef]

Maminezhad, H.; Ghanadian, S.; Pakravan, K.; Razmara, E.; Rouhollah, F.; Mossahebi-Mohammadi, M.; Babashah, S. A panel of
six-circulating miRNA signature in serum and its potential diagnostic value in colorectal cancer. Life Sci. 2020, 258, 118226. [CrossRef]
Dokhanchi, M.; Pakravan, K.; Zareian, S.; Hussen, B.M.; Farid, M.; Razmara, E.; Mossahebi-Mohammadi, M.; Cho, W.C.;
Babashah, S. Colorectal cancer cell-derived extracellular vesicles transfer miR-221-3p to promote endothelial cell angiogenesis via
targeting suppressor of cytokine signaling 3. Life Sci. 2021, 285, 119937. [CrossRef] [PubMed]


http://doi.org/10.3390/diagnostics11010107
http://doi.org/10.1016/j.prp.2021.153405
http://doi.org/10.21037/atm-21-2124
http://doi.org/10.3389/fonc.2021.643280
http://www.ncbi.nlm.nih.gov/pubmed/34211838
http://doi.org/10.1080/07853890.2021.2000634
http://www.ncbi.nlm.nih.gov/pubmed/34913774
http://doi.org/10.1016/j.trsl.2020.11.012
http://www.ncbi.nlm.nih.gov/pubmed/33253979
http://doi.org/10.1007/s11033-021-06302-3
http://doi.org/10.3233/CBM-210090
http://doi.org/10.1155/2021/9549287
http://doi.org/10.2147/OTT.S324015
http://doi.org/10.1007/s13577-021-00526-y
http://doi.org/10.3390/cancers13235874
http://doi.org/10.3934/mbe.2020409
http://doi.org/10.1186/s12885-018-5206-8
http://www.ncbi.nlm.nih.gov/pubmed/30621620
http://doi.org/10.1001/jamanetworkopen.2019.6879
http://www.ncbi.nlm.nih.gov/pubmed/31290993
http://doi.org/10.1186/s13000-020-0927-9
http://www.ncbi.nlm.nih.gov/pubmed/32000815
http://doi.org/10.18632/oncotarget.9686
http://www.ncbi.nlm.nih.gov/pubmed/27259231
http://doi.org/10.3390/cells10081988
http://doi.org/10.1016/j.prp.2019.152466
http://doi.org/10.3390/biology10050417
http://doi.org/10.21037/atm-21-1631
http://doi.org/10.1007/s00251-020-01201-6
http://doi.org/10.1016/j.lfs.2020.118226
http://doi.org/10.1016/j.lfs.2021.119937
http://www.ncbi.nlm.nih.gov/pubmed/34508764

Int. ]. Mol. Sci. 2022, 23, 2805 14 0f 18

62.

63.

64.

65.

66.
67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Sharma, B.; Randhawa, V.; Vaiphei, K.; Gupta, V.; Dahiya, D.; Agnihotri, N. Expression of miR-18a-5p, miR-144-3p, and miR-663b in
colorectal cancer and their association with cholesterol homeostasis. J. Steroid Biochem. Mol. Biol. 2021, 208, 105822. [CrossRef] [PubMed]
Nassar, EJ.; Msheik, Z.S.; Itani, M.M.; Helou, R.E.; Hadla, R.; Kreidieh, F; Bejjany, R.; Mukherji, D.; Shamseddine, A.;
Nasr, RR;; et al. Circulating miRNA as Biomarkers for Colorectal Cancer Diagnosis and Liver Metastasis. Diagnostics 2021,
11, 341. [CrossRef] [PubMed]

Zaniani, N.R.; Oroujalian, A.; Valipour, A.; Peymani, M. LAMTORS expression level is a biomarker for colorectal cancer and
IncRNA LAMTORS5-ASI1 predicting miRNA sponging effect. Mol. Biol. Rep. 2021, 48, 6093-6101. [CrossRef]

Song, X.; Li, W.; Shen, P; Bai, B.; Cao, L.L. miR-19 Is a Potential Clinical Biomarker for Gastrointestinal Malignancy: A Systematic
Review and Meta-analysis. Biomed. Res. Int. 2020, 2020, 2810150. [CrossRef]

Yamada, N.O.; Senda, T. Circulating microRNA-92a-3p in colorectal cancer: A review. Med. Mol. Morphol. 2021, 54, 193-202. [CrossRef]
Fu, P; Lin, L.; Zhou, H.; Zhao, S.; Jie, Z. Circular RNA circEGFR regulates tumor progression via the miR-106a-5p/DDX5 axis in
colorectal cancer. Braz. |. Med. Biol. Res. 2021, 54, €10940. [CrossRef]

Liu, T; Liu, D.; Guan, S.; Dong, M. Diagnostic role of circulating MiR-21 in colorectal cancer: A update meta-analysis. Ann. Med.
2021, 53, 87-102. [CrossRef]

Ibrahiem, A.T.; Fawzy, M.S.; Abu AlSel, B.T.; Toraih, E.A. Prognostic value of BRAF/MIR-17 signature and B-Raf protein
expression in patients with colorectal cancer: A pilot study. J. Clin. Lab. Anal. 2021, 35, €23679. [CrossRef]

Calvo-Lopez, T.; Paz-Cabezas, M.; Llovet, P; Ibafiez, M.D.; Sastre, J.; Alonso-Orduifia, V.; Viéitez, ].M.; Yubero, A.; Vera, R;;
Asensio-Martinez, E.; et al. Association of miR-21 and miR-335 to microsatellite instability and prognosis in stage III colorectal
cancer. Cancer Biomark. 2021. [CrossRef]

Gerovska, D.; Garcia-Gallastegi, P.; Crende, O.; Mdrquez, ].; Larrinaga, G.; Unzurrunzaga, M.; Aratuzo-Bravo, M.J.; Badiola, L.
GeromiRs Are Downregulated in the Tumor Microenvironment during Colon Cancer Colonization of the Liver in a Murine
Metastasis Model. Int. J. Mol. Sci. 2021, 22, 4819. [CrossRef]

Ganepola, G.A; Rutledge Suman, J.R.; Suman, P.; Yiengpruksawan, A.; Chang, D.H. Novel blood-based microRNA biomarker
panel for early diagnosis of pancreatic cancer. World ]. Gastrointest. Oncol. 2014, 6, 22-33. [CrossRef] [PubMed]

Schultz, N.A.; Dehlendorff, C.; Jensen, B.V.; Bjerregaard, J.K.; Nielsen, K.R.; Bojesen, S.E.; Calatayud, D.; Nielsen, S.E,;
Yilmaz, M.; Hollinder, N.H.; et al. MicroRNA biomarkers in whole blood for detection of pancreatic cancer. JAMA 2014,
311, 392-404. [CrossRef] [PubMed]

Zhao, G.; Zhang, ].G.; Shi, Y; Qin, Q.; Liu, Y.; Wang, B.; Tian, K.; Deng, S.C.; Li, X.; Zhu, S.; et al. MiR-130b is a prognostic marker
and inhibits cell proliferation and invasion in pancreatic cancer through targeting STAT3. PLoS ONE 2013, 8, €73803.

Mardin, W.A.; Mees, S.T. MicroRNAs: Novel diagnostic and therapeutic tools for pancreatic ductal adenocarcinoma? Ann. Surg. Oncol.
2009, 16, 3183-3189. [CrossRef]

Chen, Z.H.; Zhang, G.L.; Li, HR,; Luo, ].D.; Li, ZX.; Chen, G.M.; Yang, J. A panel of five circulating microRNAs as potential
biomarkers for prostate cancer. Prostate 2012, 72, 1443-1452. [CrossRef]

Mahn, R.; Heukamp, L.C.; Rogenhofer, S.; von Ruecker, A.; Miiller, S.C.; Ellinger, ]. Circulating microRNAs (miRNA) in serum of
patients with prostate cancer. Urology 2011, 77, e9—-e16. [CrossRef]

Shen, ]J.; Hruby, G.W.; McKiernan, J.M.; Gurvich, L; Lipsky, M.].; Benson, M.C.; Santella, R.M. Dysregulation of circulating
microRNAs and prediction of aggressive prostate cancer. Prostate 2012, 72, 1469-1477. [CrossRef]

Zhang, H.L.; Yang, L.F; Zhu, Y.; Yao, X.D.; Zhang, S.L.; Dai, B.; Zhu, Y.P; Shen, YJ.; Shi, G.H.; Ye, D.W. Serum miRNA-21:
Elevated levels in patients with metastatic hormone-refractory prostate cancer and potential predictive factor for the efficacy of
docetaxel-based chemotherapy. Prostate 2011, 71, 326-331. [CrossRef]

Resnick, K.E.; Alder, H.; Hagan, J.P; Richardson, D.L.; Croce, C.M.; Cohn, D.E. The detection of differentially expressed
microRNAs from the serum of ovarian cancer patients using a novel real-time PCR platform. Gynecol. Oncol. 2009, 112,
55-59. [CrossRef]

Shah, P.P; Hutchinson, L.E.; Kakar, S.S. Emerging role of microRNAs in diagnosis and treatment of various diseases including
ovarian cancer. J. Ouvarian Res. 2009, 2, 11. [CrossRef] [PubMed]

Zaman, M.S.; Maher, D.M.; Khan, S.; Jaggi, M.; Chauhan, S.C. Current status and implications of microRNAs in ovarian cancer
diagnosis and therapy. . Ovarian Res. 2012, 5, 44. [CrossRef] [PubMed]

Kan, C.W.; Hahn, M. A ; Gard, G.B.; Maidens, J.; Huh, ].Y.; Marsh, D.J.; Howell, V.M. Elevated levels of circulating microRNA-
200 family members correlate with serous epithelial ovarian cancer. BMC Cancer 2012, 12, 627. [CrossRef] [PubMed]

Neagu, M.; Constantin, C.; Cretoiu, S.M.; Zurac, S. miRNAs in the Diagnosis and Prognosis of Skin Cancer. Front. Cell. Dev. Biol.
2020, 8, 71. [CrossRef]

Cinque, A.; Vago, R.; Trevisani, F. Circulating RNA in Kidney Cancer: What We Know and What We Still Suppose. Genes 2021,
12, 835. [CrossRef]

Rogucki, M.; Buczyniska, A.; Kretowski, A.].; Poptawska-Kita, A. The Importance of miRNA in the Diagnosis and Prognosis of
Papillary Thyroid Cancer. J. Clin. Med. 2021, 10, 4738. [CrossRef]

Zhou, Q.; Huang, S.X,; Zhang, F; Li, S.J.; Liu, C.; Xi, Y.Y.; Wang, L.; Wang, X.; He, Q.Q.; Sun, C.C.; et al. MicroRNAs: A novel
potential biomarker for diagnosis and therapy in patients with non-small cell lung cancer. Cell Prolif. 2017, 50, e12394. [CrossRef]
Jiang, H.G.; Dai, C.H.; Xu, Y.P; Jiang, Q.; Xia, X.B.; Shu, Y,; Li, J. Four plasma miRNAs act as biomarkers for diagnosis and
prognosis of non-small cell lung cancer. Oncol. Lett. 2021, 22, 792. [CrossRef]


http://doi.org/10.1016/j.jsbmb.2021.105822
http://www.ncbi.nlm.nih.gov/pubmed/33465419
http://doi.org/10.3390/diagnostics11020341
http://www.ncbi.nlm.nih.gov/pubmed/33669508
http://doi.org/10.1007/s11033-021-06623-3
http://doi.org/10.1155/2020/2810150
http://doi.org/10.1007/s00795-021-00282-w
http://doi.org/10.1590/1414-431x2020e10940
http://doi.org/10.1080/07853890.2020.1828617
http://doi.org/10.1002/jcla.23679
http://doi.org/10.3233/CBM-210353
http://doi.org/10.3390/ijms22094819
http://doi.org/10.4251/wjgo.v6.i1.22
http://www.ncbi.nlm.nih.gov/pubmed/24578785
http://doi.org/10.1001/jama.2013.284664
http://www.ncbi.nlm.nih.gov/pubmed/24449318
http://doi.org/10.1245/s10434-009-0623-1
http://doi.org/10.1002/pros.22495
http://doi.org/10.1016/j.urology.2011.01.020
http://doi.org/10.1002/pros.22499
http://doi.org/10.1002/pros.21246
http://doi.org/10.1016/j.ygyno.2008.08.036
http://doi.org/10.1186/1757-2215-2-11
http://www.ncbi.nlm.nih.gov/pubmed/19712461
http://doi.org/10.1186/1757-2215-5-44
http://www.ncbi.nlm.nih.gov/pubmed/23237306
http://doi.org/10.1186/1471-2407-12-627
http://www.ncbi.nlm.nih.gov/pubmed/23272653
http://doi.org/10.3389/fcell.2020.00071
http://doi.org/10.3390/genes12060835
http://doi.org/10.3390/jcm10204738
http://doi.org/10.1111/cpr.12394
http://doi.org/10.3892/ol.2021.13053

Int. ]. Mol. Sci. 2022, 23, 2805 150f18

89.

90.
91.

92.

93.
94.

95.
96.

97.

98.

99.

100.
101.

102.

103.

104.

105.

106.

107.

108.
109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Artemaki, PI; Letsos, P.A.; Zoupa, I.C.; Katsaraki, K.; Karousi, P; Papageorgiou, S.G.; Pappa, V.; Scorilas, A.; Kontos, C.K. The
Multifaceted Role and Utility of MicroRNAs in Indolent B-Cell Non-Hodgkin Lymphomas. Biomedicines 2021, 9, 333. [CrossRef]
Liu, B.; Li, J.; Cairns, M.J. Identifying miRNAs, targets and functions. Brief. Bioinform. 2014, 15, 336. [CrossRef]

Alles, J.; Fehlmann, T.; Fischer, U.; Backes, C.; Galata, V.; Minet, M.; Hart, M.; Abu-Halima, M.; Grésser, F.A.; Lenhof, H.P; et al.
An estimate of the total number of true human miRNAs. Nucleic Acids Res. 2019, 47, 3353-3364. [CrossRef] [PubMed]

Rishabh, K.; Khadilkar, S.; Kumar, A.; Kalra, I.; Kumar, A.P;, Kunnumakkara, A.B. MicroRNAs as Modulators of Oral
Tumorigenesis-A Focused Review. Int. |. Mol. Sci. 2021, 22, 2561. [CrossRef] [PubMed]

Chen, C.Z. MicroRNAs as oncogenes and tumor suppressors. N. Engl. . Med. 2005, 353, 1768-1771. [CrossRef] [PubMed]
Chen, Y,; Fu, L.L.; Wen, X.; Liu, B.; Huang, J.; Wang, ].H.; Wei, Y.Q. Oncogenic and tumor suppressive roles of microRNAsin
apoptosis and autophagy. Apoptosis 2014, 19, 1177-1189. [CrossRef]

Corté, H.; Manceau, G.; Blons, H.; Laurent-Puig, P. MicroRNA and colorectal cancer. Dig. Liver Dis 2012, 44, 195-200. [CrossRef]
Piao, Y.; Piao, M.; Ryu, K.H. Multiclass cancer classification using a feature subset-based ensemble from microRNA expression
profiles. Comput. Biol. Med. 2017, 80, 39-44. [CrossRef]

Wang, D.; Feng, M.; Ma, X; Tao, K.; Wang, G. Transcription factor SP1-induced microRNA-146b-3p facilitates the progression and
metastasis of colorectal cancer via regulating FAM107A. Life Sci. 2021, 277, 119398. [CrossRef]

Luo, X.; Burwinkel, B.; Tao, S.; Brenner, H. MicroRNA signatures: Novel biomarker for colorectal cancer? Cancer Epidemiol. Prev. Biomark.
2011, 20, 1272-1276. [CrossRef]

Loh, H.Y.,; Norman, B.P; Lai, K.S.; Rahman, N.; Alitheen, N.; Osman, M.A. The Regulatory Role of MicroRNAs in Breast Cancer.
Int. ]. Mol. Sci. 2019, 20, 4940. [CrossRef]

Singh, R.; Mo, Y.Y. Role of microRNAs in breast cancer. Cancer Biol. Ther. 2013, 14, 201-212. [CrossRef]

Frixa, T.; Donzelli, S.; Blandino, G. Oncogenic MicroRNAs: Key Players in Malignant Transformation. Cancers 2015, 7, 2466-2485.
[CrossRef] [PubMed]

Mollaei, H.; Safaralizadeh, R.; Rostami, Z. MicroRNA replacement therapy in cancer. J. Cell. Physiol. 2019, 234, 12369-12384.
[CrossRef] [PubMed]

Tessitore, A.; Cicciarelli, G.; Mastroiaco, V.; Del Vecchio, F.; Capece, D.; Verzella, D.; Fischietti, M.; Vecchiotti, D.; Zazzeroni, F,;
Alesse, E. Therapeutic Use of MicroRNAs in Cancer. Anticancer Agents Med. Chem. 2016, 16, 7-19. [CrossRef]

Zhang, W.; Dahlberg, J.E.; Tam, W. MicroRNAs in tumorigenesis: A primer. Am. J. Pathol. 2007, 171, 728-738. [CrossRef] [PubMed]
Lawrie, C.H.; Gal, S.; Dunlop, H.M.; Pushkaran, B.; Liggins, A.P,; Pulford, K.; Banham, A.H.; Pezzella, F; Boultwood, J.;
Wainscoat, ].S.; et al. Detection of elevated levels of tumour-associated microRNAs in serum of patients with diffuse large B-cell
lymphoma. Br. ]. Haematol. 2008, 141, 672—675. [CrossRef]

Chen, X.; Ba, Y.; Ma, L.; Cai, X,; Yin, Y.; Wang, K.; Guo, ].; Zhang, Y.; Chen, ]J.; Guo, X,; et al. Characterization of microRNAs in
serum: A novel class of biomarkers for diagnosis of cancer and other diseases. Cell Res. 2008, 18, 997-1006. [CrossRef]

Fang, C.; Zhu, D.X.; Dong, H.]J.; Zhou, Z.].; Wang, Y.H.; Liu, L.; Fan, L.; Miao, K.R,; Liu, P; Xu, W.,; et al. Serum microRNAs are
promising novel biomarkers for diffuse large B cell lymphoma. Ann. Hematol. 2012, 91, 553-559. [CrossRef]

Jackson, D.B. Serum-based microRNAs: Are we blinded by potential? Proc. Natl. Acad. Sci. USA 2009, 106, E5. [CrossRef]

Zen, K,; Zhang, C.Y. Circulating microRNAs: A novel class of biomarkers to diagnose and monitor human cancers. Med. Res. Rev.
2012, 32, 326-348. [CrossRef]

Valadi, H.; Ekstrom, K.; Bossios, A.; Sjostrand, M.; Lee, J.].; Lotvall, J.O. Exosome-mediated transfer of mRINAs and microRNAs is
a novel mechanism of genetic exchange between cells. Nat. Cell Biol. 2007, 9, 654-659. [CrossRef]

Rabinowits, G.; Gercel-Taylor, C.; Day, ].M.; Taylor, D.D.; Kloecker, G.H. Exosomal microRNA: A diagnostic marker for lung
cancer. Clin. Lung Cancer 2009, 10, 42—46. [CrossRef] [PubMed]

Silva, J.; Garcia, V.; Zaballos, A.; Provencio, M.; Lombardia, L.; Almonacid, L.; Garcia, ] M.; Dominguez, G.; Pefia, C.; Diaz, R; et al.
Vesicle-related microRNAs in plasma of nonsmall cell lung cancer patients and correlation with survival. Eur. Respir. |. 2011, 37,
617-623. [CrossRef] [PubMed]

Turchinovich, A.; Weiz, L.; Langheinz, A.; Burwinkel, B. Characterization of extracellular circulating microRNA. Nucleic Acids Res.
2011, 39, 7223-7233. [CrossRef] [PubMed]

Zampetaki, A.; Willeit, P.; Drozdov, I.; Kiechl, S.; Mayr, M. Profiling of circulating microRNAs: From single biomarkers to re-wired
networks. Cardiovasc. Res. 2012, 93, 555-562. [CrossRef] [PubMed]

Arroyo, ].D.; Chevillet, ].R.; Kroh, EM.; Ruf, LK, Pritchard, C.C.; Gibson, D.F; Mitchell, P.S.; Bennett, C.F.,; Pogosova-Agadjanyan, E.L.;
Stirewalt, D.L.; et al. Argonaute2 complexes carry a population of circulating microRNAs independent of vesicles in human
plasma. Proc. Natl. Acad. Sci. USA 2011, 108, 5003-5008. [CrossRef]

Zhang, N.; Hu, X.; Du, Y,; Du, J. The role of miRNAs in colorectal cancer progression and chemoradiotherapy. Biomed. Pharmacother.
2021, 134, 111099. [CrossRef]

Tian, L.; Shan, W.; Zhang, Y.; Lv, X; Li, X.; Wei, C. Up-Regulation of miR-21 Expression Predicate Advanced Clinicopathological
Features and Poor Prognosis in Patients with Non-Small Cell Lung Cancer. Pathol. Oncol. Res. 2016, 22, 161-167. [CrossRef]
Kumar, S.; Sharawat, SK.; Ali, A.; Gaur, V.; Malik, PS.; Kumar, S.; Mohan, A.; Guleria, R. Identification of differentially expressed
circulating serum microRNA for the diagnosis and prognosis of Indian non-small cell lung cancer patients. Kum. Curr. Probl. Cancer
2020, 44, 100540. [CrossRef]


http://doi.org/10.3390/biomedicines9040333
http://doi.org/10.1186/1471-2105-15-336
http://doi.org/10.1093/nar/gkz097
http://www.ncbi.nlm.nih.gov/pubmed/30820533
http://doi.org/10.3390/ijms22052561
http://www.ncbi.nlm.nih.gov/pubmed/33806361
http://doi.org/10.1056/NEJMp058190
http://www.ncbi.nlm.nih.gov/pubmed/16251533
http://doi.org/10.1007/s10495-014-0999-7
http://doi.org/10.1016/j.dld.2011.10.010
http://doi.org/10.1016/j.compbiomed.2016.11.008
http://doi.org/10.1016/j.lfs.2021.119398
http://doi.org/10.1158/1055-9965.EPI-11-0035
http://doi.org/10.3390/ijms20194940
http://doi.org/10.4161/cbt.23296
http://doi.org/10.3390/cancers7040904
http://www.ncbi.nlm.nih.gov/pubmed/26694467
http://doi.org/10.1002/jcp.28058
http://www.ncbi.nlm.nih.gov/pubmed/30605237
http://doi.org/10.2174/1871520615666150824153358
http://doi.org/10.2353/ajpath.2007.070070
http://www.ncbi.nlm.nih.gov/pubmed/17724137
http://doi.org/10.1111/j.1365-2141.2008.07077.x
http://doi.org/10.1038/cr.2008.282
http://doi.org/10.1007/s00277-011-1350-9
http://doi.org/10.1073/pnas.0809999106
http://doi.org/10.1002/med.20215
http://doi.org/10.1038/ncb1596
http://doi.org/10.3816/CLC.2009.n.006
http://www.ncbi.nlm.nih.gov/pubmed/19289371
http://doi.org/10.1183/09031936.00029610
http://www.ncbi.nlm.nih.gov/pubmed/20595154
http://doi.org/10.1093/nar/gkr254
http://www.ncbi.nlm.nih.gov/pubmed/21609964
http://doi.org/10.1093/cvr/cvr266
http://www.ncbi.nlm.nih.gov/pubmed/22028337
http://doi.org/10.1073/pnas.1019055108
http://doi.org/10.1016/j.biopha.2020.111099
http://doi.org/10.1007/s12253-015-9979-7
http://doi.org/10.1016/j.currproblcancer.2020.100540

Int. ]. Mol. Sci. 2022, 23, 2805 16 of 18

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.
139.

140.

141.

142.

143.

144.

145.

Adhami, M.; Haghdoost, A.A.; Sadeghi, B.; Malekpour Afshar, R. Candidate miRNAs in human breast cancer biomarkers:
A systematic review. Breast Cancer 2018, 25, 198-205. [CrossRef]

Kadera, B.E.; Li, L.; Toste, PA.; Wu, N.; Adams, C.; Dawson, D.W.; Donahue, T.R. MicroRNA-21 in pancreatic ductal adenocarci-
noma tumor-associated fibroblasts promotes metastasis. PLoS ONE 2013, 8, €71978. [CrossRef]

Ma, J.; Dong, C.; Ji, C. MicroRNA and drug resistance. Cancer Gene Ther. 2010, 17, 523-531. [CrossRef] [PubMed]

Valeri, N.; Gasparini, P,; Braconi, C.; Paone, A.; Lovat, F; Fabbri, M.; Sumani, KM.; Alder, H.; Amadori, D.; Patel, T.; et al. MicroRNA-
21 induces resistance to 5-fluorouracil by down-regulating human DNA MutS homolog 2 (hWMSH2). Proc. Natl. Acad. Sci. USA 2010,
107,21098-21103. [CrossRef] [PubMed]

Pu, Y;; Zhao, F; Li, Y,; Cui, M.; Wang, H.; Meng, X.; Cai, S. The miR-34a-5p promotes the multi-chemoresistance of osteosarcoma
via repression of the AGTR1 gene. BMC Cancer 2017, 17, 45. [CrossRef]

Karaayvaz, M.; Pal, T.; Song, B.; Zhang, C.; Georgakopoulos, P.; Mehmood, S.; Burke, S.; Shroyer, K.; Ju, J. Prognostic significance
of miR-215 in colon cancer. Clin. Colorectal. Cancer 2011, 10, 340-347. [CrossRef] [PubMed]

Mencia, N.; Selga, E.; Noé, V.; Ciudad, C.J. Underexpression of miR-224 in methotrexate resistant human colon cancer cells.
Biochem. Pharmacol. 2011, 82, 1572-1582. [CrossRef]

Chai, H.; Liu, M,; Tian, R; Li, X.; Tang, H. MiR-20a targets BNIP2 and contributes chemotherapeutic resistance in colorectal
adenocarcinoma SW480 and SW620 cell lines. Acta Biochim. Biophys. Sin. (Shanghai) 2011, 43, 217-225. [CrossRef]

Antolin, S.; Calvo, L.; Blanco-Calvo, M.; Santiago, M.P.; Lorenzo-Patino, M.].; Haz-Conde, M.; Santamarina, I.; Figueroa, A.;
Anton-Aparicio, L.M.; Valladares-Ayerbes, M. Circulating miR-200c and miR-141 and outcomes in patients with breast cancer.
BMC Cancer 2015, 15, 297. [CrossRef]

Zanutto, S.; Pizzamiglio, S.; Ghilotti, M.; Bertan, C.; Ravagnani, F,; Perrone, E; Leo, E.; Pilotti, S.; Verderio, P.; Gariboldi, M.; et al.
Circulating miR-378 in plasma: A reliable, haemolysis-independent biomarker for colorectal cancer. Br. ]. Cancer 2014, 110,
1001-1007. [CrossRef]

Zhang, J.; Song, Y.; Zhang, C.; Zhi, X; Fu, H,; Ma, Y.; Chen, Y,; Pan, F; Wang, K.; Nji, J.; et al. Circulating MiR-16-5p and
MiR-19b-3p as two novel potential biomarkers to indicate progression of gastric cancer. Theranostics 2015, 5, 733-745. [CrossRef]
Zhao, Y.; Song, Y.; Yao, L.; Song, G.; Teng, C. Circulating microRNAs: Promising biomarkers involved in several cancers and
other diseases. DNA Cell Biol. 2017, 36, 77-94. [CrossRef]

Kawaguchi, T.; Komatsu, S.; Ichikawa, D.; Morimura, R.; Tsujiura, M.; Konishi, H.; Takeshita, H.; Nagata, H.; Arita, T,
Hirajima, S.; et al. Clinical impact of circulating miR-221 in plasma of patients with pancreatic cancer. Br. J. Cancer 2013, 108,
361-369. [CrossRef] [PubMed]

Mirzaei, H.R.; Sahebkar, A.; Mohammadi, M.; Yari, R.; Salehi, H.; Jafari, M.H.; Namdar, A.; Khabazian, E.; Jaafari, M.R.; Mirzaei, H.
Circulating microRNAs in hepatocellular carcinoma: Potential diagnostic and prognostic biomarkers. Curr. Pharm. Des. 2016, 22,
5257-5269. [CrossRef] [PubMed]

Zedan, A.H.; Hansen, T.F; Assenholt, ].; Pleckaitis, M.; Madsen, ].S.; Osther, PJ.S. microRNA expression in tumour tissue and plasma
in patients with newly diagnosed metastatic prostate cancer. Tumour. Biol. 2018, 40, 1010428318775864. [CrossRef] [PubMed]
Tribolet, L.; Kerr, E.; Cowled, C.; Bean, A.G.D.; Stewart, C.R.; Dearnley, M.; Farr, R.J. MicroRNA Biomarkers for Infectious
Diseases: From Basic Research to Biosensing. Front. Microbiol. 2020, 11, 1197. [CrossRef]

Beltran-Garcia, J.; Osca-Verdegal, R.; Mena-Molla, S.; Garcia-Gimenes, J.L. Epigenetic IVD Tests for Personalized Precision
Medicine in Cancer. Front. Genet. 2019, 10, 621. [CrossRef]

Tay, EC.; Lim, ] K.; Zhu, H.; Hin, L.C.; Wang, S. Using artificial microRNA sponges to achieve microRNA loss-of-function in
cancer cells. Adv. Drug Deliv. Rev. 2015, 81, 117-127. [CrossRef]

Kelly, B.D.; Miller, N.; Healy, N.A.; Walsh, K.; Kerin, M.J. A review of expression profiling of circulating microRNAs in men with
prostate cancer. BJU Int. 2013, 111, 17-21. [CrossRef]

Barger, J.F.; Nana-Sinkam, S.P. MicroRNA as tools and therapeutics in lung cancer. Respir. Med. 2015, 109, 803-812. [CrossRef]
Henry, ].C.; Azevedo-Pouly, A.C.P,; Schmittgen, T.D. MicroRNA replacement therapy for cancer. Pharm. Res. 2011, 28, 3030-3042.
[CrossRef]

An, Z; Ren, ].; Yang, G.; Zhang, W.; Yu, C. MicroRNA let-7: Regulation, single nucleotide polymorphism, and therapy in lung
cancer. J. Cancer Res. Ther. 2015, 11, 1. [CrossRef]

Dong, Y.; Liu, Y,; Jiang, A.; Li, R.; Yin, M.; Wang, Y. MicroRNA-335 suppresses the proliferation, migration, and invasion of breast
cancer cells by targeting EphA4. Mol. Cell Biochem. 2018, 439, 95-104. [CrossRef] [PubMed]

Tagawa, H.; Karube, K.; Tsuzuki, S.; Ohshima, K.; Seto, M. Synergistic action of the microRNA-17 polycistron and Myc in
aggressive cancer development. Cancer Sci. 2007, 98, 1482-1490. [CrossRef] [PubMed]

Wan, X,; Ding, X; Chen, S.; Song, H.; Jiang, H.; Fang, Y.; Li, P.; Guo, ]J. The functional sites of miRNAs and IncRNAs in gastric
carcinogenesis. Tumour. Biol. 2015, 36, 521-532. [CrossRef] [PubMed]

Zhou, E.; Luo, L.; Ma, L.J,; Yin, J.; Tan, Z.Q.; Miao, G.Y;; Liu, J.; Xiao, X.P. Diagnostic value of serum miRNA let-7a for laryngeal
carcinoma and effects of let-7a on proliferation and apoptosis of laryngeal carcinoma cells. Chin. J. Otorhinolaryngol. Head Neck Surg.
2019, 54, 534-539.

Wu, W,; Liu, S,; Liang, Y.; Zhou, Z.; Liu, X. MiR-7 inhibits progression of hepatocarcinoma by targeting KLF-4 and promises
a novel diagnostic biomarker. Cancer Cell Int. 2017, 17, 31. [CrossRef]


http://doi.org/10.1007/s12282-017-0814-8
http://doi.org/10.1371/journal.pone.0071978
http://doi.org/10.1038/cgt.2010.18
http://www.ncbi.nlm.nih.gov/pubmed/20467450
http://doi.org/10.1073/pnas.1015541107
http://www.ncbi.nlm.nih.gov/pubmed/21078976
http://doi.org/10.1186/s12885-016-3002-x
http://doi.org/10.1016/j.clcc.2011.06.002
http://www.ncbi.nlm.nih.gov/pubmed/21752725
http://doi.org/10.1016/j.bcp.2011.08.009
http://doi.org/10.1093/abbs/gmq125
http://doi.org/10.1186/s12885-015-1238-5
http://doi.org/10.1038/bjc.2013.819
http://doi.org/10.7150/thno.10305
http://doi.org/10.1089/dna.2016.3426
http://doi.org/10.1038/bjc.2012.546
http://www.ncbi.nlm.nih.gov/pubmed/23329235
http://doi.org/10.2174/1381612822666160303110838
http://www.ncbi.nlm.nih.gov/pubmed/26935703
http://doi.org/10.1177/1010428318775864
http://www.ncbi.nlm.nih.gov/pubmed/29775158
http://doi.org/10.3389/fmicb.2020.01197
http://doi.org/10.3389/fgene.2019.00621
http://doi.org/10.1016/j.addr.2014.05.010
http://doi.org/10.1111/j.1464-410X.2012.11244.x
http://doi.org/10.1016/j.rmed.2015.02.006
http://doi.org/10.1007/s11095-011-0548-9
http://doi.org/10.4103/0973-1482.163830
http://doi.org/10.1007/s11010-017-3139-1
http://www.ncbi.nlm.nih.gov/pubmed/28795314
http://doi.org/10.1111/j.1349-7006.2007.00531.x
http://www.ncbi.nlm.nih.gov/pubmed/17608773
http://doi.org/10.1007/s13277-015-3136-5
http://www.ncbi.nlm.nih.gov/pubmed/25636450
http://doi.org/10.1186/s12935-017-0386-x

Int. ]. Mol. Sci. 2022, 23, 2805 17 of 18

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

Long, X.B.; Sun, G.B.; Hu, S.; Liang, G.T.; Wang, N.; Zhang, X.H.; Cao, P.P,; Zhen, H.T,; Cui, Y.H.; Liu, Z. Let-7a microRNA
functions as a potential tumor suppressor in human laryngeal cancer. Oncol. Rep. 2009, 22, 1189-1195.

Stahlhut, C.; Slack, EJ. Combinatorial action of microRNAs let-7 and miR-34 effectively synergizes with erlotinib to suppress
non-small-cell lung cancer cell proliferation. Cell Cycle 2015, 14, 2171-2180. [CrossRef]

Li, Y,; Cai, B; Shen, L.; Dong, Y.; Lu, Q. miRNA-29b suppresses tumor growth through simultaneously inhibiting angiogenesis
and tumorigenesis by targeting Akt3. Cancer Lett. 2017, 397, 111-119. [CrossRef]

Kong, Y.;; Zou, S.; Yang, F; Xu, X.; Bu, W,; Jia, J.; Liu, Z. RUNX3-mediated up-regulation of miR-29b suppresses the proliferation
and migration of gastric cancer cells by targeting KDM2A. Cancer Lett. 2016, 381, 138-148. [CrossRef]

Wu, J.; Wu, G.; Ly, L.; Ren, Y.F; Zhang, X.J.; Xue, Y.F; Li, G.; Lu, X;; Sun, Z.; Tang, K.F. MicroRNA-34a inhibits migration and
invasion of colon cancer cells via targeting to Fra-1. Carcinogenesis 2012, 33, 519-528. [CrossRef]

Zhang, X.J.; Ye, H.; Zeng, CW.; He, B.; Zhang, H.; Chen, Y.Q. Dysregulation of miR-15a and miR-214 in human pancreatic cancer.
J. Hematol. Oncol. 2010, 3, 46. [CrossRef] [PubMed]

Amodeo, V,; Bazan, V.; Fanale, D.; Insalaco, L.; Caruso, S.; Cicero, G.; Bronte, G.; Rolfo, C.; Santini, D.; Russo, A. Effects of
anti-miR-182 on TSP-1 expression in human colon cancer cells: There is a sense in antisense? Expert Opin. Ther. Targets 2013, 17,
1249-1261. [CrossRef] [PubMed]

Nedaeinia, R.; Sharifi, M.; Avan, A.; Kazemi, M.; Rafiee, L.; Ghayour-Mobarhan, M.; Salehi, R. Locked nucleic acid anti-miR-21
inhibits cell growth and invasive behaviors of a colorectal adenocarcinoma cell line: LNA-anti-miR as a novel approach.
Cancer Gene Ther. 2016, 23, 246-253. [CrossRef] [PubMed]

Li, D.; Zhang, J.; Li, J. Role of miRNA sponges in hepatocellular carcinoma. Clin. Chim. Acta 2020, 500, 10-19. [CrossRef] [PubMed]
Oh, S.Y.; Ju, Y.; Park, H. A highly effective and long-lasting inhibition of miRNAs with PNA-based antisense oligonucleotides.
Mol. Cells 2009, 28, 341-345. [CrossRef] [PubMed]

Schert, M.; Venturini, L.; Battmer, K.; Schaller-Schoenitz, M.; Schaefer, D.; Dallmann, I.; Ganser, A.; Eder, M. Lentivirus-mediated
antagomir expression for specific inhibition of miRNA function. Nucleic Acids Res. 2007, 35, €149. [CrossRef] [PubMed]

Shah, M.Y; Ferrajoli, A.; Sood, A.K.; Lopez-Berestein, G.; Calin, G.A. MicroRNA Therapeutics in Cancer—An Emerging Concept.
EBioMedicine 2016, 12, 34-42. [CrossRef]

Roundtree, I.A.; Evans, M.E.; Pan, T.; He, C. Dynamic RNA Modifications in Gene Expression Regulation. Cell 2017, 169,
1187-1200. [CrossRef]

Xu, L.; Dai, W.-Q.; Xu, X.-F; Wang, E; He, L.; Guo, C.Y. Effects of Multiple-target anti-microTNA antisense oligodeoxyribonu-
cleotides on proliferation and migration of gastric cells. Asian Pac. ]. Cancer Prev. 2012, 13, 3203-3207. [CrossRef]

Liang, T.S.; Zheng, Y.].; Wang, J.; Zhao, ].Y,; Yang, D.K.; Liu, Z.S. MicroRNA-506 inhibits tumor growth and metastasis
in nasopharyngeal carcinoma through the inactivation of the Wnt/ 3-catenin signaling pathway by down-regulating LHX2.
J. Exp. Clin. Cancer Res. 2019, 38, 97. [CrossRef]

Xiao, J.; Yang, B.; Lin, H.; Lu, Y.; Luo, X.; Wang, Z. Novel approaches for gene-specific interference via manipulating actions of
microRNAs: Examination on the pacemaker channel genes HCN2 and HCN4. |. Cell Physiol. 2007, 212, 285-292. [CrossRef]
Tomari, Y.; Matranga, C.; Haley, B.; Martinez, N.; Zamore, P.D. A protein sensor for siRNA asymmetry. Science 2004, 306,
1377-1380. [CrossRef] [PubMed]

Terasawa, K.; Shimizu, K,; Tsujimoto, G. Synthetic pre-miRNAbased shRNA as potent RNAi triggers. |. Nucleic Acids 2011, 2011,
131579. [CrossRef] [PubMed]

Aagaard, L.; Rossi, J.J. RNAI therapeutics: Principles, prospects and challenges. Adv. Drug Deliv. Rev. 2007, 59, 75-86. [CrossRef]
[PubMed]

Xu, Y; Ou, M,; Keough, E.; Roberts, J.; Koeplinger, K.; Lyman, M.; Fauty, S.; Carlini, E.; Stern, M.; Zhang, R; et al. Quantitation
of physiological and biochemical barriers to siRNA liver delivery via lipid nanoparticle platform. Mol. Pharm. 2014, 11, 1424-1434.
[CrossRef]

Lennox, K.A.; Vakulskas, C.A.; Behlke, M.A. Non-nucleotide Modification of Anti-miRNA Oligonucleotides. Methods Mol. Biol.
2017, 1517, 51-69.

Boca, S.; Gulei, D.; Zimta, A.A.; Onaciu, A.; Magdo, L.; Tigu, A.B.; Ionescu, C.; Irimie, A.; Buiga, R.; Berindan-Neagoe, I. Nanoscale
delivery systems for microRNAs in cancer therapy. Cell Mol. Life Sci. 2020, 77, 1059-1086. [CrossRef]

Lunse, C.E.; Michlewski, G.; Hopp, C.S.; Rentmeister, A.; Caceres, J.F.; Famulok, M.; Mayer, G. An aptamer targeting the
apical-loop domain modulates pri-miRNA processing. Angew. Chem. Int. Ed. Engl. 2010, 49, 4674-4677. [CrossRef]
Subramanian, N.; Kanwar, J.R.; Kanwar, R.K.; Krishnakumar, S. Blocking the maturation of OncomiRNAs using pri-miRNA-
17 approximately 92 aptamer in retinoblastoma. Nucleic Acid Ther. 2015, 25, 47-52. [CrossRef]

Esposito, C.L.; Cerchia, L.; Catuogno, S.; De Vita, G.; Dassie, ].P.; Santamaria, G.; Swiderski, P; Condorelli, G.; Giangrande, PH.;
De Franciscis, V. Multifunctional Aptamer-miRNA Conjugates for Targeted Cancer Therapy. Mol. Ther. 2014, 22, 1151-1163. [CrossRef]
Iaboni, M.; Russo, V.; Fontanella, R.; Roscigno, G.; Fiore, D.; Donnarumma, E.; Esposito, C.L.; Quintavalle, C.; Giangrande, PH.;
de Franciscis, V.; et al. Aptamer-miRNA-212 Conjugate Sensitizes NSCLC Cells to TRAIL. Mol. Ther. Nucleic Acids 2016,
5, €289. [CrossRef] [PubMed]

Rohde, ].H.; Weigand, J.E.; Suess, B.; Dimmeler, S.A. Universal Aptamer Chimera for the Delivery of Functional microRNA-126.
Nucleic Acid Ther. 2015, 25, 141-151. [CrossRef] [PubMed]


http://doi.org/10.1080/15384101.2014.1003008
http://doi.org/10.1016/j.canlet.2017.03.032
http://doi.org/10.1016/j.canlet.2016.07.038
http://doi.org/10.1093/carcin/bgr304
http://doi.org/10.1186/1756-8722-3-46
http://www.ncbi.nlm.nih.gov/pubmed/21106054
http://doi.org/10.1517/14728222.2013.832206
http://www.ncbi.nlm.nih.gov/pubmed/24053448
http://doi.org/10.1038/cgt.2016.25
http://www.ncbi.nlm.nih.gov/pubmed/27364574
http://doi.org/10.1016/j.cca.2019.09.013
http://www.ncbi.nlm.nih.gov/pubmed/31604064
http://doi.org/10.1007/s10059-009-0134-8
http://www.ncbi.nlm.nih.gov/pubmed/19812898
http://doi.org/10.1093/nar/gkm971
http://www.ncbi.nlm.nih.gov/pubmed/18025036
http://doi.org/10.1016/j.ebiom.2016.09.017
http://doi.org/10.1016/j.cell.2017.05.045
http://doi.org/10.7314/APJCP.2012.13.7.3203
http://doi.org/10.1186/s13046-019-1023-4
http://doi.org/10.1002/jcp.21062
http://doi.org/10.1126/science.1102755
http://www.ncbi.nlm.nih.gov/pubmed/15550672
http://doi.org/10.4061/2011/131579
http://www.ncbi.nlm.nih.gov/pubmed/21776374
http://doi.org/10.1016/j.addr.2007.03.005
http://www.ncbi.nlm.nih.gov/pubmed/17449137
http://doi.org/10.1021/mp400584h
http://doi.org/10.1007/s00018-019-03317-9
http://doi.org/10.1002/anie.200906919
http://doi.org/10.1089/nat.2014.0507
http://doi.org/10.1038/mt.2014.5
http://doi.org/10.1038/mtna.2016.5
http://www.ncbi.nlm.nih.gov/pubmed/27111415
http://doi.org/10.1089/nat.2014.0501
http://www.ncbi.nlm.nih.gov/pubmed/25844955

Int. ]. Mol. Sci. 2022, 23, 2805 18 of 18

173.

174.

175.

176.
177.

178.

Tanno, T.; Zhang, P.; Lazarski, C.A.; Liu, Y.; Zheng, P. An aptamer-based targeted delivery of miR-26a protects mice against
chemotherapy toxicity while suppressing tumor growth. Blood Adv. 2017, 15, 1107-1119. [CrossRef] [PubMed]

Gilles, M.E;; Slack, FJ. Let-7 microRNA as a potential therapeutic target with implications for immunotherapy. Expert Opin. Ther. Targets
2018, 22, 929-939. [CrossRef]

Choi, K.Y;; Silvestre, O.F; Huang, X.L.; Hida, N.; Liu, G.; Ho, D.N.; Lee, S.; Lee, S.W.; Hong, J.I.; Chen, X. A nanoparticle formula
for delivering siRNA or miRNAs to tumor cells in cell culture and In Vivo. Nat. Protoc. 2014, 9, 1900-1915. [CrossRef]

Ling, H. Non-coding RNAs: Therapeutic strategies and delivery systems. Adv. Exp. Med. 2016, 937, 229-237.

Kotikam, V.; Rozners, E. Amide-Modified RNA: Using Protein Backbone to Modulate Function of Short Interfering RNAs.
Acc. Chem. Res. 2020, 53, 1782-1790. [CrossRef]

Griinweller, A.; Hartmann, R.K. Locked nucleic acid oligonucleotides: The next generation of antisense agents? BioDrugs 2007, 21,
235-243. [CrossRef]


http://doi.org/10.1182/bloodadvances.2017004705
http://www.ncbi.nlm.nih.gov/pubmed/29296753
http://doi.org/10.1080/14728222.2018.1535594
http://doi.org/10.1038/nprot.2014.128
http://doi.org/10.1021/acs.accounts.0c00249
http://doi.org/10.2165/00063030-200721040-00004

	Introduction 
	miRNA 
	miRNAs and Their Role in Oncogenesis 
	Circulating miRNA 
	microRNA in Cancer Diagnosis and Therapy 
	Summary 
	References

