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Abstract: The high mortality from lung cancer is mainly attributed to the presence of metastases at
the time of diagnosis. Despite being the leading cause of lung cancer death, the underlying molecular
mechanisms driving metastasis progression are still not fully understood. Recent studies suggest that
tumor cell exosomes play a significant role in tumor progression through intercellular communication
between tumor cells, the microenvironment, and distant organs. Furthermore, evidence shows that
exosomes release biologically active components to distant sites and organs, which direct metastasis
by preparing metastatic pre-niche and stimulating tumorigenesis. As a result, identifying the active
components of exosome cargo has become a critical area of research in recent years. Among these
components are microRNAs, which are associated with tumor progression and metastasis in lung
cancer. Although research into exosome-derived microRNA (exosomal miRNAs) is still in its early
stages, it holds promise as a potential target for lung cancer therapy. Understanding how exosomal
microRNAs promote metastasis will provide evidence for developing new targeted treatments.
This review summarizes current research on exosomal miRNAs’ role in metastasis progression

mechanisms, focusing on lung cancer.
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1. Introduction

Lung cancer (LC) is the leading cause of death from malignant neoplasms in both
genders worldwide, with the lowest 5-year survival rate and more than 2.1 million new
cases estimated in 2020 [1-5]. Despite recent advances in prevention, detection, and
treatment, the high mortality rate of lung cancer prevails, primarily attributable to the
presence of metastases at the time of diagnosis. More than half of patients are diagnosed
when cancer cells have spread to mediastinal and ipsilateral lymph nodes, brain, bones,
and adrenal glands. Moreover, lung cancer patients with metastasis to distant parts of the
body have significantly lower survival rates than those with regional or localized cancer. In
non-small cell lung cancer (NSCLC), patients with distant metastasis have an 8% 5-year
survival rate. In contrast, patients with metastasis in nearby lymph nodes and localized
cancer in the lung have a 5-year survival rate of 37% and 63%, respectively [6]. Therefore,
understanding the mechanisms of metastasis progression is crucial for improving patients’
survival rates and quality of life.

Recently, exosomes derived from tumor cells have been associated with tumor progres-
sion through intercellular communication mechanisms [7-10]. Furthermore, the evidence
suggests that tumor exosomes direct metastasis to distant organs by preparing a metastatic
pre-niche, recognizing resident cells [11], and releasing biologically active components
that favor the tumorigenic process [12-14]. Exosomes are small extracellular vesicles mea-
suring 30-150 nm in diameter released by cells into the extracellular space, including
body fluids and circulation. These vesicles contain biologically active molecules such as
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proteins, nucleic acids, amino acids, lipids, and metabolites. When they reach a target
receptor cell, they release these molecules, which have a biological effect on the recipient
cell [15,16]. Exosomes constitute an essential mechanism of intercellular communication
in homeostasis and diseases, including cancer. The cargo components of the exosomes
are selectively incorporated into the vesicle and vary depending on the cell origin and its
physiological state [15,16]. Therefore, identifying the active components of exosome cargo
has become a critical area of research in recent years. Among the components transported
by tumor exosomes are the microRNAs (miRNAs), which are implicated in mechanisms
of tumorigenic progression [9,14,17-19] and as biomarkers in liquid biopsies in cancer.
miRNAs are non-coding small RNA molecules of ~22 long nucleotides that regulate gene
expression post-transcriptionally and are involved in essential cellular processes such as
development, proliferation, differentiation, and apoptosis [20-24]. MiRNAs regulate gene
expression by targeting the 3’ untranslated region (UTR) of the mRNA of the target gene,
thereby regulating protein levels [25-27]. It was soon discovered that miRNAs are sorted
into exosomes, released into the extracellular space, and transferred from the donor cell to
recipient cells, where they alter the expression of target genes [28]. This finding expanded
the researchers’ perspective of miRNA's range of action not only as intracellular regulators
but also as molecules that could reprogram the behavior of target cells.

In lung cancer, exosome-derived miRNAs (exosomal miRNAs) have gained visibility
as potential diagnostic and prognostic biomarkers in liquid biopsies. At the same time,
exosomes are being studied as vehicles for delivering miRNA anticancer drugs to the
lungs [29-31].

Recent research has focused on the role of exosomal microRNA in promoting lung
cancer metastasis. Evidence indicates that exosomal miRNAs regulate metastasis-related
mechanisms, such as the epithelial-mesenchymal transition (EMT), angiogenesis, migration,
and immune response evasion [32,33]. Moreover, recent evidence suggests the participa-
tion of exosomal miRNAs in promoting distant metastasis in lung cancer, such as bone
metastasis. Understanding how exosomal miRNAs promote cancer spread will be crucial
in developing targeted therapies that can significantly improve survival rates and enhance
the quality of life of lung cancer patients. This review summarizes current research on
exosomal miRNAs’ role in metastasis progression mechanisms, focusing on lung cancer. It
also provides an overview of exosome biogenesis and miRNA sorting into exosomes as
cargo while emphasizing the identity of the exosomal miRNAs implicated in metastasis
mechanisms, the donor cell, recipient cells, and molecular targets.

2. Exosome Biogenesis and miRNA Sorting
2.1. Biogenesis of Exosomes

Exosome biogenesis begins with the cytoplasmic membrane inwardly budding to
create early endosomes. During this process, these endosomes incorporate membranal
proteins, lipids, and soluble proteins associated with the extracellular milieu into cells.
In addition, the trans-Golgi network (TGN) and endoplasmic reticulum (ER) can con-
tribute to endocytic cargo and luminal constituents in the early endosomes [16]. The early
endosomes mature into late endosomes. Within the late endosomes, intraluminal vesi-
cles (ILVs) are created by the invagination of the endosomal membrane, where cytosolic
proteins, nucleic acids, and lipids are sorted. Late endosomes containing multiple ILVs
are named multivesicular bodies (MVBs) [34]. The MVB can either fuse with lysosomes
and autophagosomes for degradation or fuse with the plasma membrane to release ILVs
as exosomes [35,36]. ILV formation requires the endosome membrane to become highly
enriched for tetraspanins such as CD9 and CD63 [37]. It also requires the recruitment of the
endosomal sorting complexes required for transport (ESCRT) to the site of ILV formation.
ESCRT is a multiprotein complex that enables vesicle budding and cargo sorting into MVBs.
ESCRT consists of four different protein complexes: ESCRT-0, -1, -1I, -III, and the associated
AAA ATPase Vps4 complex [30]. A subunit of ESCRT-0, the hepatocyte growth factor-
regulated tyrosine kinase substrate (HRS), recognizes and sorts ubiquitinated cargoes to
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phosphatidylinositol 3-phosphate (PI3P)-enriched endosomal compartments [38]. PI3P is
a phospholipid in early and late endosomes that regulate cell signaling and membrane
trafficking [39]. Subsequently, HRS binds to the ubiquitin E2 variant (UEV) domain of the
TSG101 protein from the ESCRT-I complex, linking both complexes. The sequential bind-
ing of ESCRT-I and ESCRT-II complexes promotes the accumulation of other lipids (e.g.,
ceramide and sphingosine) around clusters of ubiquitinated proteins, forming a membrane
pouch. Then, the charged multivesicular body protein subunit (CHMP6) of ESCRT-III binds
to the ESCRT-II complex and recruits CHMP4 (Snf7), which polymerizes, forming a coiled
neck around the membrane pouch [40]. After adding CHMP3, the bud is cleaved to form
ILVs, followed by the dissociation of the ESCRT machinery and recycling through ATP
catalysis by Vps4 [15,41,42] (Figure 1a).

(a) Canonical ESCRT-dependent pathway for ILV formation
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Figure 1. Exosome biogenesis. (a) The ESCRT-dependent pathway begins by binding the ESCRT-0
complex to the endosomal membrane. This is achieved by recognizing Phosphatidylinositol 3P
(PI3P) domains and ubiquitinated proteins coupled to clathrin on the surface of the endosome. Once
anchored, ESCRT-0 recruits the ESCRT-I complex, which then recruits the ESCRT-II complex. The
coordinated action of ESCRT-I and II induces the formation of a pouch by invaginating the endosomal
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membrane. This pouch sorts and packages ubiquitinated proteins, cytosolic proteins, and miRNA-
RBP complexes inside. ESCRT-I then recruits the different components of the ESCRT-III complex over
the neck of the pouch. The ESCRT-III complex folds over the neck of the nascent ILVs and releases it
from the endosomal membrane. Finally, the ESCRT-III complex components are disassembled by the
Vps4 enzyme and its accessory protein, LIP5. (b) In the ESCRT-independent pathway, sphingomyelin
hydrolysis occurs in the endosomal membrane through the nSMase2. This results in the formation
of lipid raft microdomains, which prompt the endosomal membrane to fold inward, forming ILVs.
During this process, cytosolic proteins, membrane proteins, and miRNA-RBP complexes are enclosed
within the ILV. These ILVs, abundant in ceramide, are formed naturally and do not require ESCRT
machinery. ILV, intraluminal vesicles; RBP, RNA binding protein; Vps4, vacuolar protein sorting 4 ho-
molog A; LIP5, Lipase 5; nSMase2, neutral enzyme sphingomyelinase 2. Created with BioRender.com,
“https:/ /www.biorender.com/ (accessed on 4 September 2023)”.

An ESCRT-independent lipid-mediated pathway occurs in various biological pro-
cesses, including RNA viral transfer and the invasive process of cancer cells [43,44]. In
this mechanism, complex lipids, such as ceramides, membrane sphingolipids, and sph-
ingomyelinases, can self-associate to form raft-like structures, which induce curvature in
the membrane, leading to inward budding for ILV formation [45] (Figure 1b). It has been
shown that the nSMase2 enzyme is critical for this mechanism, as well as Rab31 GTPase
and tetraspanin CD63 [46].

2.2. Loading of miRNAs into Exosomes

Accumulative evidence indicates that miRNAs are selectively packaged into EVs, ac-
tively released, and delivered functionally into recipient cells. However, the mechanisms by
which miRNAs are loaded into exosomes are still under investigation. Studies suggest that
sorting occurs via various processes, possibly dependent on the lineage and physiological
state of donor cells and the EV origin.

Most studies focus on the mechanisms of sorting miRNA into EVs since current meth-
ods are ineffective at isolating pure subpopulations. Several potential sorting mechanisms
have been proposed [47,48]: (a) the neural sphingomyelinase 2 (nSMase2)-mediated mech-
anism; (b) the sumoylated heterogeneous nuclear ribonucleoproteins (hnRNPs)-mediated
mechanism; (c) other RNA-binding proteins-mediated miRNA-sorting mechanism; and (d)
the Argonaute 2 (AGO2)-mediated mechanism. These mechanisms are based on the follow-
ing research works: Kosaka et al. [49] found that inhibiting the activity of nSMase2 with the
inhibitor GW4869 and small interfering RNA led to a decrease in the secretion of miRNAs.
Conversely, overexpressing nSMase?2 increased extracellular miRNAs. In a later report [50],
the researchers revealed that the overexpression of nSMase2 in murine breast cancer cells
led to an increase in the number of exosomes and exosomal miRNAs miR-16 and miR-210,
while inhibiting nSMase2 had the opposite effect. Villarroya-Beltri et al. [51] found that
sumoylated hnRNPA2B1 (an RNA-binding protein; RBP) recognizes the GGAG motif in
the 3" portion of certain miRNA sequences and controls their loading into the exosomes in
human T-cells. Similarly, Santangelo et al. [52] reported that the RBP called synaptotagmin-
binding cytoplasmic RNA-interacting protein (SYNCRIP or hnRNPQ) recognizes miRNAs
containing the motif GGCU via the Syncrip’s RNA-recognition motif (RRM) domains
and selectively sorts them into the exosomes of hepatocytes. Further, Hobor et al. [53]
discovered that SYNCRIP/hnRNPQ has an additional sequence-specific RNA-binding
domain called NURR in its amino-terminal domain that mediates the specific recognition of
short sequences in miRNA targets. The NURR domain is also connected to Syncrip’s RRM
domains via a non-canonical structural element, resulting in high-affinity miRNA binding.
Syncrip’s selection of target miRNAs requires recognition of the miRNA sequence by the
NURR domain and binding of the RRM domains 5’ to this sequence. This unique structural
arrangement enables Syncrip to select miRNAs with different seed sequences. Several other
RBPs, including Y-box binding protein 1 (YBX-1) [54,55], MEX3C [56], major vault protein
(MVP) [57], and La protein [58], have been associated with miRNA-sorting mechanisms.
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McKenzie et al. [59] found that increased KRAS activity caused by mutation inhibits the
localization of AGO2 to MVEs and decreases AGO2 secretion in exosomes. This event
regulates the levels of three miRNAs (let-7a, miR-100, and miR-320a) present in exosomes
from colon cancer cells, suggesting that AGO2 is involved in a loading mechanism.

2.3. Exosome Incorporation and Cargo Processing in the Recipient Cells

The exact mechanism of how exosomes interact with the plasma membrane of recipient
cells and uptake and transfer their contents is not yet fully understood. Moreover, studies on
the subject focus on EVs instead of the exosome subtype. Research indicates that EVs contact
the recipient cell via different receptors at the plasma membrane. This interaction led to
intracellular signaling events, which later directed the process of exosome internalization
into the cell. Several surface molecules have been associated with the first interaction of
exosome-recipient cells, and their diversity is likely dependent on the type of EVs and
recipient cells. Molecules such as tetraspanins, sulfate proteoglycans, lectins, integrin
receptors, and tetherin have a role in docking EVs to recipient cells [51,60-62]. In cancer, it
was revealed that EVs can express specific receptors that selectively target cell types, locally
and at a distance, allowing them to exhibit organotropism. For instance, evidence in vivo
showed that tumor-derived EVs expressing unique integrins showed organotropism to the
lung (x6p34 and «6(31) and the liver (ov35) [11]. Another example is the amyloid precursor
protein (APP) on exosomes derived from neuroblastoma cells specifically targeting neurons.
However, data also indicate non-selective binding mechanisms, such as interactions via
phosphatidylserine (PS) on EV membranes [63,64]. Once EVs are attached to the recipient
cell, they can be taken up through various endocytosis pathways, such as clathrin-mediated
or clathrin-independent endocytosis, micropinocytosis, phagocytosis, or endocytosis via
caveolae and lipid rafts [61,65,66]. After the recipient cells take up EVs, they follow the
endocytic pathway and reach the multivesicular endosomes (MVEs), which may be directed
to the lysosome. If EVs are not digested, they release their contents into the cytoplasm of
the recipient cell [67]. Currently, there is limited knowledge regarding the intracellular
processing of EVs and how the recipient cell interprets delivered instructions.

3. General Mechanisms of Lung Cancer Metastasis

Metastasis is a process that involves the dissemination of cancer cells from the primary
tumor site to other parts of the body. For cancer cells to spread to other parts of the
body, they need to break away from the primary tumor, travel through the bloodstream or
lymphatic system, withstand migration through circulation, adapt to a new environment in
the secondary site and colonize it, and evade the immune response system [68]. Metastasis
occurs in more than half of lung cancer patients. Lung cancer is diagnosed when cancer
cells have already spread to the mediastinal and ipsilateral lymph nodes, brain, bones, liver,
and adrenal glands [69,70]. Among those body sites, distant extrathoracic metastasis is
the primary cause of lung cancer-related deaths, with the bone, brain, and liver being the
most common sites for metastases in all histological subtypes of non-small cell lung cancer
(NSCLC) [71,72]. Meanwhile, small cell lung cancer (SCLC) typically metastasizes to the
liver and bones [73].

Regardless of their origin and organ spreading, the steps in cancer metastasis are simi-
lar in different cancer types. The steps of the metastatic process include (a) the detachment
of cancer cells from the extracellular matrix (ECM), (b) invasion and migration into the
nearby stroma, (c) entry into circulation through blood or lymphatic vessels, (d) the survival
migration of cancer cells through circulation, and (e) the attachment to and invasion of
a new body site, forming a new metastatic lesion (Figure 2). Several critical mechanisms
are essential for this sequence of events to occur. Angiogenesis is necessary to maintain
cancer cell growth in both primary and metastatic tumor sites, while the disruption of
the extracellular matrix by several proteolytic enzymes permits cancer cells to migrate
through it. In addition, cancer cells undergo epithelial-to-mesenchymal transition (EMT)
to detach from the ECM and migrate. Cells undergo EMT; lose desmosomes, adherence
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junctions, and apical-basal polarity; reshape the cytoskeleton; reduce the expression of
E-cadherin; secrete increased enzymes that degrade ECM; and increase the expression
of vimentin and N-cadherin, acquiring a motile and invasive phenotype [74]. Once the
cancer cells reach and travel into circulation, they are named circulating tumor cells (CTCs).
CTCs must withstand intense mechanical flow, immunosurveillance, and oxidative stress
during migration through circulation. CTSs often associate with platelets to evade immuno-
surveillance [75] and undergo reversible metabolic changes to increase their resistance to
oxidative stress [76]. CTCs can migrate as single cells or clusters; however, the latter is
more likely to survive and form metastases [77,78]. In lung cancer, SCLC seems to migrate
as single cells and small clusters of cells in the blood and lymphatic vessels, while NSCLC
adenocarcinomas seem to migrate as both small-cell clusters and large migrating complexes
of cells [69]. After surviving migration in circulation, cancer cells must be able to adhere
to the metastatic focus and adapt to the new microenvironment to colonize it. Research
suggests that the colonization of secondary distant sites by CTCs is not a random or passive
process. Rather, it depends on certain conditions in the target organs’ microenvironment,
in addition to the ability of cancer cells to reach, survive in, and proliferate efficiently in
distant organs [79]. Furthermore, how cancer cells spread and grow in distant sites involves
communication between resident stromal, immune, and cancer cells. This intercellular
communication happens through direct physical contact between cells or soluble factors
secreted locally or transported through small extracellular vesicles in the body, such as
exosomes [32]. Furthermore, evidence shows that exosomes may direct distant metastasis
by preparing metastatic pre-niche and stimulating tumorigenesis [32,80,81].

Intrathoracic metastasis Circulation Distant metastasis
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Figure 2. General mechanisms of lung cancer metastasis. The process of lung cancer metastasis
includes transforming tumor cells through EMT, their detachment from the ECM, migration to nearby
tissue, and spreading throughout the body through blood or lymphatic vessels as CTCs. Lung
cancer CTCs can migrate as single cells or clusters and frequently travel surrounded by platelets and
neutrophils to evade the host immune response. When CTCs reach a suitable microenvironment,
they attach and form a new metastatic focus in different body parts, such as the pleural membrane,
lymph nodes, bones, and the brain. CTCs, circulating tumor cells; ECM, extracellular matrix; EMT,
epithelial-to-mesenchymal transition. Created with BioRender.com, “https://www.biorender.com/
(accessed on 4 September 2023)”.
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In the following sections, we will describe how exosomal miRNAs regulate mecha-
nisms related to the progression of lung cancer metastasis, such as EMT and angiogenesis.
We will also explore the miRNAs linked to the distant metastasis of organs primarily
impacted by the disease, such as the brain and bones.

4. Exosomal miRNAs in Lung Cancer EMT

EMT is a natural process during embryogenesis, tumor progression, and metastasis.
EMT is a reversible process that allows immotile and tightly bound epithelial cells to
differentiate into mesenchymal cells, which possess plasticity and motility. During cancer,
EMT can aid in entering cells into the bloodstream. However, once the cells leave the blood-
stream and enter a new organ, reversing this state (mesenchymal-to-epithelial transition or
MET) enables them to establish a foothold and grow. There are various pathways involved
in EMT, including TGF-3, Wnt, Notch, NF-«B, Hedgehog, FGFR, and STAT3, which are
regulated by genetic, epigenetic, and microenvironmental factors. One of the epigenetic
factors is miRNAs, which have been shown in multiple studies to impact metastasis in lung
cancer by either promoting or inhibiting EMT [82-86]. Furthermore, several tumor-derived
exosomal miRNAs have been shown to affect lung cancer metastasis by promoting EMT.
For example, Yu et al. [87] demonstrated that miR-31-5p-enriched exosomes from A549 and
H1299 cells cultured under hypoxic conditions enhanced the migration and invasion of
the same cells under normoxic conditions. Exosomal miR-31-5p directly targets the special
AT-rich sequence-binding protein 2 (SATB2), which is known to reverse the epithelial-
mesenchymal transition. This significantly increases MEK/ERK signaling activation and
ultimately contributes to tumor progression in both in vitro and murine xenograft models.

In another study, Wang et al. [88] found that stem-like cells that grow spherical,
derived from A549 cells, release exosomes that promote the migration and invasion of
A549 and NCI-H1703 lung cancer cells. This is accompanied by the increased expression
of N-cadherin, vimentin, MMP-9, and MMP-1, while E-cadherin is downregulated. The
dual-luciferase reporter assay confirmed that miR-210-3p targets fibroblast growth factor
receptor-like 1 (FGFRL1). When FGFRL1 was silenced in lung cancer cells, their ability to
migrate and invade increased, as well as the expression levels of EMT markers N-cadherin
and vimentin. Conversely, overexpressing FGFRL1 inhibited these traits. These findings
indicate that exosomal miR-210-3p could promote the migration and invasion of lung
cancer cells by regulating EMT via FGFRL1 targeting.

Similarly, Hisakane et al. [89] reported an EMT promoter role of exosomal miR-210-3p.
In this study, lung cancer cells resistant to Osimertinib HCC827-OR could transfer miR-210-
3p in exosomes, causing EMT changes and resistance in parental cells HCC827. Although
the transfer of exosomes was not confirmed in this study, there was an increased expression
of miR-210-3p in the exosome-treated HCC827 cells. The transfection of miR-210-3p mimics
in HCC827 cells led to EMT changes, such as lower levels of vimentin and E-cadherin and
increased resistance to Osimertinib, supporting the role of miR-210-3p in EMT regulation.

On his part, He et al. [90] found that exosomes derived from highly metastatic NSCLC
cells (SPC-A-1BM) increased the EMT, proliferation, and migration of parental SPC-A-1.
They discovered that miR-499a-5p was upregulated in exosomes from SPC-A-1BM and
that knocking down miR-499a-5p in SPC-A-1BM cells prevented the effects of exosomes on
metastatic-related abilities. Transfection of A549 and SPC-A-1BM cells with miR-499a-5p
mimics showed increased EMT, proliferation, and migration of transfected cells via the
mTOR pathway with the phosphorylation of S6K1 and BP1 proteins. In addition, when
Ab549 cells were injected into BALB/c nude mice, those receiving miR-499a-5p mimic
injections under the skin near tumors developed larger tumor nodules than those receiving
the negative control treatment, which suggests an association with tumor progression.

On the other hand, the miR-200 family of endogenous miRNAs, comprising miR-
200a/b/c, miR-141, and miR-429, plays a vital role in controlling EMT by acting as an
inhibitor. The endogenous miR-200 blocks the production of transcription factors ZEB-1
and ZEB-2, which directly affects the expression of E-cadherin, thereby preserving the
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epithelial phenotype of epithelial cells [91-94]. Accordingly, Liu et al. [95] found that
cancer-associated fibroblasts (CAFs) transfected with miR-200 mimics secrete exosomes
that inhibit the migration, invasion, and EMT of A549 and NCI-H460 lung cancer cells.
The effect of miR-200-enriched exosomes was through the inhibition of zinc finger E-box
binding homeobox 1 (ZEB1). Exosomes secreted by tumor tissue CAFs had lower miR-200
levels than those secreted by normal fibroblasts, potentially explaining the positive role of
CAFs in tumor progression in the tumor microenvironment.

Liu et al. [96] also reported that exosomal miRNAs inhibit EMT. In this study, exosomes
from A549 cells induced migration, invasion, and EMT markers in BEAS-2B epithelial lung
normal cells. However, they observed that let-7c-5p and miR-181b-5p were decreased in
Ab549 cell-derived exosomes. When exosomes from A549 cells transfected with mimics
let-7c-5p and miR-181b-5p were used, there was a decrease in migration and invasion
properties on BEAS-2B cells, although evidence of exosome uptake was not provided.
Bioinformatic analysis suggested that let-7c-5p and miR-181b-5p may inhibit the EMT
process by affecting the mitogen-activated protein kinase (MAPK) signaling pathway, but
this was not experimentally tested.

Table 1 summarizes the exosomal miRNAs associated with EMT in lung cancer. The
revised literature showed that exosomal miRNAs can function as either promoters or
inhibitors of EMT, consistent with information on endogenous miRNAs. The research
also revealed no overlap in the molecular targets and pathways of the exosomal miRNAs
examined in these studies. This may be due to the limited number of current studies on
the topic.

Table 1. Exosomal miRNAs associated with EMT in lung cancer.

Exosomal Cellular .. Molecular Possible
miRNA Source Recipient Cells Targets Mechanism Effects Reference
EMT promoting
1 Migration, invasion,
. A549 A549 MEK/ERK
miR-31-5p H1299 H1299 SATB2 signaling activation EMT, and tumor [87]
progression
1 Migration, invasion,
. A549 EMT, and
miR-210-3p Ab549 NCL-H1703 FGFRL1 Unknown MMP-9/MMP-1 [88]
expression.
miR-210-3p ~ HCC827-OR Hecsa7 Unknown Unknown TEMT and resistance [89]
(parental cells) to Osimertinib
AL 1 EMT, proliferation,
miR-499a-5p  SPC-A-1BM SPC-A-1 S6K1, BP1 mTOR pathway 4 migration. Larger [90]
(parental cells) activation
tumor nodules
EMT inhibiting
. A549 Inhibition of migration,
miR-200 CAF NCI-H460 ZEB1 Unknown invasion, and EMT [95]
let-7c-5p and MAPK signaling Inhibition of migration,
miR-181b-5p A9 BEAS-2B Unknown pathway? invasion, and EMT ol

BP1, eukaryotic initiation factor 4E-binding protein 1; CAF, cancer-associated fibroblasts; EMT, epithelial-to-
mesenchymal transition; ERK, extracellular signal-regulated kinase; FGFRL1, fibroblast growth factor receptor-
like 1; MAPK/MEK, mitogen-activated protein kinase; MMP-1, matrix metallopeptidase 1; MMP-9, matrix
metallopeptidase 9; mTOR, mammalian target of rapamycin; PFD, pirfenidone. S6K1, S6 kinase beta-1; SATB2,
special AT-rich sequence-binding protein 2; ZEB1, zinc finger E-box binding homeobox 1; 1, increased.

5. Exosomal miRNAs in Lung Cancer Angiogenesis

As the primary tumor expands, the tumor microenvironment (TME) becomes more
heterogeneous regarding cell types, structure, and metabolic processes [97-99]. The grow-
ing tumor requires more oxygen and nutrients to keep growing. When it grows beyond a
certain size, the blood vessels around it can no longer provide enough oxygen, resulting
in hypoxia in various tumor zones [100,101]. This condition promotes angiogenesis to
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form new blood vessels from existing ones by activating different signaling pathways.
Tumor angiogenesis initiates when pro-angiogenic factors, such as the vascular endothelial
growth factor (VEGF), the fibroblast growth factor (FGF), and platelet-derived growth
factors (PDGFs), stimulate endothelial cells that are typically dormant during homeosta-
sis [102]. Although homeostatic angiogenesis is a well-coordinated process, the continuous
overproduction of angiogenic factors during tumor-induced angiogenesis results in struc-
turally abnormal tumor vessels. Tumor vessels are tortuous and dilated, which causes an
increase in vascular permeability and high interstitial pressure. This can lead to reduced
blood perfusion and increased hypoxic conditions within the tumor microenvironment,
resulting in hypoxia, glucose starvation, and immune cell infiltration, which may promote
metastasis [103,104].

Among the molecular factors regulating angiogenesis in tumors, studies have shown
that specific miRNAs in tumor-derived exosomes may promote lung cancer metastasis by
inducing angiogenesis. A study conducted by Fan et al. [105] found that exosomes from
A549 and H460 lung cancer cells triggered the CAF phenotype of the NIH/3T3 fibroblast
and the secretion of pro-angiogenic factors VEGF-A, FGF2, and MMP9. Moreover, the
culture supernatant from exosome-treated NIH/3T3 cells increases the in vitro proliferation,
migration, and tube formation of mouse MS-1 endothelial cells. In the in vivo model,
exosome-treated NIH/3T3 cells increased microvessel density (MVD) in mice. Lung cancer
cell-derived exosomes have high levels of miR-210, and further use of exosomes from cells
transfected with miR-210 mimic or anti-miR-210 resulted in the observed and opposite
effect on NIH/3T3 cells, supporting its role in angiogenesis. Exosomes overexpressing
miR-210 induced the phosphorylation of STAT3 and JAK2 and reduced levels of Ten-
eleven translocation 2 (TET2) in NIH/3T3, identified as the target of miR-210. TET2 is a
methylcytosine dioxygenase that modulates the hematopoietic stem cell expansion and
function by controlling DNA methylation, and Tet2-deficient mice show an increased tumor
vasculature model of lung cancer [106,107]. However, the role of a potential regulatory axis,
exosomal miR-210-TET2-angiogenesis, should be further studied.

Mao et al. [108] discovered that SCLC patients had higher levels of miR-141 in their
plasma and serum exosomes. This correlated with larger tumor size, distant metastasis,
and TMN stage, indicating a potential association with cancer progression and metastasis.
In vitro experiments showed that exosomes from miR-141-mimic-transfected SCLC cells
enhanced human umbilical vein endothelial cell (HUVEC) proliferation, migration, and
tube formation. They also enhanced the number of microvessels sprouting from mouse
aortic rings in vitro. MiR-141 exosomes injected with Matrigel into BALB/c nude mice sub-
cutaneously increased blood vessels and CD31 expression in the Matrigel plugs, indicating
their ability to promote neovascularization. miR-141 targets the Krueppel-like factor 12
(KLF12), and knocking down KLF12 led to increased HUVEC proliferation tube formation
and microvessel sprouting from aortic rings. This suggests that miR-141 promotes angio-
genesis by targeting KLF12 on HUVEC. Krueppel-like factors are transcription factors that
play a significant role in various cellular processes, including proliferation, apoptosis, and
migration [109]. In endometrial and breast cancer, the overexpression of KLF12 has been
linked to tumor growth and proliferation [110,111]. However, its role in lung cancer is still
being investigated.

Similarly, Wang et al. [112] found that tumor-derived exosomal miRNA-141 promotes
angiogenesis and lung cancer progression in NSCLC, however, by targeting the growth
arrest-specific homeobox gene (GAX). In this study, miRNA-141 mimics were transfected in
Ab549 lung adenocarcinoma cells, and their exosomes enhanced the migration and invasion
of non-transfected A549, as well as the proliferation and the formation of tubes of HUVEC.
Through the luciferase assay, the authors showed that miR-141 targets GAX in HUVEC,
and the exosomes obtained from miR-141 transfected cells resulted in reduced levels of
GAXin HUVEC. It is known that the GAX gene is a negative transcriptional regulator of
endothelial cells that is downregulated by angiogenic factors [113]. Still, the regulatory role
of exosomal miR-141 on GAX expression in lung cancer should be further explored.
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In another study, Chang et al. [114] discovered increased levels of miR-197-3p in tumor
tissue and serum from lung adenocarcinoma patients with metastasis, which was also
linked to a poorer prognosis. In vitro experiments showed that miR-197-3p-transfected
A549 and H1299 cells stimulated the proliferation, migration, and tube formation of HU-
VEC, while transfection with miR-197-3p inhibitors had the opposite effects. They identified
the tissue inhibitors of metalloproteinase 2 (TIMP2) and 3 (TIMP3) as target genes of miR-
197-3p in HUVECs. Further, in vivo experiments supported that exosomes overexpressing
miR-197-3p promoted the proliferation, migration, and tube formation of HUVEC cells and
lung metastasis via TIMP2/3-mediated angiogenesis.

According to Ma et al. [115], higher levels of exosomal miR-3157-3p were found in the
plasma of NSCLC patients compared to healthy controls. They found that exosomes from
miR-3157-3p-transfected A549 and H1299 NSCLC cells induced the proliferation, migration,
and vascular permeability of HUVEC cells by downregulating TIMP2 and Kruppel-like
transcription factor 2 (KLF2). Mechanistically, the downregulation of TIMP2/KLF2 in-
creased the expression of VEFG, MMP2, and MMP9 and decreased the expression of ZO-1,
occluding, and claudin-5, promoting angiogenesis and increased vascular permeability. In a
xenograft murine model, they observed that treatment with miR-3157-3p-exosomes resulted
in higher microvessel density and larger tumor size, increased expression of VEFG and
MMP2, and decreased expression of TIMP2 and KLF2 compared to the control treatment.
Finally, they observed that injection in the tail vein of exosomes derived from transfected
Ab549 cells increased the number of lung metastatic nodules in comparison with control
exosomes.

Shao et al. [116] proposed that exosomal miR-494-3p regulates angiogenesis through
the c-Jun and the phosphatase and tensin homolog (PTEN) pathways. Their experiment
used a specific Jun N-terminal kinase (JNK) inhibitor SP600125 or CRISPR/Cas9 to delete c-
Jun. They found that exosomes from SP600125-treated A549 cancer cells or ¢-Jun-KO-A549
cells showed decreased miR-494-3p levels while inhibiting tube formation, increased PTEN
levels, and decreased Akt phosphorylation in HUVEC cells. In vivo, matrigel plugs assays
showed that exosomes from c-Jun-KO cells suppressed stimulated vascularization. The
transfection of HUVEC cells with miR-494-3p agomirs promoted tube formation and down-
regulated PTEN levels, suggesting a role of this miRNA in the observed effects. Although
PTEN has binding sequences for miR-494-3p, the study did not directly demonstrate the
targeting of PTEN by miR-494-3p.

In accordance, Kim et al. [117] also proposed that exosomes originating from A549
cells can enhance tumor angiogenesis and metastasis. Their research showed that miR-
610-5p-enriched exosomes derived from A549 cells increased tube length and migration
in HUVEC cells while reducing levels of RCAN1.4, which is a direct target of miR-610-5p.
The study found that when miR-610-5p was overexpressed in NSCLC cells, it increased
the metastatic potential of NSCLC cells injected into mice’s lateral tail veins. On the other
hand, the suppression of RCAN1.4 enhanced the characteristics of these cells in vitro.
These results suggested that miR-619-5p-3p plays a crucial role by inhibiting the tumor
suppressor RCAN1.4, affecting the proliferation and metastasis of NSCLC. In addition, this
study found increased expression of miR-619-5p, decreased expression of RCAN1.4, and
increased expression of CD31 in the tumor tissue of NSCLC patients, suggesting their role
in tumor promotion and angiogenesis.

The reviewed literature showed that six different exosomal miRNAs can potentially
promote angiogenesis. However, only miR-210 and miR-141 were shown to promote
microvessel density in vivo. Additionally, only miR-197-3p was observed to affect tumor
growth in vivo through its impact on angiogenesis. Mechanistically, two miRNAs, miR-
197-3p and miR-3157-3p, target TIMP2, but the exact pathways involved are still unknown.
TIMP2 is known to inhibit protease activity in tissues and suppress the proliferation of
quiescent tissues in response to angiogenic factors. There were no further coincidences.
Table 2 summarizes the exosomal miRNAs associated with angiogenesis in lung cancer.
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Table 2. Exosomal miRNAs associated with angiogenesis in lung cancer.

Exosomal Cellular Recipient Molecular Possible Effects Reference
miRNA Source Cells Targets Mechanism
Promotion of CAF phenotype. 1 Secretion of
A549 STAT3/JAK2  pro-angiogenic factors VEGF-A, FGF2, and
miR-210 H460 NIH/3T3 TET2 signaling MMP9 by CAF. 1 Proliferation, migration, [105]
activation and tube formation of endothelial cells.
1 In vivo microvessel density.
miR-141 ;40268 HUVEC KLF12 Unknown 1 In vivo microvessel density. [108]
miR-141 Ab549 HUVEC GAX Unknown 1 Formation of tubes of endothelial cells. [112]
. A549 TIMP2, .
miR-197-3p H1299 HUVEC TIMP3 Unknown 1 In vivo tumor growth [114]
. A549 TIMP2, T Expression of VEFG, MMP2, and MMP9.
miR-3157-3p H1299 HUVEC KLF2 Unknown 1 Vascular permeability. [115]
miR-4943p  A5499  HUVEC ~ PTEN?  Jun/PTEN 4 Formation of tube formation [116]
pathways
miR-619-5p  A549  HUVEC RCANL4  Unknown T In vitro invasiveness of A549 cells [117]

1 In vitro tumor expression of CD31

CAF, cancer-associated fibroblasts; GAX, growth arrest-specific homeobox gene; KLF12, Krueppel-like factor 12;
MMP-2, matrix metallopeptidase 2; MMP-9, matrix metallopeptidase 9; PTEN, phosphatase and tensin homolog;
RCAN1.4, regulator of calcineurin 1 isoform 4; TET2, ten-eleven translocation 2; TIMP2, tissue inhibitor of
metalloproteinase 2; TIMP3, tissue inhibitor of metalloproteinase 3; 1, increased.

6. Exosomal miRNAs in Other Mechanisms Affecting Lung Cancer Metastasis

Before spreading to surrounding tissues and separating from the original site to
form metastases, tumor cells undergo various processes that support the progression of
the disease. These mechanisms include increased proliferation, migration, resistance to
programmed cell death, and avoidance of the local immune system. When circulating,
tumor cells must avoid the body’s immune response and successfully reach the secondary
tumor site. After reaching the new tumor site, they must adjust to the microenvironment
by activating survival signals, promoting cell growth, developing new blood vessels,
and avoiding the local immune response. Thus, these mechanisms that facilitate cancer
development also impact metastasis progression. Tumor exosomal miRNAs also influence
lung cancer metastasis by negatively or positively regulating these mechanisms.

6.1. Requlation of Immune Response

To fight tumors, the immune system must activate T lymphocytes and antigen-
presenting cells (APCs) such as macrophages and dendritic cells (DCs) to target tumor
antigens. The APCs present tumor antigens through the MHCI or II-peptide complex,
which activates CD8+ cytotoxic and CD4+ helper T-cells. These T-cells must move into
stromal tissue to reach the tumor. Once they reach the tumor, the CD4+ T-cells release
cytokines like IFNy and TNF to enhance the cytotoxic CD8+ T-cell-mediated response,
strengthening the antitumor immune response [69,118]. The concomitant infiltration of
CD4+ and CD8+ T-cells has been shown to indicate favorable prognoses in NSCLC pa-
tients [119]. In addition to T-cells, natural killer cells (NK cells) and macrophages infiltrate
the tumor stroma. IFN-y induces the M1 phenotype of the tumor-associated macrophages
(TAMs), contributing to the antitumor response. In general, lung cancer cells evade the
immune response by blocking crucial steps in generating a cytotoxic T-cell response. For ex-
ample, NSCLC tumor cells secrete IL-10, TGFf3, and chemokine CCL20, which promote the
proliferation, maturation, and recruitment of regulatory T-cells (Tregs) that suppress CD8+
T-cell-mediated cytotoxic killing [120,121]. Tumor cells secrete TGF-3 and prostaglandin
E2 (PGE2) to induce DCs to differentiate into regulatory DCs, which inhibit the immune
response by secreting cytokines such as IL-10 [122]. Other known mechanisms involve
the induction of the M2 phenotype of TAMs, which promote tumor growth by enhancing
proliferation and suppressing antitumor immunity in NSCLC [123]. Exosomal miRNAs are
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among the diverse intercellular communication mechanisms between immune and tumor
cells that determine the balance of antitumor and protumor immune responses. Although
evidence of lung cancer is still scarce, lung tumor cells secrete exosomal miRNAs that
impact immune response components to favor tumor progression.

For example, Li et al. [124] showed that hypoxic stress in NSCLC tumor cells sup-
presses tumor-secreted exosomal miR-101, which stimulates IL1A and IL6 expression in
macrophages via targeting cyclin-dependent protein kinase 8 (CDKS8) and SUB1 regulator
of transcription (SUB1). The overexpression of miRNA-101 or enriched exosome uptake
by macrophages suppresses IL1A and IL6 expression by targeting CDKS8, whereas inject-
ing miR-101 into xenografted tumors reduced growth and macrophage tumor infiltration
in vivo. These findings suggest that tumor exosomal miR-101 negatively regulates the
activation of macrophages in the tumor microenvironment, promoting tumor progression,
whereas tumor hypoxia favors inflammation.

According to a study by Donzelli et al. [125], miR-574-5p in small extracellular vesi-
cles (sEVs) negatively regulates the biosynthesis of the pro-inflammatory lipid mediator
prostaglandin E2 (PGE2). The study discovered a feedback mechanism in which endoge-
nous miR-574-5p in A549 and 2106T cells promotes the biosynthesis of PGE2, which in
turn induces the sorting of miR-574-5p in sEVs through EP1/3 receptors. The sEV-derived
miR-574-5p then reduces the levels of pro-inflammatory PGE2 in A549 cells but not in 2106T
cells. This regulation relies on the activation of TLR7/8 in A549 (lung adenocarcinoma)
cells but not in 2106T (squamous cell carcinoma) cells.

Ma et al. [126] found that miR-181b was upregulated in exosomes from NSCLC
cells and serum from NSCLC patients. Tumor exosomal miR-181b was transferred into
macrophages, enhancing macrophage M2 polarization and diminishing inflammation.
Consequently, the conditioned medium from macrophages treated with exosomes-derived
NSCLC cells promotes NSCLC cell proliferation, migration, and invasion. This regulation
depends on the activation of JAK2 and STATS3.

On the contrary, Liu et al. [127] reported that exosomal miR-770, derived from NSCLC
tumor cells, inhibits the polarization of M2 macrophages, consequently favoring inflam-
mation. This regulation depends on the downregulation of MAP3K1. The authors found
that the exosomal miR-770 significantly curbs the growth of NSCLC tumors in vivo by
obstructing M2 macrophage polarization. Accordingly, miR-770 was downregulated in
NSCLC tissue compared to adjacent normal tissue. The findings suggest that exosomal
miR-770 plays a role in enhancing the inflammatory response. Hence, its downregulation
is associated with cancer.

Chen et al. [128] found that A549 cells-derived exosomes were taken up by microglia
HMCS3 cells. Microglia are immune innate cells in the central nervous system and are
reported to be enriched in brain tumors. These exosomes increase the phagocytic activity
and secretion of pro-inflammatory cytokines IL-6, IL-8, and CXCL1 in microglia but do
not affect their migration. The study also revealed that miR-1246 was highly expressed
in exosomes derived from NSCLC cells and the plasma of NSCLC patients. Further
experiments showed that microglia transfected with miR-1246 mimics exhibited increased
secretion of IL-6, IL-8, and CXCL1, but no effect on proliferation was observed. These
findings suggest that tumor exosomal miR-1246 may favor microglia’s production of
inflammatory cytokines in vitro. In vivo experiments will further prove the observed effect
on the central nervous system.

The literature review revealed that two tumor-derived exosomal miRNNAs, miR-181b
and miR-770, impact the polarization of macrophages toward the M2 phenotype, which is
associated with promoting tumor growth. Exosomal miR-181b leads to the M2 phenotype
and is upregulated in exosomes from NSCLC cells and serum from NSCLC patients.
Conversely, miR-770 inhibits the M2 phenotype but is downregulated in exosomes from
NSCLC cells and tumor tissue. Therefore, both exosomal miRINAs are linked to cancer
promotion by influencing the M2 polarization. However, only miR-770 was proven to
affect the growth of NSCLC tumors in vivo by obstructing M2 macrophage polarization.
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Meanwhile, exosomal miR-101 also affects macrophage function by suppressing IL1A and
IL6 expression, which reduces growth and macrophage tumor infiltration in vivo. This
miRNA is downregulated in tumor-derived exosomes by hypoxia, associated with tumor-
promoting effects. Another exosomal miRNA, miR-574-5p, regulates pro-inflammatory
PGE2 expression in tumor cells, but its impact on the immune response and tumor-related
traits is untested. Finally, miR-1246 induces the increased expression of cytokines in
microglia cells; however, its impact on the immune response and tumor-related mechanisms
is untested. It is noted that the literature on exosomal miRNAs and the regulation of the
immune response in lung cancer is still limited.

6.2. Requlation of Proliferation, Migration, Invasion, and Apoptosis

Cancer is characterized by continuous cell growth and division, which involves a com-
plex interplay of genes and proteins, such as specific kinases and kinase receptors [129,130].
These components may become deregulated, allowing tumor cells to evade growth inhibi-
tion and enable sustained cell proliferation. Then, cancer cells must avoid programmed cell
death or apoptosis to continue proliferating. Cell apoptosis involves extrinsic and intrinsic
pathways that lead to the activation of caspases and, ultimately, cell destruction [130].
While evading the immune response, cancer cells can break through the stroma, migrate,
and invade surrounding tissue. Several endogenous miRNAs have been implicated in
promoting proliferation, migration, and invasion and inhibiting apoptosis in lung can-
cer [131,132]. In addition, evidence indicates that specific exosomal miRNAs derived from
tumors promote lung cancer proliferation and migration while inhibiting apoptosis, as
reviewed in the following literature.

A study conducted by Wu et al. [133] revealed that exosomes from H1299 lung cancer
cells containing high levels of miR-96 promote the proliferation, migration, and drug
resistance of A549 cells. In contrast, A549 cells transfected with a miR-96 inhibitor showed
lower proliferation and migration and higher apoptosis levels, further supporting the
regulatory role of miR-96. LIM-domain-only protein 7 (LMO?) is a target of miR-96, and its
overexpression in A549 cells reversed the effects induced by exosomes from H1299 cells.
The increased levels of miR-96 in both the tumor tissue and serum of lung cancer patients,
along with the decreased level of LMO? in tumor tissue, support the notion that miR-96
may play a tumor-promoting role in lung cancer.

According to Sun et al. [134], exosomal miR-106b promotes the migration and invasion
of the NSCLC cell line SPC-A-1 while increasing MMP-2 and MMP-9 expression. This is
achieved by exosomal miR-106b targeting the tumor suppressor PTEN, which promotes
migration and invasion in SPC-A-1 cells. PTEN overexpression can reverse the effect of
exosomal miR-106b on migration and invasion, further supporting its role in the regulatory
mechanism. In patients with late-stage or lymph node metastases of lung cancer, the level
of exosomal miR-106b in their serum was significantly higher, indicating a possible link
between miR-106b and metastasis. However, additional in vivo studies are required to
confirm the role of this miRNA in promoting metastasis.

On the other hand, altering the integrity of the vascular barrier facilitates the migration
of cancer cells, leading to cancer spread. In this regard, Mao et al. [135] found that exosomes
from miR-375-3p-transfected SCLC cells disrupt tight junctions in vascular endothelial cells
by inhibiting the claudin-1 protein, breaking vascular barriers, increasing permeability, and
promoting the transendothelial migration of SCLC cells in vitro. Experiments conducted
in mice showed that injecting SCLS cells and exosomes carrying miR-375-3p resulted
in increased metastatic nodules in the lung, indicating the potential role in metastasis.
Accordingly, miR-375-3p was upregulated in the plasma of SCLC patients with metastasis
from a small cohort, supporting its association with lung cancer metastasis.

In addition to miRNAs produced by tumor cells, miRNAs produced by other cell
lineages have also been linked to mechanisms affecting lung cancer. For example, Lei
et al. [136] discovered that exosomes released by THP-1 cells, which had differentiated into
M2 cells, suppressed apoptosis and promoted the proliferation, migration, and invasion
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of A549 and SPC-A1 lung cancer cells. Exosomal miR-501-3p was upregulated in those
M2 exosomes. They found that miR-501-3p mimics restricted apoptosis and facilitated
the proliferation, migration, and invasion of A549 and SPC-A1 cells, whereas these effects
were reversed by M2 exosomes downregulating miR-501-3p. The authors showed that WD
repeat domain 82 (WDR82) was a target of miR-501-3p, and the overexpression of WDR82
impaired the growth of lung cancer cells induced by M2 exosomes. Their study suggests
that M2-derived exosomal miR-501-3p facilitates the proliferation, migration, and invasion
of lung cancer cells via targeting WDR82.

The literature review showed that two miRNAs, miR-96 and miR-106b, derived
from tumors, and exosomal miR-375-3p, derived from M2 macrophages, can increase the
proliferation, migration, and invasion of lung tumor cells. While these traits are associated
with tumor progression, no in vivo studies were conducted to determine their impact on
tumor progression or metastasis. On the other hand, SCLC-derived exosomal miR-375-3p,
which breaks vascular barriers, increased metastatic nodules in the lung, indicating its
potential role in metastasis. Nonetheless, more research is needed on this topic.

7. Exosomal miRNAs in Bone and Brain Metastasis

Around 30-40% of patients with late-stage NSCLC develop bone metastasis [137].
This type of metastasis can be classified as osteolytic, osteogenic, or mixed based on the
radiographic and pathological features of the lesions [138]. Osteolytic metastasis results
in bone destruction due to excessive osteoclast activity, while osteogenic metastasis is
characterized by new bone deposition by osteoblasts [138,139]. Osteolytic bone metastasis
is the most common type and accounts for 70% of all cancers, with most cases of NSCLC
falling into this category [140]. In lung cancer patients with bone metastasis, the spine
is the most frequently affected area, occurring in 40-50% of cases, followed by the ribs
(20-27%) and pelvis (17-22%) [141-143]. Equally relevant, brain metastasis occurs in
approximately 40% of NSCLC patients at diagnosis, while 25-40% will develop it during
the disease [144,145]. In SCLC, 15% of patients have brain metastasis at diagnosis [146].
The most frequently affected areas are the cerebral hemispheres (80%), the cerebellum
(15%), and the brainstem (5%) [147].

7.1. Bone Metastasis

Bone metastasis in lung cancer involves multiple steps, from survival in circulation to
engagement and colonization of the bone compartment. During this process, bone tissue
releases soluble factors, which may act as chemoattractants for receptors expressed in
tumor cells, thereby aiding the process of metastatic homing [148]. For example, bone
marrow stroma secretes C-X-C motif chemokine 12 (CXCL12), which attracts NSCLC tumor
cells expressing its receptor C-X-C chemokine receptor 4 (CXCR4), directing tumor cells
from blood circulation to the bone [149]. Afterward, the activation of multiple critical
mechanisms and pathways is necessary for engagement within the bone microenvironment.
Among them, inhibiting the collagen receptor discoidin domain receptor-1 (DDR1) in lung
cancer cells hampers tumor cell survival, leading to impaired early tumor-bone engagement
during skeletal homing. DDRI is expressed in cancer cells and interacts with collagen in the
stroma and bone marrow matrix [150]. The pathway involving the platelet-derived growth
factor receptor (PDGFR) and vascular endothelial growth factor (VEGFR) plays a crucial
role in the interaction between tumors and bone marrow stroma. PDGFR-f3 is expressed in
the bone marrow stroma, and blocking it impairs the colonization of bone tissue in lung
cancer [151,152]. Another pathway, the receptor activator of the nuclear factor-kappa 3
ligand (RANKL)/RANK, may be essential in mediating osteolytic bone destruction in bone
metastasis of lung cancer [153,154]. Osteoclasts express RANKL, and RANK binding to
RANKL stimulates osteoclast differentiation, survival, and activity, which may favor bone
absorption balance [155,156]. Also, tumor cells produce several soluble factors, such as
parathyroid hormone-related peptide (PTHrP), IL-5, and IL-11, which induce osteolysis by
increasing RANKL expression [157,158].
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In addition to the known mechanism of bone metastasis described above, evidence
indicates that exosomal miRNAs have a role in lung cancer metastasis to the bone by
facilitating osteoclastogenesis or affecting angiogenesis on site.

For example, Zhang et al. [159] found that miR-328-enriched exosomes from A549 cells
enhanced RAW 264.7 osteoclastogenesis and osseous resorption in vitro and in vivo. In this
study, murine osteoclast precursors RAW 264.7 transfected with miR-328 mimics showed
decreased expression of osteoblast marker osteoprotegerin and increased staining of osteo-
clasts marker tartrate-resistant acid phosphatase (TRAP). These effects were reversed with
miR-328 inhibitors, supporting the role of miR-328 in osteoclastogenesis. It was shown that
miR-328 targets Neuropilin 2 (Nrp-2), and transfection of RAW 264.7 with Nrp-2 inhibitors
enhanced TRAP staining. Notably, a deficiency of Nrp-2 has been previously associated
with enhanced osteoclast differentiation and a reduced number of osteoblasts [160]. Further,
in vivo experiments showed that mice treated with exosomes from A549 cells transfected
with the miR-328 inhibitor had reduced trabecular bone thickness, increased trabecular
separation, and lower osteoclast count. These findings indicated that exosomal miR-328
from A549 cells enhances osteoclastogenesis via downregulating Nrp-2.

In another study by Wang et al. [161], RAW264.7 cells were exposed to exosomes from
bone metastatic NSCLC SPC-A-1BM or parenteral SPC-A-1 cells before being cultured
under osteoclastogenesis conditions. RAW264.7 cells showed more significant differen-
tiation into osteoclasts when exposed to exosomes derived from metastatic SPC-A-1BM
cells compared to the parenteral cells. The authors found that the exosomes derived from
SPC-A-1BM cells had higher levels of miR-17-5p than those derived from SPC-A-1 cells.
They showed that miR-17-5p targeted PTEN, and the overexpression of PTEN inhibited the
osteoclastogenesis of RAW264 cells caused by miR-17-5p transfection. Additionally, the
osteoclastogenesis effects of miR-17-5p were effectively attenuated through inhibition of
the PI3K/ Akt pathway, suggesting that miR-17-5p promotes osteoclastogenesis through the
PI3K/Akt pathway by targeting PTEN in NSCLC, which may be associated with osteolytic
bone metastasis.

Xu et al. [162] reported that exosomal miR-21 from lung adenocarcinoma A549 cells
also facilitates the osteoclastogenesis of murine bone marrow monocytes (BMMs) via
targeting programmed cell death 4 (Pdcd4) in BMMSs. Accordingly, researchers discovered
that high levels of miR-21 in tumor tissue from adenocarcinoma patients predicted a poor
prognosis, suggesting that miR-21 may promote metastasis.

On the other hand, Valencia et al. [163] found evidence that exosomal miR-192 may
reduce the bone colonization of lung adenocarcinoma cells by inhibiting angiogenesis at the
site. In this study, miR-192 was downregulated in highly metastatic subpopulations (HMS)
derived from A549 cells with a tendency to form osseous metastases. Exosomes from
miR-192-transfected HMS cells impaired vessel connectivity in HUVEC cells, suggesting
anti-angiogenic effects. However, they did not affect osteoclastogenesis assays in vitro.
In vivo, assays showed that mice treated with exosomes from HMS cells had increased
osteolytic lesions than those treated with exosomes from A549 parenteral cells. The effect
was reversed with exosomes derived from miR-192-transfected HMS cells. This indicates
that exosomal miR-192 may reduce bone colonization by decreasing on-site angiogenesis,
explaining its low expression in highly metastatic HMS cells.

Noticeably, the revised literature revealed no links between exosomal miRNAs and
most cytokines, growth factors, molecular receptors, or pathways commonly associated
with previously known mechanisms of bone metastasis. We acknowledge the importance
of distinguishing between these general mechanisms, as described in the background text,
and those explicitly related to exosomal miRNAs, which may still contribute to osteoclasto-
genesis. Most importantly, this indicates the need for additional research rather than a lack
of connection between miRNA-regulated and known bone metastasis mechanisms. Table 3
summarizes the exosomal miRNAs associated with osteoclastogenesis in lung cancer.



Biomolecules 2023, 13, 1574

16 of 26

Table 3. Exosomal miRINAs associated with osteoclastogenesis in lung cancer.

Exosomal Cellular o . Molecular Possible

miRNA Source Recipient Cells Targets Mechanism Effects Reference
. RAWR264.7 Inhibition of

miR-17-5p SPC-A-1BM cells PTEN PI3K/ Akt pathway Unknown [161]
miR-328 A549 RAVLIIQIZS64.7 Nrp-2 Unknown Unknown [159]
miR-192 A549 HMS Unknown Unknown 4 Insitu [163]

angiogenesis

miR-21 A549 BMM Pdcd4 c-Fos inhibition Unknown [162]

BMMs, bone marrow monocytes; HMS, highly metastatic subpopulations; Nrp-2, neuropilin 2; Pdcd4, pro-
grammed cell death 4; PI3K/ Akt, phosphatidilinositol 3-kinase/protein kinase-B; PTEN, phosphatase, and tensin
homolog; |, decreased.

7.2. Brain Metastasis

The progression of lung cancer that spreads to the brain involves several critical stages,
including survival in the bloodstream, infiltration of the blood-brain barrier (BBB), and in-
vasion of the central nervous system (CNS) [164]. The BBB comprises endothelial cells with
tightly bonded junctions that line cerebral microvessels. It is a selective barrier that allows
nutrients to flow through and restricts ionic and fluid movements while blocking toxins in
the blood from entering the brain [165]. BBB remodeling has been observed in brain metas-
tasis, which may facilitate the entrance of tumor cells. For example, in experimental brain
metastases and surgical samples of human lung cancer, blood vessels associated with brain
metastasis are dilated and have many dividing endothelial cells. Also, tumor cells may
release the vascular endothelial growth factor (VEGF), which causes permeability in nearby
vessels. During transendothelial migration in SCLC, Rho GTPases become activated, which
leads to an increase in actomyosin contractility and facilitates the breakdown of intercellular
junctions [166,167]. Additionally, tumor cells secrete growth factors, metalloproteinases,
and proteases to migrate through the BBB, such as prostaglandin-endoperoxide synthase 2
(COX2), the heparin-binding EGF-like growth factor (HB-EGF), matrix metalloproteinases
(MMPs), and cathepsin S [168]. Once tumor cells have reached the brain parenchyma,
they must survive and adapt to the new microenvironment, which will depend on the
complex interactions with resident cells such as astrocytes, microglia, and neurons. For
example, lung tumor cells produce serpins that act as anti-plasminogen activators (PAs),
which shield them against the pro-apoptotic impact of PAs secreted by astrocytes [169].
Tumor cells induce astrocytes and microglia to express endothelin-1 (ET-1), which activates
survival and chemo-resistance signals in the tumor cells [170].

Endogenous miRNAs have a significant impact on the development of brain metastasis
in lung cancer, especially in NSCLC. They are involved in various processes, including
EMT, migration, colonization, the regulation of stemness, and the creation of a conducive
environment for metastasis in the brain [171-176]. However, there is a significant gap in
research on the role of exosomal miRNAs in the progression of brain metastasis in lung
cancer, as evidenced by the available information.

Wei et al. [177] found that exosomes from the plasma of lung cancer patients with brain
metastasis (n = 3) contain higher levels of miR-550a-3-5p than those from patients without it
(n = 3). They observed that human brain microvascular endothelial cells (HBMECs) treated
with exosomes from metastatic patients and a high metastatic lung cancer cell line (95D)
showed significantly lower viability and migration, higher cell apoptosis, and reduced
number of cells during the GO/G1 phase compared with non-metastatic controls. Similar
effects were obtained after transfection with miR-550a-3-5p mimics on HBMECs, whereas
the opposite effects were observed with miR-550a-3-5p inhibitors. The authors found that
Yesl-associated transcriptional regulator (YAP1) is a target for miR-550a-3-5p. YAP1 is a
protein that regulates the transcription of genes involved in cell proliferation, apoptosis,
homeostasis, and repair through the Hippo signaling pathway. It is linked to several cancer
developments and could be a target for cancer treatment [178]. These findings suggest
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that exosomal miR-550a-3-5p may regulate cell viability, apoptosis, the cell cycle, and the
migration of HBMECs via YAP1; however, additional research is necessary to determine
the effects on lung cancer-associated brain metastasis.

Importantly, although in breast cancer, Tominaga et al. [179] reported that brain
metastatic breast cancer cells release microRNA-181c-containing extracellular vesicles (EVs)
capable of destroying the blood-brain barrier. They showed that miR-181c promotes the
destruction of the BBB through the abnormal localization of actin via the downregulation
of PDPK1. PDPK1 degradation downregulated phosphorylated cofilin and the resultant
activated cofilin-induced modulation of actin dynamics. Moreover, the systemic injection of
EVs derived from brain metastatic cancer cells promoted brain metastasis of breast cancer
cell lines and were preferentially incorporated into the brain in vivo. This revealed a novel
mechanism mediated by EVs that triggers the destruction of the BBB, which facilitates
brain metastasis. Figure 3 summarizes the exosome-derived microRNAs associated with
lung cancer metastasis progression.
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Figure 3. Exosome-derived microRNAs associated with lung cancer metastasis progression. Exo-
somal miRNAs impact the spread of lung cancer at the primary tumor site by regulating processes
such as EMT, angiogenesis, and the immune response. While studies indicate that exosomal miR-
NAs can either promote or inhibit these biological processes, their levels in cancer tissue ultimately
suggest a promoting effect on metastasis. Not only do these exosomal miRNAs impact the spread
of cancer locally, but they also affect the development of secondary tumors in distant areas. Specif-
ically, bone metastases can promote the creation of osteoclasts, and brain metastases can disrupt
the blood-brain barrier, thus facilitating tumor cell colonization. BBB, blood-brain barrier; EMT,
epithelial-to-mesenchymal transition; TME, tumor microenvironment. Created with BioRender.com,
“https:/ /www.biorender.com/ (accessed on 4 September 2023)”.

8. Conclusions and Perspectives

Understanding the mechanisms of metastasis is a crucial area of research in the
biomedical field. However, this is not a simple task. Tumor metastasis is a complex process
involving the activation of multiple mechanisms and pathways, as well as complex commu-
nication signals between resident stromal, immune, and cancer cells. This communication
occurs through direct contact between cells or via secreted factors that can be transported
by small extracellular vesicles like exosomes. Tumor cell exosomes play a significant role in
metastasis progression by releasing biologically active components, such as miRNAs, to
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local and distant sites, stimulating tumorigenesis, and preparing the tumor pre-niche. In-
deed, recent research has linked exosome-derived microRNAs to mechanisms of metastasis
progression in lung cancer.

This review’s updated literature sheds light on the exosomal miRNAs” identity that
plays a role in lung cancer metastasis. It also examines the donor and recipient cells and
their molecular mechanisms and targets. The studies indicate that current research on lung
cancer metastasis is still in its early stages. However, they emphasize the importance of
comprehending how exosomal microRNAs impact metastasis to develop new targeted
treatments in the future.

These studies have identified specific exosomal miRNAs regulating critical mech-
anisms and their targets in lung cancer metastasis (Tables 1-3). Hypothetically, if we
understand how exosomes use miRNAs to promote metastasis, we may be able to stop this
process. However, it is important to note that the same miRNAs regulate different targets,
and multiple miRNAs regulate the exact mechanisms through the same or different targets.
This is expected due to the miRNAs’ multi-target and redundant regulatory capacities.
Moreover, exosomes that carry miRNAs have surface receptors and molecular cargo that
vary in composition, likely depending on the type and physiological state of donor cells
(Section 2). Further, the mechanisms of how and which miRNAs are selectively loading
into exosomes are still under study (Section 2).

We must emphasize that the nature and function of exosomes make this research field
highly interesting and challenging. How these exosomes prepare a pre-metastatic niche in
nearby and distant organs through clinically undetectable mechanisms during cancer is
critically relevant. Stocking this process before the cancer cells reach and progress in a new
metastatic site is a highly desirable objective.

Hence, identifying specific exosome-derived miRNAs, their molecular targets, and
mechanisms involved in metastasis progression is an early but critical research stage toward
clinical applicability. The next step is demonstrating that inhibiting these factors can hinder
metastasis progression. This process starts with in vivo experiments in the laboratory and
advances to the clinical level for new targeted therapies.

There are only a small number of in vivo studies focusing on lung cancer metastasis
and exosomal miRNAs. Exosomal miR-31-5p and miR-499a-5p, associated with EMT, affect
tumor progression in murine models (Table 1). Additionally, exosomal miR-210, miR-141,
and miR-197-3p, associated with angiogenesis, induce increased microvessel density and
tumor growth in murine models (Table 2). Some studies found that the expression of certain
tumor-exosomal miRNAs associated with metastasis correlates with levels of circulating
or tissue miRNA in patients with metastasis and poor prognoses. These miRNAs include
miR-197-3p, miR-3157-3p, miR-619-5p, miR-770, miR-1246, miR-21, and miR-550a-3-5p.
This suggests that these specific miRNAs are relevant in the disease progression of lung
cancer patients and could potentially be used as biomarkers for clinical applications.

Based on the revised literature, we conclude that more research is needed to fully
understand the role of exosome-derived miRNAs in the metastasis of lung cancer. It is
important to note that overcoming current technical limitations will be critical for progress
in this field. Specifically, we need to develop standardized methods for isolating defined
subpopulations of EVs, such as exosomes, as discussed in previous works [33]. Additionally,
it will be challenging to devise effective ways to study the transport, delivery, and uptake of
exosomal miRNAs [33]. The lack of current clinical trials for exosomal miRNAs as a targeted
therapy in lung cancer reflects that this is still an early-stage area of research, with much
work still needed in vivo. By overcoming the technical challenges and performing more
research on exosome-derived miRNAs in lung cancer, investigators can better understand
their biological significance. Furthermore, they can explore the potential of using miRNAs
within exosomes or EVs as therapy tools to specifically target organs affected by metastasis,
improving the effectiveness of treatment. These advancements will enable researchers to
pursue personalized cancer treatments.



Biomolecules 2023, 13, 1574 19 of 26

Author Contributions: Writing—original draft and creation of figures and tables, L. M.-E.; conceptu-
alization and writing—review and editing, B.O.-Q.; writing section and creation of figure, J.A.S. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by “Financiamiento de Proyectos de Investigacion para la Salud
2023 (FPIS 2023), de la Direccién General de Politicas de Investigacion en Salud (DGPIS)”, grant
number INERICV-4854.

Acknowledgments: We thank Vanessa Hernandez Rodriguez from the Biotechnology Institute,
UNAM, for her technical assistance.

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

References

1. Bade, B.C.; Dela Cruz, C.S. Lung Cancer 2020: Epidemiology, Etiology, and Prevention. Clin. Chest Med. 2020, 41, 1-24. [CrossRef]
[PubMed]

2. Bray, F.; Ferlay, J.; Soerjomataram, L; Siegel, R.L.; Torre, L.A.; Jemal, A. Global Cancer Statistics 2018: GLOBOCAN Estimates of
Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA A Cancer J. Clin. 2018, 68, 394-424. [CrossRef] [PubMed]

3. Cancer Today. Available online: http://gco.iarc.fr/today/home (accessed on 8 May 2023).

4. Islami, F.; Goding Sauer, A.; Miller, K.D.; Siegel, R.L.; Fedewa, S.A.; Jacobs, E.J.; McCullough, M.L.; Patel, A.V.; Ma, J.; Soerjo-
mataram, I.; et al. Proportion and Number of Cancer Cases and Deaths Attributable to Potentially Modifiable Risk Factors in the
United States. CA Cancer J. Clin. 2018, 68, 31-54. [CrossRef]

5. Oliver, A.L. Lung Cancer: Epidemiology and Screening. Surg. Clin. N. Am. 2022, 102, 335-344. [CrossRef] [PubMed]

6.  Lung Cancer Survival Rates | 5-Year Survival Rates for Lung Cancer. Available online: https://www.cancer.org/cancer/types/
lung-cancer/detection-diagnosis-staging /survival-rates.html (accessed on 18 July 2023).

7. Xavier, C.PR,; Caires, H.R.; Barbosa, M.A.G.; Bergantim, R.; Guimaraes, J.E.; Vasconcelos, M.H. The Role of Extracellular Vesicles
in the Hallmarks of Cancer and Drug Resistance. Cells 2020, 9, 1141. [CrossRef]

8. Tan, S, Yang, Y,; Yang, W.; Han, Y,; Huang, L.; Yang, R.; Hu, Z; Tao, Y,; Liu, L.; Li, Y,; et al. Exosomal Cargos-Mediated Metabolic
Reprogramming in Tumor Microenvironment. J. Exp. Clin. Cancer Res. 2023, 42, 59. [CrossRef]

9.  Yamana, K; Inoue, J.; Yoshida, R.; Sakata, J.; Nakashima, H.; Arita, H.; Kawaguchi, S.; Gohara, S.; Nagao, Y.; Takeshita, H.;
et al. Extracellular Vesicles Derived from Radioresistant Oral Squamous Cell Carcinoma Cells Contribute to the Acquisition of
Radioresistance via the miR-503-3p-BAK Axis. J. Extracell. Vesicles 2021, 10, €12169. [CrossRef]

10. Wu, J. Pancreatic Cancer-Derived Exosomes Promote the Proliferation, Invasion, and Metastasis of Pancreatic Cancer by the
miR-3960/TFAP2A Axis. J. Oncol. 2022, 2022, 3590326. [CrossRef]

11. Hoshino, A.; Costa-Silva, B.; Shen, T.-L.; Rodrigues, G.; Hashimoto, A.; Tesic Mark, M.; Molina, H.; Kohsaka, S.; Di Giannatale, A.;
Ceder, S.; et al. Tumour Exosome Integrins Determine Organotropic Metastasis. Nature 2015, 527, 329-335. [CrossRef]

12. Rezaie, J.; Ahmadi, M.; Ravanbakhsh, R.; Mojarad, B.; Mahbubfam, S.; Shaban, S.A.; Shadi, K.; Berenjabad, N.J.; Etemadi, T.
Tumor-Derived Extracellular Vesicles: The Metastatic Organotropism Drivers. Life Sci. 2022, 289, 120216. [CrossRef]

13.  Morrissey, S.M.; Zhang, E; Ding, C.; Montoya-Durango, D.E.; Hu, X.; Yang, C.; Wang, Z.; Yuan, F; Fox, M.; Zhang, H.; et al.
Tumor-Derived Exosomes Drive Immunosuppressive Macrophages in a Pre-Metastatic Niche through Glycolytic Dominant
Metabolic Reprogramming. Cell Metab. 2021, 33, 2040-2058.€10. [CrossRef] [PubMed]

14. Lucero, R.; Zappulli, V.; Sammarco, A.; Murillo, O.D.; Cheah, P.S,; Srinivasan, S.; Tai, E.; Ting, D.T.; Wei, Z.; Roth, M.E.; et al.
Glioma-Derived miRNA-Containing Extracellular Vesicles Induce Angiogenesis by Reprogramming Brain Endothelial Cells. Cell
Rep. 2020, 30, 2065-2074.e4. [CrossRef] [PubMed]

15. Tarasov, V.V,; Svistunov, A.A.; Chubarev, V.N.; Dostdar, S.A.; Sokolov, A.V,; Brzecka, A.; Sukocheva, O.; Neganova, M.E.; Klochkov,
S.G.; Somasundaram, S.G.; et al. Extracellular Vesicles in Cancer Nanomedicine. Semin. Cancer Biol. 2021, 69, 212-225. [CrossRef]
[PubMed]

16. Kalluri, R.; LeBleu, V.S. The Biology, Function, and Biomedical Applications of Exosomes. Science 2020, 367, eaau6977. [CrossRef]
[PubMed]

17.  Sun, X;; Lin, E; Sun, W,; Zhu, W,; Fang, D.; Luo, L.; Li, S.; Zhang, W.; Jiang, L. Exosome-Transmitted miRNA-335-5p Promotes
Colorectal Cancer Invasion and Metastasis by Facilitating EMT via Targeting RASA1. Mol. Ther. Nucleic Acids 2021, 24, 164-174.
[CrossRef] [PubMed]

18. Zhang, X,; Sai, B.; Wang, F.; Wang, L.; Wang, Y.; Zheng, L.; Li, G.; Tang, J.; Xiang, ]. Hypoxic BMSC-Derived Exosomal miRNAs
Promote Metastasis of Lung Cancer Cells via STAT3-Induced EMT. Mol. Cancer 2019, 18, 40. [CrossRef] [PubMed]

19. Kim, D.H,; Park, H.; Choi, YJ.; Kang, M.-H.; Kim, T.-K; Pack, C.-G.; Choi, C.-M,; Lee, J.C.; Rho, J.K. Exosomal miR-1260b Derived
from Non-Small Cell Lung Cancer Promotes Tumor Metastasis through the Inhibition of HIPK2. Cell Death Dis. 2021, 12, 747.
[CrossRef]

20. Ludwig, N.; Leidinger, P.; Becker, K.; Backes, C.; Fehlmann, T.; Pallasch, C.; Rheinheimer, S.; Meder, B.; Stahler, C.; Meese, E.; et al.

Distribution of miRNA Expression across Human Tissues. Nucleic Acids Res. 2016, 44, 3865-3877. [CrossRef]


https://doi.org/10.1016/j.ccm.2019.10.001
https://www.ncbi.nlm.nih.gov/pubmed/32008623
https://doi.org/10.3322/caac.21492
https://www.ncbi.nlm.nih.gov/pubmed/30207593
http://gco.iarc.fr/today/home
https://doi.org/10.3322/caac.21440
https://doi.org/10.1016/j.suc.2021.12.001
https://www.ncbi.nlm.nih.gov/pubmed/35671760
https://www.cancer.org/cancer/types/lung-cancer/detection-diagnosis-staging/survival-rates.html
https://www.cancer.org/cancer/types/lung-cancer/detection-diagnosis-staging/survival-rates.html
https://doi.org/10.3390/cells9051141
https://doi.org/10.1186/s13046-023-02634-z
https://doi.org/10.1002/jev2.12169
https://doi.org/10.1155/2022/3590326
https://doi.org/10.1038/nature15756
https://doi.org/10.1016/j.lfs.2021.120216
https://doi.org/10.1016/j.cmet.2021.09.002
https://www.ncbi.nlm.nih.gov/pubmed/34559989
https://doi.org/10.1016/j.celrep.2020.01.073
https://www.ncbi.nlm.nih.gov/pubmed/32075753
https://doi.org/10.1016/j.semcancer.2019.08.017
https://www.ncbi.nlm.nih.gov/pubmed/31421263
https://doi.org/10.1126/science.aau6977
https://www.ncbi.nlm.nih.gov/pubmed/32029601
https://doi.org/10.1016/j.omtn.2021.02.022
https://www.ncbi.nlm.nih.gov/pubmed/33767913
https://doi.org/10.1186/s12943-019-0959-5
https://www.ncbi.nlm.nih.gov/pubmed/30866952
https://doi.org/10.1038/s41419-021-04024-9
https://doi.org/10.1093/nar/gkw116

Biomolecules 2023, 13, 1574 20 of 26

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Zheng, K,; Li, H.; Huang, H.; Qiu, M. MicroRNAs and Glial Cell Development. Neuroscientist 2012, 18, 114-118. [CrossRef]
Bernstein, E.; Sang Yong, K.; Carmell, M.A.; Murchison, E.P,; Alcorn, H,; Li, M.Z,; Mills, A.A.; Elledge, S.J.; Anderson, K.V,;
Hannon, G.J. Dicer Is Essential for Mouse Development. Nat. Genet. 2003, 35, 215-217. [CrossRef]

Giraldez, A.].; Cinalli, RM.; Glasner, M.E.; Enright, A.]J.; Thomson, ].M.; Baskerville, S.; Hammond, S.M.; Bartel, D.P.; Schier, A.F.
MicroRNAs Regulate Brain Morphogenesis in Zebrafish. Science 2005, 308, 833-838. [CrossRef] [PubMed]

Cai, X;; Yin, W,; Tang, C.; Lu, Y.; He, Y. Molecular Mechanism of microRNAs Regulating Apoptosis in Osteosarcoma. Mol. Biol.
Rep. 2022, 49, 6945-6956. [CrossRef] [PubMed]

Lee, R.C.; Feinbaum, R.L.; Ambros, V. The C. Elegans Heterochronic Gene Lin-4 Encodes Small RNAs with Antisense Comple-
mentarity to Lin-14. Cell 1993, 75, 843-854. [CrossRef]

Moss, E.G.; Tang, L. Conservation of the Heterochronic Regulator Lin-28, Its Developmental Expression and microRNA Comple-
mentary Sites. Dev. Biol. 2003, 258, 432—442. [CrossRef] [PubMed]

La Rocca, G.; Badin, M.; Shi, B.; Xu, S.-Q.; DeAngelis, T.; Sepp-Lorenzinoi, L.; Baserga, R. Mechanism of Growth Inhibition by
MicroRNA 145: The Role of the IGF-I Receptor Signaling Pathway:. J. Cell. Physiol. 2009, 220, 485-491. [CrossRef] [PubMed]
Valadi, H.; Ekstrom, K.; Bossios, A.; Sjostrand, M.; Lee, ].J.; Lotvall, ].O. Exosome-Mediated Transfer of mRNAs and microRNAs
Is a Novel Mechanism of Genetic Exchange between Cells. Nat. Cell Biol. 2007, 9, 654—-659. [CrossRef]

Nie, H.; Xie, X.; Zhang, D.; Zhou, Y.; Li, B.; Li, F; Li, F.; Cheng, Y.; Mei, H.; Meng, H.; et al. Use of Lung-Specific Exosomes for
miRNA-126 Delivery in Non-Small Cell Lung Cancer. Nanoscale 2020, 12, 877-887. [CrossRef]

Cui, S.; Cheng, Z.; Qin, W,; Jiang, L. Exosomes as a Liquid Biopsy for Lung Cancer. Lung Cancer 2018, 116, 46-54. [CrossRef]

Li, W,; Liu, J.-B.; Hou, L.-K;; Yu, F; Zhang, J.; Wu, W,; Tang, X.-M.; Sun, E; Lu, H.-M.; Deng, J.; et al. Liquid Biopsy in Lung Cancer:
Significance in Diagnostics, Prediction, and Treatment Monitoring. Mol. Cancer 2022, 21, 25. [CrossRef]

Becker, A.; Thakur, B.K.; Weiss, ].M.; Kim, H.S.; Peinado, H.; Lyden, D. Extracellular Vesicles in Cancer: Cell-to-Cell Mediators of
Metastasis. Cancer Cell 2016, 30, 836-848. [CrossRef]

Ortiz-Quintero, B. Extracellular MicroRNAs as Intercellular Mediators and Noninvasive Biomarkers of Cancer. Cancers 2020, 12,
3455. [CrossRef]

Piper, R.C.; Katzmann, D.]. Biogenesis and Function of Multivesicular Bodies. Annu. Rev. Cell Dev. Biol. 2007, 23, 519-547.
[CrossRef] [PubMed]

van Niel, G.; D’Angelo, G.; Raposo, G. Shedding Light on the Cell Biology of Extracellular Vesicles. Nat. Rev. Mol. Cell Biol. 2018,
19, 213-228. [CrossRef] [PubMed]

Hanson, P.I; Cashikar, A. Multivesicular Body Morphogenesis. Annu. Rev. Cell Dev. Biol. 2012, 28, 337-362. [CrossRef] [PubMed]
Pols, M.S.; Klumperman, J. Trafficking and Function of the Tetraspanin CD63. Exp. Cell Res. 2009, 315, 1584-1592. [CrossRef]
Williams, R.L.; Urbé, S. The Emerging Shape of the ESCRT Machinery. Nat. Rev. Mol. Cell Biol. 2007, 8, 355-368. [CrossRef]
Zhang, Y.; Liu, Y,; Liu, H.; Tang, W.H. Exosomes: Biogenesis, Biologic Function and Clinical Potential. Cell Biosci. 2019, 9, 19.
[CrossRef]

Aseervatham, J. Dynamic Role of Exosome microRNAs in Cancer Cell Signaling and Their Emerging Role as Noninvasive
Biomarkers. Biology 2023, 12, 710. [CrossRef]

Hessvik, N.P; Llorente, A. Current Knowledge on Exosome Biogenesis and Release. Cell. Mol. Life Sci. 2018, 75, 193-208.
[CrossRef]

Abels, E.R.; Breakefield, X.O. Introduction to Extracellular Vesicles: Biogenesis, RNA Cargo Selection, Content, Release, and
Uptake. Cell. Mol. Neurobiol. 2016, 36, 301-312. [CrossRef]

Hoshino, D.; Kirkbride, K.C.; Costello, K.; Clark, E.S.; Sinha, S.; Grega-Larson, N.; Tyska, M.].; Weaver, A.M. Exosome Secretion Is
Enhanced by Invadopodia and Drives Invasive Behavior. Cell Rep. 2013, 5, 1159-1168. [CrossRef] [PubMed]

Dreux, M.; Garaigorta, U.; Boyd, B.; Décembre, E.; Chung, J.; Whitten-Bauer, C.; Wieland, S.; Chisari, EV. Short-Range Exosomal
Transfer of Viral RNA from Infected Cells to Plasmacytoid Dendritic Cells Triggers Innate Immunity. Cell Host Microbe 2012, 12,
558-570. [CrossRef] [PubMed]

Trajkovic, K.; Hsu, C.; Chiantia, S.; Rajendran, L.; Wenzel, D.; Wieland, E; Schwille, P.; Briigger, B.; Simons, M. Ceramide Triggers
Budding of Exosome Vesicles into Multivesicular Endosomes. Science 2008, 319, 1244-1247. [CrossRef] [PubMed]

Edgar, J.R.; Eden, ER.; Futter, C.E. Hrs- and CD63-Dependent Competing Mechanisms Make Different Sized Endosomal
Intraluminal Vesicles. Traffic 2014, 15, 197-211. [CrossRef]

Fabbiano, E; Corsi, J.; Gurrieri, E.; Trevisan, C.; Notarangelo, M.; D’Agostino, V.G. RNA Packaging into Extracellular Vesicles: An
Orchestra of RNA-Binding Proteins? J. Extracell. Vesicles 2020, 10, e12043. [CrossRef]

Zhang, J.; Li, S.; Li, L.; Li, M.; Guo, C.; Yao, J.; Mi, S. Exosome and Exosomal microRNA: Trafficking, Sorting, and Function.
Genom. Proteom. Bioinform. 2015, 13, 17-24. [CrossRef]

Kosaka, N.; Iguchi, H.; Yoshioka, Y.; Takeshita, F.; Matsuki, Y.; Ochiya, T. Secretory Mechanisms and Intercellular Transfer of
microRNAs in Living Cells. |. Biol. Chem. 2010, 285, 17442-17452. [CrossRef]

Kosaka, N.; Iguchi, H.; Hagiwara, K.; Yoshioka, Y.; Takeshita, F.; Ochiya, T. Neutral Sphingomyelinase 2 (nSMase2)-Dependent
Exosomal Transfer of Angiogenic microRNAs Regulate Cancer Cell Metastasis. J. Biol. Chem. 2013, 288, 10849-10859. [CrossRef]


https://doi.org/10.1177/1073858411398322
https://doi.org/10.1038/ng1253
https://doi.org/10.1126/science.1109020
https://www.ncbi.nlm.nih.gov/pubmed/15774722
https://doi.org/10.1007/s11033-022-07344-x
https://www.ncbi.nlm.nih.gov/pubmed/35474050
https://doi.org/10.1016/0092-8674(93)90529-Y
https://doi.org/10.1016/S0012-1606(03)00126-X
https://www.ncbi.nlm.nih.gov/pubmed/12798299
https://doi.org/10.1002/jcp.21796
https://www.ncbi.nlm.nih.gov/pubmed/19391107
https://doi.org/10.1038/ncb1596
https://doi.org/10.1039/C9NR09011H
https://doi.org/10.1016/j.lungcan.2017.12.012
https://doi.org/10.1186/s12943-022-01505-z
https://doi.org/10.1016/j.ccell.2016.10.009
https://doi.org/10.3390/cancers12113455
https://doi.org/10.1146/annurev.cellbio.23.090506.123319
https://www.ncbi.nlm.nih.gov/pubmed/17506697
https://doi.org/10.1038/nrm.2017.125
https://www.ncbi.nlm.nih.gov/pubmed/29339798
https://doi.org/10.1146/annurev-cellbio-092910-154152
https://www.ncbi.nlm.nih.gov/pubmed/22831642
https://doi.org/10.1016/j.yexcr.2008.09.020
https://doi.org/10.1038/nrm2162
https://doi.org/10.1186/s13578-019-0282-2
https://doi.org/10.3390/biology12050710
https://doi.org/10.1007/s00018-017-2595-9
https://doi.org/10.1007/s10571-016-0366-z
https://doi.org/10.1016/j.celrep.2013.10.050
https://www.ncbi.nlm.nih.gov/pubmed/24290760
https://doi.org/10.1016/j.chom.2012.08.010
https://www.ncbi.nlm.nih.gov/pubmed/23084922
https://doi.org/10.1126/science.1153124
https://www.ncbi.nlm.nih.gov/pubmed/18309083
https://doi.org/10.1111/tra.12139
https://doi.org/10.1002/jev2.12043
https://doi.org/10.1016/j.gpb.2015.02.001
https://doi.org/10.1074/jbc.M110.107821
https://doi.org/10.1074/jbc.M112.446831

Biomolecules 2023, 13, 1574 21 of 26

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Villarroya-Beltri, C.; Gutiérrez-Vazquez, C.; Sanchez-Cabo, F.; Pérez-Hernandez, D.; Vazquez, J.; Martin-Cofreces, N.; Martinez-
Herrera, D.J.; Pascual-Montano, A.; Mittelbrunn, M.; Sanchez-Madrid, F. Sumoylated hnRNPA2B1 Controls the Sorting of
miRNAs into Exosomes through Binding to Specific Motifs. Nat. Commun. 2013, 4, 2980. [CrossRef]

Santangelo, L.; Giurato, G.; Cicchini, C.; Montaldo, C.; Mancone, C.; Tarallo, R.; Battistelli, C.; Alonzi, T.; Weisz, A.; Tripodi, M.
The RNA-Binding Protein SYNCRIP Is a Component of the Hepatocyte Exosomal Machinery Controlling MicroRNA Sorting. Cell
Rep. 2016, 17, 799-808. [CrossRef]

Hobor, E; Dallmann, A.; Ball, N.J.; Cicchini, C.; Battistelli, C.; Ogrodowicz, R.W.; Christodoulou, E.; Martin, S.R.; Castello, A.;
Tripodi, M.; et al. A Cryptic RNA-Binding Domain Mediates Syncrip Recognition and Exosomal Partitioning of miRNA Targets.
Nat. Commun. 2018, 9, 831. [CrossRef]

Lin, F; Zeng, Z.; Song, Y.; Li, L.; Wu, Z.; Zhang, X.; Li, Z,; Ke, X.; Hu, X. YBX-1 Mediated Sorting of miR-133 into
Hypoxia/Reoxygenation-Induced EPC-Derived Exosomes to Increase Fibroblast Angiogenesis and MEndoT. Stem Cell Res. Ther.
2019, 10, 263. [CrossRef] [PubMed]

Shurtleff, M.].; Temoche-Diaz, M.M.; Karfilis, K.V.; Ri, S.; Schekman, R. Y-Box Protein 1 Is Required to Sort microRNAs into
Exosomes in Cells and in a Cell-Free Reaction. eLife 2016, 5, €19276. [CrossRef] [PubMed]

Lu, P; Li, H,; Li, N.; Singh, R.N.; Bishop, C.E.; Chen, X.; Lu, B. MEX3C Interacts with Adaptor-Related Protein Complex 2 and
Involves in miR-451a Exosomal Sorting. PLoS ONE 2017, 12, €0185992. [CrossRef] [PubMed]

Teng, Y.; Ren, Y.; Hu, X.,; Mu, J.; Samykutty, A.; Zhuang, X.; Deng, Z.; Kumar, A.; Zhang, L.; Merchant, M.L.; et al. MVP-Mediated
Exosomal Sorting of miR-193a Promotes Colon Cancer Progression. Nat. Commun. 2017, 8, 14448. [CrossRef]

Temoche-Diaz, M.M.; Shurtleff, M.].; Nottingham, R.M.; Yao, J.; Fadadu, R.P; Lambowitz, A.M.; Schekman, R. Distinct Mecha-
nisms of microRNA Sorting into Cancer Cell-Derived Extracellular Vesicle Subtypes. eLife 2019, 8, e47544. [CrossRef]
McKenzie, A.].; Hoshino, D.; Hong, N.H.; Cha, D.J.; Franklin, J.L.; Coffey, R.J.; Patton, J.G.; Weaver, A.M. KRAS-MEK Signaling
Controls Ago2 Sorting into Exosomes. Cell Rep. 2016, 15, 978-987. [CrossRef]

Rana, S.; Yue, S.; Stadel, D.; Zoller, M. Toward Tailored Exosomes: The Exosomal Tetraspanin Web Contributes to Target Cell
Selection. Int. J. Biochem. Cell Biol. 2012, 44, 1574-1584. [CrossRef]

Mulcahy, L.A.; Pink, R.C.; Carter, D.R.F. Routes and Mechanisms of Extracellular Vesicle Uptake. J. Extracell. Vesicles 2014, 3,
24641. [CrossRef]

Barres, C.; Blanc, L.; Bette-Bobillo, P.; André, S.; Mamoun, R.; Gabius, H.-J.; Vidal, M. Galectin-5 Is Bound onto the Surface of Rat
Reticulocyte Exosomes and Modulates Vesicle Uptake by Macrophages. Blood 2010, 115, 696-705. [CrossRef]

Matsumura, S.; Minamisawa, T.; Suga, K.; Kishita, H.; Akagi, T.; Ichiki, T.; Ichikawa, Y.; Shiba, K. Subtypes of Tumour Cell-Derived
Small Extracellular Vesicles Having Differently Externalized Phosphatidylserine. J. Extracell. Vesicles 2019, 8, 1579541. [CrossRef]
[PubMed]

Laulagnier, K.; Javalet, C.; Hemming, E]J.; Chivet, M.; Lachenal, G.; Blot, B.; Chatellard, C.; Sadoul, R. Amyloid Precursor Protein
Products Concentrate in a Subset of Exosomes Specifically Endocytosed by Neurons. Cell. Mol. Life Sci. 2018, 75, 757-773.
[CrossRef] [PubMed]

Tian, T.; Zhu, Y.-L.; Zhou, Y.-Y,; Liang, G.-F.; Wang, Y.-Y,; Hu, F-H.; Xiao, Z.-D. Exosome Uptake through Clathrin-Mediated
Endocytosis and Macropinocytosis and Mediating miR-21 Delivery. . Biol. Chem. 2014, 289, 22258-22267. [CrossRef]

Feng, D.; Zhao, W.-L.; Ye, Y.-Y.; Bai, X.-C,; Liu, R.-Q.; Chang, L.-F; Zhou, Q.; Sui, S.-F. Cellular Internalization of Exosomes Occurs
through Phagocytosis. Traffic 2010, 11, 675-687. [CrossRef]

Tian, T.; Wang, Y.; Wang, H.; Zhu, Z.; Xiao, Z. Visualizing of the Cellular Uptake and Intracellular Trafficking of Exosomes by
Live-Cell Microscopy. J. Cell. Biochem. 2010, 111, 488-496. [CrossRef]

Massagué, J.; Obenauf, A.C. Metastatic Colonization by Circulating Tumour Cells. Nature 2016, 529, 298-306. [CrossRef]
Popper, H.H. Progression and Metastasis of Lung Cancer. Cancer Metastasis Rev. 2016, 35, 75-91. [CrossRef]

Hendriks, L.E.L.; Smit, E.E; Vosse, B.A.H.; Mellema, W.W.; Heideman, D.A.M.; Bootsma, G.P.; Westenend, M.; Pitz, C.; de Vries,
G.J.; Houben, R.; et al. EGFR Mutated Non-Small Cell Lung Cancer Patients: More Prone to Development of Bone and Brain
Metastases? Lung Cancer 2014, 84, 86-91. [CrossRef]

Wang, X.; Wang, Z.; Pan, ].; Lu, Z.-Y,; Xu, D.; Zhang, H.-].; Wang, S.-H.; Huang, D.-Y.; Chen, X.-F. Patterns of Extrathoracic
Metastases in Different Histological Types of Lung Cancer. Front. Oncol. 2020, 10, 715. [CrossRef]

Riihiméki, M.; Hemminki, A.; Fallah, M.; Thomsen, H.; Sundquist, K.; Sundquist, J.; Hemminki, K. Metastatic Sites and Survival
in Lung Cancer. Lung Cancer 2014, 86, 78-84. [CrossRef]

Cai, H.; Wang, H.; Li, Z.; Lin, J.; Yu, J. The Prognostic Analysis of Different Metastatic Patterns in Extensive-Stage Small-Cell Lung
Cancer Patients: A Large Population-Based Study. Future Oncol. 2018, 14, 1397-1407. [CrossRef] [PubMed]

Lamouille, S.; Xu, J.; Derynck, R. Molecular Mechanisms of Epithelial-Mesenchymal Transition. Nat. Rev. Mol. Cell Biol. 2014, 15,
178-196. [CrossRef] [PubMed]

Labelle, M.; Begum, S.; Hynes, R.O. Direct Signaling between Platelets and Cancer Cells Induces an Epithelial-Mesenchymal-like
Transition and Promotes Metastasis. Cancer Cell 2011, 20, 576-590. [CrossRef] [PubMed]

Dengler, V.L.; Galbraith, M.; Espinosa, ] M. Transcriptional Regulation by Hypoxia Inducible Factors. Crit. Rev. Biochem. Mol. Biol.
2014, 49, 1-15. [CrossRef]


https://doi.org/10.1038/ncomms3980
https://doi.org/10.1016/j.celrep.2016.09.031
https://doi.org/10.1038/s41467-018-03182-3
https://doi.org/10.1186/s13287-019-1377-8
https://www.ncbi.nlm.nih.gov/pubmed/31443679
https://doi.org/10.7554/eLife.19276
https://www.ncbi.nlm.nih.gov/pubmed/27559612
https://doi.org/10.1371/journal.pone.0185992
https://www.ncbi.nlm.nih.gov/pubmed/28982131
https://doi.org/10.1038/ncomms14448
https://doi.org/10.7554/eLife.47544
https://doi.org/10.1016/j.celrep.2016.03.085
https://doi.org/10.1016/j.biocel.2012.06.018
https://doi.org/10.3402/jev.v3.24641
https://doi.org/10.1182/blood-2009-07-231449
https://doi.org/10.1080/20013078.2019.1579541
https://www.ncbi.nlm.nih.gov/pubmed/30834072
https://doi.org/10.1007/s00018-017-2664-0
https://www.ncbi.nlm.nih.gov/pubmed/28956068
https://doi.org/10.1074/jbc.M114.588046
https://doi.org/10.1111/j.1600-0854.2010.01041.x
https://doi.org/10.1002/jcb.22733
https://doi.org/10.1038/nature17038
https://doi.org/10.1007/s10555-016-9618-0
https://doi.org/10.1016/j.lungcan.2014.01.006
https://doi.org/10.3389/fonc.2020.00715
https://doi.org/10.1016/j.lungcan.2014.07.020
https://doi.org/10.2217/fon-2017-0706
https://www.ncbi.nlm.nih.gov/pubmed/29359568
https://doi.org/10.1038/nrm3758
https://www.ncbi.nlm.nih.gov/pubmed/24556840
https://doi.org/10.1016/j.ccr.2011.09.009
https://www.ncbi.nlm.nih.gov/pubmed/22094253
https://doi.org/10.3109/10409238.2013.838205

Biomolecules 2023, 13, 1574 22 of 26

77.

78.
79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Aceto, N.; Bardia, A.; Miyamoto, D.T.; Donaldson, M.C.; Wittner, B.S.; Spencer, ].A.; Yu, M.; Pely, A.; Engstrom, A.; Zhu, H.; et al.
Circulating Tumor Cell Clusters Are Oligoclonal Precursors of Breast Cancer Metastasis. Cell 2014, 158, 1110-1122. [CrossRef]
Cheung, K.J.; Ewald, A.]J. A Collective Route to Metastasis: Seeding by Tumor Cell Clusters. Science 2016, 352, 167-169. [CrossRef]
Gao, Y,; Bado, I; Wang, H.; Zhang, W.; Rosen, ] M.; Zhang, X.H.-F. Metastasis Organotropism: Redefining the Congenial Soil. Dev.
Cell 2019, 49, 375-391. [CrossRef]

Peinado, H.; Zhang, H.; Matei, I.R.; Costa-Silva, B.; Hoshino, A.; Rodrigues, G.; Psaila, B.; Kaplan, R.N.; Bromberg, J.F.; Kang, Y.;
et al. Pre-Metastatic Niches: Organ-Specific Homes for Metastases. Nat. Rev. Cancer 2017, 17, 302-317. [CrossRef]

Costa-Silva, B.; Aiello, N.M.; Ocean, A ].; Singh, S.; Zhang, H.; Thakur, B.K.; Becker, A.; Hoshino, A.; Mark, M.T.; Molina, H.; et al.
Pancreatic Cancer Exosomes Initiate Pre-Metastatic Niche Formation in the Liver. Nat. Cell Biol. 2015, 17, 816-826. [CrossRef]
Chen, L.; Gibbons, D.L.; Goswami, S.; Cortez, M.A.; Ahn, Y.-H.; Byers, L.A.; Zhang, X.; Yi, X.; Dwyer, D.; Lin, W.; et al. Metastasis
Is Regulated via microRNA-200/ZEB1 Axis Control of Tumour Cell PD-L1 Expression and Intratumoral Immunosuppression.
Nat. Commun. 2014, 5, 5241. [CrossRef]

Gregory, P.A; Bert, A.G.; Paterson, E.L.; Barry, S.C.; Tsykin, A.; Farshid, G.; Vadas, M.A.; Khew-Goodall, Y.; Goodall, G.J. The
miR-200 Family and miR-205 Regulate Epithelial to Mesenchymal Transition by Targeting ZEB1 and SIP1. Nat. Cell Biol. 2008, 10,
593-601. [CrossRef] [PubMed]

Zhang, C.; Wang, H.; Liu, X.; Hu, Y; Ding, L.; Zhang, X.; Sun, Q.; Li, Y. Oncogenic microRNA-411 Promotes Lung Carcinogenesis
by Directly Targeting Suppressor Genes SPRY4 and TXNIP. Oncogene 2019, 38, 1892-1904. [CrossRef] [PubMed]

Ocafia, O.H.; Coércoles, R.; Fabra, A.; Moreno-Bueno, G.; Acloque, H.; Vega, S.; Barrallo-Gimeno, A.; Cano, A.; Nieto, M.A.
Metastatic Colonization Requires the Repression of the Epithelial-Mesenchymal Transition Inducer Prrx1. Cancer Cell 2012, 22,
709-724. [CrossRef]

Tsai, ].H.; Donaher, J.L.; Murphy, D.A.; Chau, S.; Yang, ]. Spatiotemporal Regulation of Epithelial-Mesenchymal Transition Is
Essential for Squamous Cell Carcinoma Metastasis. Cancer Cell 2012, 22, 725-736. [CrossRef]

Yu, E; Liang, M.; Huang, Y.; Wu, W.; Zheng, B.; Chen, C. Hypoxic Tumor-Derived Exosomal miR-31-5p Promotes Lung
Adenocarcinoma Metastasis by Negatively Regulating SATB2-Reversed EMT and Activating MEK/ERK Signaling. J. Exp. Clin.
Cancer Res. 2021, 40, 179. [CrossRef] [PubMed]

Wang, L.; He, J.; Hu, H.; Tu, L.; Sun, Z; Liu, Y.; Luo, F. Lung CSC-Derived Exosomal miR-210-3p Contributes to a pro-Metastatic
Phenotype in Lung Cancer by Targeting FGFRLI. J. Cell. Mol. Med. 2020, 24, 6324-6339. [CrossRef] [PubMed]

Hisakane, K.; Seike, M.; Sugano, T.; Yoshikawa, A.; Matsuda, K.; Takano, N.; Takahashi, S.; Noro, R.; Gemma, A. Exosome-Derived
miR-210 Involved in Resistance to Osimertinib and Epithelial-Mesenchymal Transition in EGFR Mutant Non-Small Cell Lung
Cancer Cells. Thorac. Cancer 2021, 12, 1690-1698. [CrossRef]

He, S; Li, Z,; Yu, Y;; Zeng, Q.; Cheng, Y.; Ji, W,; Xia, W.; Lu, S. Exosomal miR-499a-5p Promotes Cell Proliferation, Migration and
EMT via mTOR Signaling Pathway in Lung Adenocarcinoma. Exp. Cell Res. 2019, 379, 203-213. [CrossRef]

Park, S.-M.; Gaur, A.B.; Lengyel, E.; Peter, M.E. The miR-200 Family Determines the Epithelial Phenotype of Cancer Cells by
Targeting the E-Cadherin Repressors ZEB1 and ZEB2. Genes Dev. 2008, 22, 894-907. [CrossRef]

Kurashige, J.; Kamohara, H.; Watanabe, M.; Hiyoshi, Y.; Iwatsuki, M.; Tanaka, Y.; Kinoshita, K.; Saito, S.; Baba, Y.; Baba, H.
MicroRNA-200b Regulates Cell Proliferation, Invasion, and Migration by Directly Targeting ZEB2 in Gastric Carcinoma. Ann.
Surg. Oncol. 2012, 19 (Suppl. S3), S656-5664. [CrossRef]

Yang, X,; Li, L.; Huang, Q.; Xu, W.; Cai, X,; Zhang, J.; Yan, W.; Song, D.; Liu, T.; Zhou, W.; et al. Wnt Signaling through Snaill and
Zebl Regulates Bone Metastasis in Lung Cancer. Am. J. Cancer Res. 2015, 5, 748-755.

Gregory, P.A.; Bracken, C.P,; Smith, E.; Bert, A.G.; Wright, ].A.; Roslan, S.; Morris, M.; Wyatt, L.; Farshid, G.; Lim, Y.-Y; et al. An
Autocrine TGF-Beta/ZEB/miR-200 Signaling Network Regulates Establishment and Maintenance of Epithelial-Mesenchymal
Transition. Mol. Biol. Cell 2011, 22, 1686-1698. [CrossRef]

Liu, J.; Cao, L.; Li, Y;; Deng, P; Pan, P; Hu, C.; Yang, H. Pirfenidone Promotes the Levels of Exosomal miR-200 to down-Regulate
ZEB1 and Represses the Epithelial-Mesenchymal Transition of Non-Small Cell Lung Cancer Cells. Hum. Cell 2022, 35, 1813-1823.
[CrossRef] [PubMed]

Liu, Y;; Su, C.-Y; Yan, Y.-Y,; Wang, J.; Li, ].-].; Fu, J.-J.; Wang, Y.-Q.; Zhang, ]J.-Y. Exosomes of A549 Cells Induced Migration,
Invasion, and EMT of BEAS-2B Cells Related to Let-7c-5p and miR-181b-5p. Front. Endocrinol. 2022, 13, 926769. [CrossRef]

Wu, H.-],; Temko, D.; Maliga, Z.; Moreira, A.L.; Sei, E.; Minussi, D.C.; Dean, J.; Lee, C.; Xu, Q.; Hochart, G.; et al. Spatial
Intra-Tumor Heterogeneity Is Associated with Survival of Lung Adenocarcinoma Patients. Cell Genom. 2022, 2, 100165. [CrossRef]
[PubMed]

Jamal-Hanjani, M.; Wilson, G.A.; McGranahan, N.; Birkbak, N.J.; Watkins, T.B.K.; Veeriah, S.; Shafi, S.; Johnson, D.H.; Mitter, R.;
Rosenthal, R.; et al. Tracking the Evolution of Non-Small-Cell Lung Cancer. N. Engl. J. Med. 2017, 376, 2109-2121. [CrossRef]
Chen, Z; Huang, Y.; Hu, Z.; Zhao, M.; Li, M.; Bi, G.; Zheng, Y; Liang, J.; Lu, T,; Jiang, W.; et al. Landscape and Dynamics of Single
Tumor and Immune Cells in Early and Advanced-Stage Lung Adenocarcinoma. Clin. Transl. Med. 2021, 11, e350. [CrossRef]
[PubMed]

Eales, K.L.; Hollinshead, K.E.R.; Tennant, D.A. Hypoxia and Metabolic Adaptation of Cancer Cells. Oncogenesis 2016, 5, €190.
[CrossRef] [PubMed]

Al Tameemi, W.; Dale, T.P,; Al-Jumaily, RM.K_; Forsyth, N.R. Hypoxia-Modified Cancer Cell Metabolism. Front. Cell Dev. Biol.
2019, 7, 4. [CrossRef]


https://doi.org/10.1016/j.cell.2014.07.013
https://doi.org/10.1126/science.aaf6546
https://doi.org/10.1016/j.devcel.2019.04.012
https://doi.org/10.1038/nrc.2017.6
https://doi.org/10.1038/ncb3169
https://doi.org/10.1038/ncomms6241
https://doi.org/10.1038/ncb1722
https://www.ncbi.nlm.nih.gov/pubmed/18376396
https://doi.org/10.1038/s41388-018-0534-3
https://www.ncbi.nlm.nih.gov/pubmed/30390072
https://doi.org/10.1016/j.ccr.2012.10.012
https://doi.org/10.1016/j.ccr.2012.09.022
https://doi.org/10.1186/s13046-021-01979-7
https://www.ncbi.nlm.nih.gov/pubmed/34074322
https://doi.org/10.1111/jcmm.15274
https://www.ncbi.nlm.nih.gov/pubmed/32396269
https://doi.org/10.1111/1759-7714.13943
https://doi.org/10.1016/j.yexcr.2019.03.035
https://doi.org/10.1101/gad.1640608
https://doi.org/10.1245/s10434-012-2217-6
https://doi.org/10.1091/mbc.e11-02-0103
https://doi.org/10.1007/s13577-022-00766-6
https://www.ncbi.nlm.nih.gov/pubmed/36002606
https://doi.org/10.3389/fendo.2022.926769
https://doi.org/10.1016/j.xgen.2022.100165
https://www.ncbi.nlm.nih.gov/pubmed/36419822
https://doi.org/10.1056/NEJMoa1616288
https://doi.org/10.1002/ctm2.350
https://www.ncbi.nlm.nih.gov/pubmed/33783985
https://doi.org/10.1038/oncsis.2015.50
https://www.ncbi.nlm.nih.gov/pubmed/26807645
https://doi.org/10.3389/fcell.2019.00004

Biomolecules 2023, 13, 1574 23 of 26

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Lugano, R.; Ramachandran, M.; Dimberg, A. Tumor Angiogenesis: Causes, Consequences, Challenges and Opportunities. Cell.
Mol. Life Sci. 2020, 77, 1745-1770. [CrossRef]

Dvorak, H.F. Vascular Permeability Factor/Vascular Endothelial Growth Factor: A Critical Cytokine in Tumor Angiogenesis and
a Potential Target for Diagnosis and Therapy. J. Clin. Oncol. 2002, 20, 4368-4380. [CrossRef] [PubMed]

Maeda, H.; Wu, J.; Sawa, T.; Matsumura, Y.; Hori, K. Tumor Vascular Permeability and the EPR Effect in Macromolecular
Therapeutics: A Review. J. Control. Release 2000, 65, 271-284. [CrossRef] [PubMed]

Fan, J.; Xu, G,; Chang, Z.; Zhu, L.; Yao, J. miR-210 Transferred by Lung Cancer Cell-Derived Exosomes May Act as Proangiogenic
Factor in Cancer-Associated Fibroblasts by Modulating JAK2 /STAT3 Pathway. Clin. Sci. 2020, 134, 807-825. [CrossRef]
Nguyen, Y.T.M.; Fujisawa, M.; Nguyen, T.B.; Suehara, Y.; Sakamoto, T.; Matsuoka, R.; Abe, Y.; Fukumoto, K.; Hattori, K.; Noguchi,
M.; et al. Tet2 Deficiency in Immune Cells Exacerbates Tumor Progression by Increasing Angiogenesis in a Lung Cancer Model.
Cancer Sci. 2021, 112, 4931-4943. [CrossRef]

Jiang, S. Tet2 at the Interface between Cancer and Immunity. Commun. Biol. 2020, 3, 667. [CrossRef]

Mao, S.; Lu, Z.; Zheng, S.; Zhang, H.; Zhang, G.; Wang, F.; Huang, J.; Lei, Y.; Wang, X; Liu, C.; et al. Exosomal miR-141 Promotes
Tumor Angiogenesis via KLF12 in Small Cell Lung Cancer. J. Exp. Clin. Cancer Res. 2020, 39, 193. [CrossRef] [PubMed]
Orzechowska-Licari, E.J.; LaComb, J.F.; Mojumdar, A.; Bialkowska, A.B. SP and KLF Transcription Factors in Cancer Metabolism.
Int. ]. Mol. Sci. 2022, 23, 9956. [CrossRef]

Li, Y,; Li, S.; Shi, X,; Xin, Z.; Yang, Y.; Zhao, B.; Li, Y,; Lv, L.; Ren, P; Wu, H. KLF12 Promotes the Proliferation of Breast Cancer Cells
by Reducing the Transcription of P21 in a P53-Dependent and P53-Independent Manner. Cell Death Dis. 2023, 14, 313. [CrossRef]
Ding, L.; Ding, Y.; Kong, X.; Wu, J.; Fu, J.; Yan, G.; Zhou, H. Dysregulation of Kriippel-like Factor 12 in the Development of
Endometrial Cancer. Gynecol. Oncol. 2019, 152, 177-184. [CrossRef]

Wang, W.; Hong, G.; Wang, S.; Gao, W.; Wang, P. Tumor-Derived Exosomal miRNA-141 Promote Angiogenesis and Malignant
Progression of Lung Cancer by Targeting Growth Arrest-Specific Homeobox Gene (GAX). Bioengineered 2021, 12, 821-831.
[CrossRef]

Patel, S.; Leal, A.D.; Gorski, D.H. The Homeobox Gene Gax Inhibits Angiogenesis through Inhibition of Nuclear Factor-«B—
Dependent Endothelial Cell Gene Expression. Cancer Res. 2005, 65, 1414-1424. [CrossRef] [PubMed]

Chang, R--M,; Fu, Y.; Zeng, J.; Zhu, X.-Y.; Gao, Y. Cancer-Derived Exosomal miR-197-3p Confers Angiogenesis via Targeting
TIMP2/3 in Lung Adenocarcinoma Metastasis. Cell Death Dis. 2022, 13, 1032. [CrossRef] [PubMed]

Ma, Z.; Wei, K,; Yang, F; Guo, Z.; Pan, C.; He, Y,; Wang, ].; Li, Z.; Chen, L.; Chen, Y,; et al. Tumor-Derived Exosomal miR-3157-3p
Promotes Angiogenesis, Vascular Permeability and Metastasis by Targeting TIMP /KLF2 in Non-Small Cell Lung Cancer. Cell
Death Dis. 2021, 12, 840. [CrossRef] [PubMed]

Shao, C.; Huang, Y.; Fu, B.; Pan, S.; Zhao, X.; Zhang, N.; Wang, W.; Zhang, Z.; Qiu, Y.; Wang, R ; et al. Targeting C-Jun in A549
Cancer Cells Exhibits Antiangiogenic Activity In Vitro and In Vivo through Exosome/miRNA-494-3p /PTEN Signal Pathway.
Front. Oncol. 2021, 11, 663183. [CrossRef]

Kim, D.H.; Park, S.; Kim, H.; Choi, Y.J.; Kim, S.Y; Sung, K.J.; Sung, Y.H.; Choi, C.-M.; Yun, M.; Yi, Y.-S.; et al. Tumor-Derived
Exosomal miR-619-5p Promotes Tumor Angiogenesis and Metastasis through the Inhibition of RCAN1.4. Cancer Lett. 2020, 475,
2-13. [CrossRef]

Domagala-Kulawik, J.; Osinska, I.; Hoser, G. Mechanisms of Immune Response Regulation in Lung Cancer. Transl. Lung Cancer
Res. 2014, 3, 15-22. [CrossRef]

Hiraoka, K.; Miyamoto, M.; Cho, Y.; Suzuoki, M.; Oshikiri, T.; Nakakubo, Y.; Itoh, T.; Ohbuchi, T.; Kondo, S.; Katoh, H. Concurrent
Infiltration by CD8+ T Cells and CD4+ T Cells Is a Favourable Prognostic Factor in Non-Small-Cell Lung Carcinoma. Br. ]. Cancer
2006, 94, 275-280. [CrossRef]

Minnema-Luiting, J.; Vroman, H.; Aerts, J.; Cornelissen, R. Heterogeneity in Immune Cell Content in Malignant Pleural
Mesothelioma. Int. J. Mol. Sci. 2018, 19, 1041. [CrossRef]

Zhang, C.; Qi, Y; Li, X,; Yang, Y.; Liu, D.; Zhao, J.; Zhu, D.; Wu, K.; Zhou, X.; Zhao, S. The Role of CCL20/CCR6 Axis in Recruiting
Treg Cells to Tumor Sites of NSCLC Patients. Biomed. Pharmacother. 2015, 69, 242-248. [CrossRef]

Bekeredjian-Ding, I.; Schifer, M.; Hartmann, E.; Pries, R.; Parcina, M.; Schneider, P; Giese, T.; Endres, S.; Wollenberg, B.;
Hartmann, G. Tumour-Derived Prostaglandin E2 and Transforming Growth Factor-f3 Synergize to Inhibit Plasmacytoid Dendritic
Cell-Derived Interferon-«. Immunology 2009, 128, 439-450. [CrossRef]

Pan, Y,; Yu, Y.; Wang, X.; Zhang, T. Tumor-Associated Macrophages in Tumor Immunity. Front. Immunol. 2020, 11, 583084.
[CrossRef] [PubMed]

Li, J.; Xu, P; Wu, D.; Guan, M.; Weng, X.; Lu, Y.; Zeng, Y.; Chen, R. Hypoxic Stress Suppresses Lung Tumor-Secreted Exosomal
miR101 to Activate Macrophages and Induce Inflammation. Cell Death Dis. 2021, 12, 776. [CrossRef] [PubMed]

Donzelli, J.; Proestler, E.; Riedel, A.; Nevermann, S.; Hertel, B.; Guenther, A.; Gattenlohner, S.; Savai, R.; Larsson, K.; Saul, M.].
Small Extracellular Vesicle-Derived miR-574-5p Regulates PGE2-Biosynthesis via TLR7/8 in Lung Cancer. J. Extracell. Vesicles
2021, 10, e12143. [CrossRef]

Ma, J.; Chen, S.; Liu, Y.; Han, H.; Gong, M.; Song, Y. The Role of Exosomal miR-181b in the Crosstalk between NSCLC Cells and
Tumor-Associated Macrophages. Genes Genom. 2022, 44, 1243-1258. [CrossRef]


https://doi.org/10.1007/s00018-019-03351-7
https://doi.org/10.1200/JCO.2002.10.088
https://www.ncbi.nlm.nih.gov/pubmed/12409337
https://doi.org/10.1016/S0168-3659(99)00248-5
https://www.ncbi.nlm.nih.gov/pubmed/10699287
https://doi.org/10.1042/CS20200039
https://doi.org/10.1111/cas.15165
https://doi.org/10.1038/s42003-020-01391-5
https://doi.org/10.1186/s13046-020-01680-1
https://www.ncbi.nlm.nih.gov/pubmed/32958011
https://doi.org/10.3390/ijms23179956
https://doi.org/10.1038/s41419-023-05824-x
https://doi.org/10.1016/j.ygyno.2018.10.028
https://doi.org/10.1080/21655979.2021.1886771
https://doi.org/10.1158/0008-5472.CAN-04-3431
https://www.ncbi.nlm.nih.gov/pubmed/15735029
https://doi.org/10.1038/s41419-022-05420-5
https://www.ncbi.nlm.nih.gov/pubmed/36494333
https://doi.org/10.1038/s41419-021-04037-4
https://www.ncbi.nlm.nih.gov/pubmed/34497265
https://doi.org/10.3389/fonc.2021.663183
https://doi.org/10.1016/j.canlet.2020.01.023
https://doi.org/10.3978/j.issn.2218-6751.2013.11.03
https://doi.org/10.1038/sj.bjc.6602934
https://doi.org/10.3390/ijms19041041
https://doi.org/10.1016/j.biopha.2014.12.008
https://doi.org/10.1111/j.1365-2567.2009.03134.x
https://doi.org/10.3389/fimmu.2020.583084
https://www.ncbi.nlm.nih.gov/pubmed/33365025
https://doi.org/10.1038/s41419-021-04030-x
https://www.ncbi.nlm.nih.gov/pubmed/34362882
https://doi.org/10.1002/jev2.12143
https://doi.org/10.1007/s13258-022-01227-y

Biomolecules 2023, 13, 1574 24 of 26

127.

128.

129.
130.
131.
132.
133.
134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

Liu, J.; Luo, R.;; Wang, J.; Luan, X.; Wu, D.; Chen, H.; Hou, Q.; Mao, G.; Li, X. Tumor Cell-Derived Exosomal miR-770 Inhibits M2
Macrophage Polarization via Targeting MAP3K1 to Inhibit the Invasion of Non-Small Cell Lung Cancer Cells. Front. Cell Dev.
Biol. 2021, 9, 679658. [CrossRef] [PubMed]

Chen, P; Li, Y;; Liu, R.; Xie, Y,; Jin, Y.; Wang, M.; Yu, Z.; Wang, W.; Luo, X. Non-Small Cell Lung Cancer-Derived Exosomes
Promote Proliferation, Phagocytosis, and Secretion of Microglia via Exosomal microRNA in the Metastatic Microenvironment.
Transl. Oncol. 2023, 27,101594. [CrossRef]

Otto, T.; Sicinski, P. Cell Cycle Proteins as Promising Targets in Cancer Therapy. Nat. Rev. Cancer 2017, 17, 93-115. [CrossRef]
Hanahan, D.; Weinberg, R.A. Hallmarks of Cancer: The next Generation. Cell 2011, 144, 646—674. [CrossRef]

Abolfathi, H.; Arabi, M.; Sheikhpour, M. A Literature Review of microRNA and Gene Signaling Pathways Involved in the
Apoptosis Pathway of Lung Cancer. Respir. Res. 2023, 24, 55. [CrossRef]

Wu, K.-L.; Tsai, Y.-M.; Lien, C.-T.; Kuo, P-L.; Hung, ].-Y. The Roles of MicroRNA in Lung Cancer. Int. ]. Mol. Sci. 2019, 20, 1611.
[CrossRef]

Wu, H.; Zhou, J.; Mei, S.; Wu, D.; Mu, Z.; Chen, B; Xie, Y.; Ye, Y,; Liu, J. Circulating Exosomal microRNA-96 Promotes Cell
Proliferation, Migration and Drug Resistance by Targeting LMO?. ]. Cell. Mol. Med. 2017, 21, 1228-1236. [CrossRef] [PubMed]
Sun, S.; Chen, H.; Xu, C.; Zhang, Y.; Zhang, Q.; Chen, L.; Ding, Q.; Deng, Z. Exosomal miR-106b Serves as a Novel Marker for
Lung Cancer and Promotes Cancer Metastasis via Targeting PTEN. Life Sci. 2020, 244, 117297. [CrossRef] [PubMed]

Mao, S.; Zheng, S.; Lu, Z.; Wang, X.; Wang, Y.; Zhang, G.; Xu, H.; Huang, J.; Lei, Y; Liu, C.; et al. Exosomal miR-375-3p Breaks
Vascular Barrier and Promotes Small Cell Lung Cancer Metastasis by Targeting Claudin-1. Transl. Lung Cancer Res. 2021, 10, 3155.
[CrossRef]

Lei, J.; Chen, P; Zhang, F; Zhang, N.; Zhu, J.; Wang, X.; Jiang, T. M2 Macrophages-Derived Exosomal microRNA-501-3p Promotes
the Progression of Lung Cancer via Targeting WD Repeat Domain 82. Cancer Cell Int. 2021, 21, 91. [CrossRef] [PubMed]

Zheng, X.-Q.; Huang, J.-F; Lin, J.-L.; Chen, L.; Zhou, T.-T.; Chen, D.; Lin, D.-D.; Shen, ]J.-F.; Wu, A.-M. Incidence, Prognostic
Factors, and a Nomogram of Lung Cancer with Bone Metastasis at Initial Diagnosis: A Population-Based Study. Transl. Lung
Cancer Res. 2019, 8, 367-379. [CrossRef] [PubMed]

Suva, L.J.; Washam, C.; Nicholas, R.W.; Griffin, R.J. Bone Metastasis: Mechanisms and Therapeutic Opportunities. Nat. Rev.
Endocrinol. 2011, 7, 208-218. [CrossRef]

Guise, T.A.; Mohammad, K.S.; Clines, G.; Stebbins, E.G.; Wong, D.H.; Higgins, L.S.; Vessella, R.; Corey, E.; Padalecki, S.; Suva, L.;
et al. Basic Mechanisms Responsible for Osteolytic and Osteoblastic Bone Metastases. Clin. Cancer Res. 2006, 12, 6213s—-6216s.
[CrossRef]

Oliveira, M.B.D.R.; Mello, F.C.d.Q.; Paschoal, M.E.M. The Relationship between Lung Cancer Histology and the Clinicopathologi-
cal Characteristics of Bone Metastases. Lung Cancer 2016, 96, 19-24. [CrossRef]

Tsuya, A.; Kurata, T.; Tamura, K.; Fukuoka, M. Skeletal Metastases in Non-Small Cell Lung Cancer: A Retrospective Study. Lung
Cancer 2007, 57, 229-232. [CrossRef]

Sugiura, H.; Yamada, K.; Sugiura, T.; Hida, T.; Mitsudomi, T. Predictors of Survival in Patients with Bone Metastasis of Lung
Cancer. Clin. Orthop. Relat. Res. 2008, 466, 729-736. [CrossRef]

Onken, ].S.; Fekonja, L.S.; Wehowsky, R.; Hubertus, V.; Vajkoczy, P. Metastatic Dissemination Patterns of Different Primary Tumors
to the Spine and Other Bones. Clin. Exp. Metastasis 2019, 36, 493-498. [CrossRef] [PubMed]

Mujoomdar, A.; Austin, ].H.M.; Malhotra, R.; Powell, C.A.; Pearson, G.D.N.; Shiau, M.C.; Raftopoulos, H. Clinical Predictors
of Metastatic Disease to the Brain from Non-Small Cell Lung Carcinoma: Primary Tumor Size, Cell Type, and Lymph Node
Metastases. Radiology 2007, 242, 882-888. [CrossRef] [PubMed]

Serensen, J.B.; Hansen, H.H.; Hansen, M.; Dombernowsky, P. Brain Metastases in Adenocarcinoma of the Lung: Frequency, Risk
Groups, and Prognosis. J. Clin. Oncol. 1988, 6, 1474-1480. [CrossRef] [PubMed]

Hochstenbag, M.; Twijnstra, A.; Wilmink, J.; Wouters, E.; ten Velde, G. Asymptomatic Brain Metastases (BM) in Small Cell Lung
Cancer (SCLC): MR-Imaging Is Useful at Initial Diagnosis. |. Neurooncol. 2000, 48, 243-248. [CrossRef]

Delattre, J.Y.; Krol, G.; Thaler, H.T.; Posner, J.B. Distribution of Brain Metastases. Arch. Neurol. 1988, 45, 741-744. [CrossRef]
Miiller, A.; Homey, B.; Soto, H.; Ge, N.; Catron, D.; Buchanan, M.E.; McClanahan, T.; Murphy, E.; Yuan, W.; Wagner, S.N.; et al.
Involvement of Chemokine Receptors in Breast Cancer Metastasis. Nature 2001, 410, 50-56. [CrossRef]

Phillips, R.J.; Burdick, M.D.; Lutz, M.; Belperio, ].A.; Keane, M.P; Strieter, R.M. The Stromal Derived Factor-1/CXCL12-CXC
Chemokine Receptor 4 Biological Axis in Non-Small Cell Lung Cancer Metastases. Am. ]. Respir. Crit. Care Med. 2003, 167,
1676-1686. [CrossRef]

Valencia, K.; Ormazabal, C.; Zandueta, C.; Luis-Ravelo, D.; Antén, I.; Pajares, M.J.; Agorreta, J.; Montuenga, L.M.; Martinez-
Canarias, S.; Leitinger, B.; et al. Inhibition of Collagen Receptor Discoidin Domain Receptor-1 (DDR1) Reduces Cell Survival,
Homing, and Colonization in Lung Cancer Bone Metastasis. Clin. Cancer Res. 2012, 18, 969-980. [CrossRef]

Kilvaer, T.K.; Rakaee, M.; Hellevik, T.; Vik, ]J.; Petris, L.D.; Donnem, T.; Strell, C.; Ostman, A.; Busund, L.-T.R.; Martinez-Zubiaurre,
I. Differential Prognostic Impact of Platelet-Derived Growth Factor Receptor Expression in NSCLC. Sci. Rep. 2019, 9, 10163.
[CrossRef]

Catena, R.; Luis-Ravelo, D.; Antén, I.; Zandueta, C.; Salazar-Colocho, P.; Larzabal, L.; Calvo, A.; Lecanda, F. PDGFR Signaling
Blockade in Marrow Stroma Impairs Lung Cancer Bone Metastasis. Cancer Res. 2011, 71, 164-174. [CrossRef]


https://doi.org/10.3389/fcell.2021.679658
https://www.ncbi.nlm.nih.gov/pubmed/34195198
https://doi.org/10.1016/j.tranon.2022.101594
https://doi.org/10.1038/nrc.2016.138
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1186/s12931-023-02366-w
https://doi.org/10.3390/ijms20071611
https://doi.org/10.1111/jcmm.13056
https://www.ncbi.nlm.nih.gov/pubmed/28026121
https://doi.org/10.1016/j.lfs.2020.117297
https://www.ncbi.nlm.nih.gov/pubmed/31954745
https://doi.org/10.21037/tlcr-21-356
https://doi.org/10.1186/s12935-021-01783-5
https://www.ncbi.nlm.nih.gov/pubmed/33546686
https://doi.org/10.21037/tlcr.2019.08.16
https://www.ncbi.nlm.nih.gov/pubmed/31555512
https://doi.org/10.1038/nrendo.2010.227
https://doi.org/10.1158/1078-0432.CCR-06-1007
https://doi.org/10.1016/j.lungcan.2016.03.014
https://doi.org/10.1016/j.lungcan.2007.03.013
https://doi.org/10.1007/s11999-007-0051-0
https://doi.org/10.1007/s10585-019-09987-w
https://www.ncbi.nlm.nih.gov/pubmed/31420767
https://doi.org/10.1148/radiol.2423051707
https://www.ncbi.nlm.nih.gov/pubmed/17229875
https://doi.org/10.1200/JCO.1988.6.9.1474
https://www.ncbi.nlm.nih.gov/pubmed/3047337
https://doi.org/10.1023/A:1006427407281
https://doi.org/10.1001/archneur.1988.00520310047016
https://doi.org/10.1038/35065016
https://doi.org/10.1164/rccm.200301-071OC
https://doi.org/10.1158/1078-0432.CCR-11-1686
https://doi.org/10.1038/s41598-019-46510-3
https://doi.org/10.1158/0008-5472.CAN-10-1708

Biomolecules 2023, 13, 1574 25 of 26

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

Feeley, B.T,; Liu, N.Q.; Conduah, A.H.; Krenek, L.; Roth, K.; Dougall, W.C.; Huard, J.; Dubinett, S.; Lieberman, J.R. Mixed
Metastatic Lung Cancer Lesions in Bone Are Inhibited by Noggin Overexpression and Rank:Fc Administration. J. Bone Min. Res.
2006, 21, 1571-1580. [CrossRef] [PubMed]

Wang, M.; Chao, C.-C.; Chen, P--C.; Liu, P-I; Yang, Y.-C.; Su, C.-M.; Huang, W.-C.; Tang, C.-H. Thrombospondin Enhances
RANKL-Dependent Osteoclastogenesis and Facilitates Lung Cancer Bone Metastasis. Biochem. Pharmacol. 2019, 166, 23-32.
[CrossRef] [PubMed]

Park, J.H.; Lee, N.K,; Lee, S.Y. Current Understanding of RANK Signaling in Osteoclast Differentiation and Maturation. Mol. Cells
2017, 40, 706-713. [CrossRef] [PubMed]

Roodman, G.D.; Dougall, W.C. RANK Ligand as a Therapeutic Target for Bone Metastases and Multiple Myeloma. Cancer Treat.
Rev. 2008, 34,92-101. [CrossRef]

Miki, T.; Yano, S.; Hanibuchi, M.; Sone, S. Bone Metastasis Model with Multiorgan Dissemination of Human Small-Cell Lung
Cancer (SBC-5) Cells in Natural Killer Cell-Depleted SCID Mice. Oncol. Res. 2000, 12, 209-217. [CrossRef]

Mundy, G.R. Metastasis to Bone: Causes, Consequences and Therapeutic Opportunities. Nat. Rev. Cancer 2002, 2, 584-593.
[CrossRef]

Zhang, C.; Qin, J.; Yang, L.; Zhu, Z.; Yang, J.; Su, W.; Deng, H.; Wang, Z. Exosomal miR-328 Originated from Pulmonary
Adenocarcinoma Cells Enhances Osteoclastogenesis via Downregulating Nrp-2 Expression. Cell Death Discov. 2022, 8, 405.
[CrossRef]

Verlinden, L.; Kriebitzsch, C.; Beullens, I.; Tan, B.K.; Carmeliet, G.; Verstuyf, A. Nrp2 Deficiency Leads to Trabecular Bone Loss
and Is Accompanied by Enhanced Osteoclast and Reduced Osteoblast Numbers. Bone 2013, 55, 465-475. [CrossRef]

Wang, M.; Zhao, M.; Guo, Q.; Lou, J.; Wang, L. Non-Small Cell Lung Cancer Cell-Derived Exosomal miR-17-5p Promotes
Osteoclast Differentiation by Targeting PTEN. Exp. Cell Res. 2021, 408, 112834. [CrossRef]

Xu, Z,; Liu, X.; Wang, H; Li, J.; Dai, L.; Li, J.; Dong, C. Lung Adenocarcinoma Cell-Derived Exosomal miR-21 Facilitates
Osteoclastogenesis. Gene 2018, 666, 116-122. [CrossRef]

Valencia, K.; Luis-Ravelo, D.; Bovy, N.; Anton, I.; Martinez-Canarias, S.; Zandueta, C.; Ormazabal, C.; Struman, I.; Tabruyn, S.;
Rebmann, V.; et al. miRNA Cargo within Exosome-like Vesicle Transfer Influences Metastatic Bone Colonization. Mol. Oncol.
2014, 8, 689-703. [CrossRef]

Wanleenuwat, P.; Iwanowski, P. Metastases to the Central Nervous System: Molecular Basis and Clinical Considerations. J. Neurol.
Sci. 2020, 412, 116755. [CrossRef]

Abbott, N.J.; Ronnbéck, L.; Hansson, E. Astrocyte-Endothelial Interactions at the Blood-Brain Barrier. Nat. Rev. Neurosci. 2006, 7,
41-53. [CrossRef] [PubMed]

Wrobel, J.K.; Toborek, M. Blood—Brain Barrier Remodeling during Brain Metastasis Formation. Mol. Med. 2016, 22, 32—40.
[CrossRef] [PubMed]

Fidler, I.]. The Role of the Organ Microenvironment in Brain Metastasis. Semin. Cancer Biol. 2011, 21, 107-112. [CrossRef]
[PubMed]

Achrol, A.S.; Rennert, R.C.; Anders, C.; Soffietti, R.; Ahluwalia, M.S.; Nayak, L.; Peters, S.; Arvold, N.D.; Harsh, G.R,; Steeg, P.S.;
et al. Brain Metastases. Nat. Rev. Dis. Primers 2019, 5, 5. [CrossRef]

Valiente, M.; Obenauf, A.C.; Jin, X.; Chen, Q.; Zhang, X.H.-F,; Lee, D.J.; Chalft, J.E.; Kris, M.G.; Huse, ].T.; Brogi, E.; et al. Serpins
Promote Cancer Cell Survival and Vascular Co-Option in Brain Metastasis. Cell 2014, 156, 1002-1016. [CrossRef]

Kim, S.W.; Choi, HJ.; Lee, H.-].; He, J.; Wu, Q.; Langley, R.R,; Fidler, L].; Kim, S.-J. Role of the Endothelin Axis in Astrocyte- and
Endothelial Cell-Mediated Chemoprotection of Cancer Cells. Neuro Oncol. 2014, 16, 1585-1598. [CrossRef]

Arora, S.; Ranade, A.R.; Tran, N.L.; Nasser, S.; Sridhar, S.; Korn, R.L.; Ross, ]J.T.D.; Dhruv, H.; Foss, K.M.; Sibenaller, Z.; et al.
MicroRNA-328 Is Associated with (Non-Small) Cell Lung Cancer (NSCLC) Brain Metastasis and Mediates NSCLC Migration. Int.
J. Cancer 2011, 129, 2621-2631. [CrossRef]

Singh, M.; Garg, N.; Venugopal, C.; Hallett, R.; Tokar, T.; McFarlane, N.; Mahendram, S.; Bakhshinyan, D.; Manoranjan, B.; Vora,
P, et al. STAT3 Pathway Regulates Lung-Derived Brain Metastasis Initiating Cell Capacity through miR-21 Activation. Oncotarget
2015, 6, 27461-27477. [CrossRef]

Chen, L.; Xu, S.; Xu, H.; Zhang, J.; Ning, J.; Wang, S. MicroRNA-378 Is Associated with Non-Small Cell Lung Cancer Brain
Metastasis by Promoting Cell Migration, Invasion and Tumor Angiogenesis. Med. Oncol. 2012, 29, 1673-1680. [CrossRef]
[PubMed]

Remon, J.; Alvarez-Berdugo, D.; Majem, M.; Moran, T.; Reguart, N.; Lianes, P. miRNA-197 and miRNA-184 Are Associated with
Brain Metastasis in EGFR-Mutant Lung Cancers. Clin. Transl. Oncol. 2016, 18, 153-159. [CrossRef] [PubMed]

Hwang, S.J.; Lee, HW.; Kim, H.R.; Song, H.J.; Lee, D.H.; Lee, H.; Shin, C.H.; Joung, J.-G.; Kim, D.-H.; Joo, KM.; et al.
Overexpression of microRNA-95-3p Suppresses Brain Metastasis of Lung Adenocarcinoma through Downregulation of Cyclin
D1. Oncotarget 2015, 6, 20434-20448. [CrossRef] [PubMed]

Subramani, A.; Alsidawi, S.; Jagannathan, S.; Sumita, K.; Sasaki, A.T.; Aronow, B.; Warnick, R.E.; Lawler, S.; Driscoll, ].J. The Brain
Microenvironment Negatively Regulates miRNA-768-3p to Promote K-Ras Expression and Lung Cancer Metastasis. Sci. Rep.
2013, 3, 2392. [CrossRef]

Wei, L.; Wang, G.; Yang, C.; Zhang, Y.; Chen, Y.; Zhong, C.; Li, Q. MicroRNA-550a-3-5p Controls the Brain Metastasis of Lung
Cancer by Directly Targeting YAP1. Cancer Cell Int. 2021, 21, 491. [CrossRef]


https://doi.org/10.1359/jbmr.060706
https://www.ncbi.nlm.nih.gov/pubmed/16995812
https://doi.org/10.1016/j.bcp.2019.05.005
https://www.ncbi.nlm.nih.gov/pubmed/31075265
https://doi.org/10.14348/molcells.2017.0225
https://www.ncbi.nlm.nih.gov/pubmed/29047262
https://doi.org/10.1016/j.ctrv.2007.09.002
https://doi.org/10.3727/096504001108747701
https://doi.org/10.1038/nrc867
https://doi.org/10.1038/s41420-022-01194-z
https://doi.org/10.1016/j.bone.2013.03.023
https://doi.org/10.1016/j.yexcr.2021.112834
https://doi.org/10.1016/j.gene.2018.05.008
https://doi.org/10.1016/j.molonc.2014.01.012
https://doi.org/10.1016/j.jns.2020.116755
https://doi.org/10.1038/nrn1824
https://www.ncbi.nlm.nih.gov/pubmed/16371949
https://doi.org/10.2119/molmed.2015.00207
https://www.ncbi.nlm.nih.gov/pubmed/26837070
https://doi.org/10.1016/j.semcancer.2010.12.009
https://www.ncbi.nlm.nih.gov/pubmed/21167939
https://doi.org/10.1038/s41572-018-0055-y
https://doi.org/10.1016/j.cell.2014.01.040
https://doi.org/10.1093/neuonc/nou128
https://doi.org/10.1002/ijc.25939
https://doi.org/10.18632/oncotarget.4742
https://doi.org/10.1007/s12032-011-0083-x
https://www.ncbi.nlm.nih.gov/pubmed/22052152
https://doi.org/10.1007/s12094-015-1347-2
https://www.ncbi.nlm.nih.gov/pubmed/26199015
https://doi.org/10.18632/oncotarget.3886
https://www.ncbi.nlm.nih.gov/pubmed/25971210
https://doi.org/10.1038/srep02392
https://doi.org/10.1186/s12935-021-02197-z

Biomolecules 2023, 13, 1574 26 of 26

178. Szulzewsky, F.; Holland, E.C.; Vasioukhin, V. YAP1 and Its Fusion Proteins in Cancer Initiation, Progression and Therapeutic
Resistance. Dev. Biol. 2021, 475, 205-221. [CrossRef]

179. Tominaga, N.; Kosaka, N.; Ono, M.; Katsuda, T.; Yoshioka, Y.; Tamura, K.; Lotvall, J.; Nakagama, H.; Ochiya, T. Brain Metastatic
Cancer Cells Release microRNA-181c-Containing Extracellular Vesicles Capable of Destructing Blood—Brain Barrier. Nat. Commun.
2015, 6, 6716. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.ydbio.2020.12.018
https://doi.org/10.1038/ncomms7716

	Introduction 
	Exosome Biogenesis and miRNA Sorting 
	Biogenesis of Exosomes 
	Loading of miRNAs into Exosomes 
	Exosome Incorporation and Cargo Processing in the Recipient Cells 

	General Mechanisms of Lung Cancer Metastasis 
	Exosomal miRNAs in Lung Cancer EMT 
	Exosomal miRNAs in Lung Cancer Angiogenesis 
	Exosomal miRNAs in Other Mechanisms Affecting Lung Cancer Metastasis 
	Regulation of Immune Response 
	Regulation of Proliferation, Migration, Invasion, and Apoptosis 

	Exosomal miRNAs in Bone and Brain Metastasis 
	Bone Metastasis 
	Brain Metastasis 

	Conclusions and Perspectives 
	References

