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Simple Summary: Brain metastases are increasingly common in cancer patients and hurt survival
and quality of life. Therefore, efforts are increasingly devoted to research into brain metastases and
discovering new diagnostic approaches and therapeutic targets. MicroRNAs, which are involved in
regulating most cellular processes, including metastasis, appear to be promising molecules in this
regard. The number of studies on microRNAs is constantly increasing. This review aims to summa-
rize the current knowledge on the importance of microRNAs in the pathobiology of brain metasta-
ses and to suggest possibilities for their use in diagnostic and therapeutic practice.

Abstract: Brain metastases are the most frequent intracranial tumors in adults and the cause of death
in almost one-fourth of cases. The incidence of brain metastases is steadily increasing. The main
reason for this increase could be the introduction of new and more efficient therapeutic strategies
that lead to longer survival but, at the same time, cause a higher risk of brain parenchyma infiltra-
tion. In addition, the advances in imaging methodology, which provide earlier identification of
brain metastases, may also be a reason for the higher recorded number of patients with these tu-
mors. Metastasis is a complex biological process that is still largely unexplored, influenced by many
factors and involving many molecules. A deeper understanding of the process will allow the dis-
covery of more effective diagnostic and therapeutic approaches that could improve the quality and
length of patient survival. Recent studies have shown that microRNAs (miRNAs) are essential mol-
ecules that are involved in specific steps of the metastatic cascade. MiRNAs are endogenously ex-
pressed small non-coding RNAs that act as post-transcriptional regulators of gene expression and
thus regulate most cellular processes. The dysregulation of these molecules has been implicated in
many cancers, including brain metastases. Therefore, miRNAs represent promising diagnostic mol-
ecules and therapeutic targets in brain metastases. This review summarizes the current knowledge
on the importance of miRNAs in brain metastasis, focusing on their involvement in the metastatic
cascade and their potential clinical implications.
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1. Introduction

The metastatic stages of cancer, involving the systemic spread of cancer cells and the
development of secondary tumor foci, are among the most demanding challenges of mod-
ern medicine. Brain metastases (BMs) are among the most destructive of these tumor foci,
crucially influencing morbidity, survival, and quality of life [1]. It is estimated that 9% to
17% of tumors establish distant metastases in the brain; however, the incidence of BMs
increases slightly every year [1,2]. The main reason for this increase could be the introduc-
tion of new and more efficient therapeutic strategies that lead to longer survival but, at
the same time, cause a higher risk of brain parenchyma infiltration. In addition, the ad-
vances in imaging methodology, which provides earlier identification of BMs, may also
be a reason for the higher recorded number of patients with BMs [3,4]. Despite the im-
provements in diagnostics and patient management, and the development of new thera-
peutics, BMs are commonly a fatal event in cancer progression, with patient survival usu-
ally being less than 10 months from the diagnosis of metastatic cancer [5].

Tumors with the highest metastatic tendencies toward the brain are lung carcinomas
(16.3% to 36%), breast carcinomas (5% to 30%), melanomas (6% to 11%), renal cell carci-
nomas (RCC) (2% to 16%), and colorectal carcinomas (CRC) (1% to 4%) [6-8]. Significantly
less common are BMs progressing from oesophageal tumors, bladder cancer, prostate can-
cer, testicular cancer, ovarian cancer, endometrial cancer, or choriocarcinoma [8]. In the
context of lung cancer, patients with adenocarcinoma are more likely to be burdened by
the onset of BMs (26.8%), followed by patients with non-small cell lung cancer (NSCLC)
(25.6%), small cell lung carcinoma (23.5%), squamous lung carcinoma (15.9%), and bron-
chioloalveolar carcinoma (15.5%) [9]. For patients suffering from breast cancer, the highest
risk of the development of BMs is correlated with human epidermal growth factor recep-
tor 2 positive (HER-2+) breast cancer, with up to half of patients developing BMs during
the course of the disease [10,11].

Different organ tropism could be partially explained by the “seed and soil” theory,
which compares the metastatic cell with the seed, with the highest chance to survive in
the most favorable microenvironment (soil) of specific distant organs [12]. Furthermore,
cells themselves could influence the preparation of the most suitable microenvironment
via molecules that are exported by exosomes or through the transport of parts of the orig-
inal microenvironment (for example, in the form of activated fibroblasts) [13-15]. A pre-
disposition to organ tropism could also be found in specific cell surface markers, such as
cluster of differentiation 44 positive (CD44+) breast cancer cells metastasizing to bone
marrow [16]. The identification of such markers and a significantly better understanding
of the key signaling pathways involved in the metastatic cascade, as well as increased
knowledge about the various levels of regulation of the metastatic cascade, could greatly
improve our understanding of the disease, leading to new treatment strategies and thera-
peutics.

One such group of molecules could be microRNAs (miRNAs), which are small non-
coding RNAs that are responsible for the regulation of gene expression. This review deals
with the regulation of miRNAs in metastasis development, including a narrower focus on
the roles of miRNAs in the development of brain metastases.

2. The Metastatic Cascade and the Development of Metastases

The formation of distant metastases is one of the later stages in cancer development;
however, crucial changes in cell biology could occur relatively early in the course of the
disease. The so-called metastatic cascade is a process through which the cell phenotype
changes, leading to the gain of new properties, especially those properties that allow cells
to migrate and colonize surrounding tissue and, subsequently, distant tissue [17]. To in-
vade surrounding tissue, cells undergo epithelial-mesenchymal transition (EMT), in
which cell motility and the secretion of microenvironment modulating molecules are pro-
moted, leading to invasion and, ultimately, to intravasation [17-20]. The critical step
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during EMT is the induction of resistance to anoikis after the loss of contact with the ex-
tracellular matrix (ECM), which is prevented by defects in the death receptor pathway
[21]. Cells that change their phenotype due to EMT can enter circulation through the lym-
phatic or blood paths and spread throughout the organism. At the end of the cascade,
extravasation of circulating cancer cells occurs in the capillaries of distant organs, with
most cells dying. However, if cells are able to survive in a distant organ microenviron-
ment, they act as the cornerstone for the development of the secondary lesion [22,23].

For the successful formation of the secondary foci and the correct course of the met-
astatic cascade, specific alterations in cell signaling pathways and metabolism must occur.
Key regulators of the metastatic cascade are the specific transcription factors (TFs), which
are responsible for the expression of specific molecules, leading to the acquisition of the
metastatic phenotype. The well-described TFs involved in EMT are snail family transcrip-
tional repressor 2 (SNAIL2), zinc finger E-box-binding homeobox 1 (ZEB1), ZEB2, twist
family BHLH transcription factor 1 (TWIST1), TWIST2, and paired related homeobox 1
(PRRXT) [24-28]. Expression of these TFs is triggered by EMT inductors, which are signals
that promote EMT and metastatic development. Among these inductors are molecules
that are involved in the signaling pathways of Notch, Wnt, or transforming growth factor
[ (TGF-B), molecules related to extracellular acidosis caused by hypoxia, or tumor meta-
bolic adaptations leading to higher lactate concentration [29-35]. Most epithelial tumors
arise as non-invasive lesions; however, during their development, they acquire the neces-
sary abilities to spread and form distant metastases due to the influence of EMT-related
factors [36]. EMT leads to cytoskeletal reorganization, acquisition of the mesenchymal
phenotype, disruption of the basal membrane due to the expression of specific proteases,
and the degradation of the ECM [37-41].

After the necessary phenotype changes caused by EMT, cells are able to undergo the
process of intravasation [40]. During intravasation, cancer cells must adhere to endothelial
cells. This interaction is mediated through receptors and ligands of the Notch pathway
[41-43]. Endothelial cells subsequently promote cytoskeletal and membrane remodeling
and the generation of pore-like structures in the endothelium, allowing cancer cells to en-
ter circulation [44,45]. Subsequent survival during circulation presents another great chal-
lenge, mainly due to immune surveillance and pernicious hemodynamic forces [46-48].
However, circulating cancer cells develop mechanisms to escape immune surveillance,
such as the expression of inhibitors of NK receptors or cooperation with platelets [47,49].
Resistance to the hemodynamic forces results from the mechanical adaptation of cells,
which leads to greater stiffness and protection from the plasma membrane damage caused
by the circulation of mechanical stresses [48]. In the early stages of EMT, cancer cells start
to adapt target organs by creating exosomes carrying molecules that can alter the micro-
environment of the target and create a premetastatic niche [15]. Cells that subsequently
enter the premetastatic niche have a higher chance of successfully developing into sec-
ondary tumors.

The process of extravasation begins with the arrival of migrating cells and their cap-
ture in the capillaries due to slower flow, allowing interactions with the endothelium to
be established. This leads to rolling on the endothelium and ultimately to extravasation
[50,51]. Extravasated cells adjust to the microenvironment, benefiting from perivascular
localization, leading to the spread of cancer cells and the growth of secondary tumors
[37,51].

Specifics of the Development of Brain Metastases

Migration toward the brain is supported by the formation of a premetastatic niche,
which enables easier cell survival and the establishment of secondary foci. Formation of
the premetastatic niche could be achieved by influencing the original microenvironment
by the molecules secreted in the form of cancer cells’ extracellular vesicles, or by the accu-
mulation of cells that are responsible for the expression of pro-inflammatory cytokines,
which are later responsible for the guidance of circulating cancer cells [15,52]. However,
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extravasation into the brain is more complicated, in comparison with extravasation into
other organs, due to the blood-brain barrier (BBB) that prevents free molecular transport
to the interstitial fluid of the brain. The BBB consists of microvascular endothelial cells
(BMEC); therefore, to develop BMs, it is essential to disrupt the BBB [53]. In the process of
extravasation, adhesive molecules, such as E-selectin, vascular cell adhesion molecule 1
(VCAM-1), intercellular adhesion molecule 1 (ICAM-1), or very late antigen-4 (VLA-4),
are expressed to ensure interactions between cancer cells and the BBB. Subsequently, the
expression of metalloproteases leads to disruption of the BBB and the entry of cancer cells
into the brain [54,55].

After extravasation, re-epithelization is required. Thus, the reverse process to that of
EMT, called mesenchymal-epithelial transition (MET), occurs. During this process, the re-
expression of epithelial markers, such as E-cadherin, is established, and the expression of
mesenchymal markers is restrained [56,57]. Some extravasated cancer cells can even un-
dergo partial MET to maintain a more aggressive phenotype to further spread in the brain
[58]. After penetration into the brain, cancer cells are surrounded by reactive astrocytes,
the first line of defense of the central nervous system (CNS) [59,60]. Reactive astrocytes
immensely reduce the number of cancer cells that are able to form BMs, and the efficacy
of creating BMs is rather low. However, specific cells can evade this surveillance and sur-
vive [51]. In the brain parenchyma, cancer cells use the support of glial cells, helping them
to form and develop secondary loci to a greater extent [61]. Astrocytes could be used for
the activation of Notch signaling, enabling more effective colonization [62]. Furthermore,
interactions with microglia, leading to aberrant activation of cytokine expression, provide
another level of microenvironment adaptation for a further stimulation of growth of BMs
[63]. However, only a few molecules were described as direct effectors of interactions be-
tween the microenvironment and metastasizing cells in the brain. For example, the plas-
minogen activator (PA) is responsible for plasmin activation or mobilization of the Fas
ligand to kill extravasated cells, although metastasizing cells are capable of producing
molecules, such as neuroserpin and serpin B2, that act against PA and thus evade Fas
ligand-guided apoptosis [51]. Another protein related to the interaction between metasta-
sizing cells and the microenvironment is melanotransferrin. Its binding to membrane or
the presence of soluble protein regulates the capacity of metastasizing cells to migrate,
due to the regulation of plasminogen activation [64,65]. Other molecules are responsible
for the adjustment of the microenvironment, survival, chemoresistance, or activation of
crucial pathways that are responsible for the growth of BMs [66,67].

Cells not only adjust the microenvironment for their needs, they also undergo vari-
ous changes to benefit from the new surroundings. Breast cancer cells are capable of ex-
pressing y-aminobutyric acid (GABA) receptors and transporters or glutamate decarbox-
ylase for the synthesis of GABA from glutamate, all leading to higher energy gains from
the neurotransmitters that are present in the brain [68]. Changes in the expression profiles
also occur at the miRNA level. MiRNAs are highly potent gene expression regulators that
influence the majority of biological processes, including metastasizing. The dysregulation
of the expression of specific miRNAs is indispensable for a successful metastatic cascade
and could provide an interesting tool for the diagnostics of metastasis development [69].

3. MicroRNAs

In addition to protein-coding RNAs, there are other RNA molecules with various
regulatory functions. These are non-coding (ncRNAs) that are not translated into proteins.
One large group comprises the short ncRNAs. That group is further subdivided into sev-
eral subgroups, such as miRNAs, small interfering RNAs (siRNA), and PIWI-interacting
RNAs (piRNA) [70,71]. MiRNAs are responsible for the regulation of the gene expression
of a wide range of protein-coding genes. They have a huge impact on cellular biology.
Moreover, it was found that the dysregulation of various short non-coding molecules is
often connected with human pathologies, including cancer [72,73].
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MiRNAs are single-stranded RNAs with an approximate length of 22 nucleotides
that are encoded in the genome, transcribed into primary miRNA, and finally generated
from hairpin-like precursors. Mature miRNAs are incorporated into the ribonucleoprotein
complex, which is known as the RN A-induced silencing complex (RISC) [74,75]. The RISC
searches for mRNA sequences that are complementary to RISC-associated miRNAs. In
the case of a perfect pairing between a miRNA and its target, mRNA degradation occurs
[76,77]. In the event of non-perfect pairing, translation is stopped, which is often followed
by the degradation of the mRNA [78]. Canonical interactions between mRNA and miRNA
occur in the 3" untranslated region (3'UTR), which is responsible for mRNA stability and
translation efficiency [79,80].

Single miRNA may regulate the expression of a wide variety of mRNA molecules.
Therefore, miRNAs are indispensable regulators of various biological processes, includ-
ing the regulation of cell cycles, apoptosis, differentiation, stress responses, and other pro-
cesses. Their role is crucial at supracellular levels, as they contribute to organ develop-
ment, homeostasis, and immune response. Additionally, redundancy is the typical char-
acteristic of the miRNA pathway. For example, the deletion of 83% of miRNAs in C. ele-
gans did not cause essential dysfunction in development or viability; just 10% miRNA was
sufficient to maintain the normal phenotype of the organism [81]. However, Dicer knock-
out causing complete miRNA depletion led to lethality in the early development stage,
suggesting the indispensability of miRNA machinery for embryonal development [82].

There is also high miRNA redundancy in higher organisms. For example, the knock-
outs of various miRNAs were observed to have no phenotypic effect in mice [83]. How-
ever, a few miRNAs with crucial and irreplaceable roles during development were iden-
tified [84,85]. Various tasks in different biological processes, as well as their dysregulation
function in the context of cancer, suggest that miRNAs could be high-impact molecules in
processes connected with the metastatic cascade.

4. MicroRNAs Involved in the Metastatic Cascade

As indicated, EMT is an important process associated with metastasis. Among the
molecules that regulate EMT, miRNAs are known to be highly potent gene expression
regulators. Therefore, it is no surprise that many miRNA molecules were described in the
context of the specific steps of the metastatic cascade. Molecules with proven biological
effects on metastases and at least a partially explored mechanism of action are discussed
in this section.

Many molecules, including miRNAs, are altered in tumors, due to various genetic
abnormalities, such as chromosomal deletions, amplifications, translocations, or muta-
tions. Furthermore, transcriptional activation or repression, as well as epigenetic changes
and miRNA biogenesis defects, play important roles in the dysregulation of miRNA lev-
els. Dysregulated miRNAs are often found in loci that are susceptible to genetic alterations
[86]. Those alterations could be drivers that cause specific tumors to have a high metastatic
potential. The first steps toward metastasis occur during the early stages of cancer devel-
opment, which allow cells to acquire important qualities that result in a more malignant
phenotype, leading to migration and invasion of surrounding tissue [87]. Phenotypic
changes are accompanied by changes in expression patterns. Therefore, the recognition of
pre-metastatic stages or early metastatic stages of the disease, for example, through al-
tered miRNA expression profiles, could be highly beneficial.. Moreover, micrometastases
or circulating cancer cells are not identifiable by standard procedures. Early capture of
these events could have a significant positive impact on the management of patients with
metastases [88,89]. MiRNAs can potentially provide potent biomarkers for various appli-
cations, including diagnostics, and they are also potential therapeutic targets.
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4.1. MicroRNAs with a Suppresive Function for Metastases Development

The first study on miRNAs in metastases, by Li Ma et al., was published in 2007. In
that study, the miRNA expression of metastasizing breast carcinoma cancer cells was com-
pared with that of normal epithelial breast tissue. Several metastasis-associated miRNAs
were identified; among them, miR-10b was reported as the key molecule in the develop-
ment of metastases in xenograft models. The overexpression of miR-10b led to greater
motility and invasiveness of cancer cell lines via the inhibition of metastasis suppressors,
such as homeobox D10 (HOXD10), neurofibromin 1 (NF1), Kriippel-like factor 4 (KLF4),
or phosphatase and tensin homolog (PTEN), while the miR-10b silencing led to lower tu-
mor growth in vivo and less invasiveness in vitro [90].

The members of the miR-200 family, which are important metastasis regulators, are
responsible for the suppression of the EMT regulators ZEB1 and ZEB2 [91]. ZEBs, on the
other hand, can control the expression of the miR-200 family by binding to the specific
promoter regulation sequences of miR-200 genes. This negative feedback loop is a possible
major regulatory system of EMT [92]. Together with the miR-200 family, the cluster miR-
183~96~182 was described as an important player in the inhibition of metastasis develop-
ment. In lung cancer, miRNAs of this cluster, together with the miR-200 family, inhibit
forkhead box F2 (FOXF2), an inhibitor of E-cadherin [93]. A similar regulation loop to that
of miR-200-ZEB1/2 is found in breast cancer, where miR-203 reduces the expression of
Snail2, another important inductor of EMT [94]. Interestingly, miR-200a is associated with
prometastatic abilities, such as resistance to anoikis in breast cancer. MiR-200a silences
yes-associated protein 1 (YAP-1), as well as other proapoptotic genes, such as phorbol-12-
myristate-13-acetate-induced protein 1 (PMAIP1/NOXA), B-cell lymphoma 2 (Bcl-2) asso-
ciated X protein (BAX) or Bcl-2-like protein 1 (BCL2L11/BIM), a process that correlates
with the higher metastatic potential in breast cancer cells with upregulation of this specific
miRNA [95].

MiR-142-3p, another miRNA associated with the metastatic stages of breast cancer,
targets BTB domain and CNC homolog 1 (BACH-1). BACH-1 regulates the migration and
invasiveness of breast carcinoma cells. By upregulating miR-142-3p, the metastatic poten-
tial of breast cancer cells is reduced due to the inhibition of other important molecules for
metastasizing, such as C-X-C chemokine receptor type 4 (CXCR4), matrix metalloprotein-
ase-9 (MMP9), or vascular endothelial growth factor receptor (VEGFR), and the expres-
sion of protective miRNAs, such as miR-330, miR-145, and miR-34a, is initiated [96]. MiR-
34a is one of the key regulators of EMT. In hypoxic conditions, hypoxia-inducible factor
la (HIF-1a) represses the expression of miR-34a in tumor protein 53 (TP53)-mutated CRC
cells, which leads to hypoxia-induced EMT through activation of signal transducer and
activator of transcription 3 (STAT3). Therefore, the silencing of miR-34a and STAT3 acti-
vation is one of the initial crucial steps in the activation of EMT [97].

4.2. Metastases Promoting microRNAs

Among oncogenic miRNAs, synergistic effects are often seen, as in the case of mole-
cules miR-199a-3p, miR-199a-5p, and miR-1908 in melanoma. These miRNAs target the
Dna] heat shock protein family (HSP40) member A4 (DNAJA4) and the Apolipoprotein E
(APOE). DNAJA4 inhibits metastases through the upregulation of APOE, which is the
central molecule of this pathway. APOE is secreted by melanoma cells and targets the low
density lipoprotein receptor-related protein 1 (LRP1) receptor on other melanoma cells
and the LRP8 receptor on endothelial cells, leading to the inhibition of migration of mela-
noma cells [98]. In melanoma, another miRNA molecule, miR-214, is prometastatic. MiR-
214 silences cell adhesion molecule 1 (CADM1), a known tumor suppressor, thus leading
to higher migration and invasion of melanoma cells and EMT promotion, in which miR-
214 contributes to annoikis resistance and subsequently to extravasation [99,100]. The rel-
evance of the miR-199/miR-214 cluster was also described in triple negative breast carci-
noma (TNBC); however, in TNBC, the overexpression of miRNAs from the miR-199/miR-
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214 cluster leads to the inhibition of EMT, higher expression of epithelial markers E-cad-
herin and 3-catenin, and decreased expression of the mesenchymal marker SNAIL2 (also
known as SLUG) [101]. MiR-212-5p is another molecule that is connected to TNBC. The
upregulation of miR-212-5p leads to the inhibition of invasiveness of cancer cells in vitro
and lower tumorigenicity and metastasis formation in vivo. By upregulating miR-212-5p,
EMT is suppressed, leading to higher expression of E-cadherin and, in contrast, lower
expression of vimentin. The molecular target for miR-212-5p is PRRX2, a transcription
coactivator induced by TGEF-f3 [102]. Furthermore, miR-19b is related to the higher meta-
static potential of TNBC, as it lowers the levels of myosin regulatory light chain interacting
protein (MYLIP), the protein of the ezrin, radixin, and moesin (ERM) family. Upregulation
of miR-19b is also connected with the downregulation of E-cadherin and the higher ex-
pression of ICAM-1 and Integrin (1. The higher migration rate and invasiveness is also
connected with the acquired phenotype of cells with upregulated miR-19b [103].

During intravasation, proteases play a crucial role in the destruction of cell junctions
and in the escape of metastasizing cells into circulation. Their expression is also regulated
by miRNAs. MiR-1258 targets heparanase, an endoglycosidase that cleaves heparan sul-
phate, releasing growth and heparin-bonded angiogenic factors that are stored in ECM.
MiR-1258 downregulates heparanase, leading to the disruption of the heparanase path-
way, lower phosphorylation of Akt and epidermal growth factor receptor (EGFR), and the
downregulation of cyclooxygenase-2 (COX2) and MMP9, which are responsible for the
destruction of ECM and cell junctions [104]. In addition, miR-139-5p causes the downreg-
ulation of MMPs, particularly MMP7 and MMP?9, by inhibiting Notch signalization [105].
MMP9 expression is also reduced by miR-194 and the downregulation of the ERK-MMP9
pathway [106]. Another metalloprotease MMP2 is upregulated by miR-194, which sup-
ports the colonization of distant organs by circulating cancer cells [107]. Other miRNAs
are connected to EMT indirectly. For example, the miR-103/107 family attenuates miRNA
biogenesis by targeting Dicer, leading to the downregulation of the important protective
miR-200 family. Downregulation of miR-200 causes the induction of EMT by the tran-
scription factors ZEB1 and ZEB2, leading to the dissemination of breast cancer cells [108].

4.3. MicroRNAs Involved in the Premetastaci Niche Formation and Microenvironment
Modulation

Extracellular microvesicles could also be involved in the metastatic cascade, as they
play a crucial role in the formation of a premetastatic niche. MiR-21 is secreted to the liver,
where it is recognized by macrophages and stimulates their polarization and interleukin-
6 (IL-6) production. Secreted IL-6 upregulates miR-21 recruitment, leading to inflamma-
tion and the formation of a premetastatic niche that attracts and supports the mestastisiz-
ing of CRC cells into the liver [109]. In addition, other miRNAs, including miR-25-3p, miR-
130b-3p, or miR-425-5p, were observed to be secreted to the liver to prepare the premeta-
static niche for CRC cells in the same way as miR-21 [110]. Furthermore, exosomes pro-
duced by cells other than cancer cells could be highly potent in the promotion of metasta-
sis. For example, miR-223, contained in microvesicles produced by activated macro-
phages, is responsible for a more aggressive phenotype of recipient cells [111].

Another level of regulation of metastasis development through microvesicles secre-
tion was described by Zhou et al. [112]. In that study, maturated miRNAs released in ex-
osomes were received by endothelial cells. One of these miRNAs was miR-105, which is
responsible for the downregulation of tight junction protein 1/zonula occludens-1 (ZO-1)
protein, a crucial component of tight junctions in endothelial cells. Together with the in-
ternalization of occludin, higher levels of miR-105 led to endothelial barrier destruction,
causing enormous facilitation of extravasation for cells secreting exosomes containing
miR-105 in vitro. In addition, the presence of miR-105-containing exosomes led to higher
number of metastases in vivo. Although miR-105 was not responsible for alterations in
cell proliferation, it enabled easier penetration through the endothelial barrier of distant
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organs. Interestingly, the miR-105 levels in the serum of patients were correlated with the
development of distant metastases [112].

MiRNAs, which are dysregulated in biofluids, are at the peak of scientific interest in
applied cancer research, as they are believed to be a promising tool for early revelation of
metastasis development and subsequent changes in patient therapy, possibly leading to
prolonged survival. Therefore, the elucidated role of miRNAs, such as miR-105, in metas-
tasis formation supports their potential use as potent biomarkers.

The miRNAs involved in different stages of the brain metastasis cascade are shown
in Figure 1.
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Figure 1. Overview of the involvement of specific miRNAs in a metastatic cascade toward the brain.

5. MicroRNAs Involved in Brain Cancer Metastases

Given the evidence in the previous section, in the last two decades, many miRNAs
have been described in the context of specific steps of the metastatic cascade or associated
with the overall metastatic stage of disease. However, studies focused on the role of miR-
NAs in BMs are rare and mostly performed in only five major groups of tumors that me-
tastasize into the brain: lung carcinoma, breast carcinoma, melanoma, RCC, and CRC.
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5.1. MicroRNAs in Lung Cancer Brain Metastases

For both men and women, lung carcinoma is the second most common cause of death
in the context of cancer. It is the most common cause of cancer-related deaths in general
[113,114]. The most important complications for lung carcinoma patients are metastases,
as up to 45% of all lung carcinomas metastasize into the brain. Lung carcinomas are the
most common tumors that form BMs [115-117]. Among the miRNAs mentioned in Section
4, only miR-21 was observed to affect the development of BMs in patients with lung can-
cer, and its lower expression was correlated with better patient prognosis [118]. MiR-21
was also detected as upregulated in patients with BMs that originated from NSCLC, sug-
gesting its role as a potential biomarker for the development of BMs in NSCLC [119]. Fur-
thermore, the miR-21 promoter was described as a target for STAT3, another important
molecule in cancer. STAT3 is capable of modulating miR-21 expression, and the overex-
pression of miR-21 offsets the effects of STAT3 knockdown, such as reduced proliferation,
self-renewal, or migration, suggesting the importance that the STAT3/miR-21 pathway
presents in BMs of lung cancer [120].

5.1.1. MicroRNAs with a Suppresive Function for Metastases Development in Lung
Cancer

Among miRNAs with suppressive effects in the development of lung carcinoma BMs
is miR-768-3p, which is significantly reduced in lung carcinoma cells that are co-cultured
with astrocytes. MiR-768-3p targets K-Ras, the regulator of cell viability and a promoter
of chemoresistance. The cause of miR-768-3p downregulation is probably found in the
brain microenvironment, as its expression is higher in primary tumors [121]. In addition,
miR-193b downregulation occurs in BMs of lung cancer. MiR-193b is a dual-strand tumor
suppressor, as restoration of its expression from both strands leads to a decrease in the
metastatic potential of cells, due to the inability of the cells to invade and migrate. Both
miRNAs (miR-193b-3p and miR-193b-5p) target cyclin D1 (CCND1), Ajuba, and heart de-
velopment protein with EGF like domains 1 (HEGL1), and the silencing of their expression
acts against BM formation [122]. The mechanism of miRNA action is also affected by other
molecules, as in the case of miR-215-3p, which is downregulated in lung carcinomas that
metastasize into the brain due to the sponging activity of IncRNA Inc-REG3G-3-1. Down-
regulation of miR-215-3p leads to higher cell viability, migration, invasiveness, and ex-
pression of leptin and solute carrier family 2 member 5 (SLC2A5), followed by significant
upregulation of VEGF, serine/threonine/tyrosine interacting like 1 (STYXL1), and flavin
adenine dinucleotide synthetase 1 (FLAD1) mRNA levels and downregulation of Akt,
phosphoinositide 3-kinase (PI3K), and sex-determining region-box transcription factor 4
(SOX4) mRNA levels. Higher leptin expression plays a crucial role in the promotion of
metastases, especially due to the activation of the mammalian target of rapamycin
(mTOR) pathway [123].

Another miRNA that acts as a tumor suppressor in lung carcinoma BMs is miR-217,
which targets sirtuin 1 (SIRT1), an nicotinamide adenine dinucleotide (NAD)-dependent
deacetylase that inhibits tumor protein p53. Higher levels of miR-217 lead to lower migra-
tion and viability of lung carcinoma cells and lower expression of MMP9 [124]. Further-
more, miR-145 is downregulated in lung carcinoma BMs, compared with primary tumors.
However, there is no difference in miR-145 expression between tumors that can or cannot
metastasize to the brain. The downregulation of miR-145 is caused by the methylation of
its promoter and is followed by the upregulation of EGFR, octamer-binding transcription
factor 4 (OCT4), mucin 1 (MUC1), c-Myc, and tumor protein D52 (TPD52). Therefore,
lower levels of miR-145 lead to higher proliferation of cell lines derived from lung adeno-
carcinomas [125,126]. In cells of lung adenocarcinoma with brain tropism, miR-95-3p is
downregulated together with inversely upregulated cyclin-D. MiR-95-3p can directly reg-
ulate cyclin D1 levels, with lower levels of cyclin D1 leading to lower invasiveness, colony
formation, and a proliferation of lung cancer cell lines with brain tropism. Higher levels
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of miR-95-3p also suppress the formation of BMs of lung adenocarcinoma and prolong
overall survival (OS) and brain metastasis free survival (BMFS) [127].

5.1.2. Metastases Promoting MicroRNAs in Lung Cancer

Oncogenic miRNAs involved in the formation and development of lung carcinoma
BMs are less described in the literature. MiR-378 is significantly overexpressed in NSCLC
that further metastasizes to the brain. The overexpression of miR-378 contributes to sur-
vival, migration, and invasiveness, mainly due to the higher expression of VEGF, MMP2,
and MMP9 and the downregulation of suppressor of fused homolog (SUFU). MiR-378 is
also involved in the formation of vasculogenic mimicry [128]. In addition, miR-328 is up-
regulated in lung carcinoma that metastasizes to the brain, concurrently in primary tumor
and secondary loci. The higher expression of miR-328 is responsible for the higher migra-
tory capacity of primary tumor cells [129]. Patients with a higher expression of miR-143-
3p typically have worse OS, and the expression of this miRNA is correlated with the oc-
currence of BMs and the overall progression of the disease. MiR-143-3p causes cell migra-
tion, invasiveness, and phenotype changes that are accompanied by the higher expression
of mesenchymal markers in vitro. Furthermore, the downregulation of the direct target of
miR-143-3p, vasohibin 1 (VASH1), causes decreased ubiquitylation of vascular endothe-
lial growth factor A (VEGFA) and depolymerization of tubulin. The overexpression of
miR-143-3p also has a tremendous impact on invasiveness and on the passage through
the BBB, which supports the dissemination of lung cancer cells into the brain [130].

5.1.3. MicroRNAs with Diagnostic and Prognostic Potential in Lung Cancer Metastases

Some miRNAs were identified as valuable diagnostic and prognostic biomarkers in
lung carcinoma BMs, such as miR-let-7a, miR-330-3p, and miR-375. MiR-let-7a shows
lower expression in the serum of patients with lung cancer with developed BMs, com-
pared with the expression in patients without BMs. The higher level of miR-let-7a in se-
rum is also a favorable factor for the efficiency of radiotherapy in patients with BMs. MiR-
let-7a is also capable of reducing the proliferation of lung cancer cells in vitro [131]. MiR-
330-3p significantly differentiates lung carcinoma patients with developed BMs from pa-
tients without them. At the same time, miR-330-3p can predict the formation of BMs. A
higher expression of miR-330-3 causes higher proliferation, migration, invasiveness, and
angiogenesis, as well as lower apoptosis in vitro. Higher levels of miR-330-3p lead to the
promotion of tumorigenesis and BMs formation in vivo. The direct target of miR-330-3p
is glutamate ionotropic receptor alpha-amino-3-hydroxy-5-methyl-4-isoxazole propio-
nate type subunit 3 (GRIA3); a higher expression of GRIA3 causes a lower expression of
TGF-f1, which is the main regulator of EMT. Therefore, miR-330-3p significantly influ-
ences the ability of lung cancer cells to develop metastasis; its inhibition leads to the inhi-
bition of EMT through the miR-330-3p/GRIA/TGF-f1 pathway [132]. MiR-375 is down-
regulated in NSCLC that forms BMs, in comparison with tumors that do not form BMs. A
significant downregulation of miR-375 is correlated with the advanced stage of the disease
and the number of BMs, and is also correlated with poorer OS [133].

Another miRNA, miR-1207-5p, has a specific role in the development of BMs in lung
cancer patients. The inhibition of this miRNA by the long ncRNA (IncRNA) Inc-MMP2-2
causes significantly lower expression of the endothelial marker vascular endothelial (VE)-
cadherin and proteins of tight junctions, such as ZO-1, claudin-5, and occludin. In contrast,
the mesenchymal marker N-cadherin is upregulated in BBB cells. All of these alterations
in gene expression led to a higher permeability of the BBB, allowing easier penetration
into the brain. The main mechanism is the upregulation of erythrocyte membrane protein
band 4.1 Like 5 (EPB41L5), which is a direct target of miR-1207-5p. EPB41L5 further pro-
motes endothelial-mesenchymal transition, destroying tight junctions, and inducing the
permeability of the human brain microvascular endothelial cell (HBMEC) monolayer.
Lnc-MMP-2 is exported through cancer cells exosomes into BBB cells and acts as a sponge
for the protective miR-1207-5p. Therefore, cancer cells can indirectly influence cells that
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form the barrier and disrupt their ability to prevent cancer cells from entering the brain
[134].

5.2. MicroRNAs in Breast Cancer Brain Metastases

Breast carcinomas are distinguished by the expression of receptors on the carcinoma
cells” surfaces. Hormone receptor-positive tumors express receptors for estrogen and pro-
gesterone. HER2+ tumors express HER2 receptors. If none of these receptors are ex-
pressed, the tumors are classified as TNBC, with the worst possible prognosis [135]. The
most common targets for breast carcinoma metastases are the lungs, the liver, and the
brain, followed by the bones and the skin [136]. Among patients with breast cancer, 15%
to 25% develop metastases in the CNS [137]. The largest proportion of BMs is found in the
brain parenchyma (78%), usually in the form of multiple metastases, although solitary
metastases are also found [138]. Significant differences are observed in the tendencies of
different subtypes of breast carcinoma to metastasize to the brain. The greatest inclination
to metastasize in the brain is seen in HER2 + and TNBC tumors [139].

With a few exceptions, the differences in the expression of specific miRNAs between
various subtypes of metastasizing breast tumors, with different organ tropisms, are not
known. Nevertheless, the identification of miRNAs that differentiate between tumors that
are likely to metastasize to the brain could have a huge diagnostic impact. However, there
are a few obstacles in the way to identifying robust biomarkers for monitoring of the me-
tastasizing processes. One complication is that miRNA profiles are rather dynamic and
change throughout the progression of the disease. Some miRNAs that are dysregulated in
the beginning of a metastatic cascade are not dysregulated in later stages. Luckily, some
miRNAs seem to follow a steady trend of expression in the whole process of metastases
development. For example, miR-802-5p and miR-194-5p, are downregulated in blood
plasma in the early stages of the metastatic cascade, long before the development of brain
macrometastases. Their common target is myocyte enhancer factor 2C (MEF2C), which is
highly expressed in BMs; its expression level increases with the size of the macrometasta-
ses. MEF2C is a transcription factor with downstream targets, such as MMP10 and VEGF
[140]. The study by Figueira et al. described not only the downregulation of miR-802-5p
and miR-194-5p, but also the upregulation of miR-92a-1-5p, miR-205-5p, and miR-181a-1-
3p; they also confirmed that miRNA levels in blood plasma correlate with their expression
in BMs. While miR-205-5p is upregulated solely in metastasizing cells, miR-194-5p is
downregulated not only in metastasizing cells but also in BBB cells, suggesting, perhaps,
an important role in microenvironment modulation. Notably, the interactions between
metastasizing cells and cells of the BBB are responsible for the upregulation of miR-181a-
1-3p, suggesting a possible important role of this miRNA in the interactions between can-
cer cells and BBB. The mechanism and the reasons behind the downregulation of miR-
802-5p are currently unknown [141].

Debeb et al. described the involvement of some of the previously mentioned miRNAs
from the miR-200 family in the formation of breast BMs. Breast cancer cells metastasizing
to the brain have a different, more epithelial-like phenotype and a higher expression of E-
cadherin, which could be an important factor for migration toward the brain. Therefore,
miRNAs promoting E-cadherin expression, such as those in the miR-200 family, could
play an important role in metastasis tropism. MiR-200 highly influences E-cadherin ex-
pression. Therefore, this miRNA could potentially be highly impactful in the formation of
BMs. Despite this, the knockdown of miR-200a has not shown a significant impact on the
frequency of BMs formation, unlike the knockdown of miR-141, which, however, does not
affect the formation of lung metastases. Higher levels of miR-141 in serum are associated
with poorer OS and progression-free survival in patients with metastatic breast cancer
[142].
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5.2.1. MicroRNAs with a Suppresive Function for Metastases Development in Breast
Cancer

In the context of breast cancer, the downregulation of miR-7 could significantly con-
tribute to the metastatic potential of breast cancer stem cells. A low expression of miR-7 is
typical for mammospheres; it is assumed that lower levels of miR-7 are responsible for the
self-renewal of cancer stem cells (CSC). MiR-7 targets KLF4, a crucial regulator of CSC
stemness, regulating the expression of the TGF-f31 and Notch pathways. In vivo upregu-
lation of miR-7-2 was shown to lead to a significant decrease of BM formation, with no
effect on the formation of bone metastases [143]. Similarly, miR-146a is downregulated in
breast carcinoma cell lines with higher tropism for the brain, compared with cell lines that
do not metastasize into the brain. Lower levels of miR-146a lead to increased cell migra-
tion and invasiveness. In contrast, the upregulation of miR-146a is accompanied by an
increased expression of (3-catenin and a downregulation of heterogeneous nuclear ribo-
nucleoprotein C (hnRNPC). The downregulation of hnRNPC is connected with the sup-
pression of the Akt pathway, as well as with the lower expression of key MMPs, leading
to the inhibition of BM development [144].

In primary tumors, miR-509 is highly expressed. However, as the metastatic cascade
progresses, miR-509 must be silenced, as it regulates two essential genes for metastasiz-
ing— Ras homolog family member C (RhoC) and tumor necrosis factor o (TNFa). A
higher expression of RhoC and TNFa causes a higher expression of MMP9 and a higher
permeability of BBB. The downregulation of miR-509 is, therefore, important for the ex-
travasation process and leads to increased invasiveness of metastasizing cells [145]. An-
other miRNA, miR-211, probably acts in the context of extravasation and is upregulated
in cells with brain tropism, but its expression is significantly higher in the brain, compared
with the primary loci. The upregulation of miR-211 also leads to poor survival and a
higher number of metastases in vivo. MiR-211 increases the ability of cancer cells to adhere
to the BBB and simultaneously increases their transmigration capacity through the BBB.
In addition, miR-211 probably supports the stemness of cells, as it is upregulated in CSCs
and spheres in vitro. The target genes are SOX11 and neurogenin 2 (NGN2), whose ex-
pression prevents higher adhesion to the BBB, development of metastases, and survival
[146].

5.2.2. MicroRNAs Involved in the Extravasation and Colonization of the Brain in Breast
Cancer Metastases

In the process of disrupting the BBB and extravasation, exosomes play a crucial role.
MiR-181c¢, which is secreted in exosomes derived from breast cancer cells, causes the de-
struction of the BBB by delocalizing actin filaments, due to the downregulation of phos-
phoinositide-dependent kinase 1 (PDPK1). Malfunctions in the localization of actin fila-
ments lead to abnormally tight junctions and the destruction of cell-to-cell contacts. Ex-
tracellular vesicles produced by circulating cancer cells could be one of the main causes
of the formation of BMs, as they are able to completely disrupt BBB and allow extravasa-
tion in the brain. While miR-181c is not upregulated in the primary tumor, higher levels
of miR-181c were detected in blood plasma of BM patients [147]. Another exosome-con-
tained miRNA involved in the metastatic cascade is miR-503, which promotes the conver-
sion of M1-M2 in microglia and modifies the brain microenvironment, allowing cells to
attach and grow more easily. This action is boosted by the increased expression of pro-
grammed death-ligand 1 (PD-L1) in microglia, suppressing the immune surveillance and
allowing tumor cells to spread into the brain [148].

An interesting mechanism of action was observed when PTEN was lost in breast can-
cer BMs. While the loss of PTEN is typical for some primary brain tumors, it is found in
breast cells only when it is in the cells that metastasize into the brain. If breast cancer cells
subsequently intravasate from the secondary loci in the brain, the PTEN expression is re-
stored. Therefore, the loss of PTEN is not caused by cancer cells themselves, but by the
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brain microenvironment, which, therefore, plays a crucial role in its downregulation. Spe-
cifically, miR-19a, which is contained in astrocyte-secreted exosomes, causes the down-
regulation of PTEN, which subsequently leads to the activation of the NF-xB and Akt
pathways and to an increased expression of C-C motif chemokine ligand 2 (CCL2), fol-
lowed by the recruitment of ionized calcium-binding adapter molecule 1 (IBA-1)-express-
ing myeloid cells. MiR-19a secretion is, thus, responsible for the promotion of BM growth,
proliferation, and the reduction of apoptosis [15]. Additionally, miR-122 is secreted in the
form of extracellular vesicles and causes a decrease in glucose uptake and a lower expres-
sion of glucose transporter 1 (GLUT1) and pyruvate kinase isozyme M2 (PKM2) in the
target cells, as miR-122 targets pyruvate kinase and citrate kinase. Astrocytes that receive
those vesicles suffer from subdued glucose uptake, while metastasizing cells utilize a
higher amount of glucose, causing them to proliferate more intensively. Therefore, miR-
122 can prime the premetastatic niche and support the colonization and formation of new
metastases [149].

5.3. MicroRNAs in Melanoma Brain Metastases

Cancers that do not metastasize to the brain as often as lung or breast carcinomas
receive less scientific interest, which is also the case with the research on miRNAs’ influ-
ence on the formation of their BMs. However, several studies have attempted to elucidate
the roles of specific miRNAs in the pathology of BMs that are derived from melanoma,
CRC, and RCC. Of these three, melanoma is the most frequently associated with the for-
mation of BM. The incidence of melanoma is constantly rising, and among all skin cancers
worldwide, melanoma is responsible for most deaths. Melanoma arises from melanocytes,
a minor population of skin cells with very low proliferation that is responsible for melanin
production. Soon after the formation of melanoma, small tumors may already have a high
metastatic potential [150].

Generally, in melanoma metastases, the miRNA cluster miR-224-5p/miR-452 was de-
scribed as responsible for EMT induction and cytoskeletal conversion, increased migra-
tion capacity, and invasiveness. MiRNAs from the cluster miR-224-5p/miR-452 target tu-
mor suppressor of metastases thioredoxin-interacting protein (TXNIP). The downregula-
tion of TXNIP is important for the E2F transcription factor 1 (E2F1)-mediated induction of
EMT [151]. Another miRNA, miR-542-3p, which targets serine/threonine protein kinase
Pim-1, is downregulated in melanoma metastases. The upregulation of this miRNA re-
sults in the inhibition of cell migration, invasion, and EMT [152].

The study by Mikkelsen et al. described global miRNA profiling with the aim of find-
ing miRNAs that could significantly differentiate between metastasizing and non-metas-
tasizing melanomas. They identified six downregulated miRNAs (miR-34a-3p, miR-548f-
4, miR-1270, miR-1290, miR-4278, and miR-4528) and nine upregulated miRNAs (miR-
518a-5p, miR-527, miR-575, miR-622, miR-4501, miR-4654, miR-4698, miR-6759-5p, and
miR-8078) in metastasizing melanomas, compared their non-metastasizing counterparts.
Six miRNAs were described as significantly dysregulated between distant metastases and
primary tumor tissue (miR-184, miR-302d-5p, miR-658, miR-1246, miR-4427, and miR-
3084) [153].

Bustos et al. dealt with the identification of circulating cell-free miRNAs that differ-
entiated between patients with metastasizing melanoma and healthy controls, revealing
29 circulating miRNAs that are deregulated in metastasizing melanoma. They also com-
pared the miRNA expression profiles in the plasma of BMs of lung and breast cancer,
glioblastoma patients” plasma, and melanoma BMs patients” plasma. Six miRNAs were
specific for melanoma BMs (miR-671-5p, miR-4664-3p, miR-4665-3p, miR-5694, miR-6741-
3p, and miR-6796-3p) [154]. A study by Hanniford et al. dealt with the prediction of the
formation of BMs from melanoma. After comparing melanomas with developed BMs and
those without BMs, they identified four significantly dysregulated miRNAs (miR-15b-5p,
miR-16-5p, miR-150-5p, and miR-374b-3p). Subsequently, miR-150-5p was described as
involved in the suppression of cell proliferation, migration, and invasiveness through sine
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oculis homeobox homolog 1 (SIX1) inhibition. The downregulation of SIX1 causes limita-
tions of glycolysis, due to the decrease in glucose uptake, lactate production, or adenosine
triphosphate (ATP) generation [155,156].

5.4. MicroRNAs in Colorectal Carcinoma Brain Metastases

CRC is the most common cancer affecting the digestive tract. Despite more advanced
therapy approaches and longer patient survival, BMs are becoming a more common prob-
lem in the treatment of CRC. Although BMs in CRC are relatively rare compared with the
diagnoses mentioned above, it is estimated that up to 1% to 4% of patients with CRC de-
velop BMs. Moreover, the incidence of BMs in CRC is increasing over time [157].

Li et al. studied the miRNA expression in primary tumors and CRCs that metastasize
into the brain, finding 19 dysregulated miRNAs and 17 upregulated in BMs. MiR-125b
was further analyzed by RT-qPCR, and its upregulation in CRC BMs was verified. How-
ever, several issues arose with this study, mainly due to a relatively small cohort of pa-
tients, so the results were not sufficient to consider in the context of CRC [158]. However,
some of the miRNAs that were analyzed, such as miR-145 and miR-31, were also de-
scribed in other brain malignancies, such as glioblastoma, suggesting a possible role in the
pathology of brain tumors [159,160]. Additionally, miR-590-5p is among miRNAs that are
potentially responsible for metastatic reversal in CRC. It suppresses reversion inducing
cysteine rich protein with Kazal motifs (RECK), and inversely upregulates levels of focal
adhesion kinase (FAK), Akt, and Rac family small GTPase 1 (RAC1), leading to the for-
mation of tumor protrusions and increasing cell mobility. This miRNA is sensitive to hy-
poxia and could be responsible for the acquisition of abilities that allow CRC cells to me-
tastasize [161].

5.5. MicroRNAs in Renal Cell Carcinoma Brain Metastases

RCC is a malignant carcinoma of the kidney and represents around 3% of all malig-
nant tumors [162]. The most common subtype of RCC is clear cell RCC (ccRCC), which
accounts for approximately 70% of all RCCs. Other subtypes are papillary RCC, chromo-
phobe RCC, nephron and collecting system RCC, and non-classified RCC [163]. Although
RCC is the fourth most common cancer that metastasizes to the brain, currently only one
general article is available on the involvement of miRNAs in the process.

In the context of RCC metastasis, miR-10a is responsible for the downregulation of
BDNF, which otherwise supports the expression of MMPs and, therefore, plays a crucial
role in RCC metastases [164]. Furthermore, Heinzelmann et al. identified miR-10b as
downregulated in the BMs of RCC, compared with primary tumor tissues. Among other
analyzed miRNAs, miR-30c was the most downregulated in RCC BMs, compared with
normal kidney tissue, nonmetastatic primary ccRCC, and other metastatic primary ccRCC
[165].

Several other miRNAs could be related to the metastatic behavior of RCC. MiR-206
is significantly downregulated in primary tumor tissue compared with adjacent non-tu-
mor tissue; moreover, lower levels of miR-206 relate to the onset of BMs. An increase in
miR-206 levels leads to decreased invasiveness and migration of cancer cells, targeting
VEGFA, potent molecules that are connected to metastatic cascade [166]. MiR-384 is also
downregulated, as it targets astrocyte elevated gene 1 (AEG1), the downstream target of
Ha-ras. The upregulation of miR-384 leads to the suppression of invasiveness and migra-
tion of RCC cells, as it influences Wnt signaling [167]. In addition, the downregulation of
miR-588 leads to higher expression of eukaryotic translation initiation factor 5A2
(EIF5A2), causing higher migration, invasiveness, and metastatic potential [168].

The list of miRNAs specifically deregulated in brain metastases is shown in Table 1.
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Table 1. MicroRNAs specifically dysregulated in brain metastases originating from specific primary
tumors (LC = lung carcinoma, NSCLC = non-small cell lung carcinoma, K-Ras = protein encoded by
Kirsten rat sarcoma virus (KRAS) oncogene, BBB = blood-brain barrier, EMT = epithelial-mesenchy-
mal transition, BC = breast carcinoma, TNBC = triple negative breast carcinoma, CSC = cancer stem
cells, BM = brain metastasis, HS = homo sapiens, CRC = colorectal carcinoma, RCC = renal cell car-

cinoma).
microRNA Primary Tumor Dysregulation Role in Metastases Origin References
P - f coll mi . -
miR-21 LC, NSCLC Up romotion of cell migration, INVasion, .o calls [118-120]
proliferation, and angiogenesis
miR-768-3p LC Dow Brain colonization via K-Ras Cancer cells  [121]
expression enhancement
miR-193b LC Down Inhibition of cell migrationand = | s [122]
invasion
miR-215-3p LC Down Not specified Cancer cells [123]
miR-217 LC, NSCLC Down Inhibition of cell viability and o canie (124
migration
miR-145 LC Down Inhibition of cell migration Cancer cells  [125,126]
miR-95-3p LC Down ' Il’lhll')ltlon of ?ell proh.feratlon 'and Cancer Cells [127]
invasiveness via targeting Cyclin D1
Promotion of cell migration,
miR-378 LC, NSCLC Up invasiveness and vasculogeny Cancer cells [128]
mimicry
miR-328 LC, NSCLC Up Promotion of primary tumor cells o ois 129]
migration
. Promotion of cell migration,
miR-143-3p LC Up . . Cancer cells [130]
invasiveness, and BBB passage
let-7a LC Down Inhibition of cell proliferation Cancer cells [131]
miR-330-3p LC, NSCLC Up EMT promotion Cancer cells [132]
miR-375 LC, NSCLC Down Not examined Cancer cells [133]
Brain
. . . microvascular
miR-1207-5p LC Down Promoting BBB permeability endothelial [134]
cells
miR-802-5p BC, TNBC Down Not known Not known [140,141]
. Supposedly promotion of passage Cancer cells,
miR-194-5p BC, TNBC Down through BBB BEB cells [140,141]
. . Cancer cells,
miR-92a-1-5p BC, TNBC Up Not examined BBB cells [141]
miR-205-5p BC, TNBC Up Not examined Cancer cells [141]
. . Cancer cells,
miR-181a-1-3p BC, TNBC Up Not examined BBB cells [141]
miR-141 BC Up Not examined Cancer cells [142]
miR-7 BC Down Inhibition of CSC self-renrewal CSC [143]
miR-146a BC Down Inhibition O,f cell .mlgratlon and Cancer cells [144]
invasion
- . Upregulated in
Inhibit f ext tion, BBB
miR-509 BC Down ibition O_ & rayasa ron metastasizing [145]
disruption
cells
Upregulated in
miR-211 BC, TNBC Up Promotion of passage through BBB  metastasizing [146]
cells
Cancer cells
miR-181c BC Up BBB disruption, Extravasation (secreted via [147]

exosoms)
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Cancer cells
miR-503 BC Up Microenvironment modulation (secreted via [148]
exosoms)

Promotion of BM growth, proliferation

miR-19a BC Up and inhibition of apoptosis Astrocytes [15]
Cancer cells
miR-122 BC Up Microenvironment modulation (secreted via [149]
€X0soms)
miR-224-5p/miR-452 cluster Melanoma Up EMT promotion Cancer cells [151]
miR-542-3p Melanoma Down EMT Inhibition Cancer cells [152]
miR-671-5p, miR-4664-3p,

miR-4665-3p, miR-5694, miR-  Melanoma Up Not Examined Not stated [154]

6741-3p, and miR-6796-3p

Inhibiti f cell proliferati
miR-150-5p Melanoma Down nhibition of cell proliferation, Cancer cells  [155,156]

migration and invasivness

miR-199a, miR-133a, miR-145,
miR-143, miR-10b, miR-1,
miR-199a-5p, miR-145-3p,
miR-125b, miR-133b, miR-22, CRC Up Not examined Cancer cells [158]
miR-126-5p, miR-146a, miR-
28-5p, miR-576-5p, miR-199b-

5p, HS_287
miR-31, HS_170 CRC Down Not examined Cancer cells [158]
miR-590-5p CRC Up Cell mobility promotion Cancer cells [161]
miR-10b, miR-30c RCC Down Not examined Cancer cells [165]
miR-206 RCC Down Inhlbltlor% of celll migration and Cancer cells [166]
invasiveness

6. Conclusions

BMs are a relatively common and destructive event in the later stages of cancer that
severely affect patients’ the quality of life. During the last few years, the incidence of BMs
has increased, mainly due to more efficient therapies and the prolonged survival of cancer
patients, which lead to longer times for metastasizing cells to penetrate the blood-brain
barrier and colonize the brain. To predict the risk of the formation of BMs in patients with
tumors that are known to metastasize frequently toward the brain, new predictive and
diagnostic biomarkers are urgently needed. The current diagnostic methods are not able
to uncover metastasizing cells or circulating cancer cells; however, there is great potential
for identifying molecules that could be responsible for the origin of metastasis develop-
ment. Their dysregulated expression could be a valuable predictor of the progression of
the disease. Among these molecules, small RNA regulatory molecules, such as mi-
croRNAs, seem to be very promising, as they are potent and stable regulators of crucial
biological processes. MiRNAs are often dysregulated in various cancers, with some being
described in the context of the metastatic cascade in different types of tumors. Therefore,
the identification of miRNAs with the ability to differentiate tumors that are prone to me-
tastasizing to the brain will be greatly beneficial for patients with BMs. In addition, miR-
NAs that can distinguish BMs from the tumors of primary origin could be a cornerstone
for more personalized treatment of BMs patients, even in cases of unknown origin. All in
all, the current evidence suggests that miRNAs are potent players in the metastatic cas-
cade and may serve as promising biomarkers or therapeutic targets for patients with brain
metastases.
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