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ARTICLE INFO ABSTRACT

Arfif{e history: Metastasis is the spread and growth of localized cancer to new locations in the body and is considered
Received 21 December 2016 the main cause of cancer-related deaths. Metastatic cancer cells display distinct genomic and epigenomic
Received in revised form 3 February 2017 profiles and almost universally an aggressive pathophysiology. A better understanding of the molecu-
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. - lar mechanisms and regulation of metastasis, including how metastatic tumors grow and survive in the
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nascent niche and the interactions of the emergent metastatic cancer cells within the local microenviron-
ment may provide tools to design strategies to restrict metastatic dissemination. Aberrant microRNAs

ﬁg’ﬁxds" (miRNA) expression has been reported in metastatic cancer cells. MicroRNAs are known to regulate
Metastasis divergent and/or convergent metastatic gene pathways including activation of reprogramming switches
EMT during metastasis. An in-depth understanding of role of miRNAs in the metastatic cascade may lead to
Anti-OncomiR the identification of novel targets for anti-metastatic therapeutics as well as potential candidate miRNAs
MiRNA-mimics for cancer treatment. This review primarily focuses on the role of miRNAs in the mechanisms of cancer
metastasis as well as implications for metastatic cancer treatment.
© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

Cancer remains a leading cause of mortality worldwide. The
International Agency for Research on Cancer (IARC) has projected
about 22 million new cancer cases and 13 million cancer deaths
worldwide by 2030 [1]. In the USA, 1,685,210 new cancer cases
and 595,690 cancer-associated deaths have been projected for 2016
[2]. Metastatic cancer is responsible for about 90% of cancer deaths
[3] and approximately 50% of all cancer patients present with clin-
ically detectable metastasis at the time of diagnosis, whereas in
a large number of patients micrometastases remain undetected
by the currently employed techniques [4]. The treatment modali-
ties for metastatic cancer, often based on the information obtained
on primary tumors with little or no information on the pres-
ence of undetectable metastatic lesions, frequently fail to achieve
desired therapy outcomes. Additionally, it is now increasingly
being recognized that metastasis is an evolutionary process, where
metastatic sub-clones with unique genetic and epigenetic profiles
may emerge contributing to a high degree of heterogeneity in ther-
apeutic responses. These factors combined with other limitations
of treatment modalities, make management of metastatic cancer
extremely difficult [5].

Metastasis involves dissemination of cancerous cells from the
primary tumor location to the distant organs via the circulatory
system and establishing a secondary tumor at the new tissue site
[6]. It is a complex multistep process wherein a subset of dividing
cancer cells invades adjacent tissues, enabling cells to penetrate
the walls of the surrounding muscle layers, migrate through the
extracellular matrix and enter into blood vessels (intravasation)
and/or the lymphatic system. The cancer cells then have to survive
in the vasculature and engage a mechanism to leave the vascula-
ture (extravasation), thereby spreading (metastasizing) to distant
organs. Even once in a distant tissue, the metastatic cell must be
able to proliferate in a different extracellular matrix (ECM) niche
to produce secondary tumors. While a complex series of individual
steps is required, the understanding of the biology of metastasis
has recently improved due to availability of advanced imaging and
experimental techniques. This has allowed the identification of can-
didate regulator molecules [7,8], pathways [9] and genes involved
in metastasis promotion [10] or its suppression [11]. Investiga-
tors have started unraveling underlying mechanisms related to
clonal relationships between primary tumor cells and metastatic
cells [12,13]. Gene expression profiles that favor interactions
between metastatic cells and the local microenvironment have
also emerged [14,15] as has organ-specific characteristics of differ-
ent cancer types and subtypes [16]. However, the exact nature of
molecular interactions between diverse factors/molecules within
the tissue microenvironment that regulate/modulate movement
of cancer cells and their establishment in a nascent niche,
is relatively less well understood [17]. Further insights are
required for the understanding of those molecular mechanisms
that drive the formation of metastasis as well as the precise
role of ECM, cell adhesion molecules, epithelial-to-mesenchymal-
transition/mesenchymal-to-epithelial-transition (EMT/MET), and
signaling dynamics during organ-specific metastasis (such as
through cancer cell- secreted extracellular vesicles). Only by a more
complete understanding of these molecular mechanisms will we be
able to devise new ways to intervene in the metastatic processes.

MicroRNAs have emerged as extremely versatile regulators of
cancer-related processes such as cell proliferation, cell cycle arrest,
senescence, DNA damage responses and apoptosis. They are single-
stranded, small RNA molecules (18-22 nucleotides) with the ability
to regulate expression of genes related to almost every biological
process. Numerous studies devoted to miRNA expression profil-
ing have shown significantly altered miRNA signatures in various
stages of cancer initiation and progression. There is mounting evi-

dence that several miRNAs play a crucial role in regulation of
molecular events leading to metastasis and many of these may have
potential diagnostic, prognostic and therapeutic values. Therefore,
an in-depth understanding of the role of miRNAs in the metastatic
processes may provide an opportunity to identify potential novel
targets for the development of new interventions or ways to
improve current diagnostic and therapeutic approaches to restrict
progression of cancer. This review highlights the involvement of
miRNAs in various steps of metastasis as well as to identify miRNAs
that may have promising therapeutic potential.

1.1. Process of cancer metastasis

Metastasis is a coordinated sequence of events leading to the
dissemination of cancer to distant organs through lymphatic and
vascular circulatory systems. It is a multistage process (Fig. 1) in
which a subset of cancer cells having acquired the ability to escape
from the primary site, migrate through the microenvironments,
intravasation, capability to survive in the circulation, extravasation,
and colonization competence in a new microenvironment can lead
to the formation of more aggressive secondary tumors in various
parts of the body.

The metastatic cascade starts with the detachment of a small
subset of cancer cells from the primary tumor, in part by
morphological changes such as epithelial-to-mesenchymal tran-
sition (EMT), migration through the ECM, and invasion into the
neighboring tissues, intravasation (transendothelial migration into
blood vessels), anchorage-independent survival in the circulation,
extravasation (exit from the circulation) and colonization and sec-
ondary tumor formation [18]. The metastasis cascade is not only
dependent on genomic and epigenomic alterations within a sub-
set of cancer cells, but also involves interactions with stromal cells
such as cancer-associated fibroblasts (CAFs) and tumor-associated
macrophages (TAMs) that may significantly contribute to cancer
progression. The lack of extravasating and colonizing cancer cells is
a major bottleneck for studies on metastasis. In fact, limited infor-
mation is available on how migrating cancer cells enter through
the endothelium of small capillaries and extravasate through the
vascular wall to colonize distant organs. It is not well understood
what determines organo-tropic behavior of metastatic cells. The
“seed and soil” hypothesis emphasizes availability of a favorable
microenvironment for successful metastases formation [19,20]
whereas the ‘filter and flow’ concept argues that metastatic col-
onization occurs at sites of optimal blood flow patterns [21].
A recent report suggests that tumor-derived exosomes (extra-
cellular vesicle) containing pro-EMT signatures induce stromal
remodeling and create a favorable “pre-metastatic niche” where
incoming metastatic cells may establish metastases [22]. Addi-
tionally, whether metastasis is an early or late event in tumor
progression remains to be clearly established.

Several models of cancer progression have been proposed
including a linear progression model [23] and a parallel progres-
sion model [24]. The linear progression model proposes that during
early cancer cell proliferation genomic instability increases and
some cancer cells undergo successive rounds of changes and selec-
tion and accumulate genetic alterations in a step wise manner.
This leads to cells acquiring metastatic traits giving rise to specific-
clones carrying genomic and epigenomic changes. Thus according
to this model metastasis is an end-stage event and the parental
tumor cells and metastatic cells share a large number of genomic
alterations. Using targeted next generation sequencing on primary
colorectal tumors, liver metastasis and normal colonic tissues, 750
genes were analyzed and there was high genomic concordance of
primary tumor and metastasis [25] supporting this linear model
of cancer progression. Conversely, the parallel progression model
argues that tumor cells spread at a very early stage of tumor pro-
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Fig. 1. Metastasis stages: As the primary tumor grows a subset of more epitheliod shaped cells can assume mesenchymal characteristics, migrate through the extracellular
matrix, invade blood/lymph vessels, extravasate, and finally colonized distant organs forming more aggressive secondary tumors [18].

gression and acquire a different genetic profile in the metastatic
niche depending upon the requirements of the new microenviron-
ment. This model predicts that metastatic cells will have a distinct
genomic profile reflective of their separate environments. Several
studies using transgenic mouse models for tumor dissemination of
various cancer types support this model of metastasis [24]. How-
ever, further genomic studies (and epigenomic studies) are needed
to help resolve the issues related to clonal evolution of metastatic
cells as well as organ-tropism and latency. A more detailed under-
standing of both these models should significantly contribute to
the selection of an appropriate treatment and design for effective
preventive measures. Metastasis is also considered to be a very
inefficient process because only a fraction of cancer cells with spe-
cific characteristics (acquired by specific gene expression changes)
successfully complete all metastatic steps and produce secondary
tumors. There is a stringent requirement of a highly synchronous
interplay of diverse molecular pathways at every step of metasta-
sis and the inability to complete any of these steps will stop the
metastatic cascade. It has been reported that about 1 x 10 cancer
cells can infiltrate the circulatory system per day but only <0.1%
will colonize forming distal metastases [26]. However, an unde-
tectable cancer cell population called micrometastases may remain
dormant to produce macrometastases many years following cancer
treatment [27].

1.2. miRNAs: biogenesis and mechanism of action

The biogenesis of miRNAs, mechanism of action and their role
in living systems have been extensively reviewed [28]. Briefly, bio-
genesis of miRNAs starts with the transcription of miRNA genes by
RNA polymerase II to form 1-3 kb long transcripts called primary-
miRNAs (pri-miRNAs) containing a seed sequence (complementary
to the target area on mRNA) folded into stem and loop structures
(Fig. 2). Pri-miRNAs are acted upon by Drosha (RNA polymerase
Il enzyme) and DiGeorge syndrome critical region 8 (DGCRS8)
protein to generate a 60-100 nucleotide long, hairpin-shaped pre-
cursor miRNAs (pre-miRNAs). The pre-RNAs are transferred to
the cytoplasm by Exportin-5 (RNA-binding protein) and Ran/GTP.
In the cytoplasm, pre-miRNAs are cleaved by Dicer (RNase III)
into 10-24 nucleotide long double-stranded miRNAs (ds-miRNAs).
One of the strands of ds-miRNA matures as miRNA and second
strand is usually degraded. The miRNA is loaded onto the RNA-
induced silencing complex (RISC). The mature miRNA sequence
guides the miRNA-RISC complex to its target mRNA to bind the 3’
UTR (untranslated) region, to form an imperfect duplex and induce
translational repression and/or mRNA decay (Fig. 2).

1.3. MicroRNAs regulate cancer cell detachment,
epithelial-to-mesenchymal transition, migration and invasion

MicroRNAs play an essential role in the regulation of different
stages of multistep metastatic process (Fig. 3). They control expres-
sion of pro-metastatic genes in diverse cancer types to promote or
repress metastasis through a variety of molecular mechanisms. A
clear understanding of the nature and number of miRNAs involved
in metastasis may lead to the further insights on how miRNAs reg-
ulate multiple mechanisms in metastasis.

1.4. Cell detachment

The first step in metastatic transformation is the successful dis-
sociation of cancer cells from the primary, localized tumor. The
detachment of cancer cells from a primary tumor is a complex
process which involves not only the accumulation of successive
genomic and epigenomics changes but also drastic changes in
interactions between tumor cells and various stromal cell com-
ponents of the tumor microenvironment. The normal epithelium
architecture is maintained by the interaction of cytoskeletal regu-
latory proteins, cell-cell adhesion molecules, cell-matrix adhesion
molecules and extracellular matrix (ECM) proteins [29]. The
cytoskeleton, characterizing cell motility and polarity, is highly
dynamic structure and involves constant rates of actin polymer-
ization and depolymerization which is mediated by the members
of Rho superfamily of GTPases [30]. MicroRNAs regulate expression
of Rho superfamily members by targeting their respective mRNAs.
For example, miR-31 inhibits expression of RhoA in breast can-
cer (BC) [31] and miR-124 targets Rho-associated protein kinase-1
(ROCK-1) which facilitates reorganization of the actin cytoskeleton
[32,33]. The trans-membrane glycoprotein E-cadherin mediates
the cell-cell adhesion of epithelial cells through homophilic inter-
actions (an adhesion molecule on the surface of one cell binds
to the same molecule on the surface of another cell). E-cadherin
can be targeted by miRNAs either directly or through regulation of
transcription factors. MiR-200c, miR-10b and miR-9 directly inac-
tivate E-cadherin mRNA [34-36] whereas other members of the
miR-200 family, miR-192 and miR-205 regulate E-cadherin levels
by modulating expression of the transcription factors zinc finger
E-box-binding proteins 1 and 2 (ZEB1/ZEB2) that can repress the
E-cadherin gene in cancer cells [37]. In non-small cell lung cancer
(NSCLC), miR-574-5c is upregulated and targets protein tyrosine
phosphatase receptor type U (PTPRU). The loss of PTPRU results
in the inhibition of dephosphorylation of tyrosine residues on [3-
catenin that induces loss of E-cadherin-mediated cell-adhesion
[38]. Cluster of differentiation 44 (CD44) (multifunctional cell
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Fig. 2. Biogenesis and mechanism of mRNA repression: RNA polymerase Il transcribes miRNA genes as transcripts of 60-100 nucleotide called primary-miRNAs (pri-miRNAs)
which are then methylated by methyl trasferase-like3 (METTL3) (anenzymeinvolvedinpost-transcriptional methylation). This permits pri-miRNAs to be recognized by Drosha.
Pri-miRNAs are then cleaved by a microprocess or consisting of DGCR8(RNA-bindingprotein) and Drosha (RNasetypelll) into stem-loop structures called pre-miRNAs. The
specific cleavage of pri-miRNAs generates’ specific nucleotide sequences’, complementary to target area sonmRNA. Pre-miRNAs are then transported to the cytoplasm by
a complex of Exportin5/Ran/GTP where they are recruited by TRBP to another RN a setype Il enzyme, Dicer, which fragments the minto 20-24 nucleotide long double-
stranded miRNAs. One of the strands is degraded and these condstrand becomes a mature miRNA. The mature miRNA is incorporated into a protein complex termed
RISC(RISC+Argonaute). The miRISC complex binds with its complimentary target sequence on mRNA to mediate gene silencing via translational repression or degradation of

target mRNA [28].

surface molecule) is also involved in cell-cell and cell-matrix inter-
action through heterophilic interactions (an adhesion molecule
functions as a receptor that binds to a different but specific
molecule, known as the ligand on the other cell). The CD44 lig-
ands include hyaluronic acid, osteopontin, serglycin, collagens,
fibronectin, and laminin. Numerous miRNAs including let-7, miR-
30, miR-34, miR-141, miR-143, miR-193, miR-200-a/b/c, miR-320
and miR-451 regulate CD44 expression in cancers [39]. The focal
adhesions (contact points between ECM and cytoskeleton) sig-
nificantly contribute to cellular adhesion with the ECM. Several
miRNAs such as miR-7, miR-27 and miR-151 control expression
of the focal adhesion kinase (FAK) that mediates focal adhesions
[40,41]. The members of the integrin family are key mediators
of cell-matrix interactions and several miRNAs have been found
to regulate the expression levels of specific integrins. For exam-
ple, miR-29 and miR-31 directly regulate integrin 31 expression
in cancer cells [42,43] and miR-92a reduces integrin o5 expres-
sion levels in ovarian cancer [44]. ECM proteins collagens, laminins,
fibronectin are also involved in cell adhesion and their deregu-
lation facilitates cancer cell dissociation. The expression of these
proteins is regulated by miRNAs. MiR-143 regulates expression of
collagen type Ill expression in gastric cancer (GC) [45]. MicroRNA-
218 and miR-29 target laminin-332 and laminin y2 (LAMC2)
respectively in head and neck squamous cell carcinoma [46,47].
Fibronectin expression can be regulated by miR-17 [48]. Matrix
remodeling in tumors enhances the dissociation of tumor cells
from their native tissue by creating a microenvironment permis-
sive of cancer cell to escape [49]. The cancer-associated fibroblasts
and tumor-associated macrophages produce matrix metallopro-
teinases (MMPs) to remodel the ECM of tumors. Additionally,
the extracellular amine oxidases called lysyl oxidases (LOX) par-
ticularly lysyl oxidase-like 2 (LOXL2) (overexpressed in cancer

cells) promote cell detachment and migration by ECM modula-
tion through crosslinking collagen I fibers [50]. MicroRNAs regulate
expression of enzymes involved in modulation of ECM including
MMPs and LOX by degrading their respective mRNAs in malignant
cells. The downregulation of miR-29c in lung cancer is associated
with the inhibition of integrin 1 and MMP2 expression leading to
reduced cell adhesion of lung cancer cells to the ECM [51]. Similarly,
expression of the lysyl oxidase-like 2 (LOXL2) gene is directly con-
trolled by the members of microRNA-29 family in lung squamous
cell carcinoma, head and neck squamous cell carcinoma and renal
cell carcinoma [52-54]. Furthermore, miR-211 which is downreg-
ulated in most cancers, suppresses expression of secreted protein
acidic and rich in cysteine (SPARC) in hepatocellular carcinoma
(HCC) [55]. The SPARC is a member of matricellular protein fam-
ily which is secreted in ECM and regulates cell adhesion [56]. Thus,
numerous miRNAs regulate expression of enzymes/factors which
are involved in the modulation of ECM and the microenvironment
resulting in cell detachment.

1.5. Epithelial-to-mesenchymal transition

The vast majority of cancers trace their origin from epithe-
lial cells. In the early stages, the dividing malignant cells retain
epithelial characteristics such as E-cadherin expression, an abil-
ity to form a continuous layer of polygonally shaped cells, but
lack of motility. Conversely, as tumor mass grow, a subset of cells
convert from epithelial to mesenchymal characteristics including
increased motility and invasiveness. As the tumor progresses, the
loss of cell adhesion stimulates tumor cell dissociation and altered
cell-matrix interactions enabling some cells to migrate by abro-
gating the underlying basement membrane and then invading into
adjacent stromal compartments. To spread, epithelial tumor cells
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Fig. 3. Schematic representation of miRNAs and their targets at various stages of the metastatic cascade: Rapidly dividing primary tumor cells start dissociating and numerous
miRNAs modulate expression of genes involved in cell adhesion and tumor microenvironment maintenance to facilitate dissociation of cancer cells from the primary tumor
[31-33]. A sub-clone of epithelial tumor cells undergoes the process of EMT. Expression of the EMT-related molecules is regulated by a number of miRNAs which target
crucial genes associated with signaling pathways [64,68,69,72]. MicroRNAs can either repress or stimulate migration and invasion of cancer cells by upregulating or down-
regulating gene expression of various molecular components responsible for cell motility and integrity of epithelial architecture [86,87]. During intravastion/extravasation,
miRNAs disrupt vascular endothelial barriers by targeting tight junction protein ZO-1 [134]. Additionally, Raf kinase inhibitor protein (RKIP) is also involved in intravasa-
tion/extravasation. In breast cancer RKIP inhibits downstream targets of let-7, high-mobility group AT-hook 2 (HMGA2) and BTB And CNC Homology 1 (BACH1) (essential
for cancer invasion) to repress intravasation [ 165]. Mesenchymal-to-epithelial transition (MET) of metastatic cells is crucial for colonization and secondary tumor formation.
Several reprogramming transcription factor genes, Oct3/4, Sox2, KIf4, and Myc are involved in MET [166]. The expression of these genes is regulated by miR-21, miR- 29a
and miR-145. MiR-221 and miR-222 are overexpressed in many cancer types and may promote MET and colonization by inducing cell survival through inhibition of p53
upregulated modulator of apoptosis (PUMA) and downregulating cell cycle inhibitor p27 expression [167] (an inverse correlation exists between miR-221/222 expression
and p27 levels).

Table 1
miRNAs involved in the process of epithelial-to-mesenchymal-transition.

miRNA miRNA level status and role Target Refs.
Expression Function
miR-30a Downregulated EMT-Inhibitor SNAI1 [73]
miR-34a Downregulated EMT-Inhibitor SNAI1 [74,75]
miR-101 Downregulated EMT-Inhibitor ZEB1/ZEB2 [67]
miR-132 Downregulated EMT-Inhibitor ZEB2 [70,71]
miR-138 Downregulated EMT-Inhibitor ZEB2,vimentin,EZH2 [72]
miR-139-5p Downregulated EMT-Inhibitor ZEB1/ZEB2 [68]
miR-186 Downregulated EMT-Inhibitor TWIST [79]
miR-200 Downregulated EMT-Inhibitor ZEB1/ZEB2 [64]
miR-203 Downregulated EMT-Inhibitor SNAI2 [76]
miR-205 Downregulated EMT-Inhibitor ZEB1/ZEB2 [69]
miR-503 Downregulated EMT-Inhibitor c-myb [80]
miR-655 Downregulated EMT-Inhibitor ZEB1, TGFBR2 [66]
miR-93 Upregulated EMT-Promoter FOXA1 [82]
miR-181b-3p Upregulated EMT-Promoter YWHAG [77]
miR-374a Upregulated EMT-Promoter WIF1,PTEN,WNT5A [85]
miR-503-3p Upregulated EMT-Promoter SMAD2 [83]
miR-1269a Upregulated EMT-Promoter HOXD10 [84]

take advantage of two important processes: angiogenesis that pro-
vides an escape route for the detached cells to enter the circulatory
system and metastasize to distant sites and a reversible molec-
ular reprogramming process called epithelial-to-mesenchymal
transition (EMT) in which epithelial cells (non-motile) acquire
mesenchymal phenotype (motile) that favors cell migration and
invasiveness. EMT is characterized by the loss of E-cadherin and
apical-basal cell polarity, accompanied by the gain of mesenchymal

characteristics as well as an increased expression of mesenchy-
mal markers, such as vimentin, fibronectin, and N-cadherin [57].
In addition to changes in cell morphology, EMT-undergoing cancer
cells exhibit an altered gene expression profile and acquire some
of the stem cell like characteristics which help them to bypass cel-
lular senescence induced by increasing genomic instability [58].
Several signaling pathways including wingless integrated (Wnt),
protein nuclear factor kappa light-chain-enhancer of activated B-
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cells (NF-kB), Notch, Hedgehog and growth factor signaling such
as transforming growth factor beta (TGF-3), vascular endothelial
growth factor (VEGF), hepatocyte growth factor (HGF), epidermal
growth factor (EGF), fibroblast growth factor (FGF) and platelet-
derived growth factor (PDGF), manage to coordinately induce
or modulate EMT processes [37]. The loss of expression of E-
cadherin in epithelial cells is a major molecular event and these
signaling pathways stimulate several transcription factors includ-
ing ZEB1 and ZEB2, SNAIL and TWIST which mediate repression
of E-cadherin [59-63]. It is now widely accepted that aberrantly
expressed miRNAs in cancer cells play a critically important role
in mesenchymal transformation and regulate EMT by modulat-
ing expression of genes involved in EMT. However, the molecular
stimuli that activate transcription of miRNAs associated with EMT
remain largely less well understood. A large number of EMT-
mediating miRNAs have been identified (Table 1) that act through
the EMT-regulating transcriptional network or by regulating sig-
naling pathways involved in EMT. The EMT-inducing transcription
factors ZEB1/ZEB2 promote EMT mainly through repression of
E-cadherin and activation of N-cadherin and vimentin. Several miR-
NAs are known to regulate ZEB1/ZEB2 expression in malignant
cells. MicroRNA-200 family (miR200 a,b,c, miR-141,miR-429) of
tumor suppressor miRNAs is involved in the inhibition of EMT
and stemness as well as functions to reverse chemo-resistance and
to modulate cell proliferation and apoptosis [64]. The decreased
expression of miR-200 family members has been reported in a
wide variety of cancer types including breast cancer, colorectal
cancer (CRC), HCC, NSCLC, pancreatic cancer (PCa), renal cell carci-
noma (RCC) and prostate cancer (PC) [57]. The miRNA-200 family
regulates expression of transcription factors ZEB1/ZEB2 at the post-
transcriptional level by inhibiting their mRNA leading to EMT
suppression in cancer cells. Recently, an autocrine TGF-3/ZEB/miR-
200 signaling regulatory network has been implicated in EMT
regulation in tumor cells. A positive correlation was observed
between expression of ZEB1/2 and TGF-f3 as both stimulate EMT
and negative correlations existed between TGF-3 and miR-200, as
well as between ZEB1/2 and miR-200, in invasive ductal carcino-
mas [65]. MiR-655 repressed expression of ZEB1 and transforming
growth factor beta receptor 2 (TGFBR2) inhibited EMT in several
cancer cell lines [66]. In ovarian carcinoma, miR-101 was found
to be significantly underexpressed. Overexpression of this miRNA
repressed EMT by downregulating the expression of the E-cadherin
through directly targeting mRNA of ZEB1/ZEB2 [67]. MiR-139-5p
in glioblastoma multiforme (GBM) and miR-205 in CRC suppressed
EMT through repression of ZEB1/ZEB2 [68,69]. Mir-132 is down-
regulated in CRC and NSCLC and its re-expression suppresses ZEB2
expression to inhibit EMT [70,71]. MiR-138 was identified to tar-
get mRNAs of ZEB2, vimentin and enhancer of zeste homologue 2
(EZH2) (an epigenetic regulator which modulates the silencing of
E-cadherin) to regulate EMT [72].

Numerous miRNAs regulate the expression of transcription
factors SNAI1 and SNAI2 (SLUG). MiR-30a expression has been
reported to be significantly downregulated in NSCLC tissues [73].
Restoration of miR-30a inhibited EMT by suppressing SNAI1
expression in NSCLC cell lines [74]. The members of miR-34 family
(miR-34a, miR-34b and miR-34c) inhibit EMT by downregulating
the SNAIl expression [75]. MiR-203/SNAI2/TGF3 form a regula-
tory loop to control EMT and tumor metastasis in various cancer
types [76]. MiR-181b-3p functions as a promoter of Snail-induced
EMT in breast cancer by suppressing expression of YWHAG gene
(also known as tryptophan 5-monooxygenase activation protein
gamma). This mediates signal transduction and reduced expres-
sion of YWHAG induces Snail stabilization leading to activation of
EMT [77]. The miRNAs that regulate EMT through transcription fac-
tor TWIST include miR-186 in ovarian cancer [78] and prostate
cancer [79]. In osteosarcoma, miR-503 expression is downregu-

lated and overexpression of this miRNA inhibits EMT by targeting
the transcription factor c-myb [80]. MiR-93 is overexpressed in
endometrial carcinoma and promotes EMT by inhibiting expression
of the transcription factor FOXA1 (a negative regulator of EMT) [81].
Zhao et al. [82] demonstrated that miR-503-3p was overexpressed
in breast cancer cells and promoted EMT by directly targeting
smooth muscle actin (SMA) and mothers against decapentaplegic
MAD related protein-2 (SMAD2) and E-cadherin. EMT is also pro-
moted by miR-1269a (expression is upregulated) in CRC which
forms a positive feedback loop with TGF-3 via sex determining
region Y)-Box 4 (Sox4), Homeobox D10 (HOXD10) and SMAD7
to promote EMT [83]. A number of miRNAs have been found to
suppress/activate the Wnt-signaling pathway by modulating {3-
catenin to inhibit or promote EMT. MiR-200c was shown to repress
Wnt pathway by targeting (3-catenin directly in breast cancer [84].
MiR-374a is markedly upregulated in breast cancer and stimulates
Wnt/B-catenin signaling cascade to promote EMT by suppress-
ing multiple negative regulators of the Wnt/3-catenin signaling
pathway including WNT Inhibitory factor 1(WIF1), phosphatase
and tensin homolog (PTEN), and Wnt family member 5A (WNT5A)
[85]. In prostate cancer miR-34a inhibits Wnt/@-catenin signaling
to repress EMT whereas miR-379 promotes EMT by stimulating it
[79]. Taken together, these studies highlight the stringent regula-
tion of EMT progression by miRNAs through modulation of multiple
critical genes involved in transcriptional programming, signaling
pathways and the maintenance of epithelial architecture.

1.6. Migration and invasion

MiRNAs can promote or inhibit migration and invasion of can-
cer cells either directly inactivating mRNA or through regulation
of expression of downstream effector molecules to control migra-
tion and invasion of cancer cells. A large number of miRNAs have
been documented to interfere with migration and invasion of tumor
cells (Table 2) For example, the miR-200 family inhibits migration
and invasion of breast cancer cells by degrading mRNA of multiple
proteins including moesin (cytoskeleton-associated protein), ECM
protein fibronectin 1, actin-regulatory proteins-formin homol-
ogy 2 domain containing 1 (FHOD1) and protein phosphatase,
Mg2*/Mn2* dependent, 1F (PPM1F) which inhibit migration and
invasion through regulation of stress fiber formation [86,87]. MiR-
154 is highly underexpressed in breast tumors and overexpression
of this miRNA significantly reduces invasiveness of breast cancer
cells by targeting mRNA of the E2F transcription factor 5 protein
(E2F5) which mediates tumor progression processes [88]. Several
miRNAs that target Wnt-signaling can also modulate migration
and invasion of breast cancer cells. For example, miR-340 sup-
pressed migration and invasion of breast cancer cells by targeting
the Wnt-signaling pathway [89]. MiR-34c is significantly down-
regulated in breast cancer metastatic tissues and overexpression
of this miRNA inhibits a GTPase-activating protein GIT1 expres-
sion to suppress migration and invasion of breast cancer cells [90].
MiR-96 and miR-182 levels are upregulated in breast cancer cells
[91] and the decreased expression of protein Palladin suppresses
breast cancer cell migration and invasion. However, the presence
of SNP rs 1071738 at the miR-96/miR-182-binding site within the
Palladin 3/-UTR abolished miRNA:mRNA binding, thus diminishing
Palladin regulation by these miRNAs. The tumor cells harboring this
SNP displayed accelerated migration and invasion. Interestingly,
miR-96 can also promote migration and invasion of breast cancer
cells by silencing protein tyrosine phosphatase, non-receptor type
9(PTPN9) mRNA [92].In HCC, both miR-96 and miR-182 are overex-
pressed and enhance invasion through downregulation of EphrinA5
expression [93]. The HOX genes such as HOXA4, HOXA5 and HOXA10
are deregulated in breast cancer cells and HOXA10 induces p53
expression to reduce their invasiveness [94]. MiR-135a suppresses
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Table 2
miRNAs in migration and invasion (M&I) of cancer cells.
miRNA miRNA level status and role Targets Refs.
Expression Function

miR-34a Downregulated Inhibit- M &I FRA-1 [100]
miR-34c Downregulated Inhibit - M &I GIT1 [90]
miR-124 Downregulated Inhibit - M &I AEG1 [107]
miR-142-3p Downregulated Inhibit- M &I RAC1 [97]
miR-143 Downregulated Inhibit-M &I MACC1 [101]
miR-154 Downregulated Inhibit - M &I E2F5 [88]
miR-154-5p Downregulated Inhibit - M &I E2F5 [112]
miR-200 Downregulated Inhibit- M & I Moesin,Fibronectin1,FHOD1,PPM1F [86,87]
miR-203 Downregulated Inhibit - M & I EIF5A2 [102]
miR-215 Downregulated Inhibit - M &I ZEB2 [113]
miR-218 Downregulated Inhibit - M &I SFMBT1,DCUN1D1 [109]
miR-339-5p Downregulated Inhibit - M & I PRL1 [104]
miR-340 Downregulated Inhibit - M &I Wint-signaling [89]
miR-375 Downregulated Inhibit- M &I AEG1 [108]
miR-455 Downregulated Inhibit - M &I RUNX2 [98]
miR-96 Upregulated Promote - M & | Palladin [91]
miR-135a Upregulated Promote - M & | HOXA10, FOXO1 [95,96]
miR-182 Upregulated Promote - M & | Palladin [91]
miR-194 Upregulated Promote - M & | PTPN12 [111]
miR-520c Upregulated Promote - M & | IRF2 [106]

the expression of HOXA10 to promote cell migration and invasion
in breast cancer [95]. It also upregulates the expression of MMP2,
SNAIL as well as enhances AKT phosphorylation and decreases fork-
head transcriptional factor 1 (FOXO1) phosphorylation. MiR-135a
is upregulated in HCC tissues and inhibits FOXO1 expression to
stimulate migration and invasion. FOXO1 is a tumor suppressor
and its downregulation accelerates tumor progression in cancer
[96]. Invasion and migration of HCC cells is also inhibited by miR-
142-3p, downregulated in HCC tissues, via degradation of mRNA
of ras-related C3 botulinum toxin substrate 1(RAC1), a GTPase that
regulates diverse biological processes including cytoskeletal reor-
ganization, migration and invasion [97]. The expression of miR-455
is strongly downregulated in HCC and inversely correlates with
runt-related transcription factor 2 (RUNX2) expression. MiR-455
targets RUNX2 to decrease migration of HCC cells [98]. The RUNX-
2 protein is a member of the RUNX family of transcription factors
which regulate the transcription of extracellular matrix modulators
such as SPARC and MMP1 [99]. MiR-34a, consistently downregu-
lated in CRC, regulates migratory and invasive abilities of CRC cells
through a direct action on 3’-UTR of fos-related-antigen-1(FRA-1)
mRNA [100]. MiR-143 has been reported to be downregulated in
CRC. Overexpression of miR-143 strongly inhibited migration and
invasion of CRC cells through repression of metastasis-associated
in colon cancer-1(MACC-1) gene expression [101]. MiR-203 is fre-
quently downregulated in CRC and its re-expression significantly
suppresses cell motility and invasiveness through inactivation of
eukaryotic initiation factor 5A2 (EIF5A2) gene expression [102].
EIF5A2 is a major contributor to cell motility and tumor metasta-
sis in diverse cancers [103]. There is significant downregulation of
miR-339-5p expression level in CRC tissues [104]. The enhanced
expression of miR-339-5p inactivated mRNA of phosphatases
of regenerating liver-1 (PRL-1) to suppress CRC cell migration
and invasion. The reduced PRL-1 expression is associated with
low expression of phosphorylated-extracellular signal-regulated
kinase1/2 (p-ERK1/2) which mediates several cancer-related pro-
cesses including invasion and migration. MiR-146-5p enhances
migration and invasion of thyroid carcinoma cells by modulating
actin cytoskeleton [105]. In gastric cancer, miR-520c was found to
increase migration and invasion by downregulating expression of
interferon regulatory factor 2 (IRF2) which is a transcription factor
in the interferon gamma signal transduction pathway involved in
cancer progression [106]. The expression of miR-124 is downreg-
ulated in cervical cancer tissues. Overexpressed miR-124 targeted

astrocyte-elevated gene-1 (AEGT1) to inhibit migration and invasion
[107]. AEG-1 is an oncogene that is overexpressed in all cancers
and promotes migration and invasion by activating multiple sig-
nal transduction pathways including MEK/ERK, PI3 K/Akt, NF-kB
and Wnt/3-catenin. MiR-375 also targets AEG-1 in HCC to sup-
press migration and invasion [ 108]. The overexpression of miR-218,
whichis significantly underexpressed in cervical cancer, inactivates
genes Scm-like with four MBT domains 1 (SFMBT1) and defec-
tive in cullin neddylation 1, domain containing 1 (DCUN1D1) to
inhibit cell migration. The elevated expression of SFMBT1 induces
EMT and increases migration and invasiveness of cervical can-
cer cells, while the overexpression of DCUNID1 enhances the
migration and invasiveness of cervical cancer cells, but does not
induce EMT [109]. The migration and invasion of esophageal tumor
cells was increased by miR-20b overexpression which regulated
PTEN expression [110]. MiR-194 (overexpressed in ovarian can-
cer) reduced protein tyrosine phosphatase non-receptor type 12
(PTPN12) expression and promoted migration and invasion. PTPs
are signaling molecules that regulate a variety of cellular processes
including cytoskeletal structure and cell adhesion by modulating
p130 (Cas), CAKbeta/PTK2B, proline-serine-threonine phosphatase
interacting protein 1(PSTPIP1), and paxillin [111]. MiR-154-5p,
degrades mRNA of the E2F transcription factor 5 (E2F5) to suppress
migration and invasion of prostate cancer cells [112]. In NSCLC,
miR-215 expression was significantly downregulated which corre-
lated well with lymph node metastasis and advanced TNM stage.
Overexpression of miR-215 suppressed ZEB2 expression and inhib-
ited NSCLC cell invasion and migration [113]. In breast cancer cells,
miR-34c was downregulated and restored miRNA degraded mRNA
of GRK-interacting protein 1 (GIT1) to suppress migration and inva-
sion [90]. The LOXL2 modulates ECM by crosslinking collagen and
elastin to promote migration and invasion of cancer cells. Numer-
ous miRNAs have been reported to regulate expression of LOXL2.
For example downregulation of miR-26a, miR-26b, miR-29a, miR-
29b, miR-29¢ and miR-218 is associated with the overexpression
of LOXL2 in prostate cancer [114].

While regulatory roles of miRNAs have been extensively inves-
tigated in carcinomas, their involvement in sarcoma cell migration
and invasion is relatively less well studied. The cell invasion
in sarcoma cells is often mediated by invadopodia formation,
which delivers matrix-degrading enzymes to the invasion interface
permitting cancer cell penetration. A novel phosphotyrosine-
dependent pathway directs Lyn/Src family tyrosine kinase signals
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to the invadopodia to regulate sarcoma cell invasion via the
molecule AFAP-1-like-1 (AFAP1L1), a new member of the actin
filament-associated protein (AFAP) family [115]. The tumor sup-
pressor miR-138 targets differentiated embryonic chondrocyte
gene 2 to inhibit migration and invasion of osteosarcoma cells
[116]. In primary mouse sarcomas, miR-182 inhibited sarcoma cell
migration and invasion by inactivating genes RSU1, MTSS1, PAI1,
and TIMP1 involved in metastasis. These genes regulate expres-
sion of ECM proteases (PAI1 and TIMP1), MMPs (TIMP1), focal
adhesion complex (RSU1) and cytoskeleton remodeling (MTSS1)
[117]. MiR-16 is extensively downregulated in bone and soft tis-
sue sarcoma. Restoration of miR-16 causes significant reduction of
sarcoma cell migration and invasion in a mouse model of soft tissue
sarcoma [118]. These studies clearly establish that several miRNAs
are coordinated to regulate expression of different genes involved
in pathways leading to cancer cell migration and invasion and thus
promoting tumor growth and metastasis.

1.7. EMT reprogramming enriches cancer stem cell-like
phenotype

EMT is a highly conserved cellular process which is involved in
normal embryogenesis and tissue repair. In malignant tumors it
enables cells to acquire the ability to migrate to distant sites and
to seed secondary tumors. The emerging evidence suggests that
rapidly proliferating EMT-undergoing cells acquire cancer stem
cell-like properties [119]. EMT is involved in cellular plasticity
(a process of identity change) through which cells are believed
to obtain hallmark features of stem cells [120]. The cancer stem
cells (CSCs) are characterized by their remarkable abilities of
self-renewal, maintenance of a quiescent state and multidrug
resistance. They have been implicated in tumor recurrence and
metastasis [121]. Several studies have reported a link between
EMT-undergoing cancer cells and acquisition of molecular signa-
tures of stemness such as expression surface marker CD44 + CD24-
as well as genes involved in the maintenance of stem cell phe-
notype [58,122,123]. In prostate cancer subpopulations of highly
invasive cells expressed CD44+CD24- phenotype and exhibited
gene expression profiles consistent with those of prostate CSCs.
These invasive cells were highly tumorigenic in NOD/SCID mice
compared to the non-invasive cells [ 124]. Similarly, miR-141 (miR-
200 family member) was downregulated in CD#** positive prostate
cancer stem cells (PCSCs) obtained from xenografts and patient
derived tumors. Ectopic expression of miR-141 in PCSCs inhib-
ited CSC properties via downregulation of pro-metastatic genes
including CD44, Rho GTPase and EZH2 [125]. Recently, it has been
demonstrated that trypsin-treated low adherent breast and colon
cancer cells display a typical profile of EMT-undergoing cell hav-
ing elevated expression of SLUG, SNAIL, vimentin and N-Cadherin
while lacking expression of E-cadherin and claudin [126]. These
cells upregulate C-X-C motif chemokine ligand 10 (CXCL10), poly-
comb group RING finger protein (BMI-1) and octamer-binding
transcription factor 4 (OCT4) as well as show differential expres-
sion of several miRNAs involved in EMT and/or cell self-renewal
such as miR-34a-5p, miR-34c-5p, miR-21-5p, miR-93-5p and miR-
100-5p. Additionally, patient-derived xenograft (PDX) models of
human breast cancer have revealed that metastatic breast CSCs
have a different miRNA expression profiles. For example, miR-33b
is downregulated in metastatic breast CSCs and its overexpression
significantly inhibits stemness, migration and invasion by target-
ing high-mobility group AT-hook 2 (HMGA?2), sal-like protein 4
(SALL4) and TWIST1 [127]. MiR-199a promotes metastatic breast
CSC propagation by targeting forkhead box protein P2 (FOXP2)
gene [128] whereas miR-20a downregulates expression of MHC
class I polypeptide-related sequence A (MICA) and MHC class |
polypeptide-related sequence B (MICB). MICA and MICB are two

ligands for the stimulatory NK cell receptor NKG2D thus protecting
CSCs from the action of NK cells [129]. Furthermore, the miR-
200, miR-183, miR-221-222 clusters, as well as let-7, miR-142 and
miR-214 directly target genes and pathways (BMI1, Wnt signaling,
Notch signaling, and EMT) involved in the maintenance of stem-
ness in breast cancer. Downregulation of these miRNAs enables
EMT-undergoing cells to acquire stem cell characteristics [130].
Similarly, several miRNAs including miR-21, miR-34, miR-155,
miR-200, miR-221 and miR-1246 are involved in the maintenance
of pancreatic cancer stem cells and chemoresistance in pancreatic
cancer [131,132]. Thus, miRNAs play a critical role in the pheno-
typic changes in a subset of undifferentiated cancer cells during
EMT that facilitate secondary tumor formation and therapy resis-
tance. Therefore, targeting EMT signaling and CSCs may provide a
basis for the development of novel and effective therapeutics for
cancer treatment [133]. The replacement or anti-oncomiR therapy
with miRNAs involved in the process of EMT and maintenance of
cancer stem cells may represent one of the potential options going
forward.

1.8. MicroRNAs regulate intravasation and
anchorage-independent survival of migrating cancer cells in the
circulation

The EMT-transformed migratory cells enter the circulatory or
lymphatic systems (intravasation) to reach distant organs. The
alteration of tightly controlled vascular endothelial barriers is a
critical step for cancer cell intravasation. The endothelial bar-
rier includes an assembly of multiple trans-membrane proteins
in the form of intercellular junctions (tight junctions, adherens
junctions, and desmosomes) and junctional adhesion molecules
to ensure controlled paracellular permeability. While the role of
miRNAs in the process of intravasation has not been investigated
in detail, emerging evidence suggests that secretory miRNAs of
cancer cells mediate expression of genes responsible for maintain-
ing the integrity of endothelium. For example, in breast cancer
cells, miR-105 disintegrates the endothelium barrier by degrad-
ing mRNA of Zonula Occludens protein-1 (ZO-1) also known as
tight junction protein1 (TJP-1) [134]. MiR-21 has also been reported
to inhibit intravasation by targeting the programmed cell death 4
(PDCD4) tumor suppressor gene in CRC cells [135].The intravasated
metastatic cells are denoted as circulating tumor cells (CTCs).
CTCs must resist anoikis (cell-detachment-induced apoptosis) and
immuno-surveillance in order to survive their journey through cir-
culatory system. The exact molecular nature of strategies adopted
by CTCs to withstand the unfavorable environment of blood as well
as the function of miRNAs in CTC survival is not clear. However,
it has been reported that CTCs acquire stem cell-like phenotype
[136], resistance to anoikis and activate receptor tyrosine kinases
(RTK) and Wnt-signaling pathways to suppress caspase-related
apoptosis to improve survival in the circulation [137]. MiR-296-3p
is highly expressed in CTCs of prostate cancer and confers resistance
to natural killer cells by targeting intercellular adhesion molecule
1(ICAM-1) also known as CD54 [138]. The increased expression of
metastasis-related miRNAs such as miR-21, miR-146a, and miR-
210 in CTCs from breast cancer patients has also been reported
[139]. However, the functional significance of these miRNAs in CTCs
is not clear.

1.9. Role of miRNAs in extravasation and colonization in
supportive niches

The process of extravasation starts with the adhesion of CTCs
to the endothelium of small capillaries in order to enter into a
secondary organ microenvironment. The attachment of CTCs to
the endothelium is mediated by endothelial selectins, integrins
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and other receptors, including CD-44 and mucins [140]. The final
exit of cancer cells from endothelial wall is facilitated by organ-
specific chemotactic molecules including cytokines [141]. Little is
known with regard to the involvement of miRNAs in the regulation
of molecular mechanisms that control extravasation. Some of the
miRNAs that have been implicated to play a role in extravasation
include miR-105, miR-148b and miR-214. MiR-105 interferes with
endothelial wall integrity by disrupting tight junctions through reg-
ulation of expression of the TJP-1 gene [134]. Recently, it has been
shown that miR-148b and miR-214 can modulate CTC extravasa-
tion by controlling expression of cell adhesion molecules integrin
alpha 5 (ITGA5) and activate leukocyte cell adhesion molecule
(ALCAM)also known as CD166 [142]. CTCs, following extravasation,
preferentially colonize distant organs that provide an environment
conducive to survival and proliferation. Metastatic colonization
is a complex yet inefficient process. A large number of EMT-
transformed cells enter the systemic circulation but only a small
proportion of cancer cells is able to infiltrate distant organs and
successfully establish metastases. Once CTCs reach their new niche,
they activate tumor-initiating activity and are denoted as dissemi-
nated tumor cells (DTCs). The survival strategy and tumor forming
mechanisms of DTCs are a crucial and rate limiting step in metas-
tasis. Although major steps of the colonization process are known,
the finer details of the molecular mechanisms involved in sec-
ondary tumor formation are poorly understood owing to lack of
adequate experimental models to study this complex process. DTC
survival may be mediated by interaction between macrophages
and vascular cell adhesion molecule-1 (VCAM-1) (also known as
CD106) of DTC surface and increased Src kinase activity [143,144].
DTCs can survive tissue microenvironment as dormant cells and
miR-23 promotes dormancy in bone metastases of breast cancer
cells [145]. DTCs in their supportive niches initiate an EMT reverse
program called mesenchymal-to-epithelial transition (MET) that
favors colonization [146]. However, details of this mechanism are
poorly understood. Similarly, limited information is available on
how miRNAs enable colonization. MiRNAs may facilitate creation
of ‘pre-metastatic niches’ which support colonization in different
organs by modulating the tissue microenvironment through regu-
lation of stromal cell activity and remodeling of ECM. For example,
miR-31, miR-155, miR-214 and miR-511-3p have been shown to
interact with various stromal cells to affect tissue microenviron-
ment [147,148].

1.10. Exosomal miRNAs can alter the tissue microenvironment by
stromal remodeling to facilitate metastasis

Cell-cell communication between tumor cells and stromal
cells is critically important in order to remodel the tis-
sue/tumor microenvironment for pre-metastatic niche formation.
The microenvironment of solid tumors mainly consists of two
major componentsi.e. stromal cells and extracellular matrix (ECM).
The cellular component of the tumor microenvironment includes
cells of hematopoietic origin which are of lymphoid lineage [T-cells,
B-cells and natural killer (NK) cells] as well as myeloid lineage
(macrophages, neutrophils). The stromal cells of mesenchymal
origin mainly include fibroblasts, myofibroblasts, mesenchymal
stem cells, adipocytes and endothelial cells. The ECM consists
of various proteins, glycoproteins and proteoglycans-structural
proteins (collagen and elastin) and specialized proteins (fibrillin.
fibronectin and elastin). Thus the tumor cells interact with diverse
stromal cell types to modulate the microenvironment support-
ive to tumor growth, invasion and survival. The tumor exosomes
(endosome-derived extracellular vesicles, 30-150nm in diame-
ter) act as critical messengers receiving and/or conveying signals
during communication between tumor and stromal cells. They
transfer or transport various biomolecules necessary for tumor

microenvironment modulation to create a tumor-supportive niche
for subsequent metastatic colonization. The exosomes are asso-
ciated with the transfer of numerous oncogenic factors to cancer
cells as well as to stimulate stromal cells to activate growth pro-
moting mechanisms. For example, the epidermal growth factor
receptor variant Il (EGFRvIII)-expressing subset of glioma cells,
secrets endosomes carrying EGFRVIII in the tissue microenviron-
ment and EGFRvIII-negative cancer cells can uptake it to promote
growth by activating mitogen-activated protein kinase (MAPK) and
protein kinase B (PKB/Akt) signaling pathways [149]. Interestingly,
the tumor stroma-derived exosomes are also believed to modu-
late functions of tumor cells. Breast cancer-associated fibroblasts
secrete exosomes which promote cell motility by activating Wnt-
PCP-signaling pathway [150]. Thus exosomes maintain an effective
bidirectional communication loop between tumor cells and stro-
mal cells as well as tumor cells and neighboring non-tumor cells to
facilitate progression of cancer.

There is mounting evidence, suggesting that miRNAs can be
transferred to other cells from the tumor microenvironment to
regulate expression of crucial genes involved in migration, inva-
sion, angiogenesis and dormancy. The tumor-derived exosomes
play a critical role in the transfer of tumor-associated miRNAs
to the deficient tumor cells as well as stromal cells. The tumor-
derived exosomes isolated from body fluids (plasma, serum, urine)
of cancer patients (ovarian cancer, lung cancer, breast cancer,
pancreatic cancer, prostate cancer) show a different miRNA expres-
sion pattern compared to non-tumor cells of same type [151].
Numerous exosomal-miRNAs isolated from serum and urine of
cancer patients such as miR-17, miR-21, miR-17-92a, miR-141,
miR-375, miR-574-3p, miR-1290 have been reported to be asso-
ciated with metastatic processes including cell adhesion, EMT,
migration, invasion and stemness (Fig. 4). MicroRNAs which are
frequently detected in exosomes such as miR-21, miR-100-5p, miR-
139-5p increase expression of MMP genes and RANKL also known
as tumor necrosis factor superfamily member 11(TNFSF-11)to facil-
itate migration of prostate cancer cells and may have an important
role in the pre-metastatic niche creation [152]. The mesenchymal
cells derived from bone marrow secrete miR-23b harboring exo-
somes which promote dormancy in metastatic breast cancer cells
through repression of myristoylated alanine rich protein kinase C
substrate (MARCKS) gene which regulates cell motility [145,153].
Exosomal miRNAs have also been implicated in the protection of
metastatic cells from the immune system. For example, exoso-
mal miR-9 which is overexpressed in many cancer types silences
the MHC class I gene thus facilitating escape of tumor cells from
the action of immune system [154]. The oncogenic miRNA clus-
ter, miR-17-92, targets cell cycle inhibitors, CDKN1A and CDKN1C,
to promote cell proliferation [155]. MiRNAs such as miR-21 and
miR-200 stimulate tumor-associated pathways to promote cancer-
related processes including angiogenesis, invasion and MET [156].
MiR-223 which is secreted by macrophages promotes invasiveness
of recipient cancer cells [157]. The tumor cell-secreted miR-105
disrupts endothelial tight junctions to facilitate migration and inva-
sion of tumor cells [158]. Thus, exosomal-miRNAs can modulate
the microenvironment to create a pre-metastatic niche support-
ive for the colonization of CTCs and secondary tumor formation.
However, further studies are required to ascertain the exact role of
exosomal-miRNAs in cancer metastasis. Nevertheless, these miR-
NAs may have potential diagnostic and/or prognostic value.

1.11. MicroRNAs for anti-metastasis therapy in cancer

Metastatic cancer is a difficult to manage condition primarily
because of the disseminated nature of the disease and frequent
chemoresistance mechanisms to treatment regimens as well as
response variability to anticancer drugs. MicroRNAs are emerging
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can alter the tissue microenvironment by regulating expression of genes involved in various cancer-promoting processes. This may create a pre-metastatic niche favoring
metastatic colonization. It is not clear whether endosomal-miRNAs present in the pre-metastatic niche formation are secreted by primary tumor cells only or by CTCs following
extravasation. It may be that tumor cells in distant tissues secrete endosomal-miRNAs which can be transferred to recipient stromal cells to modulate their function and
make the niche more permissive for tumor growth in a new microenvironment [152,153]. Exosomal miR-9 which is secreted by tumor cells and taken up by deficient tumor
cells targets MHC I gene [158], miR-21 promotes tumor-associated pathways and cancer processes including angiogenesis and invasion [168,169], miR-210 also promotes
angiogenesis, miR-105 is secreted by metastatic tumor cells and taken up by endothelial cells to increase vascular permeability by downregulating ZO-1 [170], miR-223 is
secreted by macrophages and received by tumor cells to promote invasion and tumor cell- secreted miR-10b also promotes invasion [171,172]. miR-200 is secreted by tumor
cells and non-malignant cells of the microenvironment receive it to promote MET [173], exosomal miR-24-3p inhibits T-cell function [174], exosomal miR-494 promotes
angiogenesis [175].
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stemness [178]. MiR-155, when overexpressed targets multiple genes involved in tumor suppression-FOX03a (FOXO acts as a tumor suppressor in a variety of cancers
[179]), and cell adhesion-ANKRD6, SMAD2 [180]. Overexpressed miR-182 targets FOXO1 [181]. Mir-10b, when overexpressed downregulates HOXD10 expression leading
to increased expression of RhoC, a well characterized prometastatic gene [182]. MiR-148a is downregulated in cancer cells and may be exogenously transferred to cancer
cells to suppress metastasis by targeting multiple pathways and genes [183]. Expression of miR-612 is often downregulated and its overexpression leads to the inhibition
of AKT2, serine-threonine kinase, involved in several metastasis promoting pathways [184,185]. MiR-200 family members repress ZEB1/2 expression to inhibit metastasis
[65]. MiR-191 and miR-192 are downregulated in cancer cells. Their overexpression leads to inhibition of mRNAs of several transcription factors and proteins which are
overexpressed and promote pro-metastasis processes. MiR-191 and miR-192 target important genes such as murine double minute 2 (MDM2) which is a negative regulator
of p53, Smad interacting protein 1 (SPI1) interacts with ZEB2 to promote metastasis, thymidylate synthase (TYMS) is essential for DNA synthesis and repair [186]. MiR-215
represses ZEB1/2 and RUNX1 [113,187]. Red color miRNAs are oncomiRs and may be targeted by AMOs to suppress their function. MicroRNAs shown in green color are tumor

suppressors and may be used as miRNA-mimics to restore their lost function.

as promising therapeutic candidates and a miR-34-based therapeu-
ticmimicis currently undergoing clinical trials for cancer treatment
[159]. Thus, technologies for chemical synthesis, metabolic sta-
bility, pharmacokinetic optimization and toxicity manipulation
are becoming available. These advances and availability of newly
developed in vivo models for preclinical evaluation make this
field even more attractive. Generally, two approaches are used for
miRNA-based therapy. Anti-oncomiR therapy is used to silence
the function of overexpressed oncogenic miRNA and miRNA-
mimics are used to restore the lost function of downregulated
miRNAs (Fig. 5). The activity of oncomiRs can be abrogated to
salvage target mRNAs by administration of synthetic anti-miRNA
oligonucleotides (AMOs), locked nucleic acid (LNA)-anti-miRNAs
and miRNA sponges. These anti-miRs, sequester or degrade mature
miRNAs or compete with target mRNA for miRNA binding. In the
past few years considerable efforts have been made to identify
suitable miRNA candidates, regulating key molecular mechanisms
of the metastatic cascade, which may be used as miRNA-based
therapy for metastatic cancer. Numerous potential miRNAs have
been identified. For example, miR-96 and miR-182 are overex-
pressed in most cancers and promote migration and invasion of
malignant cells and thus may be targeted to inhibit metastasis
[91]. Similarly, several other overexpressed miRNAs such as miR-
21, miR-181-3p, miR-503-3p, miR-135a/b, miR-155 and miR-520c
are also attractive targets for anti-oncomiR silencing. MiRNA-200
family members and other downregulated miRNAs including miR-
655, miR-101, miR-205 and miR-132 are potential candidates for
replacement therapy in metastasis. However, the most promising

therapeutic miRNA candidates include miR- 21, miR-135b, miR-
155, miR-182, miR-10b, miR-148a, miR-215, miR-612, miR-200,
miR-191 and miR-192 which may be considered for their poten-
tial use in anti-metastasis therapy (Fig. 6). Anti-OncomiRs and
miRNA-mimics can be targeted to tumors using delivery vehi-
cles such as neutral lipid emulsion [160], polymer nanoparticles
[161], solid lipid nanoparticles [162] and liposomes [163]. How-
ever, serum stability, tissue penetration and non-specific tissue
distribution are limiting factors in effective delivery of miRNAs to
the target site. Recently developed vehicles such as a bacterially
derived delivery system called the EnGenelC delivery vehicle (EDV)
nano-cells provide stability against serum nucleases as well as the
acidic microenvironment of tissues [164]. The nanoparticle-based
delivery vehicle has been used for phase I clinical trials studies of
MRX-34 (miR-34 mimic) [159]. The therapeutic potential of miR-
NAs for cancer treatment is well established. However, successful
translation of miRNAs into safe and effective cancer therapeutics
requires additional and extensive preclinical evaluations of each
promising miRNA candidate.

2. Conclusions and future perspective

Metastasis is an enormously complex process. Further stud-
ies are needed to gain insights into molecular mechanisms that
govern intravasation/extravastion, organ-tropism, latency and col-
onization. These mechanisms may provide critical information
for identification of potential intervention targets for prevention
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and/or treatment of metastasis. Currently key unanswered ques-
tions include the following:

2.1. The crucial details of miRNA involvement in late stages of
metastasis remain to be elucidated

While there is a significant amount of information available on
the role of miRNAs in tumor cell dissociation, migration and inva-
sion, how miRNAs regulate distant organ invasion and secondary
tumor initiation is much less well understood.

2.2. Treatment of metastatic cancer remain a challenging task

Management of metastatic cancer is difficult and despite the
availability of several recently FDA approved anti-metastatic drugs,
desired clinical outcomes have not been achieved. Major challenges
in the treatment of metastatic cancer are limitations to current
imaging and other detection techniques to identify micrometas-
tases, difficulty in eradication of tumor-initiating cancer stem
cell-like cells, and rapid emergence of resistance to chemotherapy.
Additionally, metastatic cancer cells rapidly evolve towards variant
subclones with unique genetic signatures that significantly con-
tribute to tumor heterogeneity and treatment responses. There is
thus an urgent medical need to address current clinical limitations
in the treatment of metastatic cancer.

2.3. Are microRNAs promising intervention targets and
therapeutic candidates?

MicroRNA-based therapy is a relatively new but rational
approaches are emerging to repress the action of overexpressed
miRNAs as well as to restore lost function of downregulated
miRNAs in cancer cells to inhibit tumor growth. Thus, both onco-
genic miRNAs (onco-miRs) and tumor suppressive miRNAs are
promising candidates for cancer therapy. There are many poten-
tial miRNA candidates for miRNA-based therapy for the treatment
of metastatic cancer but most of them have not been thoroughly
evaluated in currently available patient-derived xenografts and
genetically engineered mouse models of metastasis to establish a
sound proof-of concept. Therefore, additional and rigorous preclin-
ical studies are required to evaluate their potential as miRNA-based
treatments.
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