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ABSTRACT
The different prostate cancer (PCa) cell populations (bulk and cancer stem
cells, CSCs) release exosomes that contain miRNAs that could modify the local or
premetastatic niche. The analysis of the differential expression of miRNAs in exosomes
allows evaluating the differential biological effect of both populations on the niche, and
the identification of potential biomarkers and therapeutic targets. Five PCa primary cell
cultures were established to originate bulk and CSCs cultures. From them, exosomes
were purified by precipitation for miRNAs extraction to perform a comparative profile
of miRNAs by next generation sequencing in an Illumina platform. 1839 miRNAs were
identified in the exosomes. Of these 990 were known miRNAs, from which only 19
were significantly differentially expressed: 6 were overexpressed in CSCs and 13 in
bulk cells exosomes. miR-100-5p and miR-21-5p were the most abundant miRNAs.
Bioinformatics analysis indicated that differentially expressed miRNAs are highly
related with PCa carcinogenesis, fibroblast proliferation, differentiation and migration,
and angiogenesis. Besides, miRNAs from bulk cells affects osteoblast differentiation.
Later, their effect was evaluated in normal prostate fibroblasts (WPMY-1) where
transfection with miR-100-5p, miR-21-5p and miR-139-5p increased the expression
of metalloproteinases (MMPs) -2, -9 and -13 and RANKL and fibroblast migration. The
higher effect was achieved with miR21 transfection. As conclusion, miRNAs have a
differential pattern between PCa bulk and CSCs exosomes that act collaboratively in
PCa progression and metastasis. The most abundant miRNAs in PCa exosomes are
interesting potential biomarkers and therapeutic targets.

INTRODUCTION

understanding key cancer-related pathways [4] for tumor
growth and spread.
In PCa, it has been proposed that stem cells with
cancer characteristics (therefore called cancer stem cells
or CSCs) give rise and maintain tumor growth. These
are a subset of cells into the tumor with abilities of selfrenewal, giving rise to other malignant clones including
transient amplifying cells (responsible for the bulk tumor
proliferation) that repopulate the tumor after radio- and
chemo-therapies and are responsible for development
of castration-resistant disease [5-7]. Cancer cells also
promote malignant progression by modifying the
niche and surrounding cells, including fibroblasts. The

Prostate cancer (PCa) is a major health concern,
representing the second leading cause of cancer related
death in men in developed countries, and the main
cause of cancer death in elderly men. Early detection is
fundamental to decrease its mortality [1, 2]. Screening is
the main tool for early detection, although the protocols
are continuously evolving to include multivariate tools
calculator that include new diagnostic and prognostic
markers [3]. The development of new diagnostic and
predictive tools is a challenge that could be achieved by
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recruitment of stromal fibroblasts, denominated cancer
associated fibroblasts (CAFs) triggers matrix remodeling,
and produces growth factors that promote tumor growth
and progression. This communication is achieved among
others, by the release of exosomes from cancer cells [8, 9].
Exosomes are vesicles released by cells that contain
cytoplasmic content including several species of RNA,
including miRNAs, that are delivered functionally into
new cells modifying protein expression [10, 11]. miRNAs
regulate gene expression, effect that is finally traduced in
inhibition of the expression of groups of proteins related
with common pathways. In cancer, altered expression of
miRNAs is an important hallmark that can be detected in
blood as changes in miRNA profiles and/or increase of
their concentration [12].
Most of the miRNAs found in body fluids are
included in exosomes [13], although some miRNAs can be
found free in plasma associated to Ago [14, 15]. For this
reason, the isolation of circulating exosomes could be a
better method for miRNA screening in plasma and disease
detection [12, 16]. Exosome isolation by minimal invasive
procedures, makes them a great tool for description of new
diagnostic markers [17], even their own circulating levels
[12].
The miRNA profiles from cancer cells and their
circulating exosomes, have shown strong differences [18],
or similarities [12] depending on techniques used. miRNA
expression is often analyzed by microarrays that limit the
number of species analyzed to those miRNAs previously
described in origin cells. The High-throughput sequencing
by next generation sequencing (NGS) techniques improve
profiling for gene expression, with a genome wide
approach that increases the coverage of miRNAs, allowing
the description of new species, an important difference
respect to quantitative PCR (qPCR), the gold standard for
transcript quantification [19]. Deep sequencing has several
advantages over microarrays, mainly by overcoming the
limitation of relative detection of previously reported
miRNA sequences, and obtaining absolute abundance,
allowing the detection of novel miRNAs [20], increasing
the description and functional analysis of miRNAs,
evaluating by quantitative analysis their expression levels,
which are related with different stages of cancer initiation
and progression [21].
Previously, we characterized a model that allowed
us to study CSCs by an enrichment method from primary
cultures where the amount of CSCs is limiting (around 1%)
[22]. After obtaining PCa primary cultures where the bulk
cells were the predominant population, cells were grow
unattached in absence of fetal bovine serum (FBS). After
21 days we obtained prostatospheres enriched in around a
95% of CSCs with a CD44+/CD133+/ALDH+/ABCG2+/
CD24- phenotype. Using this approach, we analyzed the
profile of miRNAs secreted in exosomes from bulk cells
and CSCs by NGS with Illumina Hiseq2000.
Our aim was to know the miRNAs differentially
www.impactjournals.com/oncotarget

released by PCa cell populations and describe their
effect in cancer related microenvironment changes and
metastatic niche preparation by bioinformatics and
functional assays over normal fibroblasts that lead to
invasion and metastasis and the identification of potential
diagnostic biomarkers and therapeutic targets.

RESULTS
miRNA expression in exosomes from PCa cells
Primary cell cultures from 5 PCa patients were
obtained. These cultures were denominated bulk cells.
From them, CSCs enriched prostatospheres (CSCs in
ahead) were obtained (Figure 1, insert). Exosomes were
isolated from culture media from bulk and CSCs cultures,
and from them, total RNA was obtained. The RNA
profile assessed by Bioanalyzer was similar between the
5 patients (Figure 1A). Small RNAs was the main RNA
fraction observed in exosomes, mainly in CSCs exosomes.
The ribosomal RNA peaks were small or absent in bulk
cell exosomes (Figure 1A, left) and undetectable in CSCs
exosomes (Figure 1A, right). Later, miRNA were isolated
from total RNA, obtaining enriched fractions, mainly
around 30 and 60 nucleotides (Figure 1B).
To compare the miRNA cargo of bulk and CSCs
exosomes, we performed NGS. Samples were analyzed
using the ultrasequencer Illumina HiSeq2000, a platform
that delivers high yield of high quality data.
After quality controls and adapter elimination, only
high quality reads were aligned using mirDeep2 algorithm
against mirBase v20 database for the identification and
quantification of previously described miRNAs. We
identified 990 known miRNA species.
The total number of valid sequence reads was
used as a measure of its relative abundance. Data were
normalized by Z-score to compare relative expression in
both samples (Figure 2).
Most of the miRNA species were detected in
exosomes from both bulk and CSCs. From them, hsamiR-100-5p and hsa-miR-21-5p were the most abundant
miRNAs in exosomes from bulk and CSCs. hsa-miR100-5p was expressed more than 10 times over the other
miRNAs, with no differences at the exosome origin. On
the other hand, hsa-miR-21-5p was highly expressed, but
differentially over-expressed in bulk exosomes respect to
CSCs.
Later, mirDeep2 was used for the prediction of
novel miRNAs. This method uses the structure prediction
by means of RNAfold to decrease the false positive ratio.
Finally, these sequences were examined searching for
cross-species conservation of the hairpin structure. Using
this approach, 849 possible new miRNA were identified in
the exosomes (Table 1).
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Figure 1: RNA profiles from exosomes from bulk cells (left) and CSCs (right) exosomes obtained by Agilent 2100
Bioanalyzer. The electropherograms shows the size in distribution of the nucleotides (nt) and fluorescence intensity (FU) of Total RNA by
Agilent RNA 6000 Pico Kit (A) and small RNAs after enrichment by the Agilent Small RNA Kit (B) All the electropherograms correspond
to the sample of the same patient. The inserts show a representative image from the cultures under study.

Figure 2: miRNAs abundance in exosomes from bulk and CSCs from PCa. Relative expression expressed in ZScore of the top
15 miRNAs more abundant in exosome from bulk and CSCs from PCa cells (n = 5).
www.impactjournals.com/oncotarget
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Table 1: Top 10 new miRNAs in bulk and CSCs exosomes

Table 2: miRNAs differentially expressed in bulk (left) and CSCs (right) exosomes from PCa
miRNAs overexpressed in Bulk exosomes
miRNAs overexpressed in CSCs exosomes
miRNAS
FoldChange
p value padj miRNAS
FoldChange p value
hsa-miR-7-5p
9.521
0.001
0.025 hsa-miR-1307-5p 11.180
0.009
hsa-miR-20a-5p
8.699
0.000
0.025 hsa-miR-139-5p
10.062
0.001
hsa-miR-93-5p
8.221
0.001
0.025 hsa-miR-148a-3p 5.281
0.012
hsa-miR-503-5p
7.823
0.013
0.097 hsa-miR-7641
4.933
0.014
hsa-miR-218-5p
7.759
0.009
0.092 hsa-miR-1307-3p 4.231
0.007
hsa-miR-1290
6.349
0.010
0.092 hsa-miR-183-5p
3.959
0.007
hsa-miR-25-3p
6.284
0.006
0.090
hsa-miR-17-5p
6.139
0.010
0.092
hsa-miR-378d
5.626
0.000
0.025
hsa-miR-378c
5.009
0.002
0.025
hsa-miR-21-5p
4.334
0.001
0.025
hsa-miR-30c-5p
3.690
0.011
0.092
hsa-miR-125b-1-3p 3.055
0.011
0.092

Differential expression of miRNA between bulk
and CSCs from PCa

Validation of miRNAs in exosomes
To validate the data obtained by NGS, the presence
of the miRNAs sequenced was evaluated in exosomes and
their origin cells by TaqMan miRNA Assays. The highly
expressed hsa-miR-100-5p and hsa-miR-21-5p, and the
differentially expressed hsa-miR-139-5p and hsa-miR30c-5p, were detected in bulk cells and CSCs, and also
in their exosomes. From these, hsa-miR-100-5p was the
most abundant miRNA in all samples analyzed (Figure 4).
U6 was detected for normalization and was present in all
samples analyzed.

To identify the miRNAs differentially expressed
between bulk and CSCs, the miRNAs with a fold change
threshold of +/-2 and FDR adjusted p-value of 0.1 were
selected. As result, 19 miRNAs were obtained (Figure
3). Six of them were overexpressed in CSCs exosomes:
hsa-miR-7641, hsa-miR-148a, hsa-miR-1307-3p, hsamiR-183, hsa-miR-139 and hsa-miR-1307-5p. Thirteen
miRNAs were overexpressed in exosomes from bulk cells:
hsa-miR-218-5p, hsa-miR-7-5p, hsa-miR-1290, hsa-miR17-5p, hsa-miR-20a-5p, hsa-miR-503-5p, hsa-miR-30c5p, hsa-miR-125b-1, hsa-miR-21-5p, hsa-miR-93-5p, hsamiR-378c, hsa-miR-378d and hsa-miR-25-3p (Table 2).
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Figure 3: Heatmap of the 19 miRNAs differentially expressed in exosomes from CSCs respect to bulk cells. The graph

shows the miRNA expression from CSCs derived exosomes compared to the exosomes derived from its original bulk culture expressed in
fold change. A complete linkage and Euclidean distance for the hierarchical clustering of samples and miRNAs was used (n = 5).

Figure 4: RT-qPCR on selected miRNAs in bulk and CSCs cells and exosomes. Expression was assessed by TaqMan miRNA
assays. Cp values from each assay are compared between samples (n = 3).
www.impactjournals.com/oncotarget
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Table 3: Functional analysis for hsa-miR-100-5p for selected biological processes
Biological Process Description
Genes
HMGN1,BMPR2,FGFR3,CDC73,DEAF1,RB1,M
GO:0050673
Epithelial cell proliferation
TOR,ATP5A1
GO:0001649
Osteoblast differentiation
RPS15,BMPR2,IARS,ID1,H3F3A,DDX21
Negative regulation of epithelial cell FGFR3,CDC73,RB1,ATP5A1
GO:0050680
proliferation
Regulation of epithelial cell HMGN1,BMPR2,FGFR3,CDC73,DEAF1,RB1,M
GO:0050678
proliferation
TOR,ATP5A1

Bioinformatics analysis of miRNAs in PCa
exosomes

genes were analyzed in function of biological processes
related with prostate carcinogenesis, fibroblast activation
and premetastatic niche modification (osteoblast
differentiation) (Figure 5). In this analysis, the miRNAs
with reliable and available annotation for genes targets and
validated in laboratory experiments were included.

The targets genes biologically annotated for the
miRNAs differentially expressed in exosomes were
identified using miRTarBase and TargetScan. Target

Figure 5: Biological process (GOBP) related with miRNAs differentially expressed in exosomes. The color is related with
the number of target genes (normalized by Z-Score) in each biological process analyzed.
www.impactjournals.com/oncotarget
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The main biological processes regulated by bulk
exosomes miRNAs are the fibroblast growth factor
(FGF) pathway, epithelial proliferation, differentiation
and migration, and epithelial to mesenchymal transition
(EMT) including activation of MMPs. Whereas for CSCs
exosomes miRNAs the main functions are proliferation,
differentiation to epithelium and angiogenesis. Most of the
miRNAs modify the expression of several genes involved
in a single molecular pathway. hsa-miR-21-5p and hsamiR-17-5p have the strongest effect in the biological
processes analyzed.
Finally, to understand how the biological processes
may be affected, the main common targets of the
differentially expressed miRNAs from each population
were analyzed (Figure 6). From bulk cell exosomes many
miRNAs have a common set of targets, defining 3 clusters
of miRNAs. From these targets, BMPR2 and HNRNPU
are related with osteoblast differentiation that could be
involved in the preparation of the premetastatic niche.
Most of the other targets are related with regulation of the
synthesis of proteins at different levels in transcription and
translation and stability of the mRNAs.
The miRNAs that were differentially expressed in
CSCs exosomes have, at this moment, less information
in databases about their targets. Two clusters of miRNAs
were defined according with their targets. These targets
regulate glucose metabolism and proliferation, protein
synthesis and degradation.
If not regulating directly, all the effects described for
these miRNAs could have a consequence in the expression
of proteins that coordinate changes in the biological
processes described previously (Figure 5).
For the most expressed miRNA, hsa-miR100-5p,
the bioinformatics analysis showed regulatory effects in
cell proliferation, differentiation from epithelial cells and
osteoblasts (Table 3).

effect was also observed at mRNA level (Figure 7B). miR21 had the most significant effect over the expression of
all MMPs, mainly up-regulating MMP-9 expression. miR100 also increased MMP-2 and -13 but it had no effect
on MMP-9. miR-139 also regulated the expression of all
MMPs.
At the premetastatic niche, the microenvironment
can be modified by changes in balance RANKL/OPG.
RANKL secreted by osteoblasts and by metastatic PCa
cells promotes osteoclast recruitment and differentiation,
initiating the bone vicious circle. Besides, RANKL is
secreted in the prostatic tumor, increasing levels of soluble
RANKL and promoting cell migration. Transfection with
miR-100, miR-21 and miR-139 increased significantly the
expression of RANKL in fibroblasts at protein (Figure 7A
and 7C) and mRNA levels (Figure 7B) that could act as a
paracrine factor for cancer cells.
The changes in protein expression triggered by
miRNAs were similar to the functional effects described
by bioinformatics analysis. MMPs and RANKL
overexpression induced by miRNAs in fibroblasts are
related with cancer invasion and metastasis.

Fibroblast migration
The recruitment of fibroblasts triggered by cancer
cells exosomes, among others mechanisms, increases
their migration ability. The effect of miRNAs from PCa
exosomes in the migration of normal prostate fibroblasts
was evaluated after 48 hours from transfection. miR-100,
miR-21 and miR-139 increased the number of migrating
cells when compared to control. However, only miR-21
increased significantly cell migration (Figure 8A and
8B). The increase in migration could be explained by
morphological changes in transfected fibroblasts. miR100 and miR-21 increased the number of prolongations
when compared with miR-139 and non-transfected cells
(Figure 8C).

Functional assay in normal fibroblasts
Cancer cells recruit stromal fibroblasts modifying
their biological properties, leading to changes in the tumor
microenvironment that favor progression. The effects of
miRNAs from exosomes described by bioinformatics
analysis that may be related with these functional changes
were evaluated in a normal prostate fibroblasts cell line
(WPMY-1). Cells were transfected by separated with
25 µM of miR100-5p (overexpressed in all exosomes),
miR21-5p (overexpressed in bulk cell exosomes) and
miR139-5p (overexpressed in CSCs exosomes). The
miRNA let 7c was included as positive control for
transfection. After transfection, the effect in the expression
of proteins related with extracellular matrix restructuring
(MMP-2, -9 and -13) and osteoclast recruitment and cell
migration (RANKL) was evaluated.
miRNAs increased significantly the expression of
MMPs, mainly at protein level (Figure 7A and 7C). This
www.impactjournals.com/oncotarget

DISCUSSION
Tumors harbor a complexity of cell types that
collaborate with survival and growth. The main population
is constituted by clones of bulk cells, and a small
population (near to 1%) are CSCs [23]. These populations
interact between them promoting EMT and tumor
progression [24], and with non-tumoral elements of the
microenvironment, that collaborate with the growth and
progression of the tumor [25, 26]. This communication is
mediated, among others mechanisms, by exosomes that
harbor a differential effect depending on the cell origin.
Grange et al. demonstrated that microvesicles released by
CSCs have a proangiogenic effect that is not observed in
bulk microvesicles from renal cancer cells [27].
We observed that CSCs and bulk cells exosomes
3999
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Figure 6: Target genes of miRNAs overexpressed in exosomes. Targets analyzed separately for bulk cells (left) and CSCs (right)
exosome miRNAs. Yellow = target of the miRNAs, Red = the gene is not target of the miRNAs.

Figure 7: Effect of miRNA-100, -21, -139 and let 7c transfection of WPMY-1 cells on MMP-2, -9 and -13 and RANKL
expression at 48 hours post-transfection. A. Representative western blot of transfected cells. B. Fold change of mRNA expression in
transfected cells evaluated by qPCR with the ΔΔCt method normalized by GAPDH. Dotted line represents the level of expression in nontransfected cells. C. Expression of proteins in transfected cells evaluated by western blot, normalized by actin. n = 3, *p < 0.05.
www.impactjournals.com/oncotarget
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have a differential miRNA content that could trigger a
differential effect over microenvironment. 990 known
miRNAs were identified, most of them common. The most
abundant, miR-100-5p and miR-21-5p were previously
described in the top 10 miRNAs in exosomes from human
esophageal cancer cells [28]. Bioinformatics analysis
identified 19 miRNAs differentially expressed, including
overexpression of miR-183 in CSCs and miR-7 in bulk
cell exosomes that were previously described in human
renal cancer [27].
From differentially expressed, miR-21-5p is the
most abundant, even in all exosomes. miR-21-5p is a well
described oncomir with potential clinical applications.
In human ovarian cancer, miR-21 was isolated in tumor
and peripheral blood-derived exosomes with a strong
correlation [18]. In a meta-analysis, Wang et al. described
that circulating miR-21 could significantly predict poorer
survival in general carcinomas [29]. In prostate, miR-21
is overexpressed in cancer compared to normal cells, and
it has a demonstrated role in carcinogenesis. Although its
expression responds to androgen receptor (AR), miR-21
is overexpressed in AR negative PCa cells, increasing cell
proliferation and triggering androgen independent growth,
being sufficient to develop castration resistance [30].
miR-21 expression is related with histologic stage and
biochemical recurrence [31] and with facilitating EMT by
increasing expression of matrix remodeling proteins [32].

In our study, miR-21 increased expression of MMP-2,
MMP-9 and MMP-13 in normal fibroblasts and triggered
cellular changes related with fibroblast activation, as
changes in the shape and increased migration. For these
functions, miR-21 is considered an interesting therapeutic
target.
hsa-miR100-5p was the most abundant miRNA in
PCa exosomes. miR-100 has been related with prostatic
carcinogenesis with a controversial role. In several studies
it has been described as tumor suppressor, because its
expression decreases in advanced PCa [33, 34]. However,
its function could be context-dependent. miR-100,
together with miR-let7c and miR-218 is significantly
overexpressed in localized PCa (similar to the type of
cells that we analyzed in our study) when compared with
metastatic carcinoma [35].
One feature of the solid tumor cells that promote
progression and recurrence after treatment is the ability to
recruit surrounding stromal cells. These cells contribute to
modify the microenvironment and promote angiogenesis
by changing the expression of extracellular matrix proteins
(e.g. collagen, fibrin and proteoglycans) and proteins
that modify it (e.g. MMPs), facilitating invasiveness
and metastasis [36]. The miRNAs overexpressed in
bulk exosomes modify surrounding cells, regulating cell
differentiation, proliferation, migration and EMT. In our
study, we confirmed that miRNAs from PCa exosomes

Figure 8: Effect of miRNA-100, -21, -139 and let 7c transfection on migration of WPMY-1 cells. Five thousand transfected

cells were seeded into each transwell and migration was evaluated after 24 hours. A. Representative images of migration assay at 24 hours.
B. Number of migrating cells per field. N = 3, bars represent standard deviation, *p < 0.05 compared to control (non-transfected cells). C.
Representative images of transfected WPMY-1 cells.
www.impactjournals.com/oncotarget
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trigger overexpression of MMP-2, -9 and -13 and
increased the migration in normal fibroblasts.
In behalf of the premetastatic niche preparation,
miR-21, miR-30 and miR-218 regulate osteoblast
differentiation, increasing the production of RANKL,
among other soluble factors. This is a key step in
the initiation of the bone vicious cycle that activates
osteoclastogenesis [37]. PCa cells trigger changes in bone
microenvironment by releasing RANKL at the metastasis.
However, RANKL also plays a role at the primary tumor
niche. RANKL is overexpressed by PCa cells increasing
its level in the tissue [38], favoring progression by
enhancing cancer cells migration and by modulating
the immune response [39, 40]. According to our results,
expression of RANKL in fibroblasts is increased by
miRNAs from PCa exosomes, augmenting local levels of
RANKL and making a favorable microenvironment for
tumor progression. This could have an effect at distance
increasing RANKL at the premetastatic niche, due to high
local levels of RANKL could increase systemic levels,
and by the release of exosomes, PCa cells could increase
RANKL synthesis at the bone.
The miRNas that were differentially expressed in
CSCs exosomes mainly regulate angiogenesis and cell
proliferation. These functions are fundamental to promote
tumor growth, survival and dispersion to distant niches.
Grange et al. described previously that CSCs exosomes
prepare the premetastatic niche in renal cancer, by
overexpression, among others of miR-183 [27], that was
also differentially expressed in PCa CSCs exosomes. The
functions of differentially expressed miRNAs in exosomes
from bulk and CSCs show a collaborative effect between
these populations on PCa progression and invasiveness.
The bioinformatics analysis used included only
miRNAs that are experimentally validated giving the
power to predict functional targets that can be further
validated. mirTarBase and TargetScan have been widely
used in works that analyzed different tissues and diseases
[41-43] and also been validated in prostate tumors [44-47].
Bioinformatics analysis also allows obtaining information
about the “functional distance” between differentially
expressed miRNAs. This makes possible to validate the
importance of single miRNAs in each biological process,
specifically is to propose the synergy between miR-21-5p
and miR-7p in the regulation of prostate carcinogenesis.
This collaboration is observed in genes regulated by two
or more differentially expressed miRNAs, e.g. EEF1A1,
related with the progression and transformation of PCa
[48], AGO1, related with miRNA mediated gene silencing
in cancer [49] and KLF9, a transcriptional factor that
inhibits AKT activation and inhibit the PCa cells growth
[50].
The cell model and the methodology used to
describe the miRNA profile are critical when comparing
with previous data. Using high-throughput sequencing,
Liao et al. (2014) described a pattern of miRNAs in
www.impactjournals.com/oncotarget

human esophageal cancer cells exosomes similar to ours,
while the profile of exosomes from the PCa cell line PC3
performed by microarray, the coincidences decreased
significantly[16, 28]. NGS improves significantly the
number of miRNAs identified in the samples increasing
the detection and leading to the description of low
expressed and new miRNAs [51].
Previous studies that have analyzed circulating
miRNAs as potential candidates for PCa biomarkers
identified miRNAs differentially expressed in bulk cell
exosomes in our study, in particular mir-21-5p [52-54],
miR-378c [55], miR-1290 [56], miR-20a [54, 57], miR125b [58], miR-93-5p [59]. Exosomes are an excellent
source of miRNAs [12, 18], especially when analyzing
plasma samples, where the amount of miRNAs is at least
6 times higher inside the exosomes than free in plasma
[13]. Besides, in PCa patients, the amount of circulating
exosomes is higher than in normal patients [60]. This
makes us think that most of the miRNAs that are increased
in blood could be product of the exosomes released by
bulk cells, the main cellular component of prostatic
tumors, and could be a potential source of biomarkers of
PCa, a disease that lacks of specific diagnostic markers.
As conclusion, this study point out that differentially
expressed miRNAs in exosomes from PCa populations
promote collaboratively microenvironment changes
related to tumor growth and progression, and at distance,
modify the premetastatic niche, suggesting a potential
role as therapeutic targets. In the other hand, miRNAs
overexpressed in bulk cells exosomes have been described
previously as highly expressed in blood of patients with
PCa and could be studied as potential biomarkers. Further
additional functional studies will confirm our conclusions.

MATERIALS AND METHODS
Primary cell cultures and CSCs enriched
prostatospheres
Primary cell cultures were established from prostate
tissue from 5 patients with localized PCa (Gleason
Score 5-6) to obtain adherent cells (bulk) [61]. Briefly,
samples were cut into small pieces and enzymatically
digested in a collagenase solution (collagenase, 2.5 mg/
ml; hyaluronidase, 1 mg/ml; deoxyribonuclease, 0.01 mg/
ml) for 2-3 h at 37°C in shaking water bath. The resultant
large epithelial cell aggregates were isolated and further
digested for another 8-12 h. Later, the small aggregates
were mechanically dispersed, and grown in DMEM-F12
medium (Lifetechnologies) supplemented with 7% FBS
(Cellgro, Corning) at 37°C with 5% CO2.
Prostate CSCs were isolated from primary cultures
after amplification according to the protocol previously
described [7, 22]. Briefly, after 3 passages of the cultures
4002

Oncotarget

described above, cells were detached and cultured in
non-adherent conditions in absence of FBS and with
B‑27 supplement (Gibco). Resulting tumorspheres
were maintained during 2 weeks and evaluated for stem
markers (CD44+/CD133+/ALDH+/ABCG2+/CD24-)
therefore considered as CSCs. Later, the cells were plated
at a density of 4x104 cells/ml, in DMEM medium without
FBS and supplemented with the following factors: 5 ug/
ml of human transferrin, 5 ug/ml of insulin, 20 ng/ ml of
EGF, 10 ng/ml of FGF-2, 200 ng/ml of retinol, 200 ng/
ml of vitamin E, 10 nM of hydrocortisone, 2 ng/ml of
sodium selenite and 0.4% of human serum albumin-free
globulins. This non-adherent culture medium allowed the
formation of prostate spheroids (prostatospheres) enriched
in CSCs. All protocols for PCa samples were approved by
the institutional committee of bioethics.

(Agilent Technologies). After verifying the quality of
RNA, we proceeded to the second part of the protocol
of small RNA enrichment from total RNA by increasing
ethanol content of the sample and isolation over glass-fiber
filter and elution. Later, quality of the small RNA samples
was analyzed by Agilent 2100 Bioanalyzer using a Small
RNA kit (Agilent Technologies). RNA total concentration
was measured by Nanodrop, and miRNA concentration
was measured analyzed with the Quant-iT RiboGreen Kit
(Invitrogen).

Next generation sequencing
NGS was performed in the Illumina platform
(MiSeq, Illumina) at Sistemas Genómicos (Valencia,
Spain). Briefly, the procedure included:
a) Quality control of RNA: The quality and the
quantity of the RNA were determined in Bioanalyzer 2100
Small RNA assay and Qubit 2.0 fluorometer.
b) Libraries preparation: cDNA libraries were
obtained following Illumina´s recommendations. Briefly,
3´ and 5´adaptors were sequentially ligated to the RNA
prior to reverse transcription and cDNA generation. The
cDNA was enriched with PCR to create the indexed double
stranded cDNA library. Size selection was performed
using 6% polyacrylamide gel. The quality of the libraries
was analyzed in Bioanalyzer 2100, High Sensitivity assay,
and the quantity of the libraries was determined by realtime PCR in Light Cycler 480 (Roche).
c) Prior to clusters generation in cbot (Illumina),
an equimolar pooling of the libraries was performed. The
pool of the cDNA libraries was sequenced by paired-end
sequencing (100 x 2) in Illumina HiSeq 2000 sequencer.

Cell line culture
Human prostatic normal fibroblast cell line WPMY1 (CRL-2854) was obtained from American Type Culture
Collection (Virginia, USA). WPMY cells were maintained
in DMEM (Lifetechnologies) supplemented with 5% FBS
at 37°C with 5% CO2.

Exosome isolation
For bulk cells, cultures were grown until reach
a 60% confluence. Then, cells were grown during 48
hours in DMEM-F12 supplemented with 5% exosomedepleted FBS (Exo-FBS, SBI). Later, culture medium
was recovered and centrifuged at 2000 x g for 5 min, to
eliminate cells, apoptotic bodies and debris, and then at
16500 x g for 20 min at 4°C to eliminate microvesicles
[62]. For prostatospheres cultures, serum free culture
medium was recovered after 21 days of growth and
centrifuged at 2000 x g for 5 min and later the supernatant
at 16500 x g for 20 min at 4°C. Later, exosomes were
isolated by precipitation with the reagent ExoQuick-TC
(SBI), according to manufacturer’s instructions. Briefly, 10
ml of culture medium was mixed with 2 ml of ExoQuickTC and incubated overnight at 4°C. Later, the mix was
centrifuged at 1500 x g for 30 min at room temperature to
obtain an exosome pellet.

Bioinformatics analysis
Bioinformatics analysis was carried out by Sistemas
Genómicos (Valencia, Spain). At primary level, the quality
of the data was analyzed by fastQC program [63]. The
low quality raw reads and technical adapter were filtered
using Trim Galore [64]. Then the high quality reads ware
mapped against the GRch37/hg19 Homo sapiens Genome,
against the human mature miRNAs and hairpins present
in the of mirBase v20 database [65] using Bowtie2
algorithms [66]. In this mapping process a seed length
of 16 nucleotides was defined and a maximum of two
mismatches were allowed in this seed.
For the identification and quantification of novel
and known miRNAs, the miRDeep2 algorithm [67]
and BedTools [68] were applied. In the novel miRNAs
identification, mirDeep2 algorithm uses a structural
prediction by means of RNAfold [69].
For differential expression between samples, the
algorithm DESeq2 was applied [70] and a FoldChange
threshold of 2 and pValue adjusted by FDR of 0.01 were

miRNA extraction
miRNA extraction from exosome pellet was
performed with mirVana miRNA isolation kit (Ambion)
according to manufacturer instructions in two steps
process. First, exosomes were lysed and after organic
extraction, total RNA was isolated over glass-fiber filter
and eluted. The quality of the total RNA was assessed by
Agilent 2100 Bioanalyzer using an RNA 6000 Pico Kit
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selected for miRNAs differentially expressed between
conditions.
For the identification of the targets genes
biologically annotated of miRNAs differentially
expressed, the miRTarBase [71]and TargetScan [72] were
used. Finally, for the new targets genes prediction the
mirMap bioinformatics software [73] was utilized with a
pValue threshold of 0.01.

Statistical analysis among transfected groups was made
by U Mann Whitney test, considering a significance of p
< 0.05.

qPCR
cDNA was synthetized from 2 ug of total RNA
extracted from transfected and control cells by reverse
transcription with the SuperScript II Reverse Transcriptase
system (Invitrogen) according to manufacturer’s protocol.
qPCR was performed in a Light Cycler 480 (Roche)
thermocycler using specific primers for MMP-2, 3’ CCA
CGT GAC AAG CCC ATG GGG CCC C 5’ (fwd), 3’
GCA GCC TAG CCA GTC GGA TTT GAT G 5’ (rev),
MMP-9, 3’ CGC TGG GCT TAG ATC ATT CC 5’ (fwd),
3’ TTG TCG GCG ATA AGG AAG G 5’ (rev) and MPP13, 3’ TTG AGC TGG ACT CAT TGT CG 5’ (fwd), 3’
GGA GCC TCT CAG TCA TGG AG 5’ (rev), RANKL
3’ TGA TTC ATG TAG GAG AAT TAA ACA GG 5’
(fwd), 3’ GAT GTG CTG TGA TCC AAC GA 5’ (rev)
and GAPDH 3’ TGC ACC ACC TGC TTA GC 5’ (fwd),3’
GGC ATG GAC TGT GGT CAT GAG 5’ (rev) that was
included as control. All qPCR reactions were performed
at 60°C. Quantification was performed using the method
ΔΔCt respect to GAPDH.

Taqman miRNA assay
cDNA was synthetized from miRNA samples
(300 ng) from exosomes and cells with the TaqMan®
MicroRNA Reverse Transcription Kit (Lifetechnologies)
using a pool of primers included in the TaqMan miRNA
assays for hsa-miR-100, hsa-miR-21-5p, hsa-miR-139-5p,
hsa-miR-30c and U6 snRNA according to manufacturer’s
instructions. Later, cDNA was used to perform qPCR
using the TaqMan® Universal Master Mix II no UNG
(Lifetechnologies) with primers included in the TaqMan
miRNA assay according to manufacturer’s protocols in a
Light Cycler 480 thermocycler (Roche).

miRNA transfection
Cells were grown until reach a 60-70% confluence.
Then, cells were transfected separately with the miRNAs
miR-100, miR-21 and miR-139. The miRNA let7c was
included as a positive control of transfection. Cells were
transfected according to the manufacturer’s protocol.
Briefly, cells were incubated with a mix of Opti-MEM
medium (Lifetechnologies), Lipofectamine RNAi max
(Lifetechnologies) and miRNA mimics (mirVana mimics,
Life Technologies) to a final concentration of 20 nM. After
48 hours, total RNA and proteins from transfected and
control cultures were extracted with the mirVana PARIS
kit (Ambion) according to manufacturer’s protocol. All
transfections were performed in triplicate.

Cell migration
Migration of fibroblasts was evaluated using 24well Transwell plates with 8-μm pore size polycarbonate
membrane (Costar, Corning). After 24 hours of
transfection with miRNAs, cells were harvested and
suspended in DMEM containing 0.1% FBS. 5x103 cells
were loaded into each of the upper wells. The lower wells
were loaded with DMEM supplemented with 10% FBS
as chemotactic factor. Cells were incubated at 37°C for
24 h and then were fixed with methanol and stained with
crystal violet (1%, w/v). Cells in the upper surface of the
filter were removed, and migrating cells were visualized
by microscopy. Images were captured and quantified by
counting cells that migrated to the lower side on 5 random
fields of the filter at low magnification (X200).

Western blot
Whole cell protein lysates (25 μg) were
electrophoresed on SDS-polyacrylamide gels, transferred
to nitrocellulose membranes and probed with primary
antibodies against MMP-2 and RANKL (sc-58386 and
-377079, respectively, Santa Cruz Biotechnology), MMP9 (D603H, Cell Signaling), MMP-13 (MAB511, R&D
systems), and actin (MAB1501, Millipore). Goat antirabbit or goat anti-mouse IgG conjugated to horseradish
peroxidase (Jackson ImmunoResearch) were used as
secondary antibodies. Quantitative evaluation was
performed by densitometry using the Scanner C-DiGit
(LI-COR) and the software Image Studio for C-Digit.
Intensities from each band were normalized to actin.
www.impactjournals.com/oncotarget

ACKNOWLEDGMENTS
We thank Graciela Caroca for her technical
assistance and to the Laboratory of Genetics and
Molecular Oncology from Las Condes Clinic for their
technical support.

FUNDING
This study was supported by Fondo Nacional de
Ciencia y Tecnología (Fondecyt, Chile) grants 11121525
(Catherine Sánchez) and 1140417 (Enrique Castellón).
4004

Oncotarget

CONFLICTS OF INTEREST

12. Rabinowits G, Gerçel-Taylor C, Day JM, Taylor DD and
Kloecker GH. Exosomal microRNA: a diagnostic marker
for lung cancer. Clinical Lung Cancer. 2009; 10: 42-6. doi:
10.3816/CLC.2009.n.006

The authors have no conflict of interests in work
described in this manuscript.

13. Gallo A, Tandon M, Alevizos I and Illei GG. The
majority of microRNAs detectable in serum and saliva is
concentrated in exosomes. PLoS One. 2012; 7: e30679. doi:
10.1371/journal.pone.0030679

REFERENCES
1.

American Cancer Society. Cancer Facts & Figures. 2014.
http://www.cancer.org/acs/groups/content/@research/
documents/webcontent/acspc-042151.pdf

2.

Heidenreich A, Bellmunt J, Bolla M, Joniau S, Mason M,
Matveev V, Mottet N, Schmid HP, van der Kwast T, Wiegel
T and Zattoni F. EAU guidelines on prostate cancer. Part I:
screening, diagnosis, and treatment of clinically localized
disease. Actas Urologicas Españolas. 2011; 35:501-14. doi:
10.1016/j.acuro.2011.04.004

3.

Loeb S and Catalona WJ. Prostate-specific antigen (PSA)
should drive doing prostate biopsies. Urologic Oncology.
2012; 30: 1-2. doi: 10.1016/j.urolonc.2010.10.007

4.

Velonas VM, Woo HH, dos Remedios CG and Assinder
SJ. Current status of biomarkers for prostate cancer.
International Journal of Molecular Sciences. 2013; 14:
11034-60. doi: 10.3390/ijms140611034

5.

Tysnes BB. Tumor-initiating and -propagating cells : cells
that we would like to identify and control. Neoplasia. 2010;
12: 506-15. doi: 10.1593/neo.10290

6.

Rybak AP, Bristow RG and Kapoor A. Prostate cancer
stem cells : deciphering the origins and pathways involved
in prostate tumorigenesis and aggression. Oncotarget. 2015;
6: 1900-19. doi: 10.18632/oncotarget.2953

7.

Castillo V, Valenzuela R, Huidobro C, Contreras HR and
Castellon EA. Functional characteristics of cancer stem
cells and their role in drug resistance of prostate cancer.
International Journal of Oncology. 2014; 45: 985-94. doi:
10.3892/ijo.2014.2529

8.

Chowdhury R, Webber JP, Gurney M, Mason MD, Tabi Z
and Clayton A. Cancer exosomes trigger mesenchymal stem
cell differentiation into pro-angiogenic and pro-invasive
myofibroblasts. Oncotarget. 2015; 6: 715-31. doi: 10.18632/
oncotarget.2711

9.

14. Turchinovich A, Weiz L, Langheinz A and Burwinkel B.
Characterization of extracellular circulating microRNA.
Nucleic Acid Research. 2011; 39: 7223-33. doi: 10.1093/
nar/gkr254
15. Arroyo JD, Chevillet JR, Kroh EM, Ruf IK, Pritchard
CC, Gibson DF, Mitchell PS, Bennett CF, PogosovaAgadjanyan EL, Stirewalt DL, Tait JF and Tewari M.
Argonaute2 complexes carry a population of circulating
microRNAs independent of vesicles in human plasma.
Proceedings of the National Academy of Sciences of the
United States of America. 2011; 108: 5003-8. doi: 10.1073/
pnas.1019055108
16. Hessvik NP, Sandvig K and Llorente A. Exosomal miRNAs
as biomarkers for prostate cancer. Frontiers in Genetics.
2013; 4: 36. doi: 10.3389/fgene.2013.00036
17. Keller S, Ridinger J, Rupp AK, Janssen JWG and Altevogt
P. Body fluid derived exosomes as a novel template for
clinical diagnostics. Journal of Translational Medicine.
2011; 9: 86. doi: 10.1186/1479-5876-9-86
18. Taylor DD and Gercel-Taylor C. MicroRNA signatures
of tumor-derived exosomes as diagnostic biomarkers of
ovarian cancer. Gynecologic Oncology. 2008; 110: 13-21.
doi: 10.1016/j.ygyno.2008.04.033
19. Stokowy T, Eszlinger M, Świerniak M, Fujarewicz K,
Jarząb B, Paschke R and Krohn K. Analysis options for
high-throughput sequencing in miRNA expression profiling.
BMC Research Notes. 2014; 7: 144. doi: 10.1186/17560500-7-144
20. Creighton CJ, Reid JG and Gunaratne PH. Expression
profiling of microRNAs by deep sequencing. Briefings in
Bioinformatics. 2009; 10: 490-7. doi: 10.1093/bib/bbp019
21. Mardis ER. Next-generation DNA sequencing methods.
Annual Review of Genomics and Human Genetics. 2008;
9: 387-402. doi: 10.1146/annurev.genom.9.081307.164359

Castellana D, Zobairi F, Martinez MC, Panaro MA,
Mitolo V, Freyssinet JM and Kunzelmann C. Membrane
microvesicles as actors in the establishment of a favorable
prostatic tumoral niche: A role for activated fibroblasts and
CX3CL1-CX3CR1 axis. Cancer Research. 2009; 69: 78593. doi: 10.1158/0008-5472.CAN-08-1946

22. Castellón EA, Valenzuela R, Lillo J, Castillo V, Contreras
HR, Gallegos I, Mercado A and Huidobro C. Molecular
signature of cancer stem cells isolated from prostate
carcinoma and expression of stem markers in different
Gleason grades and metastasis. Biological Research. 2012;
45: 297-305. doi: 10.4067/S0716-97602012000300011

10. Valadi H, Ekström K, Bossios A, Sjöstrand M, Lee JJ and
Lötvall JO. Exosome-mediated transfer of mRNAs and
microRNAs is a novel mechanism of genetic exchange
between cells. Nature Cell Biology. 2007; 9: 654-59.
doi:10.1038/ncb1596

23. Wang G, Wang Z, Sarkar FH and Wei W. Targeting
prostate cancer stem cells for cancer therapy. Discovery
Medicine. 2012; 13: 135-42.
24. Celià-Terrassa T, Meca-Cortés Ó, Mateo F, De Paz AM,
Rubio N, Arnal-Estapé A, Ell BJ, Bermudo R, Díaz A,
Guerra-Rebollo M, Lozano JJ, Estarás C, Ulloa C, et al.

11. Kowal J, Tkach M and Théry C. Biogenesis and secretion
of exosomes. Current Opinion in Cell Biology. 2014; 29:
116-25. doi: 10.1016/j.ceb.2014.05.004
www.impactjournals.com/oncotarget

4005

Oncotarget

Epithelial-mesenchymal transition can suppress major
attributes of human epithelial tumor-initiating cells. Journal
of Clinical Investigation. 2012; 122: 1849-68. doi: 10.1172/
JCI59218

35. Leite KRM, Sousa-Canavez JM, Reis ST, Tomiyama AH,
Camara-Lopes LH, Sañudo A, Antunes AA and Srougi M.
Change in expression of miR-let7c, miR-100, and miR-218
from high grade localized prostate cancer to metastasis.
Urologic Oncology. 2015; 29: 265-9. doi: 10.1016/j.
urolonc.2009.02.002

25. Merlo LMF, Pepper JW, Reid BJ and Maley CC. Cancer
as an evolutionary and ecological process. Nature Review
Cancer. 2006; 6: 924-35. doi:10.1038/nrc2013

36. Karagiannis GS, Schaeffer DF, Cho C-KJ, Musrap N,
Saraon P, Batruch I, Grin A, Mitrovic B, Kirsch R, Riddell
RH and Diamandis EP. Collective migration of cancerassociated fibroblasts is enhanced by overexpression of
tight junction-associated proteins claudin-11 and occludin.
Molecular Oncology. 2014; 8:178-95. doi: 10.1016/j.
molonc.2013.10.008

26. Nishida-Aoki N and Ochiya T. Interactions between cancer
cells and normal cells via miRNAs in extracellular vesicles.
Cellular and Molecular Life Sciences. 2015; 72: 1849-61.
doi: 10.1007/s00018-014-1811-0
27. Grange C, Tapparo M, Collino F, Vitillo L, Damasco
C, Deregibus MC, Tetta C, Bussolati B and Camussi
G. Microvesicles released from human renal cancer
stem cells stimulate angiogenesis and formation of lung
premetastatic niche. Cancer Research. 2011; 71: 5346-56.
doi: 10.1158/0008-5472.CAN-11-0241

37. Shiirevnyamba A, Takahashi T, Shan H, Ogawa H, Yano
S, Kanayama H, Izumi K and Uehara H. Enhancement of
osteoclastogenic activity in osteolytic prostate cancer cells
by physical contact with osteoblasts. British Journal of
Cancer. 2011; 104: 505-13. doi: 10.1038/sj.bjc.6606070

28. Liao J, Liu R, Yin L and Pu Y. Expression Profiling of
Exosomal miRNAs Derived from Human Esophageal
Cancer Cells by Solexa High-Throughput Sequencing.
International Journal of Molecular Sciences. 2014; 15:
15530-51. doi: 10.3390/ijms150915530

38. Li Q, Li Q, Nuccio J, Liu C, Duan P, Wang R, Jones LW,
Chung LWK and Zhau HE. Metastasis initiating cells in
primary prostate cancer tissues from transurethral resection
of the prostate (TURP) predicts castration-resistant
progression and survival of prostate cancer patients.
Prostate. 2015; 75: 1312-21. doi: 10.1002/pros.23011

29. Wang Y, Gao X, Wei F, Zhang X, Yu J, Zhao H and Sun
Q. Diagnostic and prognostic value of circulating miR-21
for cancer : A systematic review and meta-analysis. Gene.
2014; 533: 389-97. doi: 10.1016/j.gene.2013.09.038

39. Zhao E, Wang L, Dai J, Kryczek I, Wei S, Vatan L,
Altuwaijri S, Sparwasser T, Wang G, Keller ET and Zou W.
Regulatory T cells in the bone marrow microenvironment
in patients with prostate cancer. Oncoimmunology. 2012; 1:
152-61. doi: 10.4161/onci.1.2.18480

30. Ribas J, Ni X, Haffner M, Wentzel EA, Salmasi AH,
Chowdhury WH, Kudrolli TA, Yegnasubramanian S, Luo
J, Rodriguez R, Mendell JT and Lupold SE. miR-21: an
androgen receptor-regulated microRNA that promotes
hormone-dependent and hormone-independent prostate
cancer growth. Cancer Research. 2009; 69: 7165-9. doi:
10.1158/0008-5472.CAN-09-1448

40. Li X, Liu Y, Wu B, Dong Z, Wang Y, Lu J, Shi P, Bai
W and Wang Z. Potential role of the OPG/RANK/RANKL
axis in prostate cancer invasion and bone metastasis.
Oncology Reports. 2014; 32: 2605-11. doi: 10.3892/
or.2014.3511

31. Li T, Li R-S, Li Y-H, Zhong S, Chen Y-Y, Zhang C-M, Hu
M-M and Shen Z-J. miR-21 as an independent biochemical
recurrence predictor and potential therapeutic target for
prostate cancer. Journal of Urology. 2012; 187: 1466-72.
doi: 10.1016/j.juro.2011.11.082

41. Meng J, Zhang D, Pan N, Sun N, Wang Q, Fan J, Zhou
P, Zhu W and Jiang L. Identification of miR-194-5p as a
potential biomarker for postmenopausal osteoporosis. PeerJ.
2015; 3: e971. doi: 10.7717/peerj.971
42. Liang H, Fu Z, Jiang X, Wang N, Wang F, Wang X, Zhang
S, Wang Y, Yan X, Guan W, Zhang C-Y, Zen K, Zhang
Y, et al. miR-16 promotes the apoptosis of human cancer
cells by targeting FEAT. BMC Cancer. 2015; 15: 448. doi:
10.1186/s12885-015-1458-8

32. Reis S, Pontes-Junior J, Antunes A, Dall’Oglio M, Dip N,
Passerotti C, Rossini G, Morais D, Nesrallah A, Piantino
C, Srougi M and Leite KR. miR-21 may acts as an oncomir
by targeting RECK, a matrix metalloproteinase regulator,
in prostate cancer. BMC Urology. 2012; 12: 14. doi:
10.1186/1471-2490-12-14

43. Liu C and Tang DG. MicroRNA regulation of cancer
stem cells. Cancer Research. 2011; 71: 5950-4. doi:
10.1158/0008-5472.CAN-11-1035

33. Leite KRM, Tomiyama A, Reis ST, Sousa-Canavez JM,
Sañudo A, Camara-Lopes LH and Srougi M. MicroRNA
expression profiles in the progression of prostate cancer—
from high-grade prostate intraepithelial neoplasia to
metastasis. Urologic Oncology. 2013; 31: 796-801. doi:
10.1016/j.urolonc.2011.07.002

44. Feng J, Huang C, Diao X, Fan M, Wang P, Xiao Y, Zhong
X and Wu R. Screening biomarkers of prostate cancer by
integrating microRNA and mRNA microarrays. Genetic
Testing and Molecular Biomarkers. 2013; 17: 807-13. doi:
10.1089/gtmb.2013.0226

34. Carlsson J, Davidsson S, Helenius G, Karlsson M, Lubovac
Z, Andrén O, Olsson B and Klinga-levan K. A miRNA
expression signature that separates between normal and
malignant prostate tissues. Cancer Cell International. 2011;
11: 14. doi: 10.1186/1475-2867-11-14
www.impactjournals.com/oncotarget

45. Afshar AS, Xu J and Goutsias J. Integrative identification
of deregulated MiRNA/TF-mediated gene regulatory
loops and networks in prostate cancer. PLoS One. 2014; 9:
e100806. doi: 10.1371/journal.pone.0100806
4006

Oncotarget

46. Volinia S, Calin GA, Liu C-G, Ambs S, Cimmino A,
Petrocca F, Visone R, Iorio M, Roldo C, Ferracin M, Prueitt
RL, Yanaihara N, Lanza G, et al. A microRNA expression
signature of human solid tumors defines cancer gene
targets. Proceedings of the National Academy of Sciences
of the United States of America. 2006; 103: 2257-61. doi:
10.1073/pnas.0510565103

European Urology. 2015; 67: 33-41. doi: 10.1016/j.
eururo.2014.07.035
57. Bryant RJ, Pawlowski T, Catto JWF, Marsden G, Vessella
RL, Rhees B, Kuslich C, Visakorpi T and Hamdy FC.
Changes in circulating microRNA levels associated with
prostate cancer. British Journal of Cancer. 2012; 106: 76874. doi: 10.1038/bjc.2011.595

47. Dhar S, Hicks C and Levenson AS. Resveratrol and prostate
cancer: Promising role for microRNAs. Molecular Nutrition
& Food Research. 2011; 55: 1219-29. doi: 10.1002/
mnfr.201100141

58. Mitchell PS, Parkin RK, Kroh EM, Fritz BR, Wyman SK,
Pogosova-agadjanyan EL, Peterson A, Noteboom J, Briant
KCO, Allen A, Lin DW, Urban N, Drescher CW, et al.
Circulating microRNAs as stable blood-based markers for
cancer detection. Proceedings of the National Academy
of Sciences of the United States of America. 2008; 105:
10513-8. doi: 10.1073/pnas.0804549105

48. Scaggiante B, Dapas B, Bonin S, Grassi M, Zennaro C,
Farra R, Cristiano L, Siracusano S, Zanconati F, Giansante
C and Grassi G. Dissecting the expression of EEF1A1/2
genes in human prostate cancer cells: the potential of
EEF1A2 as a hallmark for prostate transformation and
progression. British Journal of Cancer. 2012; 106: 166-73.
doi: 10.1038/bjc.2011.500

59. Moltzahn F, Olshen AB, Baehner L, Peek A, Fong L,
Stöppler H, Simko J, Hilton JF, Carroll P and Blelloch
R. Microfluidic-based multiplex qRT-PCR identifies
diagnostic and prognostic microRNA signatures in the sera
of prostate cancer patients. Cancer Research. 2011; 71: 55060. doi: 10.1158/0008-5472.CAN-10-1229

49. Azuma-Mukai A, Oguri H, Mituyama T, Qian ZR, Asai K,
Siomi H and Siomi MC. Characterization of endogenous
human Argonautes and their miRNA partners in RNA
silencing. Proceedings of the National Academy of Sciences
U S A. 2008; 105: 7964-9. doi: 10.1073/pnas.0800334105.

60. Tavoosidana G, Ronquist G, Darmanis S, Yan J, Carlsson
L, Wu D, Conze T, Ek P, Semjonow A, Eltze E, Larsson
A, Landegren UD and Kamali-Moghaddam M. Multiple
recognition assay reveals prostasomes as promising plasma
biomarkers for prostate cancer. Proceedings of the National
Academy of Sciences of the United States of America.
2011; 108: 8809-14. doi: 10.1073/pnas.1019330108

50. Shen P, Sun J, Xu G, Zhang L, Yang Z, Xia S, Wang Y,
Liu Y and Shi G. KLF9, a transcription factor induced in
flutamide-caused cell apoptosis, inhibits AKT activation
and suppresses tumor growth of prostate cancer cells.
Prostate. 2014; 74: 946-58. doi: 10.1002/pros.22812

61. Castellón EA, Venegas K, Sáenz L, Contreras H and
Huidobro C. Secretion of prostatic specific antigen,
proliferative activity and androgen response in epithelialstromal co-cultures from human prostate carcinoma.
International Journal of Andrology. 2005; 28: 39-46. doi:
10.1111/j.1365-2605.2004.00509.x

51. Metzker ML. Sequencing technologies - the next generation.
Nature Reviews Genetics. 2010; 11: 31-46. doi: 10.1038/
nrg2626
52. Agaoglu FY, Kovancilar M, Dizdar Y, Darendeliler E,
Holdenrieder S, Dalay N and Gezer U. Investigation of
miR-21, miR-141, and miR-221 in blood circulation of
patients with prostate cancer. Tumor Biology. 2011; 32:
583-8. doi: 10.1007/s13277-011-0154-9

62. Crescitelli R, Lässer C, Szabó TG, Kittel A, Eldh M,
Dianzani I, Buzás EI and Lötvall J. Distinct RNA profiles in
subpopulations of extracellular vesicles: apoptotic bodies,
microvesicles and exosomes. Journal of Extracellular
Vesicles. 2013; 2. doi: 10.3402/jev.v2i0.20677

53. Zhang H-L, Yang L-F, Zhu Y, Yao X-D, Zhang S-L,
Dai B, Zhu Y-P, Shen Y-J, Shi G-H and Ye D-W. Serum
miRNA-21: elevated levels in patients with metastatic
hormone-refractory prostate cancer and potential predictive
factor for the efficacy of docetaxel-based chemotherapy.
Prostate. 2011; 71: 326-31. doi: 10.1002/pros.21246

63. Andrews S. FastQC A Quality Control tool for High
Throughput Sequence Data. http://www.bioinformatics.
babraham.ac.uk/projects/fastqc/
64. Institute B. Trim Galore. http://www.bioinformatics.
babraham.ac.uk/projects/trim_galore/

54. Shen J, Hruby GW, McKiernan JM, Gurvich I, Lipsky MJ,
Benson MC and Santella RM. Dysregulation of circulating
microRNAs and prediction of aggressive prostate cancer.
Prostate. 2012; 72: 1469-77. doi: 10.1002/pros.22499

65. Kozomara A and Griffiths-Jones S. MiRBase: Annotating
high confidence microRNAs using deep sequencing data.
Nucleic Acids Research. 2014; 42: D68-73. doi: 10.1093/
nar/gkt1181.

55. Nguyen HCN, Xie W, Yang M, Hsieh CL, Drouin S, Lee
GSM and Kantoff PW. Expression differences of circulating
microRNAs in metastatic castration resistant prostate cancer
and low-risk, localized prostate cancer. Prostate. 2013; 73:
346-54. doi: 10.1002/pros.22572

66. Langmead B, Trapnell C, Pop M and Salzberg SL. Ultrafast
and memory-efficient alignment of short DNA sequences to
the human genome. Genome Biology. 2009; 10: R25. doi:
10.1186/gb-2009-10-3-r25.

56. Huang X, Yuan T, Liang M, Du M, Xia S, Dittmar R,
Wang D, See W, Costello BA, Quevedo F, Tan W, Nandy
D, Bevan GH, et al. Exosomal miR-1290 and miR-375 as
prognostic markers in castration-resistant prostate cancer.
www.impactjournals.com/oncotarget

67. Friedländer MR, MacKowiak SD, Li N, Chen W and
Rajewsky N. MiRDeep2 accurately identifies known and
hundreds of novel microRNA genes in seven animal clades.

4007

Oncotarget

Nucleic Acids Research. 2012; 40: 37-52. doi: 10.1093/nar/
gkr688.
68. Quinlan AR and Hall IM. BEDTools: A flexible suite of
utilities for comparing genomic features. Bioinformatics.
2010; 26: 841-2. doi: 10.1093/bioinformatics/btq033.
69. Hofacker IL. RNA secondary structure analysis using the
Vienna RNA package. Current Protocols in Bioinformatics.
2004; Chapter 12: Unit 12.2. doi: 10.1002/0471250953.
bi1202s04.
70. Love MI, Huber W and Anders S. Moderated estimation of
fold change and dispersion for RNA-seq data with DESeq2.
Genome Biology. 2014; 15: 550. doi:10.1186/s13059-0140550-8.
71. Hsu S Da, Lin FM, Wu WY, Liang C, Huang WC, Chan
WL, Tsai WT, Chen GZ, Lee CJ, Chiu CM, Chien CH, Wu
MC, Huang CY, et al. MiRTarBase: A database curates
experimentally validated microRNA-target interactions.
Nucleic Acids Research. 2011; 39: D163-9. doi: 10.1093/
nar/gkq1107.
72. Lewis BP, Burge CB and Bartel DP. Conserved seed
pairing, often flanked by adenosines, indicates that
thousands of human genes are microRNA targets. Cell.
2005; 120: 15-20. doi:10.1016/j.cell.2004.12.035.
73. Vejnar CE, Zdobnov EM. MiRmap: Comprehensive
prediction of microRNA target repression strength. Nucleic
Acids Research. 2012; 40: 11673-11683. doi: 10.1093/nar/
gks901.

www.impactjournals.com/oncotarget

4008

Oncotarget

