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A B S T R A C T   

Brain metastases in breast cancer (BC) patients are often associated with a poor prognosis. Recent studies have 
uncovered the critical roles of miRNAs in the initiation and progression of BC brain metastasis, highlighting the 
disease’s underlying molecular pathways. miRNA-181c, miRNA-10b, and miRNA-21, for example, are all 
overexpressed in BC patients. It has been shown that these three miRNAs help tumors grow and metastasize by 
targeting genes that control how cells work. On the other hand, miRNA-26b5p, miRNA-7, and miRNA-1013p are 
all downregulated in BC brain metastasis patients. They act as tumor suppressors by controlling the expression of 
genes related to cell adhesion, angiogenesis, and invasion. Therapeutic miRNA targeting has considerable 
promise in treating BC brain metastases. Several strategies have been proposed to modulate miRNA expression, 
including miRNA-Mimics, antagomirs, and small molecule inhibitors of miRNA biogenesis. This review discusses 
the aberrant expression of miRNAs and metastatic pathways that lead to the spread of BC cells to the brain. It also 
explores miRNA therapeutic target molecular mechanisms and BC brain metastasis challenges with advanced 
strategies. The targeting of certain miRNAs opens a new door for the development of novel therapeutic ap-
proaches for this devastating disease.   

1. Introduction 

Breast cancer (BC) is a complex, heterogeneous disorder in females 
with a high rate of mortality worldwide [1]. BC is the second most 
prevalent type of cancer metastasizing to the brain after lung cancer [2]. 
Brain metastases are 50% more common in advanced BC and 
triple-negative breast cancer (TNBC) patients [3]. Patients with meta-
static BC who are HER2+ and ER+ are more susceptible to developing 
BM, and the survival rate for HER2+ BC patients is higher than the other 
[4–6]. 

Integrated therapy is necessary for the management of BC brain 
metastasis because of the difficulties inherent in its treatment [7]. For 
brain metastasis, there are a variety of local therapies, including surgery 
and radiotherapy, as well as systemic medicines, including chemo-
therapy, monoclonal antibodies, and tyrosine-kinase inhibitors [8–10]. 
The blood-brain barrier (BBB) is permeable to cancer cells that have 
spread or are circulating in the bloodstream and initiate carcinogenesis 
in the brain once they reach their target cells (astrocytes) [11]. Rapid 
proliferation and expansion in size are hallmarks of the early stages of 
brain metastasis (BM), that have been associated with the spread of 
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cancer cells into the blood and enter to other areas of the brain [12]. BC 
cells must first leave the initial tumor in the breast, travel through the 
circulation (intravasation), survive in this system (extravasation), and 
then colonize the secondary organ before becoming a symptomatic 
metastatic tumor [13,14]. In addition to being related to an extremely 
bad prognosis, BM is also linked to neurological impairments by having 
an impact on both sensory and cognitive functions [15]. 

Recurrence and metastasis of cancer remain serious concerns in the 
medical community despite advancements in treatment strategies, in 
particular BC brain metastasis, which requires a considerable additional 
therapeutic demand [16,17]. Brain metastasis has a poor prognosis, so 
the therapeutic options are limited, such as surgery, radiation, radio-
surgery, and systemic therapy [18]. According to recent studies, sub-
stances released by tumors, including extracellular exosomes, 
chemokines, cytokines, and other molecular elements including miR-
NAs, are crucial for encouraging cancer metastasis [19,20]. In 2007, the 
concept that miRNA regulates metastasis was initially proposed in BC 
[21]. 

MicroRNAs (miRNAs) are a type of non-coding RNA that regulate the 
expression of genes by attaching to the 3′UTR of certain target genes [22, 
23]. Recent studies show that miRNAs control the rates of both trans-
lation and transcription by moving between different subcellular com-
partments [24]. Molecular analysis revealed that chromosomal 
rearrangements and deletions, transcription factor abnormalities, 
epigenetic irregularities, and gene deficiencies in the miRNA biogenesis 
pathways all affect miRNA activity [25]. Mutations or poor biogenesis 
can cause aberrant miRNA expression, which can impede cellular 
pathways and cause or contribute to harmful outcomes like cancer [26, 
27]. Recent research has linked brain metastasis to several miRNAs. 
These miRNAs are either overexpressed or silenced in patients with 
breast cancer. For example, the blood-brain barrier’s integrity, EMT, 
intravasation, extravasation, niche development, and colonization in the 
brain parenchyma in BC brain metastasis are all regulated by miRNAs 
[28–30]. 

Despite the above, the exact mechanism of miRNA contribution to BC 
brain metastasis is unclear, and miRNA treatment has not been identi-
fied to prevent BC brain metastasis. In this study, we highlight the most 
current updates on the function of miRNAs as molecular network com-
ponents regulating breast cancer brain metastasis. Further, we discuss 
miRNA’s potential as a therapeutic approach in BC brain metastasis 
patients with a focus on challenges and strategies. 

2. The metastatic cascade and blood brain barrier 

Distant locations in the body are invaded by cancer cells that have 
spread from the main tumor, a process known as metastasis [31]. The 
metastatic cascade is a series of stages that begin with invasion and 
continue via intravasation, circulation, extravasation, and colonization 
[32,33]. 

The ability of tumor cells to traverse the BBB is a pivotal stage in the 
metastatic progression of BC brain metastasis [34]. The BBB, as a 
specialized structure, controls the flow of chemicals into the brain from 
the blood [35]. It consists of closely packed endothelial cells surrounded 
by pericytes and astrocytes, which together form a different physiolog-
ical barrier that limits the passage of most molecules and cells, including 
cancer cells [36]. To cross the BBB, cancer cells must undergo a series of 
complex interactions with endothelial cells and BBB components [28]. 
These interactions involve the expression of specific molecules on the 
surfaces of cancer cells and endothelial cells, as well as the production of 
various soluble factors that modulate the permeability of the BBB [37]. 

As previously mentioned, EMT has been associated with tumor cell 
invasion and the potential to breach the BBB. According to numerous 
studies, cancer cells undergoing EMT are more capable of crossing the 
BBB and causing brain metastasis [2,38,39]. In the EMT process, cells 
enhance their motility and production of microenvironment-modulating 
chemicals, leading to invasion and eventual intravasation into 

neighboring tissues [40,41]. The phenotype-switching cells that un-
dergo EMT can reach the lymphatic or circulatory systems and spread 
throughout the body. The majority of tumor cells die after they have 
extravasated through the blood vessels and into distant organs, a process 
called “extravasation.” The secondary lesion can only form if cells from 
the original lesion can survive in the microenvironment of a different 
organ [42,43]. 

Another potential mechanism by which EMT may contribute to BBB 
crossing is through the expression of specific surface molecules [44]. 
Some transcription factors (TFs) are important regulators of the meta-
static cascade because they control the expression of those genes that 
promote the growth of a metastatic phenotype [45]. For instance, 
SNAIL1 [46], ZEB1 [47], ZEB2, TWIST1 [48], TWIST2 [49], and PRRX1 
[50] are all well-described transcription factors involved in EMT or the 
metastatic process. Cells that have undergone EMT can engage in 
intravasation by undergoing the essential phenotypic modifications 
[51]. 

Before making their way into blood vessels, tumor cells must first 
attach to endothelial cells and the Notch pathway receptors and ligands 
mediate this interaction [52,53]. Endothelial cells encourage the 
modification of the cytoskeleton and membranes as well as the devel-
opment of pore-like endothelium, which aids in the spread of cancer 
cells [54]. EMT begins with cancer cells adapting their conditions to a 
new organ by secreting exosomes containing chemicals that might 
change the target’s microenvironment and establish a pre-metastatic 
niche [55]. Secondary tumors are more likely to form from cells that 
have entered the pre-metastatic niche. Extravasation starts when 
migratory cells enter the capillaries, where they are trapped by the 
slower flow and can interact with the endothelium cells. As a result, the 
endothelium is rolled over, and extravasation occurs [56]. Secondary 
tumors form and cancer spreads as extravasated cells adapt to their new 
environment and take advantage of perivascular localization [57]. 

The pre-metastatic niche formation helps cells move toward the 
brain, which makes it easier for cells to stay alive. Cancer cells’ extra-
cellular vesicles may change the primary microenvironment, and an 
influx of cells that express pro-inflammatory cytokines may result in 
establishing the pre-metastatic niche, which then directs circulating 
tumor cells [58]. However, extravasation into the brain is more chal-
lenging than extravasation into other organs because the BBB controls 
free molecule transport to the brain’s interstitial fluid. Considering that 
microvascular endothelial cells make up the BBB, it is crucial to inter-
rupt the BBB to develop BMs [59]. Adhesive molecules such as VCAM-1, 
E-selectin, ICAM-1, and VLA-4 are produced by tumor cells during 
extravasation to facilitate contact between the tumor and the BBB. 
Finally, matrix metalloprotease (MMP) expression causes a breakdown 
of the BBB, allowing tumor cells to invade the brain [60]. 

Cells not only modify the microenvironment to meet their demands 
but also alter it to adapt to the changing circumstances. Alterations in 
miRNA expression levels are also observed. Specific miRNA expression 
dysregulation is required for a productive metastatic cascade and may 
prove useful as a diagnostic marker for metastasis. However, more 
research is needed to fully understand the role of the EMT in BBB 
crossing and to come up with effective treatments that target this 
process. 

3. Biogenesis of miRNA and gene regulation mechanisms 

Not all RNA molecules are used to make proteins; some have regu-
latory roles besides protein-coding RNAs. These RNAs are not translated 
into proteins; hence, they are called ncRNAs. One class of RNAs, called 
miRNAs, controls many protein-coding genes’ activity. 

Single-stranded, non-coding miRNAs are produced by RNA pol II 
from an early transcript called pri-miRNA [26,61]. Approximately half 
of the known miRNAs are produced from introns and a few exons of 
protein-coding genes. The other 50%, which are intergenic, are made 
from their promoters and do not depend on host genes for transcription 
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and expression [62,63]. Also, miRNAs can sometimes be transcribed as a 
single long transcript called a cluster. Clusters can have similar or the 
same seed regions, which means they are a family [64,65]. The stem of 
the pre-miRNAs consists of about 33 base pairs and one or more of the 
hairpin structures are incomplete Ribonucleases (Drosha and Dicer) 
perform two distinct steps in processing the pri-miRNA precursor [66]. 
Drosha first converts the pri-miRNA in the nucleus into a pre-miRNA of 
around 70 nucleotides, which is subsequently transported to the cyto-
plasm via exportin-5 (XPO5) [67]. Dicer uses the pre-miRNA as a tem-
plate to create the mature, double-stranded (ds) functional miRNA [68]. 
The mature miRNA binds with RISC, a multiprotein structure containing 
the AGO protein, to finish the RNA silencing process by making a co-
valent bond [69]. When miRNA binds to a 3′-UTR, it either destroys the 
mRNA or inhibits its translation. The amount of miRNA complemen-
tarity to the 3′-UTR determines the amount of mRNA degradation or 
translational suppression [70]. The process that results in miRNA 
biogenesis is illustrated in Fig. 1. 

Evidence suggests that miRNAs cause translational inhibition, 
decapping, and deadenylation of the mRNAs they target by attaching to 
regions in the 3′UTR of those mRNAs [27,71]. MiRNA binding sites have 
also been discovered in other regions of mRNA, such as the 5′ UTR, 
coding sequence, and promoter regions [72]. MiRNA binding to the 5′ 
UTR and coding sequences has been proven to inhibit gene expression, 

whereas miRNA binding to promoter regions has been shown to enhance 
the transcriptional process [73–75]. Eventually, additional study is 
necessary to obtain a complete comprehension of the practical impor-
tance of this kind of interaction. 

4. Key roles of miRNAs in breast cancer brain metastasis 

Metastasis formation is characteristic of cancer and involves the 
complex migration of tumor cells to distant organs and tissues, where 
they may proliferate and give rise to new primary tumors. Recent 
research has highlighted miRNAs as essential regulators of metastasis, 
with changing miRNA expression leading to abnormal target gene 
expression [76]. 

Metastatic brain tumors are formed when breast cancer cells travel 
via the bloodstream to the brain. BBB protects a healthy brain from 
outside molecules, including cancer cells. Therefore, this barrier will 
prevent brain metastasis and lead to the formation of a BBB [77,78]. 
Endothelial cells are connected in the BBB via junctions, and these 
junctions can be further categorized into adherent junctions (AJs) and 
tight junctions (TJs). The scaffolding proteins alpha, beta, and gamma 
catenin link cadherin proteins in AJs across the intercellular gap and 
into the cell cytoplasm. AJs, on the other hand, give tissue structural 
support by keeping cells together. They are essential for the creation of 

Fig. 1. A diagram of both canonical and noncanonical biosynthesis of miRNA. The canonical miRNA pathway converts pri-miRNA transcripts from miRNA genes 
transcribed in exonic, intronic, or intergenic regions into pre-miRNAs via Drosha and DGCR8. Noncanonical pre-miRNA hairpins are created when short introns are 
spliced, debranched, and trimmed without Drosha processing. Canonical and non-canonical pre-miRNAs are transferred first from the nucleus via the Exportin-5 
protein. Dicer and AGO2 unwind the miRNA/miRNA duplex. The cytoplasmic RISC contains dsRNA-binding proteins like TRBP and Dicer, which are responsible 
for maturing pre-miRNAs into functional miRNAs. (A) Oncogenic miRNA can repress the translation of a tumor suppressor gene, stimulating tumorigenesis and 
leading to tumor formation. (B) A tumor suppressor miRNA can inhibit the expression of oncogenes, and block the tumorigenesis process by mRNA degradation and 
translational repression. (C) P-bodies are essential for microRNA-mediated gene silencing, and RISC assembly and silencing occur primarily within P-bodies. 

B.M. Hussen et al.                                                                                                                                                                                                                              



Non-coding RNA Research 8 (2023) 645–660

648

tight junctions, and their absence harms the barrier [79,80]. Brain 
metastasis depends primarily on the breakdown of the BBB, and onco-
genic miRNAs such as miRNA-181c increase BBB degradation via 
abnormal actin fiber placement, thereby allowing cancer cells to pass 
the BBB [81]. 

The brain has a significant number of astrocytes, which are vital in 
tissue homeostasis and BBB maintenance; they have tumor-killing and 
tumor-promoting capabilities. For instance, astrocytes produce plas-
minogen, which kills tumor cells. Contrarily, proteins that can be 
transferred between cells via gap junctions or exosomes, such as cyclic 
GMP-AMP synthase (cGAS) [77] and miRNAs [82], have been found to 
promote brain metastasis in cancer cells. 

Additionally, a subpopulation of tumor cells known as cancer stem 
cells (CSCs) has been linked to the formation of tumors, drug resistance, 
and metastasis [83,84]. In BC, stem cell regulator miRNAs have been 
identified. For instance, miRNA-7 [85] and miRNA-34a [86] have been 
shown to regulate CSCs in BC brain metastasis. 

Furthermore, miRNAs have been discovered to alter the immune 
response in the context of BC brain metastasis, which is critical for 
cancer development and spread [87]. Neurotrophins are a protein that 
regulates the growth of metastasizing BC cells suppresses activation of 
the brain’s immune system and is highly expressed in brain cancer cells 
[88]. Recently, it has been shown that miRNAs regulate neurotrophin 
expression. At least two mechanisms exist by which microRNAs control 

Table 1 
miRNAs that mediated metastasis in BC brain metastasis.  

microRNA Number of clinical 
samples 

Assessed cell line Animal 
model 

Techniques of studying Targets Associated 
events 

Functions Ref. 

miRNA- 
10b 

Breast cancer 
patients (n = 30: 
included 20 breast 
cancer cases with 
brain metastasis 
and 10 controls 

MDA-MB-468, MDA-MB- 
231 

– Real-time -PCR E-cad Invasion, 
Brain 
metastasis 

MiRNA-10b via the 
complex regulation of 
multiple factors that 
determine EMT, influences 
metastasis 

[92] 

miRNA- 
141 

Breast cancer 
patients (n = 105) 

SUM149, MDA-IBC3 
HMLE, Zeb1-low, 
BrMS 

Female 
SCID/ 
Beige 
mice 

Fisher’s exact, 
nonparametric Mann 
Whitney-U, Kaplan-Meier 
method, 

E-cad 
HER2-, 

Metastatic 
colonization 

Biomarker for regulation of 
brain metastases and a 
possible target for 
preventing and treating 
brain metastases 

[110] 

miRNA- 
let-7d 

Breast cancer (n 
= 806), brain 
cancer (n = 49), 
lung-bone (n =
297) 

4T1-BM2, D2A1-BM2, 
and MDA231-BrM2 

Mice ISMARA CA9, 
GLUT1, 
VEGFA, 
PDGFA, 

Metastatic 
colonization, 

Through PDGF, active HIF1 
signaling encourages breast 
cancer brain metastasis 

[116] 

miRNA- 
19a 

Breast cancer 
patients: (n = 35) 

-Human (MDA-MB-435, 
BT474, HCC1954, and 
MDAMB-231) and 
-Mouse (4T1 mouse 
breast cancer and 
B16BL6 mouse 
melanoma) 

Mice Histological and 
immunofluorescence 
analysis, qPCR 

PTEN Metastasis PTEN loss triggers the 
creation of a metastatic 
microenvironment that 
encourages the 
proliferation of metastatic 
cells 

[95] 

miRNA-29, 
miRNA- 
30 
miRNA- 
200 
family 

– SUM149PT, SUM159PT, 
SUM1315MO2, BT549, 
Hs578T 

– qRT-PCR ADAM12-L 
3′UTR 

EMT Induce the progression of 
cancer 

[117] 

miRNA- 
20b 

Breast cancer 
patients (n = 20: 
included 11 
examples of brain 
metastases in 
breast cancer and 
9 controls) 

MCF-7, TNBC, MDA-MB- 
231 

Nude 
mice 

qPCR ve RT-PCR PTEN Invasion and 
Colony 
Formation 

Biomarkers for the 
diagnosis of people with 
high-risk brain metastatic 
cancer 

[103] 

miRNA- 
181c 

Breast cancer 
patients (n = 56) 

MDA-MB-231-luc-D3H1, 
D3H2LN, BMD2b, MDA- 
MB-231-luc- BMD2a 

– Microarrays, PDPK1 
3′UTR luciferase reporter 
assay, 
Immunofluorescence 

PDPK1 BBB 
Regulation 

Reduces the expression of 
its target gene, PDPK1, 
which promotes the 
breakdown of the BBB by 
causing actin to localize 
abnormally 

[81] 

miRNA- 
345 

Breast cancer 
patient (n = 27) 

CN34TGL and MDA- 
MB231 (MDA231) 

– qPCR ve RT- PCR KISS1, E- 
cad 

Cross Talk and 
Niche 
Formation 

Induce cancer progression [118] 

miRNA- 
26a/26b 

Breast cancer 
patient (n = 29) 

MCF-10A, MCF-7, MDA- 
MB-231 

Nude 
mice 

qPCR ve RT- PCR ST8SIA4 Cell 
progression 

By controlling ST8SIA4, 
miRNA-26a/26b 
restoration enhanced the 
capacity of breast cancer 
cells to develop 

[119] 

miRNA- 
211 

-(N = 63) TNBC 
samples; (n =
256) of non-TNBC 
samples 
-(N = 30) brain 
metastasis +289 
with spread to 
other locations 

MDA-MB-231, 
HCC1806, BrM-831 

Mice qRT-PCR SOX11, 
DTX4, 
ZNF282, 
NGN2 

EMT Biomarker for the detection 
of TNBC brain metastasis 

[115]  
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the expression of neurotrophins and their receptors: (1) binding to the 3′ 
UTR of isoform-specific mRNAs to regulate their expression, and (2) 
binding to the 3′ UTR of neurotrophin transcription factors to control 
their expression [89,90]. 

According to recent studies, miRNAs have a crucial role in cancer 
growth and brain metastasis in BC patients, and can be divided into two 
categories, depending on how they control cancer metastases: 1) miR-
NAs that function as oncogenic miRNAs (oncomiRNAs) through known 
targets (Table 1), and 2) miRNAs that work as anti-proliferative or anti- 
metastatic miRNAs (Table 2). 

4.1. OncomiRNAs in breast cancer brain metastasis 

MiRNAs have been proven to be essential in the development and 
poor prognosis of human cancer as oncomiRNAs. Patients with brain 
metastatic BC have been reported to exhibit an increase in metastatic 
characteristics and a decrease in cell cycle inhibitor protein expression, 
both of which have been connected to newly found miRNAs (Table 1). 

4.1.1. MiRNA-10b 
In 2007, Li Ma et al. published the first study on the relationship 

between miRNAs and metastasis [21]. In a mouse model, miRNA-10b 
was identified as the driving factor behind the development of metas-
tases. Cancer cell lines’ motility and invasiveness were enhanced when 
miRNA-10b was overexpressed by inhibiting metastasis suppressor 
proteins such as HOXD10, NF1, KLF4, or PTEN, whereas miRNA-10b 
knockdown decreased the tumor development in vivo and decreased 
invasiveness in vitro [91] (Fig. 2). Sethi et al. revealed that, compared to 
patients without brain metastases, BC patients reported considerably 
higher levels of miRNA-10b expression. Similarly, Ahmad et al. found a 

prominent elevation of miRNA-10b in BC individuals with brain 
metastasis compared to BC patients with no brain metastasis [92]. In 
addition, they detected increased invasion potential of BC cells with 
increased miRNA-10b in vitro. Therefore, Twist-mediated miRNA-10b 
overexpression stimulates the invasion and migration of BC cells at the 
local level [21]. Additionally, clinical parameters including stage, 
metastasis, overall survival, relapse-free survival, invasion, and recur-
rence have all been shown to correlate with miRNA-10b [93]. A recent 
study revealed that miRNA-10b targeted therapy, MN-anti-miRNA-10b, 
for metastatic BC may represent a new method for the management of 
BC brain metastasis [94]. 

4.1.2. MiRNA-19a 
MiRNA-19a, an extracellular miRNA produced from stromal cells, 

can regulate the BC brain metastasis microenvironment by suppressing 
PTEN [95], a key tumor suppressor that is frequently lost in TNBC brain 
metastasis and is linked with a bad prognosis [96]. In BC brain metas-
tasis individuals, the progression of BC that has spread to the brain is 
accelerated by downregulation of the Akt signaling pathway, which 
mediates communication between breast and brain glial cells [97]. 
Zhang et al. showed that PTEN expression is lost when human and 
mouse BCCs metastasize to the brain only not to the rest organs and is 
re-established when the cells are removed from their microenvironment 
[95]. Astrocyte-secreted miRNA-19a was shown to directly induce PTEN 
inhibition inside the microenvironment. In the absence of PTEN, brain 
metastatic tumor cells secrete more of the chemokine cytokine (C–C 
motif) ligand 2 (CCL2), which in turn stimulates Iba1+ myeloid cells 
that promote the cell cycle progression of brain metastatic tumor cells, 
hence facilitating their spread [95]. 

Table 2 
miRNAs mediated anti-metastatic of BC brain metastasis.  

miRNAs Number of 
clinical samples 

Assessed cell line Animal 
model 

Techniques of 
studying 

Targets Associated 
events 

Functions Ref. 

miRNA-7 710 brain 
metastatic 
patients 

MDA-MB-231, 
MCF7 

Nude mice MicroRNA 
microarray 
profiling, qRT- 
PCR 

KLF4 Invasion and 
proliferation 

MiRNA-7 inhibits KLF4- 
dependent breast cancer stem-like 
cell metastasis to the brain. 

[85] 

miRNA- 
101-3p, 
miRNA- 
26b-5p 

– -Brain metastatic 
(MDA-MB-231- 
BrM2) 
-Parental (MDA- 
MB-231) 

Adult 
female 
mice 

qRT-PCR COX-2, MMP-1 Transmigration MiRNA-26 and miRNA-101 
prevent TNB cells from migrating 
through the brain endothelium 
and maintain the integrity of the 
endothelial barrier 

[125] 

miRNA- 
142-3p 

– MDA-MB-468, 
HCC1806, MCF-7 

– qRT-PCR β-catenin, 
CD133, ALDH, 
CD44+/CD24–/ 
low, KLF4 

Invasion Mediated reduction of breast 
cancer radioresistance and CSC 
features 

[136] 

miRNA- 
1258 

– MDA-MB-231BR, 
HMEC, MCF-10A, 
SUM-149, SUM- 
225 

Nude mice qRT-PCR, in situ 
hybridization 
(LNA-ISH) 

HPSE 3′-UTR Invasion Suppressor of brain metastatic 
breast cancer 

[133] 

miRNA- 
101-3p 

– MDA-MB-231, 
MDA-MB-231- 
TGL, MCF-7, 
MDA-MB-231- 
BrM2 

– qRT-PCR COX-2/MMP1 Transmigration Enhances BC cell transmigration 
by modifying COX-2-MMP1 
signaling in the brain 
endothelium 

[124] 

miRNA- 
202-3P 

Tumor samples 
(n = 47) + paired 
samples (n = 14) 

MCF-7, MDA-MB- 
231, MDA-MB- 
361 

Adult 
female 
mice 

qRT-PCR MMP-1 Metastasis, 
invasion 

The restoration of miRNA-202-3p 
decreased the production of 
MMP-1 and reduced trans- 
endothelial migration in BMBC 
cells 

[131] 

miRNA- 
509 

710 tumor 
samples with 47 
brain metastasis 
+ 315 control 

MDA231, 
MDAMB- 
231BoM-1833, 
MDA-MB- 
231BrM2a 

NOD/ 
SCID/ 
IL2Rγ 
(NSG) 
mice 

qRT-PCR TNF-α, RhoC, Migration, EMT Decreases trans-endothelial cell 
migration while boosting TNF- 
production, which increases BBB 
permeability 

[134] 

miRNA- 
194-5p, 
miRNA- 
802-5p 

4 samples of 
paraffin- 
embedded tissue 

4T1 cells Balb/c 
mice 

NGS, qRT-PCR MEF2C Metastasis Induce cancer progression and 
breast cancer brain metastasizing 

[135]  
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4.1.3. MiRNA-20b 
The miRNA-106a cluster on human chromosome Xq26.2 encodes 

miRMA-20b, a member of the miRNA-17 family [98]. The miRNA-17 
family members are categorized according to the degree of similarity 
between their seed sequences [99]. miRNA-20b′s possible significance in 
malignancies, notably breast cancer, and PTEN is a target of miRNA-20b 
[100–102]. In human malignancies, PTEN, a tumor suppressor, is 
frequently mutated or downregulated. PTEN plays a part in the metas-
tasis of several human malignancies to the brain. In a study that eval-
uated chromosomal abnormalities in breast cancer primary tumors and 
brain metastases, PTEN was considerably down-regulated in brain me-
tastases compared to a non-primary tumor [96]. In BC, the expression of 
the PTEN protein was revealed to be controlled by miRNA-20b, which 
was shown to target the 3′-UTR of PTEN [102]. In patients with BC brain 
metastasis, Ahmad et al. found significantly greater levels of miRNA-20b 
expression compared with those with initial breast cancers and those 
without brain metastasis. In addition, there was a considerable differ-
ence in miRNA-20b expression in brain metastasizing cells and bone 
metastasizing cells. Furthermore, miRNA-20b was found to be a prom-
ising potential biomarker for identifying patients at high risk of devel-
oping brain metastatic disease [103]. 

4.1.4. MiRNA-105 
As miRNA-105 is only transcribed and released by metastatic BC 

cells, cancer-secreted miRNA-105 in BC patients’ blood may be a pre-
dictive factor for brain metastases. mRNAs were predicted to be targeted 
by exosomal miRNA-105 from MDA-231 cells. When overexpressed in 
non-metastatic tumor cells, miRNA-105 causes metastasis and vascular 
permeability in distant organs; however, when inhibited in highly 
metastatic tumors, these effects are reduced [104]. 

Recently, the cancer-germline transcript (CT-GABRA3) was found to 
be stimulated by DNA hypomethylation, and miRNA-105 was demon-
strated to be a factor in this process [105]. Previous research has shown 
that a breast cancer model increases the serum level of neutral sphin-
gomyelinase 2 (nSMase 2), an enzyme that controls the production of 
exosomal miRNA [106]. Blood levels of miRNA-105 are associated with 
the advent of distant metastases from clinical breast cancers, suggesting 
that miRNA-105 may have a predictive role in the diagnosis of brain 
metastasis. Therefore, miRNA-105 production in exosomes may func-
tion as a paracrine or endocrine regulatory mechanism for metastatic BC 
cells to leave the initial tumor location and spread to other organs via the 
blood and lymphatic systems. 

The tight junction protein ZO-1 is the target of miRNA-105, which is 
secreted by breast cancer cells that have metastasized [104]. Metastasis 
cancer cells can easily penetrate endothelial monolayers because EV 

Fig. 2. Displays how oncogenic miRNAs modulate signaling pathways to influence cancer metastasis and how this promotes brain metastasis in breast cancer.  
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miRNA-105 efficiently disrupts tight junctions and compromises the 
strength of these natural defenses [104]. 

4.1.5. MiRNA-122 
It has been determined that miRNA-122 originates from a single 

genomic location on human chromosome 18. Higher levels of circulating 
miRNA-122 have been used as a diagnostic marker for predicting brain 
metastatic progression in early-stage BC patients. Further, metabolic 
alterations in the pre-metastatic microenvironment have been shown to 
facilitate metastasis [107]. Enhanced glucose absorption and glycolysis, 
a reprogramming of glucose metabolism, are hallmarks of cancer. Fong 
et al. revealed that tumor cells released vesicles that contained a high 
number of miRNA-122, which led to the inhibition of glucose uptake in 
the pre-metastatic niche by non-tumor cells through downregulating the 
glycolytic enzyme pyruvate kinase (PKM). In addition, they found that a 
high level of miRNA-122 secreted by cancer cells promoted metastasis 
by making nutrients more available in the pre-metastatic niche. More-
over, restoring glucose absorption in distant organs including the brain 
and lungs by inhibiting miRNA-122 also reduced the likelihood of 
metastasis [108]. 

4.1.6. MiR-141 
The miRNA-141 is a member of the miRNA-200 family. Sequence 

similarity in the seed region divides this family of miRNAs into two 
different groups. The miRNA-141 and miRNA-200a make up the first 
subfamily, while the miRNA-200b, − 200c, and − 429 make up the sec-
ond. Some of these miRNAs are found in a cluster on chromosome 1 
(miRNA-200b, miRNA-200a, and miRNA-429) while others are found on 
chromosome 12 (miRNA-141 and miRNA-200c) [109]. 

Metastatic colonization of the brain by BC cells requires miRNA-141, 
a known inducer of the epithelial phenotype and a major regulator of E- 
cadherin. For instance, Debeb et al. revealed that higher levels of serum 
miRNA-141 were found in patients with metastatic BC compared to 
patients with locally advanced BC, and this was positively correlated 
with a shorter time to brain metastasis [110]. They also found that 
miRNA-141 vector injection into mice models increased metastatic 
colonization of the brain, and that proliferating cells displaying EMT 
features. Thus, Debeb and his colleagues described miRNA-141 as a key 
regulator in BC brain metastasis that might have the potential to be 
developed into therapies for brain metastasis [110]. 

4.1.7. MiRNA-181c 
Crossing the blood-brain barrier is a crucial step in the process of 

cancer spreading to the brain [111]. Extravasation beyond the BBB is 
facilitated by exosomes and exosome-derived miRNA-181c from BC cells 
destabilizes the BBB via delocalizing actin filaments [30]. 

When actin filaments are not properly localized, aberrant tight 
junctions form and cellular connections are broken down. Since circu-
lating cancer cells can release extracellular vesicles that can entirely 
break the BBB and allow extravasation in the brain, they may be a major 
cause of brain metastasis development [112]. MiRNA-181c isn’t upre-
gulated in the primary tumor, however, it is present in greater quantities 
in the blood plasma of patients with brain metastasis [81]. Tominaga 
et al. showed that circulating miRNA-181c was upregulated in BC brain 
metastasis patients, they also revealed that miRNA-181c enhances the 
destruction of the BBB by abnormal localization of actin fiber via its 
target gene PDPK1. MiRNA-181c downregulates PDPK1 gene expres-
sion, which decreases the amount of phosphorylated cofilin and en-
hances the control of actin dynamics by cofilin. Disruption of the BBB 
paves the way for BC cells to travel directly to the brain [81]. 

Since miRNA-211 is elevated in brain-tropic cells and has a role in 
extravasation, compared to the primary loci, the brain exhibits a 
significantly higher level of miRNA-211 expression. The increased 
incidence of metastases and decreased survival are shown when miRNA- 
211 is upregulated in vivo. Both the cancer cells’ adhesion and trans-
migration abilities over the BBB are enhanced by miRNA-211 [30]. 

Multiple biological processes, including cell proliferation, apoptosis, 
invasion, and metastasis, rely on miRNA-211, making it a crucial player 
in cancer [113]. For instance, miRNA-211-5p directly influenced SIRT1 
mRNA and protein expression, reducing deacetylation activity in breast 
cancer cells. This inhibitory activity also reduced cell viability and 
induced apoptosis [114]. Pan et al. found that high levels of miRNA-211 
enhance rapid and targeted invasion of the brain by promoting tumor 
cell stemness, trans-blood-brain barrier motility, and BBB adherence by 
downregulating the SOX11/NGN2-dependent axis [115]. Moreover, 
they showed that high plasma miRNA-211 can act as an indicator of 
triple-negative BC brain metastasis, and it is significantly correlated 
with BC brain metastasis. 

4.2. Anti-metastatic miRNAs in breast cancer brain metastasis 

These miRNAs regulate the gene expression that plays a role in the 
reprogramming of the metabolism and the development of a metastatic 
niche, which influences the metastasis process (Table 2). Anti-metastatic 
miRNAs with oncogenic targets may improve treatment in breast cancer 
brain metastasis patients [28]. 

4.2.1. MiRNA-7 
Increases in glucose intake, lactic acid production, and the intracel-

lular ATP/ADP ratio are all indications of miRNA-7’s role in promoting 
glycolysis, a metabolic pathway that is significantly expressed in the 
brain. MiRNA-7 directly influences the creation of the transcription 
factor RelA, which in turn regulates the expression of the glucose 
transporter, which in turn stimulates glycolysis [120]. In BC cells, 
miRNA-7 inhibits human endothelial cells from finding their way home 
and moving around. Okuda et al. found miRNA-7 downregulation in 
metastatic cancer stem-like cells (CSCs) [85]. They also discovered that 
miRNA-7 could suppress brain metastasis of CSCs by inhibiting KLF4 
gene expression in vivo. Furthermore, they proved that miRNA-7 over-
expression caused the suppression of CSCs to metastasize to the brain 
but did not have the same effect on metastasis to the bone in animal 
models. In addition, they revealed an inverse association between KLF4 
and miRNA-7 in metastatic lesions in BC patients [85]. Both the EGFR 
and the PKB signaling pathways have been observed to be negatively 
targeted by miRNA-7, leading to decreased BC growth [28]. MiRNA-7 
inhibits BC stem cells’ capacity to self-renew, hence lowering BC brain 
metastasis through regulating KLF4 expression [85]. 

4.2.2. MiRNA-26b-5p and miRNA-101-3p 
A short non-coding RNA known as miRNA-101 precursor controls the 

expression of genes. Brain metastases in patients with BC were shown to 
have lower levels of the tumor-suppressor miRNA-101-3p compared to 
BC patients’ main tumors [121]. While miRNA-101-3p downregulation 
has been demonstrated to be linked with a bad prognosis, restoration of 
miRNA-101-3p reduces the invasion and lymph node metastasis of 
breast cancer cells and induces apoptosis [122,123]. In breast cancer 
cells that could metastasize to the brain, Harati et al. found a lower 
expression of the miRNA-101-3p gene. The fact that the expression of 
miRNA-101-3p was found to be negatively associated with the expres-
sion of pro-metastasis genes such as COX-2, HBEGF, and ST6GALNAC5 
suggests that miRNA-101-3p may play a role in the transmigration of BC 
cells across the brain endothelium. In addition, through control of the 
COX-2/MMP-1 axis and decreased expression of inter-endothelial 
junctions, miRNA-101-3p knockdown increased trans-endothelial 
migration of cells. While ectopic increases of miRNA-101-3p lead to a 
remarkable reduction in the cells’ transmigratory abilities [124]. 
Meanwhile, Harati and his team detected low levels of miRNA-26b-5p 
and miRNA-101-3p in BC cells with high brain metastatic capacity in 
comparison with nonmetastatic cells. They revealed that miRNA-101-3p 
and miRNA-26b-5p targeted the 3′UTR of COX2 mRNA cooperatively in 
BC cells. Moreover, the dual knockdown of miRNA-101-3p and 
miRNA-26b-5p in BC cells leads to a higher increase in the expression of 
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COX2/MMP-1 as well as a greater increase in the transmigration of BC 
cells through the brain endothelium in comparison to either microRNA 
alone [125]. 

4.2.3. MiRNA-29 and miRNA-200 family 
MiRNA-29b is induced by GATA3 in breast cancer cells, where it 

induces differentiation, inhibits metastasis, and modifies the tumor 
microenvironment. A more aggressive, mesenchymal phenotype is 
encouraged by the elimination of miRNA-29b, which is increased in 
luminal breast cancers. This effect occurs even in GATA3-expressing 
cells [126]. MiRNA-29b inhibits metastasis by targeting pro-metastatic 
molecules involved in angiogenesis, tissue remodeling, and proteoly-
sis, including VEGFA, ANGPTL4, PDGF, LOX, and MMP9. This is done by 
indirectly affecting differentiation and epithelial plasticity [126]. 

While, as part of a double-negative feedback loop with transcription 
factors ZEB1 and ZEB2, the miRNA-200 family is down-regulated in BC 
stem-like cells and normal mammary stem/progenitor cells [127]. 
Furthermore, by directly targeting IL-8 and CXCL1 in endothelial cells, 
the miRNA-200 family may also play a role in controlling angiogenesis 

[128]. 
A specific mediator of BC brain metastasis is ST6GALNAC5, a direct 

target of miRNA-200c [128]. In contrast, a well-characterized human 
BBB in vitro model indicated that the adhesion characteristics of the 
endothelium component were reduced when ST6GALNAC5 is upregu-
lated in brain BC cells [129]. EMT in brain metastasis can also be 
controlled by ST6GALNAC5, which is a miRNA-200b target [130]. Even 
though gene regulation in the context of miRNA is not explored in BC 
brain metastasis, several target genes play an active role in extravasation 
inside the brain parenchyma. Based on the above studies, the miRNA-29 
and miRNA-200 families inhibit breast cancer brain metastasis and can 
be used as a therapeutic option. 

4.2.4. MiRNA-202-3p 
In comparison to primary breast cancer, miRNA-202-3p, which 

directly targets MMP-1, is downregulated in brain metastases. According 
to a study by Harati et al., the overexpression of MMP-1, which pro-
moted the migration of metastatic cells across the brain endothelium, 
was significantly influenced by the loss of miRNA-202-3p [131]. 

Fig. 3. Multiple miRNAs have a biomarker role in solid tumor brain metastasis, including those associated with BC. Various stages of cancer development, including 
proliferation, invasion and migration, angiogenesis, and metastasis, have been associated with variations in the levels of certain miRNAs. 
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Furthermore, the downregulation of miRNA-202-3p led to the upregu-
lation of MMP-1, which facilitated cell transmigration through the brain 
endothelium and degraded the inter-endothelial junctions. Moreover, 
miRNA-202-3p restoration inhibited MMP-1 expression in brain meta-
static BC cells and suppressed their trans-endothelial migration by pre-
serving the integrity of the brain endothelium [131]. As a result of the 
findings mentioned above, miRNA-202 can be used as a biomarker in BC 
that has metastasized to the brain. 

4.2.5. MiRNA-1258 
Heparanase (HPSE) is an enzyme overexpressed in BMBC that is 

potently pro-tumorigenic, pro-angiogenic, and pro-metastatic. It breaks 
down heparan sulfate chains, which has effects on the cytoskeleton and 
allows cells to more easily traverse the blood-brain barrier [132]. Zhang 
et al. detected low expression of miRNA-1258 in BC patient tissues. By 
directly targeting HPSE, miRNA-1258 reduces MMP-9 and COX-2 pro-
teins, thereby preventing BBB breakdown [133]. 

The expression and activity of heparanase in BC brain metastasis 
cells were suppressed by miRNA-1258, and the phenotypic effects of 
miRNA-1258 could be reversed by modifying heparanase. Heparanase 
in vitro cell invasion and experimental brain metastasis were both 
suppressed when BC brain metastasis cells were stably transfected with 
miRNA-1258 [133]. 

4.2.6. MiRNA-509 
MiRNA-509 is located on Xq27.3, and it is an oncogenic miRNA that 

targets tumor suppressor genes or proteins. Primary tumors have high 
levels of miRNA-509 expression, while brain metastases have much 
lower levels. RhoC and TNF- α, two crucial genes for brain invasion and 
BBB permeability, could be regulated by miRNA-509, according to a 
cytokine array investigation and miRNA target prediction on cells 
expressing. Notably, patients with BC brain metastasis-free survival 
were substantially linked with high levels of RhoC-induced MMP-9 and 
TNF-α [134]. Moreover, in vivo investigations have shown that 
miRNA-509 significantly reduced the ability of cancer cells to produce 
brain metastases. Based on these results, it is likely that miRNA-509 
plays a crucial role in BC metastasis to the brain via altering 
RhoC-TNF-α, and the miRNA-509 pathway may offer a clinical appli-
cation or act as a predictive tool for BC brain metastasis patients. 

4.2.7. MiRNA-802-5p and miR-194-5p 
Before brain macrometastases develop, the blood plasma levels of 

two miRNAs, miRNA-194-5p and miRNA-802-5p, are decreased early in 
the metastatic cascade. Both types of miRNAs target the myocyte 
enhancer factor 2C (MEF2C), whose expression is associated with the 
size of macrometastases [30]. MMP10 and vascular endothelial growth 
factor are examples of MEF2C’s downstream targets for miRNA-194-5p 
and miRNA-802-5p. Metastasis development was primarily observed in 
the brain when Marta et al. injected mice with BC cells and subsequently 
promoted metastasis [135]. The miRNA-194-5p and miRNA-802-5p 
were shown to be downregulated, and MEF2C was found to be a 
direct target of both miRNAs. In addition, they found that MEF2C was 
highly expressed in BC brain metastasis, more specifically in peritumoral 
astrocytes, suggesting its role in the crosstalk between astrocytes and 
tumor cells [135]. 

5. Mirna expression as a biomarker of brain metastasis in breast 
cancer patients 

Alterations to the miRNA expression, along with changes in the 
overall miRNA abundance, have been commonly reported in tumor cells 
when compared to normal cells [137]. Therefore, miRNAs appear to be a 
promising biomarker for cancer detection and prognosis. Differences in 
certain miRNA levels have been seen at various stages of cancer devel-
opment, including metastasis (Fig. 3). Interestingly, serum miRNAs are 
promising biomarkers because cancer-related miRNA variables may be 

found in fluids, allowing for less invasive surveillance [138–140]. 
Existing diagnostic techniques cannot detect metastatic cells or 

circulating cancer cells, there is a significant opportunity to determine 
miRNAs, which may serve as the trigger for metastasis. To determine the 
likelihood of BM development in BC patients which are known to 
frequently metastasize to the brain new diagnostic and predictive in-
dications are urgently needed. 

The altered expression of some miRNAs can be seen before the pa-
tient presents with apparent clinical symptoms or unequivocal biopsy 
and imaging examination evidence. For example, miRNA-642b-3p, 
miRNA-1202-5p, miRNA-1207-5p, miRNA-4270-5p, and miRNA-4281- 
3p were all shown to be elevated in the plasma of stage I BC patients 
compared to stage IV, and the expression of those miRNA panels was 
somewhat higher in the HER2-BC and TNBC compared to those who 
have the luminal subtype [139–141]. 

Furthermore, in the early phases of a metastatic cascade, dysregu-
lation of certain miRNAs occurs but is not observed later. For instance, 
miRNA-194-5p and miRNA-802-5p become inhibited in the blood 
plasma, even before brain macrometastases. Figueira et al. demon-
strated a correlation between plasma miRNA levels and BM miRNA 
expression; they revealed the downregulation of miRNA-194-5p and 
miRNA-802-5p and the overexpression of miRNA-92a-1-5p, miRNA- 
205-5p, and miRNA-181-1-3p in BMs [142]. In addition, Tominaga et al. 
revealed that miRNA-181c was considerably more abundant in the 
serum EVs of patients with brain metastasis than in individuals without 
brain metastasis [81]. They demonstrated that miRNA-181c facilitates 
BBB breakdown by downregulating PDPK1, which in turn causes actin 
fiber delocalization. Degradation of PDPK1 by miRNA-181c reduces 
phosphorylated cofilin and, in turn, the actin dynamics modulation 
triggered by activated cofilin. 

In contrast to miRNA-205 and miRNA-181c, which are increased 
only in metastasizing cells, the next-generation sequencing (NGS) 
technique revealed that miRNA-802-5p and miRNA-194-5p are down-
regulated in both metastasizing and BBB cells [135]. Overall, the 
available data imply that miRNAs play an important role in the meta-
static cascade and could be useful as a diagnostic biomarker and in the 
treatment of patients with BM. 

6. Therapeutic strategies for brain metastases in breast cancer 
using miRNAs 

Despite significant progress in BC brain metastasis treatment, the 
molecular mechanism underlying the disease and prognostic biomarkers 
remain unclear [143]. There are a variety of therapies that can be used 
to treat brain cancer, including surgery, chemotherapy, stereotactic 
radiosurgery, tyrosine kinase inhibitors, and whole-brain radiation 
therapy [144,145]. In the case of HER2-positive BC brain metastasis, 
TKIs like lapatinib, a dual TKI that targets both EGFR and HER2/ErbB2, 
show great promise as cancer treatments. However, low selectivity and 
significant toxicity from kinase inhibition, which typically inhibits many 
tyrosine kinases, make it a poor therapeutic option [146]. 

Novel targeted therapeutics that can cross the BBB and early detec-
tion indicators are required to increase the chance of survival for in-
dividuals with BC brain metastases. For this reason, miRNAs are 
progressively becoming recognized as promising noninvasive predictive 
and therapeutic factors in BM. MiRNAs in the bloodstream and cere-
brospinal fluid (CSF) are promising biomarkers for brain tumors because 
they not only reveal the pathogenicity but also predict how much the 
patient will respond to treatment [147]. MiRNAs open the door to new 
ways to treat brain metastases, such as in combination with other 
anti-cancer drugs or by using nanoparticles to cross the BBB. 

6.1. The combination of miRNAs with anticancer therapy 

Combining standard chemotherapy, radiation therapy, and immu-
notherapy with tumor suppressor miRNA targeting oncogenic pathways 

B.M. Hussen et al.                                                                                                                                                                                                                              



Non-coding RNA Research 8 (2023) 645–660

654

may improve outcomes for patients with BC brain metastasis. For 
example, Deng et al. showed that the simultaneous use of DOX and 
miRNA-34a may have synergistic effects on tumor suppression and 
provide a feasible therapeutic strategy for boosting anti-tumor therapy 
[148]. Furthermore, miRNA-770-5p reduces HER+ BC cell invasion and 
migration by suppressing the downstream signaling of PI3K and MAPK 
signaling cascades that cause resistance to anti-HER2 therapy [149]. In 
another study, miRNA-770-5p could improve trastuzumab’s efficacy 
and perhaps turn around drug resistance [149]. Further, miRNA-770 
inhibits TNBC metastasis and doxorubicin resistance [150]. Addition-
ally, the hedgehog pathway inhibitor miRNA-326 has been shown to 
sensitize resistant BC cells to the chemotherapy drugs doxorubicin and 
etoposide (VP16) via lowering MRP-1 expression [151]. Furthermore, 
by interfering with the expression of CIAPIN1 (cytokine-induced 
apoptosis inhibitor 1 protein), miRNA-143-3p makes TNBC more sen-
sitive to paclitaxel [152]. Downregulating cell cycle-related genes with 
miRNA-449 can trigger a doxorubicin response in TNBC [153]. These 
combinations have the potential to be evaluated for BC brain metastasis 
and have already been tried in preclinical models of the disease. Addi-
tionally, miRNAs known to play roles in BM, such as miRNA-181c, 
miRNA-122, miRNA-509, and miRNA-19a, can be used with radiation, 

anti-HER2 therapies (lapatinib or trastuzumab), chemotherapy, and 
immunotherapies for BM [154,155]. 

As a result of its capacity to target numerous gene sets, miRNA 
represents a significant therapeutic alternative for the diverse BM pop-
ulation. For instance, evidence suggested that 12 out of the 14 putative 
miRNA-200c-binding mRNAs studied had their 3′UTRs altered by 
miRNA-200c. A strong correlation exists between miRNA-200c mRNA 
binding and gene inhibition. Twelve miRNA-200c targets (Snail1, Crtap, 
Fhod1, Smad2, Smad5, Tob1, Map3k1, Ywhag/14-3-3, Ywhab/14-3-3, 
Zfp36, Mapk12, Xbp1) are identified by finding their 3′UTR miRNA-200 
complementary sequences [156]. Ywhab/14-3-3 and Ywhag/14-3-3 
make a complex with Snail1, and Smad2 and Smad5 form a complex 
with Zeb2. The formation of these transcription-repressing complexes on 
the promoters of expressed genes promotes the transition from the 
mesenchymal to the epithelial state. Let-7 targets Ras, HMGA2, cyclin A, 
cyclin d1/2/3, CDK4/6, c-Myc, DICER1, Lin28, and other oncogenic 
pathways to limit stem cell self-renewal and chemotherapy resistance 
[157]. Based on the above studies, miRNAs could be used as a new 
therapeutic strategy for BC brain metastasis. 

Fig. 4. Strategies for the delivery of miRNAs into the microenvironment of the tumor based on nanoparticles. (A) Cationic lipid nanoparticles (LNP), cationic 
dendrimers (PAMAM), poly (lactic acid-co-glycolic acid) nanoparticles, and magnetic nanoparticles have all been used as delivery systems for miRNAs to cross the 
BBB. (B) Through the bloodstream, nanoparticles transport miRNAs to the brain’s tumor microenvironment, where they activate macrophages and cytotoxic T cells to 
destroy tumor cells. Only lipophilic molecules, smaller than 400 Da, can pass across the BBB and enter the CNS [165]. This challenge has been handled using a few 
cutting-edge methods. 
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6.2. BBB-permeable nanoparticles deliver miRNAs to brain metastatic 
sites 

The BBB is a highly specialized structure that controls the movement 
of molecules in both directions between the circulatory system and the 
brain parenchyma. It is composed of the basement membrane, capillary 
endothelial cells, and surrounding astrocytes and pericytes. Its primary 
function is to keep the CNS in a state of homeostasis by preventing the 
passage of substances that could disrupt this balance [158]. 

Because the BBB is not permeable, it is hard for miRNA to reach 
tumor tissues. MiRNA mimics and inhibitors are unstable in the blood-
stream, and an off-target effect can cause neurotoxicity and immuno-
toxicity. MiRNA can be connected to nanoparticles or drug delivery 
systems to specifically target tumor cells. Recently, many delivery 
strategies, including cationic lipid NP [159], cationic dendrimers 
PAMAM [160], PLGA NP [161], and magnetic NP [162] have been 
designed to penetrate the BBB. Because of their specificity for malig-
nancies and capacity to cross physiological barriers like the BBB, leu-
kocytes like macrophages, or MSCs, and neutrophils are utilized more 
frequently as delivery systems for NPs to cancer cells [163,164]. De-
livery of miRNA-based NPs to the brain is facilitated by the fact that 
leukocytes and MSCs migrate in a manner analogous to that of tumor 
cells when they cross the BBB (Fig. 4). Several nanotechnology 

approaches allow for the coating of NPs and their delivery to monocytes, 
macrophages, or MSCs for miRNA delivery [162]. 

The genomic material, such as miRNA replacements or antagomirs, 
can be encapsulated within the liposome by the Trojan Horse Liposome 
(THL) method to protect it from enzymatic breakdown. The BBB- 
crossing drugs that transport genetic material to the CNS have been 
administered via THL technology [166]. Additionally, applying 
PEI-based delivery systems, which are frequently utilized in gene de-
livery, is another creative way to get over the BBB [167]. miRNAs are 
negatively charged nucleic acids that are attached to positively charged 
PEI complexes. PEI-based vehicles have been developed to cross the BBB 
by incorporating a short peptide inspired by the rabies virus glycopro-
tein (RVG), which stimulates the acetylcholine binding site [168]. The 
PEI-RVG combination successfully penetrated the BBB and delivered the 
neuron-specific miRNA-124a to brain cells [169]. 

Although our knowledge of miRNA biology is expanding fast and 
novel delivery mechanisms are being developed, the practical applica-
tion of miRNA therapies for the treatment of BM is still in its infancy and 
has not been fully explored. Additional research is required to precisely 
characterize miRNA signatures in brain metastases and establish a cor-
relation between brain metastasis and the miRNA signature. 

Fig. 5. A graphical representation of the various therapeutic options available with ASOs by targeting miRNAs. (A) Targeting oncogenic miRNAs within the nucleus. 
(B) Targeting mature miRNAs within the cytoplasm leads to the inhibition of the action of oncogenic miRNAs. 
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6.3. Challenges and strategies to overcome the BBB-based miRNA therapy 

MiRNAs’ impact on the BBB makes them a possible target for 
momentary BBB opening for brain-targeted medication delivery and 
restoration of BBB integrity for the treatment of BC brain metastasis. 
BBB-targeted miRNA-based therapies offer a great deal of potential, but 
their clinical translation faces numerous significant challenges [170]. 

The first challenge to be overcome is identifying miRNA targets. 
Expression changes in miRNAs caused by the breakdown of the blood- 
brain barrier can be measured with a miRNA array [171]. Neverthe-
less, the specific involvement of these highly regulated miRNAs in BBB 
disruption remains unknown. The key to fixing this issue is under-
standing what these miRNAs are targeting. Experiments assessing the 
mRNA or protein levels of putative targets are a regular part of studying 
the effects of changing endogenous miRNA expression. Typically, 
luciferase reporter assays are used to determine if miRNAs are exerting 
direct or indirect control [172]. 

Furthermore, targeting miRNAs and altering their regulatory roles 
within cells using CRISPR/Cas technology has emerged as a promising 
therapeutic approach [173]. Researchers may accurately target and 
control the production of particular miRNAs using CRISPR/Cas systems, 
specifically CRISPR interference (CRISPRi) or CRISPR activation 
(CRISPRa) [174]. A catalytically inactive Cas protein (dCas9) or related 
variations are used in CRISPRi to bind to the promoter regions of miRNA 
genes and so inhibit their production [175]. Conversely, to increase 
miRNA expression through binding to their promoters and triggering 
transcription, CRISPRa uses modified Cas proteins. For instance, Nieland 
et al., found that miRNA-21 is a key factor in glioma progression. By 

disrupting miR-21 coding sequences in glioma cells using CRISPR, re-
searchers were able to upregulate downstream miR-21 target mRNAs 
involved in proliferation. This led to reduced migration, invasion, and 
proliferation in vitro and in vivo, and indicating miRNA-21 as a po-
tential target for CRISPR-based therapeutics [176]. 

Likewise, optimizing the specificity of miRNA-based treatments is 
the second challenge. It is believed that a single miRNA has hundreds of 
potential targets. Since miRNAs can affect such a large number of 
different mRNAs, they are adapted for regulating complex biological 
processes. However, this also raises worries about the unexpected im-
plications of affecting miRNA function. To overcome this issue, anti-
sense oligonucleotides (ASO) have been designed to selectively block 
miRNA from binding with a target mRNA [177]. 

Specifically, ASO is a complementary single-stranded DNA to a 
single-stranded RNA. Antisense strategies typically involve the stimu-
lation of RNase H endonuclease activity, which results in the cleavage of 
the miRNA: mRNA or RNA-DNA heteroduplex and subsequent down-
regulation of target gene activity [178]. Complete homology is used by 
antisense oligonucleotides or miRNA-Mask to bind to miRNA at the 
target mRNA’s 3′ UTR [179]. Consequently, they prevent target mRNAs 
from being modified by miRNAs (Fig. 5). This presents a chance to 
design miRNA therapeutics for established pharmacological targets or 
even to determine the significance of a specific miRNA: mRNA inter-
action. With deeper research into the fundamental design principles, 
success chances could be raised. 

The last major limitation is delivering therapies based on miRNAs 
into the brain. Recently modified miRNA modulators, like mimics and 
inhibitors, significantly extended their circulatory half-life [180]. 

Fig. 6. Illustration of the various delivery mechanisms that can be used to target miRNAs in the blood-brain barrier, such as exosome-based, viral, and nanoparticle- 
based approaches. 
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Nucleotide-based therapeutics have been successfully delivered to the 
brain by viral and non-viral delivery methods and by exosomes that are 
specific to brain endothelial cells [181–184] (Fig. 6). For example, to 
treat Alzheimer’s disease, exosome-mediated release of miRNA-193b 
helped lower levels of amyloid precursor protein [185]. 

Immunostimulatory effects and toxicity associated with various de-
livery methods may impede the therapeutic efficacy of these strategies 
[186]. Ultimately, finding high-affinity ligands for BBB-specific re-
ceptors and designing suitable delivery mechanisms are necessary for 
the creation of more specialized and effective BBB-targeted delivery 
systems. 

Moreover, in clinical trials, the use of particular miRNAs or miRNA 
mimics as therapeutic therapies was frequently studied by researchers. 
These miRNAs may target important genes or metabolic pathways 
involved in metastasis, thereby preventing the spread of breast cancer 
cells to the brain. 

7. Conclusion and future perspectives 

MiRNAs have become significant regulators of gene expression and 
are essential in BC brain metastasis. Recent studies have revealed a fresh 
understanding of the molecular pathways by which miRNAs aid in the 
initiation and development of brain metastasis in BC patients. These 
mechanisms include the regulation of cancer cell proliferation, migra-
tion, invasion, and angiogenesis. MiRNAs have both oncogenic and anti- 
metastatic roles in spreading BC cells to the brain via targeting several 
genes and pathways. Additionally, therapeutic miRNA targeting offers 
great potential for the treatment of BC brain metastasis. MiRNA mimics, 
antagomirs, and small molecule inhibitors of miRNA synthesis are some 
of the techniques used to regulate miRNA expression. 

In the future, miRNAs’ transcriptional importance is set to lead to 
revolutionary developments in molecular biology and medicine. Our 
understanding of these small RNA molecules will grow as a result of the 
continual identification of novel miRNAs by cutting-edge genome 
sequencing technologies, which may also reveal new therapeutic targets 
and disease biomarkers. The precise roles that miRNAs play in various 
processes, including illness, differentiation, and development, will 
continue to be uncovered by researchers. Moreover, further investiga-
tion of the complex interactions between miRNAs and epigenetic regu-
lation will clarify the functions of miRNAs in controlling DNA 
methylation and histone modifications. 

New treatment approaches for BC brain metastasis may be available 
by targeting these miRNAs and their downstream targets. However, 
additional study is required to completely comprehend the intricate 
molecular pathways involved in miRNA regulation of brain metastasis 
and to develop safe and effective miRNA-based therapies for breast 
cancer patients to improve their survival chances. 
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MicroRNAs and extracellular vesicles as distinctive biomarkers of precocious and 
advanced stages of breast cancer brain metastases development, Int. J. Mol. Sci. 
22 (10) (2021) 5214. 

[143] Z. Zhao, A.R. Nelson, C. Betsholtz, B.V. Zlokovic, Establishment and dysfunction 
of the blood-brain barrier, Cell 163 (5) (2015) 1064–1078. 

[144] L. Gu, S. Qing, X. Zhu, X. Ju, Y. Cao, Z. Jia, et al., Stereotactic radiation therapy 
(SRT) for brain metastases of multiple primary tumors: a single institution 
retrospective analysis, Front. Oncol. 9 (2019) 1352. 

[145] C. Dodson, T. Richards, D. Smith, N. Ramaiya, Tyrosine kinase inhibitor therapy 
for brain metastases in non-small-cell lung cancer: a primer for radiologists, Am. 
J. Neuroradiol. 41 (5) (2020) 738–750. 

[146] F. Broekman, E. Giovannetti, G.J. Peters, Tyrosine kinase inhibitors: multi- 
targeted or single-targeted? World J. Clin. Oncol. 2 (2) (2011) 80. 

[147] A. Kopkova, J. Sana, T. Machackova, M. Vecera, L. Radova, K. Trachtova, et al., 
Cerebrospinal fluid MicroRNA signatures as diagnostic biomarkers in brain 
tumors, Cancers 11 (10) (2019) 1546. 

[148] X. Deng, M. Cao, J. Zhang, K. Hu, Z. Yin, Z. Zhou, et al., Hyaluronic acid-chitosan 
nanoparticles for co-delivery of MiR-34a and doxorubicin in therapy against triple 
negative breast cancer, Biomaterials 35 (14) (2014) 4333–4344. 

[149] S. Noyan, H. Gurdal, B. Gur Dedeoglu, Involvement of miR-770-5p in trastuzumab 
response in HER2 positive breast cancer cells, PLoS One 14 (4) (2019), e0215894. 

[150] Y. Li, Y. Liang, Y. Sang, X. Song, H. Zhang, Y. Liu, et al., MiR-770 suppresses the 
chemo-resistance and metastasis of triple negative breast cancer via direct 
targeting of STMN1, Cell Death Dis. 9 (1) (2018) 14. 

[151] Z. Liang, H. Wu, J. Xia, Y. Li, Y. Zhang, K. Huang, et al., Involvement of miR-326 
in chemotherapy resistance of breast cancer through modulating expression of 
multidrug resistance-associated protein 1, Biochem. Pharmacol. 79 (6) (2010) 
817–824. 

[152] Y.W. Deng, W.J. Hao, Y.W. Li, Y.X. Li, B.C. Zhao, D. Lu, Hsa-miRNA-143-3p 
reverses multidrug resistance of triple-negative breast cancer by inhibiting the 

B.M. Hussen et al.                                                                                                                                                                                                                              

http://refhub.elsevier.com/S2468-0540(23)00059-8/sref96
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref96
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref96
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref97
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref97
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref97
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref98
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref98
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref98
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref98
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref99
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref99
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref100
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref100
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref100
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref101
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref101
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref101
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref102
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref102
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref102
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref103
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref103
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref103
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref104
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref104
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref104
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref105
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref105
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref105
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref105
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref106
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref106
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref106
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref106
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref107
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref107
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref107
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref108
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref108
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref108
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref109
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref109
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref109
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref110
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref110
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref110
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref111
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref111
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref111
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref112
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref112
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref112
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref113
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref113
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref114
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref114
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref114
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref115
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref115
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref115
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref116
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref116
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref116
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref116
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref117
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref117
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref118
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref118
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref118
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref119
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref119
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref119
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref120
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref120
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref120
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref121
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref121
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref121
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref121
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref122
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref122
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref122
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref123
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref123
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref123
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref124
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref124
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref124
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref124
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref125
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref125
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref125
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref125
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref126
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref126
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref126
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref127
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref127
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref128
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref128
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref129
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref129
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref129
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref130
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref130
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref130
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref131
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref131
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref131
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref132
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref132
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref132
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref133
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref133
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref133
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref134
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref134
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref134
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref135
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref135
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref135
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref135
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref136
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref136
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref136
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref137
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref137
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref138
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref138
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref139
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref139
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref139
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref140
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref140
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref140
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref141
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref141
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref141
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref141
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref142
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref142
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref142
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref142
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref143
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref143
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref144
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref144
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref144
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref145
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref145
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref145
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref146
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref146
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref147
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref147
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref147
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref148
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref148
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref148
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref149
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref149
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref150
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref150
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref150
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref151
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref151
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref151
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref151
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref152
http://refhub.elsevier.com/S2468-0540(23)00059-8/sref152


Non-coding RNA Research 8 (2023) 645–660

660

expression of its target protein cytokine-induced apoptosis inhibitor 1 in vivo, 
J. Breast Cancer 21 (3) (2018) 251–258. 

[153] E. Tormo, S. Ballester, A. Adam-Artigues, O. Burgués, E. Alonso, B. Bermejo, et al., 
The miRNA-449 family mediates doxorubicin resistance in triple-negative breast 
cancer by regulating cell cycle factors, Sci. Rep. 9 (1) (2019) 5316. 

[154] L.S. Normann, M.R. Aure, S.-K. Leivonen, M.H. Haugen, V. Hongisto, V. 
N. Kristensen, et al., MicroRNA in combination with HER2-targeting drugs 
reduces breast cancer cell viability in vitro, Sci. Rep. 11 (1) (2021), 10893. 

[155] S. Emily Wang, R.-J. Lin, MicroRNA and HER2-overexpressing cancer, MicroRNA 
2 (2) (2013) 137–147. 

[156] R. Perdigao-Henriques, F. Petrocca, G. Altschuler, M. Thomas, M. Le, S. Tan, et 
al., miR-200 promotes the mesenchymal to epithelial transition by suppressing 
multiple members of the Zeb2 and Snail1 transcriptional repressor complexes, 
Oncogene 35 (2) (2016) 158–172. 

[157] X. Sun, J. Liu, C. Xu, S.C. Tang, H. Ren, The insights of Let-7 miRNAs in 
oncogenesis and stem cell potency, J. Cell Mol. Med. 20 (9) (2016) 1779–1788. 

[158] B.V. Zlokovic, The blood-brain barrier in health and chronic neurodegenerative 
disorders, Neuron 57 (2) (2008) 178–201. 

[159] S. Liu, J. Liu, H. Li, K. Mao, H. Wang, X. Meng, et al., An optimized ionizable 
cationic lipid for brain tumor-targeted siRNA delivery and glioblastoma 
immunotherapy, Biomaterials 287 (2022), 121645. 

[160] S.D. Santos, M. Xavier, D.M. Leite, D.A. Moreira, B. Custódio, M. Torrado, et al., 
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