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Abstract

MicroRNAs (miRNAs) are small non-coding RNAs regulating post-transcriptional gene expression. They play important roles in
many biological processes under physiological or pathological conditions, including development, metabolism, tumorigenesis,
metastasis, and immune response. Over the past 15 years, significant insights have been gained into the roles of miRNAs in
cancer. Depending on the cancer type, miRNAs can act as oncogenes, tumor suppressors, or metastasis regulators. In this review,
we focus on the role of miRNAs as components of molecular networks regulating metastasis. These miRNAs, termed
metastamiRs, promote or inhibit metastasis through various mechanisms, including regulation of migration, invasion, coloniza-
tion, cancer stem cell properties, epithelial-mesenchymal transition, and microenvironment. Some of these metastamiRs repre-

sent attractive therapeutic targets for cancer treatment.
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1 Introduction

MicroRNAs (miRNAs) are small, single-stranded RNAs that
are approximately 22 nucleotides in length. They downregulate
the expression of genes encoding proteins or long non-coding
RNAs (IncRNAs), by inhibiting mRNA translation or by pro-
moting target RNA degradation (Fig. 1). It is estimated that
miRNAs regulate more than 30% of human protein-coding
genes [1].

The human genome produces more than 1500 miRNAs
(www.mirbase.org). Mature miRNAs are generated from their
hairpin-shaped precursors encoded by the genome. Figure 1
summarizes the steps of the miRNA biogenesis [2]. Most
miRNA genes are transcribed by RNA polymerase II, and others
are transcribed by RNA polymerase III [1]. In the nucleus, the
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RNase III enzyme Drosha pairs with the double-stranded RNA
binding protein DGCRS to form the microprocessor, which
cleaves the primary transcripts of miRNAs (pri-miRNAs) into
hairpin-shaped miRNA precursors (pre-miRNAs) [3—5]. Some
pri-miRNAs require additional factors for efficient cleavage [2].

Subsequently, Exportin-5 transports pre-miRNAs in a
RanGTP-dependent manner to the cytoplasm [6—8], where
another type-1II RNase, Dicer, cleaves the pre-miRNA into a
~22-nucleotide miRNA duplex with 5" phosphate groups, 3’
overhangs, and in most cases, imperfect base pairing [9, 10].
The mismatches lead to degradation of one strand of the du-
plex, and the other strand is loaded into the RNA-induced
silencing complex (RISC). The RISC binds to either perfect,
or in most cases, imperfect complementary sequences in the
target RNAs, such as IncRNAs or the 3" UTR of mRNAs,
leading to either inhibition of mRNA translation or degrada-
tion of the target RNAs, or both [1, 11, 12].

By targeting mRNAs or IncRNAs involved in cell prolif-
eration, apoptosis, migration, differentiation, and so on,
miRNAs play important roles in physiological and patholog-
ical processes, including development [13], metabolism [14],
tumor initiation and metastasis [15-17], viral infection [18],
and immune response [19]. Over the past 15 years, the field of
cancer-implicated miRNAs has expanded dramatically, which
prompted the development of miRNA therapeutics [20]. A
number of studies have revealed that miRNA dysregulation
plays causal roles in cancer; researchers define “oncomiRs” as
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Fig. 1 Schematic representation of the miRNA biogenesis. In the
nucleus, the primary miRNA transcript (pri-miRNA), produced by
RNA polymerase II or III, is cleaved by the microprocessor complex
Drosha-DGCRS. The resulting hairpin-shaped precursor (pre-miRNA)
is exported from the nucleus by Exportin-5-Ran-GTP. In the cytoplasm,
the RNase Dicer, paired with the double-stranded RNA-binding protein

miRNAs acting as oncogenes or tumor suppressors and
“metastamiRs” as metastasis-regulating miRNAs.

2 MicroRNAs in cancer

Several approaches, including chromosomal analysis, miRNA
microarrays, miRNA qPCR arrays, and more recently, high-
throughput small RNA sequencing platforms, have been
employed to generate miRNA profiles in human cancers.
Numerous studies have demonstrated that miRNAs are dysreg-
ulated in cancer. In 2002, Calin et al. provided the first evidence
of aberrant miRNA expression in human cancer, showing that
the expression of miR-15a and miR-16 was lost in B-cell chron-
ic lymphocytic leukemia (CLL) due to deletion of the 13q14
chromosomal locus [21]. Interestingly, this region does not en-
code any proteins, indicating that the miRNAs miR-15a and
miR-16 may be suppressors of CLL. Indeed, mice deficient in
miR-15 and miR-16 developed CLL-like disease [22].
Following this remarkable discovery, differential miRNA ex-
pression between normal tissues, primary tumor tissues, and
metastases has been extensively documented. For instance, Lu
et al. profiled the expression of 217 miRNAs in 334 normal
tissues and tumor samples. They identified miRNAs upregulat-
ed or downregulated in cancer and found that miRNA signa-
tures classified cancer types better than mRNAs [23].

While dysregulation of miRNA expression can be either a
cause or a consequence of cancer formation, functional studies

@ Springer

Cytoplasm
?F Pre-miRNA
Ran-GTP/ P Dicer
s TRBP

{ miRNA duplex

\
RISC
AGO

%

l Target RNA

Degradation or translational inhibition

Exportin-5

TRBP, cleaves the pre-miRNA into the miRNA duplex of mature length.
The functional strand of the duplex is loaded together with Argonaute
(AGO) proteins into the RNA-induced silencing complex (RISC), where
it guides RISC to silence target RNAs through RNA cleavage and/or
translational inhibition

have demonstrated that miRNAs can play causal roles in tumor
initiation and growth. For instance, the miR-17~92 miRNA clus-
ter, often referred to as oncomiR-1, is overexpressed in B-cell
lymphoma and colon cancer relative to the corresponding normal
tissues [24]. He et al. overexpressed this miRNA cluster in fetal
liver hematopoietic stem cells (HSCs) isolated from Eu-Myc
transgenic mice and injected these cells into recipient mice.
Tumors derived from HSCs overexpressing the miRNA cluster
were more aggressive, resulting in worse tumor-free survival and
overall survival in mice [24]. These findings suggest that the
miR-17~92 miRNA cluster serves as an oncogene and promotes
Myc-induced lymphomagenesis. In addition, Xiao et al. reported
that transgenic overexpression of the miR-17~92 cluster in
mouse lymphocytes led to lymphoproliferative disease, autoim-
munity, and premature death [25]. Mechanistically, this miRNA
cluster inhibits the expression of PTEN (a tumor suppressor) and
Bim (a pro-apoptotic protein) [25].

Another example of a miRNA serving as an oncogene is miR-
21, a miRNA overexpressed in most types of cancer, including
lung cancer, breast cancer, ovarian cancer, glioblastoma, leuke-
mia, and lymphoma [26]. In mice, genetic ablation of miR-21
partially blocked non-small cell lung cancer in a K-Ras-induced
tumor model, and 4- to 6-fold transgenic overexpression of miR-
21 exacerbated K-Ras-induced lung tumorigenesis, although
these miR-21 knockout and transgenic mice showed no obvious
phenotypes [27]. In contrast, when miR-21 was overexpressed in
mice at a higher level (16-fold higher than the basal level) in a
tissue-specific and doxycycline-controlled manner, the animals
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developed pre-B-cell lymphoma, which could be reversed by
turning off miR-21 expression, demonstrating that this
oncomiR plays a critical role in lymphoma initiation and main-
tenance [28].

Some miRNAs are tumor suppressors. A well-established tu-
mor-suppressing miRNA is let-7, the first known human miRNA
[29]. Let-7 targets many oncogenes, including RAS, MYC,
CDK6, HMGA2, and BACH]I [30]. Overexpression of let-7 in
lung cancer cell lines downregulated RAS protein and inhibited
tumor growth in xenograft mouse models [31, 32]. Another ex-
ample of a tumor suppressor miRNA is the miR-34 family [33].
miR-34 is a direct transcriptional target of p53, and its overex-
pression can induce growth arrest in both primary and tumor-
derived cell lines [34], which is mediated by its multiple targets
regulating cell cycle, apoptosis, and proliferation, including
CDK4, CDK6, CCNE2, CCNDI1, MET, and BCL2 [33, 34].
Surprisingly, genetic deletion of all mir-34 genes in mice did
not increase spontaneous tumor formation [35]. However, mice
with prostate-specific knockout of both miR-34 and p53 showed
expansion of prostate stem cells and developed high-grade pros-
tatic intraepithelial neoplasia and early invasive adenocarcinoma
[36], indicating that mir-34 genes are bona fide tumor
SUPPIessors.

3 MicroRNAs in metastasis

Cancer metastasis is still a formidable and fatal challenge. Thus
far, there are no effective therapies for treating metastatic cancer
[37-39]. Early dissemination of metastatic seeds in some cancers
encumbers metastasis prevention during cancer treatment [38,
40]. Moreover, because of the cost, time, and the lack of bio-
markers to identify patients who are at high risk of metastatic
disease, it is challenging to run metastasis prevention trials on
patients with early-stage cancer [41]. Therefore, it is urgent to
develop better prognostic markers for metastasis, novel agents
and regimens that target specific abnormalities, and effective
predictive markers for therapy response [42].

Since 2007, various mechanisms underlying miRNA-
mediated regulation of metastasis have been identified, such
as regulation of oncogenes, tumor suppressor genes, metasta-
sis genes, cancer stem cell properties, epithelial-mesenchymal
transition (EMT), microenvironment, and exosome secretion;
moreover, miRNA biogenesis enzymes and their regulators
also play functional roles in metastasis (Fig. 2). Here, we
discuss examples for each mechanism, illustrating how
miRNAs regulate tumor progression and metastasis.

3.1 MicroRNAs regulate metastasis by targeting
oncogenes, tumor suppressors, or metastasis genes

MiRNA regulation of metastasis was first reported in 2007.
Ma et al. identified metastasis-associated miRNAs by

comparing miRNA expression between normal human mam-
mary epithelial cells, non-metastatic breast cancer cells, and
metastatic breast cancer cells. They found that overexpression
of miR-10b in human breast cancer cell lines promoted lung
metastasis in orthotopic xenograft models [43]. Conversely,
silencing miR-10b inhibited lung metastasis in mice bearing
mammary tumors formed by the 4T1 cell line [44]. This pro-
vided the first functional evidence for a metastasis-regulating
miRNA. Later, a number of groups showed that miR-10b is
overexpressed in highly metastatic or invasive human tumors,
including metastatic breast cancer, pancreatic cancer, and glio-
blastoma [45]; this miRNA has also been shown to promote
either tumor growth or metastasis in various cancer types [45].
Interestingly, two recent studies showed that combining miR-
10b antisense inhibitors with low-dose doxorubicin led to
complete, durable regression of existing lymph node metasta-
ses and distant metastases in preclinical models of metastatic
breast cancer, in which combination treatment was delivered
after surgical removal of the primary mammary tumor, once
metastases were confirmed by bioluminescent imaging of live
animals [46, 47]. These findings suggest that targeting miR-
10b has potential as an anti-metastatic therapy.

Although growing numbers of miRNAs are implicated
in breast cancer progression based on cell culture and
xenograft models, their functions in spontaneous mamma-
ry tumors were not demonstrated by miRNA knockout
approaches until Kim et al. generated miR-10b-null mice
to study the role of this miRNA in vivo. Genetic deletion
of miR-10b did not cause substantial developmental de-
fects but dramatically suppressed oncogene-induced mam-
mary tumorigenesis and metastasis in a polyomavirus
middle T (PyMT) model of metastatic breast cancer
[48], providing in vivo proof that miR-10b contributes to
breast cancer progression. Mechanistically, miR-10b tar-
gets multiple tumor suppressor genes (e.g., TBX5 and
PTEN) and metastasis suppressor genes (e.g., HOXD10),
and these genes are upregulated in miR-10b-deficient
mouse embryonic fibroblasts and PyMT mammary tu-
mors, suggesting that they are physiologically relevant
bona fide miR-10b targets (Fig. 3). TBXS5, which is a
transcription factor, activates the expression of two tumor
suppressor genes, PTEN and DYRKIA [48], while the
transcriptional repressor HOXD10 inhibits the expression
of multiple pro-metastatic proteins, including RhoC, «3
integrin, uPAR, and MT1-MMP [49]. Moreover, miR-10b
has been shown to promote proliferation by targeting NF'/
(encoding neurofibromin, a negative regulator of RAS) [50]
and to promote migration and invasion by targeting KLF4
[51]. Collectively, miR-10b downregulates multiple tumor
suppressors or metastasis suppressors, either directly or
through its direct target TBXS5, ultimately contributing to tu-
morigenesis and metastasis (Fig. 3). Inhibition of miR-10b
may provide therapeutic opportunities through reactivation
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A second metastasis-promoting miRNA identified by Ma
et al. is miR-9 [43, 52]. Initially, miR-9 was found to target
CDH1 (encoding E-cadherin) and promote metastatic ability in
breast cancer cells expressing this adhesion molecule [52].
Subsequently, Chen e al. found that miR-9 can also induce me-
tastasis in E-cadherin-negative breast cancer cells, which led to
the identification of leukemia inhibitory factor receptor (LIFR) as
a breast cancer metastasis suppressor targeted by miR-9 [53].
Interestingly, LIFR suppresses metastasis by activating Hippo

Fig. 3 Model of miR-10b-
mediated regulation of
tumorigenesis and metastasis.
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signaling, leading to phosphorylation and functional inactivation
of the Hippo pathway effector YAP. Depleting LIFR in non-
metastatic breast cancer cells led to massive lung metastasis in
xenograft models, which was reversed by silencing of YAP;
conversely, restoring LIFR expression in highly metastatic breast
cancer cells suppressed lung metastasis formation, which was
reversed by a non-phosphorylatable YAP mutant [53]. Notably,
LIFR protein is downregulated in human breast cancer, and loss
of LIFR in non-metastatic breast tumors is highly associated with
poor metastasis-free, recurrence-free, and overall survival out-
comes in approximately 1000 patients [53]. Recently, LIFR
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was also reported to suppress breast cancer bone metastasis [54]
and liver cancer lung metastasis [55]. Taken together, miR-9
targets multiple metastasis suppressors.

miR-182 is another miRNA that has been shown to pro-
mote metastasis in both genetically engineered mouse models
and xenograft models. miR-182 transgenic mice displayed an
increase in tumor cell dissemination and lung metastasis in a
sarcoma model after amputation of the tumor-bearing limb,
while deletion of this miRNA in the same model inhibited
sarcoma metastasis to the lung [56]. Mechanistically, miR-
182 directly targets Rsul, Mtssi, Pail, and Timp1 to promote
migration, extracellular matrix degradation, and sarcoma me-
tastasis [56]. Moreover, miR-182 promotes melanoma metas-
tasis by targeting MITF and FOXO3 [57].

On the other hand, some miRNAs suppress metastasis by
targeting pro-metastatic genes. By profiling miRNA expres-
sion in the highly metastatic sublines of the MDA-MB-231
human breast cancer cell line, Tavazoie et al. identified miR-
206, miR-335, and miR-126 as anti-metastatic miRNAs [58].
Mechanistically, miR-206 directly targets NOTCH3, leading
to induction of apoptosis and inhibition of migration [59];
miR-335 targets SOX4, TNC, and PTPRN? to inhibit tumor
cell migration and invasion [58]; and miR-126 suppresses
metastasis by targeting MERTK, PITPNCI, IGFBP2, and
CXCLI2 (encoding SDF-1x) in cancer cells. Among these
miR-126 targets, PITPNC1 upregulates the expression of
IGFBP2; both the cleaved MERTK ectodomain and secreted
IGFBP2 promote cell migration [60]; and SDF-1cc induces the
recruitment of mesenchymal stem cells and inflammatory
monocytes to the primary tumor environment, leading to en-
hanced metastasis [61].

3.2 MicroRNAs regulate metastasis by modulating
cancer stem cell properties

Cancer stem cells (CSCs) are the tumor-initiating cell popula-
tion, and by definition, they are responsible for establishing
primary and secondary tumors [62—64]. MiRNAs regulating
CSC properties have been shown to play a role in metastasis.
For example, the level of let-7 family members is downregu-
lated in breast CSCs and is upregulated with differentiation.
Silencing let-7 expression in non-CSCs promoted self-renew-
al, while restoring let-7 expression in breast CSCs suppressed
tumorigenesis and metastasis [65]. Mechanistically, let-7 reg-
ulates CSC properties by targeting RAS, HMGA2, and BACH1
[65-67]. Similarly, miR-34a is downregulated in prostate
CSCs. Ectopic expression of miR-34a in prostate CSCs
inhibited metastasis, while silencing of miR-34a in prostate
non-CSCs enhanced tumor growth and metastasis. These ef-
fects are mediated by CD44, which is a direct miR-34 target
and a CSC marker of prostate and breast cancers [68]. Another
example is miR-141, a member of the miR-200 family, which
is underexpressed in prostate CSCs. Overexpression of miR-

141 in prostate CSCs inhibited tumor regeneration and metas-
tasis. The metastasis-suppressing effect of miR-141 is medi-
ated through its multiple targets, including the Rho GTPase
family members (CDC42, CDC42EP3, RACI1, and ARPCS)
and stem cell factors (CD44 and EZH2) [69].

3.3 MicroRNAs regulate metastasis
through epithelial-mesenchymal transition

Induction of the epithelial-mesenchymal transition (EMT) in
carcinoma cells facilitates tumor cell invasion and dissemina-
tion, whereas its reverse process, mesenchymal-epithelial
transition (MET), promotes metastatic colonization in some
cancer types [70, 71]. Certain metastamiRs regulate the EMT
process. For example, miR-205 and the miR-200 family
(miR-200a, miR-200b, miR-200c, miR-141, and miR-429,
with the same consensus seed sequence) have been shown to
inhibit EMT and promote MET by targeting the EMT-
inducing transcription factors ZEB1 and ZEB2 [72, 73]; con-
versely, ZEB1 directly represses the transcription of mir-200
and mir-205 genes [74—76] (Fig. 4). Functionally, on one
hand, overexpression of miR-200 in lung cancer cells
inhibited metastasis from primary tumors [77]; on the other
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Fig. 4 Regulation and mechanism of action of Dicer in metastasis.
Dicer’s positive regulators TAp63 and KDM6A/B suppress metastasis,
and its negative regulators miR-103/107 and miR-630 promote
metastasis. Downregulation of Dicer attenuates the biogenesis of
miRNAs including miR-200, leading to derepression of ZEB1 and
induction of EMT, invasion, and metastasis
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hand, consistent with the concept that the MET process facil-
itates metastatic colonization, overexpression of miR-200 in
the 4TO7 mouse mammary tumor cells promoted macroscop-
ic metastasis formation in the lung and liver after these cells
were injected intravenously into syngeneic mice [78, 79].
Therefore, the miR-200 miRNA family inhibits tumor inva-
sion and metastatic dissemination at the primary sites, but
enhances metastatic colonization at distant organs. Another
EMT-suppressing miRNA is miR-29b, which targets several
genes involved in differentiation and epithelial plasticity, in-
cluding TGFBI, ITGAG6, and ITGBI, and targets a network of
pro-metastatic genes and microenvironmental genes, includ-
ing VEGFA, ANGPTL4, LOX, MMP2, MMP9, and PDGF.
Silencing miR-29 expression in breast cancer cells promoted
EMT and metastasis [80].

In addition to EMT-inhibiting miRNAs, there also exist
EMT-promoting miRNAs. For instance, by directly targeting
the mRNA encoding E-cadherin, the pro-metastatic miRNA
miR-9 promotes EMT, migration, and invasion of breast can-
cer cells [52]. Moreover, the miR-103/107 family targets
Dicer and attenuates the biogenesis of miRNAs including
miR-200, leading to induction of EMT and metastatic dissem-
ination of otherwise non-aggressive breast cancer cells [81]
(Fig. 4).

It should be noted that all EMT inducers are not function-
ally equal. By doing miRNA microarray analysis of mammary
epithelial cells induced to undergo EMT by various transcrip-
tion factors, Chen et al. identified a common set of EMT-
associated miRNAs [82]: from this set, miR-205 and miR-
200 are the most significantly downregulated miRNAs in
EMT, while among the commonly upregulated miRNAs,
miR-22 and miR-100 are capable of inducing EMT [82].
However, these two miRNAs have strikingly different func-
tions. miR-22 targets the TET family of methylcytosine
dioxygenases, leading to increased methylation of the mir-
200 gene promoter and decreased expression of miR-200.
Notably, in the MMTV-neu mouse model of breast cancer,
transgenic overexpression of miR-22 activated EMT in the
mammary tumor and induced metastasis [83]. In contrast,
Chen et al. reported that miR-100 simultaneously induces
EMT and inhibits tumorigenesis, migration, and invasion by
targeting distinct genes [82]. This provided an example of an
EMT inducer that suppresses cell movement and tumor inva-
sion, indicating that EMT is not always associated with in-
creased tumorigenicity, motility, and invasiveness, and that
different EMT-inducing miRNAs have distinct functions de-
pending on their specific target genes.

3.4 MicroRNAs regulate metastasis
through the microenvironment

In addition to cell-autonomous effects of metastamiRs on can-
cer cells, miRNAs can also regulate metastasis by modulating
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niche cells in the tumor microenvironment. For example,
miR-34a blocks osteoclastogenesis, resulting in inhibition of
breast cancer bone metastasis [84]. MiR-34a knockout mice
exhibited increased bone resorption and decreased bone mass,
while osteoclast-specific miR-34 transgenic mice showed an
opposite phenotype; moreover, ovariectomy-induced osteopo-
rosis and bone metastasis (from breast or skin tumor cells)
were lessened in these transgenic animals. Mechanistically,
miR-34a directly targets transforming growth factor-f3-
induced factor 2 (Tgif2), a pro-osteoclastogenic protein [84]
(Fig. 5). Another example is that miR-133a, miR-141, and
miR-219 suppress Mitf expression in pre-osteoclasts and in-
hibit osteoclastogenesis, leading to reduced bone metastasis
[85] (Fig. 5).

3.5 MicroRNAs regulate metastasis through exosomes

Over the past few years, tumor cell-secreted miRNAs, includ-
ing exosome-transferred miRNAs, have emerged as a new
mechanism mediating the tumor-stroma crosstalk and metas-
tasis (Fig. 6a). Metastatic breast cancer cells secrete miR-10b-
containing exosomes, which induce invasiveness of non-
malignant mammary epithelial cells upon uptake by those
cells [86] (Fig. 3). MiR-9 is secreted by tumor cells, which
in turn promotes endothelial cell migration and angiogenesis
through activation of the JAK-STAT signaling [87]. Thus,
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Fig. 5 MiRNAs suppress bone metastasis by inhibiting osteoclastogenesis.
MiR-34a targets transforming growth factor-3-induced factor 2 (Tgif2), while
miR-133a, miR-141, and miR-219 target Mitf in pre-osteoclasts, leading to
inhibition of osteoclastogenesis and reduced osteolytic bone metastasis
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these two metastamiRs have a cell-non-autonomous effect in
the tumor microenvironment. MiR-105 carried by exosomes
is secreted by metastatic breast cancer cells. Once it enters
adjacent endothelial cells, miR-105 targets the mRNA
encoding the tight junction protein ZO-1 to remove the vas-
cular endothelial barrier to metastasis. Ectopic expression of
miR-105 in otherwise non-metastatic breast cancer cells in-
duced vascular permeability and distant metastasis [88].
Similarly, exosome-mediated transfer of tumor cell-secreted
miR-122 targets pyruvate kinase M2 (PKM2) in niche cells,
leading to downregulation of GLUT1 expression and inhibi-
tion of glucose uptake; concurrently, the secretion of miR-122
reduces the level of this miRNA in cancer cells and promotes
glucose uptake to support their growth. Both processes con-
tribute to metastatic colonization [89].

MiRNA-containing exosomes secreted by the microenvi-
ronment, but not by tumor cells, also play an important role in
metastasis. Breast cancer cells metastasized to the brain, but
not to other organs, lose PTEN expression, which is restored if
tumor cells leave the brain microenvironment [90]. This phe-
notype is caused by miR-19a, a PTEN-targeting miRNA from
astrocyte-derived exosomes. The adaptive PTEN loss in
brain-metastatic tumor cells activates NF-kB and AKT signal-
ing to promote cell proliferation and inhibit apoptosis. In ad-
dition, loss of PTEN also leads to increased secretion of the
chemokine CCL2, which in turn recruits IBA1-expressing
myeloid cells to facilitate metastatic outgrowth of tumor cells
in the brain [90] (Fig. 6b).

3.6 MicroRNA biogenesis and metastasis

While a growing body of evidence demonstrated that specific
miRNAs promote or suppress tumor metastasis, recent studies
have indicated that the regulators of miRNA biogenesis also
play functional roles in metastatic progression. The two key
enzymes in miRNA processing, Drosha and Dicer, are

downregulated in cancer, and low expression levels of these
two proteins correlate with poor clinical outcomes [91, 92].
Interestingly, regulators of Dicer expression are involved in
tumor metastasis, probably through modulation of metastasis-
suppressing miRNAs such as miR-200 family members (Fig.
4). For instance, the miRNAs that directly target Dicer, miR-
103/107 and miR-630, have been shown to promote metasta-
sis [81, 93]. TAp63, a p53 family member, binds to the Dicer
promoter and activates its expression [94]. Dicer is
underexpressed in metastatic human tumors deficient in
TAp63, and deletion of TAp63 in mice reduced Dicer levels
in tumors and induced formation of metastases [94]. In addi-
tion, hypoxia can downregulate Dicer expression through in-
hibition of oxygen-dependent H3K27me3 demethylases
KDMO6A/B, leading to epigenetic silencing of the Dicer pro-
moter. Subsequently, reduced miRNA biogenesis results in
downregulation of miR-200 and derepression of the miR-
200 target ZEB1 [95]. Whether Dicer functionally mediates
the role of hypoxia in metastasis remains to be determined.
AGO?2 (Argonaute 2) is another miRNA biogenesis protein
that may be implicated in metastasis. In response to hypoxia,
AGO?2 is phosphorylated by epidermal growth factor receptor
(EGFR) at the Y393 residue in breast cancer cells, leading to
decreased binding of AGO2 to Dicer. This mechanism has
been shown to mediate EGFR-induced cancer cell survival
and invasiveness [96].

4 Concluding remarks

Because of the incomplete understanding of metastasis and
the lack of practical clinical trials, metastatic disease remains
largely incurable. Over the past decade, significant progress
has been made in understanding the functions of specific
miRNAs in metastasis. Some of these metastamiRs represent
attractive therapeutic targets for cancer treatment. It should be
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noted that the functions of miRNAs are often context-
dependent and tissue type-specific. Moreover, a single
miRNA (or miRNA cluster/family) may play a dual role in
the invasion-metastasis cascade. As mentioned above, miR-
200 family members suppress EMT, tumor invasion, and dis-
semination at the primary sites but promote colonization at
distant anatomic sites. Therefore, the therapeutic potential of
miRNA-based agents should be carefully examined in clini-
cally relevant models and settings, before they enter clinical
trials. In addition, the role and mechanisms of action of
miRNA biogenesis in metastasis warrant further investigation.

Recently, the crosstalk between miRNAs and other RNAs
has emerged as an intriguing research topic. In particular,
competing endogenous RNAs (ceRNAs) are defined as
RNAs that compete with each other through common
miRNA recognition elements, including mRNAs, IncRNAs,
circular RNAs, and RNAs produced from pseudogenes [97].
It has been proposed that not all miRNAs are prone to ceRNA
competition and that the ceRNA effect is significant only un-
der specific conditions, such as a low miRNA:target ratio and
a high-affinity ceRNA [98, 99]. Nevertheless, functional stud-
ies have indicated that ceRNAs can regulate oncogenes and
tumor suppressor genes through miRNAs. For example,
PTEN expression levels can be upregulated by RNAs that
share miRNA binding sites with PTEN, including the PTEN
pseudogene PTENPI [100—102]. It would be interesting to
investigate whether ceRNAs play a role in tumor metastasis
by acting as molecular decoys for miRNAs.
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