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Abstract Metastatic prostate cancer is a lethal disease
that remains incurable despite the recent approval of new
drugs, thus making the development of alternative treatment approaches urgently needed. A more precise
understanding of the molecular mechanisms underlying
prostate cancer dissemination could lead to the identification of novel therapeutic targets for the design of efficient
anti-metastatic strategies. MicroRNA (miRNAs) are
endogenous, small non-coding RNA molecules acting as
key regulators of gene expression at post-transcriptional
level. It has been clearly established that altered miRNA
expression is a common hallmark of cancer. In addition,
emerging evidence suggests their direct involvement in the
metastatic cascade. In this review, we present a comprehensive overview of the data generated in experimental
tumor models indicating that specific miRNAs may
impinge on the different stages of prostate cancer metastasis, including (i) the regulation of epithelial-tomesenchymal transition and cell migration/invasion, (ii)
the interplay between cancer cells and the surrounding
stroma, (iii) the control of angiogenesis, (iv) the regulation
of anoikis, and (v) the colonization of distant organs.
Moreover, we show preliminary evidence of the clinical
relevance of some of these miRNAs, in terms of association with tumor aggressiveness/dissemination and clinical
outcome, as emerged from translation studies carried out in
prostate cancer patient cohorts. We also discuss the
potential and the current limitations of manipulating
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metastasis-related miRNAs, by mimicking or inhibiting
them, as a strategy for the development of novel therapeutic approaches for the advanced disease.
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Introduction
Prostate cancer (PCa) is the second most commonly diagnosed malignancy and the fifth leading cause of cancerrelated death in men [1]. PCa diagnosis is based on
histopathological inspection of prostate core biopsies, in
the presence of elevated serum prostate-specific antigen
(PSA) levels and/or suspect digital rectal examination.
Although PSA-based screening has resulted in enhanced
detection at earlier stages of the disease and reduction of
PCa-related mortality, it remains controversial because of
adverse effects such as overdiagnosis [2]. In addition, the
inability of currently available prognostic factors, including
PSA, Gleason score and tumor stage, to properly discriminate low-risk from aggressive disease at the time of
diagnosis has led to the overtreatment of patients suitable for conservative management.
Current treatment options for localized PCa include
prostatectomy, external radiotherapy and brachytherapy,
while active surveillance has evolved as an alternative to
radical treatment for very low-risk PCa [3]. In case of
relapse after radical treatment or in patients with locally
advanced or metastatic disease, androgen deprivation
therapy represents the standard treatment. Unfortunately,
the efficacy of androgen deprivation is temporary and most
patients develop a castration-resistant disease. Metastatic
castration-resistant PCa is a lethal disease which remains
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incurable despite the recent approval of new drugs,
including androgen pathway inhibitors (enzalutamide,
abiraterone acetate), immunotherapeutic agents (sipuleucel-T), cytotoxic chemotherapeutics (cabazitaxel) and
radiopharmaceuticals (radium-223), making the development of alternative treatment approaches urgently needed.
In this context, a deeper understanding of the molecular
mechanisms that underly PCa dissemination could lead the
identification of novel therapeutic targets for the development of efficient anti-metastatic strategies [4].
Metastasis is the product of a multi-step process during
which cancer cells, responding to intrinsic and extrinsic
stimuli, detach from the primary tumor, invade the contiguous
stroma, migrate over a long distance, and colonize other
organs [5, 6]. In a classical view, tumor cells acquire the
metastatic competence through the stochastic accumulation of
serial genomic alterations, as exemplified by the colorectal
cancer paradigm. However, recent next generation sequencing analyses have been elusive in identifying metastasisspecific alterations [5]. Rather, the same oncogenic forces
driving tumor development seem to be clonally selected and
emerge in metastases at secondary sites. Consistently, gene
expression profiling studies had already shown that specific
gene signatures found in primary lesions could predict the
propensity of giving rise to metastases, again suggesting that
clones with potential to disseminate are already present in the
primary tumor [7]. The detection of circulating or bone marrow disseminated tumor cells in patients with clinically
localized cancer suggests that cancer cell dissemination may
begin when tumor is still at an early stage [6]. At diagnosis, a
tumor may have already shed a huge number of cells in circulation but only a small percentage proves to efficiently
colonize distant organs. Metastasis is indeed a very inefficient
process and most of the cells die in circulation due to anoikis or
at secondary sites due to hostile tissue microenvironment. A
successful outcome relies on the proficient cross-talk between
tumor cells and the microenvironment of the organ where
cancer is initiated as well as the interaction with the stroma of
the metastasis host tissue [8]. The fruitful combination of
predisposing genetic alterations and epigenetic modifications
induced by permissive microenvironmental signals can
indeed provide a tumor cell with the plasticity needed to go
through the different steps of the metastatic process. Among
distorsions in the epigenome, miRNA alterations have been
shown to importantly contribute to cancer metastasis as
reviewed by Fenderico and colleagues [9].

miRNA biogenesis and functions
miRNAs are single stranded, endogenous, evolutionary
conserved, non-coding RNA molecules acting as post-transcriptional regulators of gene expression [10]. Human
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miRNA biogenesis is a multi-step process that, starting from
the transcription of a primary miRNA transcript (primiRNA) leads to the generation of a single-strand mature
miRNA and the star miRNA (miRNA*). The mature
miRNA, by interacting with argonaute proteins (AGO)
within the multi-protein RNA-induced silencing complex
(RISC), guides the complex onto complementary sequences
present in the 30 - or 50 -untranslated regions (UTR) or coding
regions of its target mRNAs [10]. According to the degree of
complementarity, the recognition can lead to cleavage of the
mRNA or to protein translation inhibition, respectively. A
single miRNA can potentially regulate the expression of
several transcripts, and each transcript can be targeted by
more than one miRNA. Such intrinsic feature allows miRNAs to play roles in a wide range of biological processes,
including development, differentiation, metabolism, proliferation, cell cycle, and apoptosis [10]. Although posttranscriptional repression remains the principal mechanism
of action, it has been reported that miRNAs may also target
specific sequences in gene promoters, thus exerting a function in transcriptional induction [11].
Deregulated miRNA expression and/or function have
been causatively linked to the pathogenesis of several
human diseases, including cancer [12]. Depending on their
expression levels, cellular context and targets’ functions,
miRNAs can act as oncogenes or tumor suppressors. For
example, the down-regulation of a miRNA, the function of
which is to control the abundance of a given oncogene,
may result in aberrant overexpression of the target, thus
ultimately promoting cancer [12]. In this regard, welldocumented evidence suggests that miRNAs can take part
in pathways sustaining all the diverse hallmarks of cancer
and therefore actively contribute to tumor development and
progression [12].

Involvement of miRNAs in the multi-step
metastasis process of prostate cancer
The metastatic program includes multiple sequential and
interrelated steps by which cancer cells detach from the
primary site, acquire cell motility and the ability to degrade
the extracellular matrix (ECM), invade the contiguous host
tissue and enter the systemic circulation through the lymph
and blood vessels (intravasion). Circulating tumor cells
survive until reaching the metastatic site, where they exit the
blood stream (extravasation), colonize the foreign
microenvironment and start proliferation to establish a secondary tumor [5, 6]. Here, we focus on a series of recent
preclinical studies demonstrating that specific miRNAs may
impinge on the different steps of PCa metastasis and summarize the current knowledge on the molecular mechanisms
through which they regulate the process (Table 1; Fig. 1).
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Table 1 miRNAs involved in the metastatic cascade in prostate cancer models
miRNA

Expression pattern

Function/process affected

Target(s) involved

References

miRNAs regulating epithelial-to-mesenchymal transition and cell migration/invasion
miR-1

Down-regulated in PCa cells

EMT

SNAI2

[18]

miR-29b

Down-regulated in PCa cells

EMT, migration/invasion

SNAI1

[17]

miR-34b

Down-regulated in PCa cells

EMT, migration/invasion

AKT

[21]

miR-145

Down-regulated in PCa cells

EMT, migration/invasion

ZEB2

[22]

miR-146a

Down-regulated in PCa cells

Migration/invasion

ROCK1

[28]

miR-200

Down-regulated in PCa cells

EMT

SNAI2

[18]

miR-203

Down-regulated in PCa cells

EMT, migration/invasion

[19]

EMT

SNAI2

[20]

miR-223

Down-regulated in PCa cells

EMT, migration/invasion

ITGA3, ITGB1

[25, 26]

miR-205

Down-regulated in PCa cells

EMT, migration/invasion
Migration/invasion

PKCe, ZEB1/2
Centromere protein F

[15]
[16]

miR-494-3p Down-regulated in PCa cells

Migration/invasion

CXCR4

[32]

miR-573

EMT, migration/invasion

Down-regulated in PCa cells

[23]

miRNAs involved in the interaction between PCa cells and tumor microenvironment
miR-15/16

Down-regulated in PCa cells and CAFs

Cancer cell–CAF interaction FGF2, FGFR1

[41]

miR-21

Up-regulated in PCa cells

ECM structure

RECK

[36]

miR-25

Down-regulated in PCa cells

ECM structure

av and a6 Integrins

[37]

miR-29b

Down-regulated in PCa cells

ECM structure

MMP-2

[17]

miR-130b

Down-regulated in PCa cells

ECM structure

MMP-2

[35]

miR-133b

Up-regulated in CAFs

Fibroblasts activations

miR-146a

Down-regulated in PCa cells

ECM structure

MMP-2

miR-205

Down-regulated in PCa cells

ECM structure

Laminin-332, Integrin-b4, [15, 39]
MMP-2

miR-210

Up-regulated in PCa cells and CAFs (hypoxia-induced) Fibroblast activation/EMT

miR-409

Up-regulated in CAFs

[45]

Cancer cell–CAF interaction IL-6

[34]

[42]
[43]

Fibroblast activation

RSU1, STAG2

[44]

miRNAs regulating angiogenesis
miR-21

Up-regulated in PCa cells

Angiogenesis induction

PTEN, AKT, ERK1/2,
HIF-1a, VEGF

[47]

miR-146a

Down-regulated in PCa cells

Angiogenesis inhibition

EGFR

[34]

miRNAs and resistance to anoikis
miR-132

Down-regulated

Anoikis resistance inhibition HB-EGF, TLN2

[49]

Down-regulated in PCa cells

Bone colonization

Src

[56]

miR-16

Down-regulated in PCa cells and CAFs

Bone colonization
Bone colonization

TWIST1
CDK1, CDK2

[57]
[52]

miR-34a

Down-regulated in PCa cells

Bone colonization

TCF7, BIRC5

[55]

miR-96

Up-regulated in PCa cells

Bone colonization

AKTS1

[59]

miR-143

Down-regulated in PCa cells

Bone colonization

miR-145

Down-regulated in PCa cells

Bone colonization

miR-154*

Up-regulated in PCa cells

Bone colonization

STAG2

[60]

miR-203

Down-regulated in PCa cells

Bone colonization

EREG, TGF-a

[54]

miR-224

Down-regulated in PCa cells

Bone colonization

TRIB1

[50]

Bone colonization

RSU1, STAG2

[61]

miRNAs and colonization of distant organs
miR-1

miR-409-5p Up-regulated in PCa cells

[53]
[53]
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Fig. 1 Overview of miRNAs involved in the metastatic cascade.
miRNAs shown to play a role in promoting or preventing different
steps of the PCa metastatic process, including the regulation of
epithelial-to-mesenchymal transition and cell migration/invasion, the

interplay between cancer cells and the surrounding stroma, the control
of angiogenesis, the regulation of anoikis, and the colonization of
distant organs, are reported

miRNAs regulating epithelial-to-mesenchymal
transition and cell migration

that changes in the expression levels of EMT-related genes
are not only ascribable to genetic mutations but also to
complicated networks between signaling pathways and
miRNAs [14]. In this context, it has been reported that
ectopic expression of miR-205, a miRNA that is downregulated in PCa, in DU145 and PC-3 cells reversed their
mesenchymal phenotype by inducing E-cadherin up-modulation,
morphological
changes,
cytoskeleton
rearrangements as well as reduction of cell locomotion and
invasion. The concomitant repression of ZEB1/2 and protein kinase Ce (PKCe) by miR-205 has been suggested to
drive such events [15]. More recently, it has been found
that miR-205-induced inhibition of PCa cell migration and
invasion was also mediated by direct regulation of centromere protein F [16]. Similarly, ectopic expression of
miR-29b, another down-regulated miRNA in PCa, in PC-3
cells resulted in up-regulation of E-cadherin and concomitant decrease of N-cadherin and SNAI1, inhibition of
wound healing capacity, invasiveness and ability to

Epithelial-to-mesenchymal transition (EMT) is an early
key step of the metastatic process and consists of a series of
events by which epithelial cells lose most of their epithelial
features and gain properties that are typical of mesenchymal cells [13]. Specifically, epithelial cells break contact
with their neighbors, by losing adherens and tight junctions, and change their cytoskeleton architecture assuming
a spindle-shaped form that allows them to break through
the basal membrane of epithelium and migrate over a long
distance. Increased expression of mesenchymal markers,
such as vimentin and N-cadherin, overexpression of
E-cadherin transcriptional repressors, including zinc finger
proteins SNAI1 and SNAI2, twist-related protein 1
(TWIST1) and zinc finger E-box-binding homeobox 1 and
2 (ZEB1, ZEB2), and membrane-to-nuclear localization of
b-catenin are EMT hallmarks. Current knowledge indicates
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colonize the lungs and liver of severe combined immunodeficiency (SCID) mice following intravenous injection
[17]. SNAI2 has been identified as one of the phylogenetically conserved targets of miR-1 and miR-200, two
miRNAs whose expression is reduced during PCa progression. Forced expression of miR-1 or miR-200 in PCa
cells induced an epithelial phenotype, as shown by
increased E-cadherin and decreased vimentin protein levels
[18]. The overexpression of miR-203, a miRNA downregulated in PCa, was found to counteract EMT and inhibit
PCa cell motility and invasion by repressing a cohort of
pro-metastatic genes [19]. More recently, it has been
shown that miR-203 exerts a dual function in PCa cells
since its reconstitution counteracted EMT but also allowed
growth factor-independent proliferation via repressing
SNAI2 [20]. Reconstitution of miR-34b, which is silenced
in PCa through CpG hypermethylation of the MIR34B/C
locus, counteracted EMT in PCa cells and inhibited cell
proliferation, migration/invasion, and growth in nude mice
by directly targeting AKT and its downstream proliferative
genes [21]. miR-145 was reported to be a strong repressor
of EMT by targeting ZEB2, which in turn directly represses
miR-145 transcription. Indeed, miRNA reconstitution in
DU145 and C4-2B cells counteracted EMT and also
inhibited cell migration and invasion [22]. Reconstitution
of miR-573, a miRNA whose expression is lower in
metastatic compared to matched primary PCa, was found to
impair tumor cell migration and invasion as well as TGFb1-induced EMT [23]. Finally, ectopic overexpression of
miR-223 inhibited PC-3 cell growth, migration and invasion by targeting the integrin a3 (ITGA3)/integrin b1
(ITGB1) signaling pathway [24]. Both ITGA3 and ITGB1
proteins are known to be involved in the induction of EMT
in cancer cells [25, 26].
A number of miRNAs have been shown to regulate pathways relevant to cell motility, which are at least in part
independent of the EMT program, such as the Ras homolog
gene family, member A (RhoA)/Rho-associated protein
kinase 1 (ROCK1) axis [27]. In this context, stable transfection of PC-3 cells with miR-146a, which is profoundly downregulated in castration-resistant PCa, was found to suppress
the expression of the target protein-coding gene ROCK1, and
markedly reduce cell proliferation and invasion [28].
Chemokines are master regulators of cell migration [29].
Specifically, it has been shown that binding of the C-X-C
motif chemokine receptor type 4 (CXCR4) to its ligand
stromal cell-derived factor 1/C-X-C motif chemokine 12
(SDF-1/CXCL12) mediates migration and metastatic
spread in different types of cancer [30, 31]. In this regard, it
has been reported that miR-494-3p can regulate CXCR4
expression post-transcriptionally and that ectopic overexpression of the miRNA inhibits migration and invasion of
PC-3 and DU145 cells [32].

miRNAs involved in the interaction between PCa
cells and tumor microenvironment
Compelling evidence supports the notion that tumor progression is strongly influenced by microenvironmental
cues, including hypoxia, acidity, ECM composition, and
host stromal cells, collectively called ‘‘reactive stroma’’
[8]. During tumor progression, cancer and its surrounding
stroma co-evolve and contribute equally to the aggressive
phenotype [8]. Recent results have offered understanding
into how miRNAs are directly involved in the cross-talk
between cancer cells and the microenvironment, giving rise
to heterotypic cell signals aimed at preventing or fostering
tumor development [33].
miRNAs and extracellular matrix
Loss of ECM structure by overproduction of metalloproteases (MMPs) is required for cancer cells to infiltrate
adjacent tissue [5, 6]. Different studies demonstrated that
MMPs production may be regulated at the post-transcriptional level by miRNAs. In this context, ectopic expression
of miR-29b [17], miR-146a [30], miR-130b [31] and miR205 [15] in PCa cells significantly inhibited the expression/
proteolytic activity of MMP-2. Conversely, miR-21 was
found to positively regulate PCa cell invasiveness through
translational repression of the MMP inhibitor reversioninducing-cysteine-rich protein with kazal motifs (RECK)
[36].
miR-25 was reported to directly regulates pro-invasive
av- and a6-integrin expression. Indeed, ectopic overexpression of miR-25 in PCa cell lines and selected
subpopulations of highly metastatic and tumorigenic cells,
strongly affected the invasive cytoskeleton, causing
reduced migration and metastasis formation via attenuation
of extravasation [37].
The basement membrane (BM) is a thin sheet of ECM,
which surrounds normal prostate gland and not only provides a structural support but also influences cell–cell and
cell–protein interactions [38]. Lack or discontinuity of the
BM is a prerequisite for tumor cell invasion into interstitial
spaces, thus favoring metastasis. In this regard, it has been
demonstrated that miR-205 participates in a network
involving DNp63a, which is essential for maintenance of
the BM in prostate epithelium. Functionally, miR-205 is
able to control the deposition of laminin-332 and its
receptor integrin-b4. Hence, pathological loss of miR-205,
as widely observed in PCa, may favor tumor dissemination
by creating discontinuities in the BM. Interestingly,
replacement of miR-205 in PCa cells was able to restore
BM deposition and three dimensional organization into
normal-like acinar structures, thus hampering cancer progression [39].
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miRNAs and cancer-associated fibroblasts
Among stromal cells, cancer-associated fibroblasts (CAFs)
have been reported to play a key role in malignant progression, through secretion of soluble growth factors, such
as vascular endothelial growth factor (VEGF), and
inflammatory cytokines, including transforming growth
factor beta (TGF-b), interleukin 6 (IL-6) and interleukin 10
(IL-10), production of ECM proteins, and release of matrix
MMPs [40]. Musumeci and colleagues first demonstrated
that down-regulation of miR-15 and miR-16 in PCa clinical
samples was not confined to the cancer cell population but
also involved fibroblasts surrounding the tumors. Reconstitution of miR-15 and miR-16 in CAFs was found to
impair their tumor-supportive capability both in vitro and
in vivo by suppressing fibroblast growth factor 2 (FGF2)
and its receptor fibroblast growth factor receptor 1
(FGFR1) [41]. miR-205 was found to be the most downmodulated miRNA in PCa cells upon CAF stimulation, due
to direct transcriptional repression by hypoxia inducible
factor 1 (HIF-1). Rescue experiments demonstrated that
ectopic miR-205 overexpression in PCa cells counteracted
CAF-induced EMT, thus impairing enhancement of cell
invasion, acquisition of stem cell traits, tumorigenicity, and
metastatic dissemination. In addition, miR-205 blocked
tumor-driven activation of surrounding fibroblasts by
reducing the secretion of pro-inflammatory cytokines, such
as IL-6 [42].
It has been demonstrated that overexpression of the
hypoxia-induced miR-210 in young prostate fibroblasts
increased their senescence-associated features and converted them into CAF-like cells, able to promote EMT in
PCa cells, to support angiogenesis and to recruit endothelial precursor cells and monocytes/macrophages [43].
Ectopic expression of miR-409—a miRNA which is highly
abundant in prostate CAFs—in normal prostate fibroblasts
conferred a cancer-associated stroma-like phenotype and
led to the release of the miRNA via extracellular vesicles to
promote tumorigenesis through repression of tumor suppressor genes such as Ras suppressor 1 (RSU1) and stromal
antigen 2 (STAG2) [44]. Finally, a comparative miRNA
expression analysis aimed at identifying specific miRNAs
consistently involved in prostate fibroblast activation by
different stimuli revealed a role for miR-133b as a soluble
factor secreted by activated fibroblasts to support paracrine
activation of non-activated fibroblast and promote tumor
progression [45].
miRNAs regulating angiogenesis
When tumor reaches a certain critical diameter, essential
nutrients and oxygen become scarce. To face the problem,
new blood vessels are originated through the sprouting of
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preexisting vessels. Indeed, a hallmark of cancer is the
capability of tumor cells to induce angiogenesis, a finely
tuned process, based on the balance between pro-angiogenic and anti-angiogenic factors [46]. Cancer cells also
hijack the blood vasculature to infiltrate it and initiate their
journey toward a distant site. Experimental evidence indicates that miRNAs may determine the quiescent or
angiogenic state of endothelial cells by inducing changes in
the levels of angiogenic activators or inhibitors. In this
context, it was shown that overexpression of miR-21 in
DU145 cells induces tumor angiogenesis by targeting
phosphatase and tensin homolog (PTEN), which in turn
activates AKT and extracellular-signal-regulated kinases
1/2 (ERK1/2) signaling pathways and finally enhances
HIF-1a and VEGF expression, two of the strongest
angiogenesis inducers [47]. Conversely, restoration of
miR-146a in DU145 cells was found to reduce tumorigenicity and angiogenesis, as assessed by microvessel
density in subcutaneous xenografts, by down-regulating
epidermal growth factor receptor (EGFR) [34].
miRNAs and resistance to anoikis
Anoikis is the process through which epithelial cells
undergo apoptosis after they lose the contacts with neighboring cells and ECM. Metastatic cancer cells are
insensitive to anoikis and do not require adhesion to the
ECM to survive the trip through the lymph and the blood
circulation [48]. Although molecular mechanisms supporting anoikis resistance are poorly understood, it has
been suggested that miRNAs may play a role. Specifically,
miR-132, a miRNA down-regulated in PCa due to CpG
island hypermethylation, has been reported to regulate
anoikis in PCa cells [49]. Indeed, after miR-132 restoration
in PC-3 cells, in vitro anoikis assay revealed cell detachment followed by cell death. This effect was partially
explained by miR-132 targeting of two pro-survival factors, heparin-binding epidermal growth factor (HB-EGF)
and Talin2 (TLN2), a protein that connects integrins to the
actin cytoskeleton [49].
miRNAs and colonization to distant organs
Out of millions of cancer cells that infiltrate blood circulation, only a few survive and even less (estimated to be
\0.01 %) ultimately develop into macroscopic metastases
[6]. Experimental evidence suggests that miRNAs can
influence the survival of tumor-propagating cells as well as
the dissemination of tumor cells at bone, which represent
the primary site of PCa metastasis. Specifically, it was
shown that forced expression of miR-224, which is frequently down-regulated in metastatic PCa, was able to
abrogate PCa cell proliferation, migration and invasion by
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inhibiting the expression of tribbles homolog 1 (TRIB1)
[50]. Interestingly, TRIB1 appears an essential factor for
prostate tumorigenesis and tumor-propagating cell survival
through the regulation of the endoplasmic reticulum
chaperone expression [51].
In an experimental bone metastasis model, the intravenous injection of atelocollagen-conjugated miR-16 was
found to significantly inhibit the occurrence of PCa bone
metastasis as a consequence of down-regulation of genes
associated to cell cycle control and proliferation, such as
cyclin-dependent kinases 1 (CDK1) and 2 (CDK2) [52].
Similarly, the ectopic overexpression of miR-145 and miR143, two miRNAs found to be down-regulated in PCa bone
metastases, was able to reduce bone invasion by PC-3 cells
in an intra-tibial injection mouse model as a consequence
of EMT repression [53]. Again, the ectopic expression of
miR-203 was reported to inhibit bone metastasis and
induce sensitivity to tyrosine kinase inhibitors (TKIs) in a
PCa xenograft model. Functionally, it was demonstrated
that the induction of bone metastasis and TKI resistance
requires miR-203 down-regulation and activation of EGFR
pathway via altered expression of EGFR ligands, epiregulin (EREG) and transforming growth factor alpha (TGFa). Interestingly, in PCa clinical samples, miR-203 levels
were inversely correlated with the expression of EREG and
TGF-a, thus supporting the existence of a miR-203, EGFR,
TKIs resistance regulatory network in PCa progression
[54]. Ectopic expression of miR-34a was also found to
inhibit bone metastasis in a Ras-dependent PCa xenograft
model by directly targeting transcription factor 7 (TCF7), a
Wnt signaling-related gene, which is considered a critical
factor in bone metastasis, as well as the pro-survival gene
baculoviral inhibitor of apoptosis repeat-containing 5
(BIRC5) [55]. Reconstitution of androgen-regulated miR1, whose expression levels are progressively reduced in
disseminated PCa, was reported to inhibit bone metastasis
in a PCa xenograft model through the direct targeting of
Src, a non-receptor tyrosine kinase that integrates numerous signaling pathways, including androgen receptor (AR).
Specifically, Src interacts with and phosphorylates AR,
resulting in enhanced activity. In addition, Src is downstream of receptors, such as EGFR and fibroblast growth
factor receptor (FGFR), and upstream of signaling molecules, such as AKT and ERK, that have been implicated in
PCa survival in the absence of sufficient AR signaling.
Overall, results from the study propose that loss of miR-1
represents a mechanistic link between low canonical AR
output and Src-promoted metastatic phenotypes [56]. In
addition, it has been shown that activated nuclear EGFR
acts as a transcriptional inhibitor of miR-1 and, in turn,
promotes bone metastasis formation following intra-cardiac injection of PCa cells in nude mice as a consequence
of the increased activity of the miR-1 target TWIST1 [57].

Consistent with these findings, a correlation between
decreased miR-1 levels and enhanced expression of activated EGFR and TWIST1 was observed in PCa clinical
specimens [57]. Interestingly, an independent study
showed that miR-1 is significantly down-regulated in
specimens from recurrent PCa patients compared to those
from non-recurrent patients [58].
Concerning miRNAs potentially involved in the promotion of PCa metastatic spread, miR-96 was identified as
a key factor in TGF-b-driven PCa bone metastasis. Based
on the results obtained in murine and human PCa experimental models, a mechanism was proposed by which TGFb stimulates mammalian target of rapamycin (mTOR)
functions through the Smad-dependent canonical pathway
to induce the expression of miR-96, which in turn targets
and inhibits the expression of proline-rich AKT1 substrate
1 (AKT1S1), a negative regulator of mTOR [54]. Two
additional reports indicate a role for specific components of
the delta-like 1 homolog-deiodinase, iodothyronine 3
(DLK-1-DIO3) miRNA mega-cluster, which have been
shown to be critical for embryonic development and EMT,
as positive regulators of bone metastasis. The first study
showed that intra-cardiac injection of miR-154* inhibitortreated PCa cells in mice led to decreased bone metastasis
and increased survival, and suggested that miRNA effects
were mediated by down-regulation of its target STAG2, a
component of the cohesin multi-protein complex [60]. The
same research group reported that orthotopic delivery of
miR-409-3p/-5p in the murine prostate gland induced
tumors expressing EMT and stemness markers. In addition,
intra-cardiac inoculation of miR-409-5p inhibitor-treated
PCa cells in mice reduced bone metastasis and prolonged
survival. The miRNA was found to target tumor suppressors, such as STAG2 and RSU1 [61].
A recent study elegantly demonstrated that loss of miR15 and miR-16 cluster in cooperation with increased miR21 expression promotes human PCa cell spreading and
bone lesions in mouse models through the potentiation of
TGF-b activity, which in turn leads to Hedgehog signaling
activation, thus mediating local invasion, distant bone
marrow colonization and osteolysis by tumor cells. These
findings establish a new molecular circuitry for PCa
metastasis spread and bone lesion formation [62].

Clinical relevance of miRNAs involved
in the metastasis process in PCa experimental
models
Results of preliminary studies aimed at evaluating in PCa
clinical samples the expression of specific miRNAs identified as involved in the metastasis process in experimental
models indicated that the expression levels of such
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Table 2 Clinical relevance of metastasis-related miRNAs
miRNA
miR-205

Cohort
size
35
108

miR-224

a

Detection
system

Association with PCa aggressiveness/patients’ outcome

References

qRT-PCRb

Low expression was associated to the presence of metastasis and shortened OS

[63]

Array profiling Low expression was associated to the presence of metastasis and increased probability of BR [42]

105

qRT-PCR

139

qRT-PCR

Low expression was associated to the presence of metastasis but not patient outcome (BR, [64]
clinical failure, cancer-specific mortality)
High expression was associated to less aggressive/early stage disease and increased
[65]
progression-free survival

114

qRT-PCR

104a

Array profiling Low expression was associated to advanced clinical stage disease and the presence of
metastasis

miR-21

169

In situ
High expression was associated to advanced stage disease, the presence of metastasis and [67]
hybridization
increased probability of BR

miR-126

128

qRT-PCR

Low expression was associated to advanced stage disease, the presence of metastasis and
poor BR-free survival

miR-34b

74

qRT-PCR

Low expression was associated to high grade/advanced stage disease, increased probability [21]
of BR and decreased probability of OS

66

qRT-PCR

Low expression was associated to high grade disease, the presence of metastasis and
increased probability of BR

miR-15/
miR-16

113a

Low expression was associated to the presence of metastasis and poor BR-free survival

[50]
[66]

[68]

[69]

Array profiling Low expression was associated to the presence of metastasis and poor disease-free survival [62]

OS overall survival, BR biochemical recurrence
a

From Taylor data set [70] (GSE21032)

b

Quantitative reverse-transcription PCR

miRNAs are progressively deregulated in aggressive disease and metastasis, and, in some cases, are correlated to
clinical outcome (Table 2), thus supporting a possible role
as novel therapeutic targets and/or prognostic biomarkers.
miR-205. Three independent studies consistently
demonstrated that low miR-205 expression levels were
associated to the metastatic disease [42, 63, 64]. Two of
them also reported that miR-205 down-regulation was
correlated to poor patient outcome in terms of increased
probability of biochemical recurrence [51] and shortened
overall survival [63].
miR-224. A significant association between miR-224
down-regulation and advanced clinical stage and metastasis was consistently shown in three studies [50, 65, 66].
Two of them also revealed that reduced/absent expression
of miR-224 was significantly associated with shorter progression-free survival of PCa patients [50, 65].
miR-21. In a cohort of radical prostatectomy samples,
high levels of miR-21 were found to be significantly
associated with advanced pathological stage, high Gleason
score, presence of lymph node metastasis and poor patient
outcome. Specifically, multi-variate analysis indicated
miR-21 expression as an independent predictor of 5-year
biochemical recurrence [67].
miR-126. Sun and colleagues reported that the loss of
miR-126 expression in PCa clinical samples was associated
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with aggressive clinico-pathological features, including
advanced stage, positive angiolymphatic invasion and
lymph node metastasis, and that patients with low miR-126
expression displayed shorter biochemical recurrence-free
survival than those with high miR-126 expression [68].
miR-34b. Two studies consistently showed that reduced
miR-34b levels were correlated with clinico-pathological
progression of PCa, in terms of high Gleason score, perineural invasion and lymph node metastasis [21, 69]. In
addition, patients with tumors expressing low miR-34b
levels displayed a significantly higher risk of biochemical
recurrence and a lower overall survival probability [21,
69].
miR-15 and miR-16. In a series of primary PCa and
visceral/bone metastatic lesions, Bonci and colleagues
showed that low expression of miR-15 and miR-16 was
associated to the presence of bone metastasis and poor
patient disease-free survival. In addition, experimental
findings demonstrating that up-regulated miR-21 expression cooperates with miR-15 and miR-16 loss to promote
cancer progression in murine PCa models were initially
validated in the same sample cohort. Indeed a concomitant
deregulation of miR-15/miR-16 and miR-21 was selectively observed in a fraction of PCa patients with
progressive disease or distant lesions and was associated
with a poor prognosis in terms of disease-free survival [62].

Dissecting the role of microRNAs in prostate cancer metastasis: implications for the design…

Potential of miRNA-based approaches
for the development of anti-metastatic therapeutic
approaches
The direct involvement of specific miRNAs in the regulation of the different steps of PCa dissemination program,
together with the possibility to manipulate their expression,
has aroused interest in the development of novel miRNAbased strategies for the prevention and treatment of
metastasis [71]. Restoration of miRNA expression in tumor
cells can be accomplished through the use of different
types of molecules able to mimic native miRNAs. To
reproduce a physiologic context, synthetic double-stranded
RNA oligonucleotides that harbor chemical modifications
to improve stability and cellular uptake are designed to
allow the exclusive production of the mature miRNA of
interest and to preserve the ability to interact with the
natural targets thus minimizing the occurrence of off-target
effects [72]. While the use of synthetic precursors is useful
to induce a transient re-expression of the miRNA, cloning
miRNA genes into viral vector systems represents a successful strategy to stably restore miRNA expression [73]. A
main advantage of viral vectors in the context of a miRNAbased anti-metastatic therapy is represented by the possibility of injecting them directly into the tumor mass.
Mature miRNAs can be inhibited using antisense
oligonucleotides, known as anti-miRNAs and miRNA
sponges. Antisense oligonucleotides strongly bind a given
miRNA and antagonize its interaction with the target
mRNAs [72]. Locked nucleic acids (LNAs), i.e., bicyclic
nucleic acid analogs bearing RNA bases with an extra
bridge connecting the 20 oxygen and 40 carbon, exhibit the
highest affinity towards complementary RNA and now
represent the most widely used anti-miRNA molecules
[72]. miRNA sponges are expression vectors that allow
overexpression of RNA molecules containing multiple
tandem binding sites to the miRNA of interest and block its
function through competition with target transcripts [72]. A
different inhibitory strategy is based on miR-masks, 22ntlong single stranded, chemically modified oligonucleotides
complementary to the miRNA binding site in the 30 UTR of
a given protein-coding RNA messenger. Conversely to
anti-miRNAs and miRNA sponges, the miR-mask
approach is aimed at masking the interaction sites between
the miRNA and its target mRNA [74].
Preclinical research conducted in mice is encouraging
towards translating miRNA-based strategies into human
cancer therapy. However, although these studies failed to
reveal adverse events associated with miRNA manipulation and suggested that treatment with miRNA modulators
is well tolerated, further improvements in terms of efficacy
and targeted delivery to the tumor are still necessary.

Indeed, the design of strategies to guarantee a more precise
delivery to the tissue/organ of interest is a crucial issue due
to the ubiquitous expression pattern reported for many
miRNAs, which could increase the risk of off-target
effects. In this context, strategies based on the conjugation
of the therapeutic oligonucleotide with targeting molecules, such as peptides, antibodies or other active
molecules, which may promote homing of the miRNA
modulator to tumor cells, are currently being investigated
[72]. In addition, a possible issue dealing with miRNA
replacement approaches is related to the need of properly
restoring the activity of the down-regulated/lost miRNA
while preventing the introduction of supra-physiological
levels of the miRNA [72]. Notably, the applicability of
strategies aimed at modulating specific miRNA expression
in the clinical setting are currently under investigation.
Specifically, the first liposome-formulated mimic of the
tumor suppressor miR-34a (MRX34) is completing a Phase
I dose-escalation study in patients with unresectable primary liver cancer and advanced or metastatic cancer with
liver involvement (http://www.clinicaltrials.gov; Identifier:
NCT01829971). Moreover, in a Phase II clinical trial, the
use of an LNA-modified anti-miRNA against miR-122,
which is vital for the replication cycle of hepatitis C virus
(HCV), has demonstrated to be an effective and safe
treatment strategy for patients with chronic HCV genotype
1 infection, without evidence of viral resistance [75].
Although the approach has been developed to treat a nononcologic disease, available results contribute to demonstrate that miRNA-inhibiting therapies may have a clinical
interest also for cancer treatment.

Conclusions and future prospects
Results obtained in experimental models have demonstrated a direct involvement of specific miRNAs in the PCa
dissemination process, by exerting either pro- or antimetastatic functions, depending on their target genes.
miRNAs, such as miR-205, miR-21, miR-15/miR-16 and
miR-203, each involved in at least two steps of the metastatic cascade, could prove to be particularly useful targets
for the development of novel therapeutic strategies for the
advanced disease. In addition, results of translational
studies carried out in PCa clinical specimens support the
relevance of such miRNAs in tumor progression and
patients’ outcome. However, before novel therapeutics
based on modulators of such miRNAs can be translated
into the clinic, the actual role of these miRNAs and the
precise identification of the key targets relevant to the
metastatic process need to be accurately defined in preclinical models of PCa spontaneous metastasis, which
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properly reproduce the clinical setting. Moreover, given
miRNA redundancy, it should be carefully assessed whether targeting an individual miRNA may be sufficient to get
a therapeutic effect.
Overall, although important questions dealing with the
development of enhanced systems for the tumor specific
delivery of miRNA-based molecules and the improvement
of currently available information concerning their pharmacokinetics and safety profile are still open, a major role
for novel therapeutic approaches based on the modulation
of metastasis-related miRNAs in the management of
advanced PCa patients can be envisaged in the not-toodistant future.
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19. Viticchiè G, Lena AM, Latina A, Formosa A, Gregersen LH,
Lund AH, Bernardini S, Mauriello A, Miano R, Spagnoli LG,
Knight RA, Candi E, Melino G (2011) MiR-203 controls proliferation, migration and invasive potential of prostate cancer cell
lines. Cell Cycle 10(7):1121–1131
20. Qu Y, Li WC, Hellem MR, Rostad K, Popa M, McCormack E,
Oyan AM, Kalland KH, Ke XS (2013) MiR-182 and miR-203
induce mesenchymal to epithelial transition and self-sufficiency
of growth signals via repressing SNAI2 in prostate cells. Int J
Cancer 133(3):544–555. doi:10.1002/ijc.28056
21. Majid S, Dar AA, Saini S, Shahryari V, Arora S, Zaman MS,
Chang I, Yamamura S, Tanaka Y, Chiyomaru T, Deng G, Dahiya
R (2013) miRNA-34b inhibits prostate cancer through demethylation, active chromatin modifications, and AKT pathways. Clin
Cancer Res 19(1):73–84. doi:10.1158/1078-0432.CCR-12-2952
22. Ren D, Wang M, Guo W, Huang S, Wang Z, Zhao X, Du H, Song
L, Peng X (2014) Double-negative feedback loop between ZEB2
and miR-145 regulates epithelial–mesenchymal transition and
stem cell properties in prostate cancer cells. Cell Tissue Res
358(3):763–778. doi:10.1007/s00441-014-2001-y
23. Wang L, Song G, Tan W, Qi M, Zhang L, Chan J, Yu J, Han J,
Han B (2015) miR-573 inhibits prostate cancer metastasis by
regulating epithelial–mesenchymal transition. Oncotarget
6(34):35978–35990. doi:10.18632/oncotarget.5427
24. Kurozumi A, Goto Y, Matsushita R, Fukumoto I, Kato M,
Nishikawa R, Sakamoto S, Enokida H, Nakagawa M, Ichikawa T,
Seki N (2015) Tumor-suppressive microRNA-223 inhibits cancer
cell migration and invasion by targeting ITGA3/ITGB1 signaling
in prostate cancer. Cancer Sci. doi:10.1111/cas.12842
25. Shirakihara T, Kawasaki T, Fukagawa A, Semba K, Sakai R,
Miyazono K, Miyazawa K, Saitoh M (2013) Identification of
integrin a3 as a molecular marker of cells undergoing epithelial–
mesenchymal transition and of cancer cells with aggressive phenotypes. Cancer Sci 104(9):1189–1197. doi:10.1111/cas.12220
26. Yang J, Hou Y, Zhou M, Wen S, Zhou J, Xu L, Tang X, Du YE,
Hu P, Liu M (2015) Twist induces epithelial–mesenchymal
transition and cell motility in breast cancer via ITGB1-FAK/ILK
signaling axis and its associated downstream network. Int J
Biochem Cell Biol 71:62–71. doi:10.1016/j.biocel.2015.12.004

Dissecting the role of microRNAs in prostate cancer metastasis: implications for the design…
27. Heasman SJ, Ridley AJ (2008) Mammalian Rho GTPases: new
insights into their functions from in vivo studies. Nat Rev Mol
Cell Biol 9(9):690–701. doi:10.1038/nrm2476
28. Lin SL, Chiang A, Chang D, Ying SY (2008) Loss of mir-146a
function in hormone-refractory prostate cancer. RNA
14(3):417–424. doi:10.1261/rna.874808
29. Moser B, Wolf M, Walz A, Loetscher P (2004) Chemokines:
multiple levels of leukocyte migration control. Trends Immunol
25(2):75–84
30. Dillenburg-Pilla P, Patel V, Mikelis CM, Zárate-Bladés CR, Doçi
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