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BACKGROUND. Docetaxel-resistance limits successful treatment of castration resistant
prostate cancer. We previously demonstrated that extracellular vesicles (exosomes) may play a
role in regulating docetaxel resistance. Here, we investigated intracellular and extracellular
(exosomal) miRNAs related to docetaxel resistance.
METHODS. Following global miRNA profiling of cell line models of docetaxel-resistance and
their corresponding exosomes, we investigated the clinical relevance of four selected miRNAs
(miR-598, miR-34a, miR-146a, miR-148a) in four publically available clinical cohorts represent-
ing both primary and advanced disease in tissue and urine specimens. One of these miRNAs,
miR-34a was selected for functional evaluation by miRNA inhibition and over-expression
in vitro. We further assessed the panel of miRNAs for their combined clinical relevance as a
biomarker signature by examining their common predicted targets.
RESULTS. A strong correlation was found between the detection of miRNAs in exosomes
and their corresponding cells of origin. Of the miRNAs chosen for further validation and
clinical assessment, decreased miR-34a levels showed substantial clinical relevance and so was
chosen for further analysis. Manipulating miR-34a in prostate cancer cells confirms that this
miRNA regulates BCL-2 and may, in part, regulate response to docetaxel. When combined,
these miRNAs are predicted to regulate a range of common mRNA targets, two of which
(e.g., SNCA, SCL7A5) demonstrate a strong relationship with prostate cancer progression and
poor prognosis.
CONCLUSIONS. This study supports the extracellular environment as an important source of
minimally invasive predictive biomarkers representing their cellular origin. Using miR-34a as
example, we showed that biomarkers identified in this manner may also hold functional relevance.
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INTRODUCTION

Increased release of prostate-specific antigen (PSA)
into circulation has been associated with the onset of
prostate cancer. For this reason, its detection in serum
has become a universal tool in screening for the
disease; particularly in combination with digital rectal
examination (DRE) [1]. The use of PSA as a prostate
cancer biomarker has faced some limitations [2] how-
ever, highlighting the need to identify more potential
biomarkers. Ideal biomarkers would be those that
could be obtained in a minimally invasive manner and
which could perhaps support PSA as a diagnostic,
ultimately aiding in earlier detection of prostate cancer
together with monitoring disease progression and
predicting treatment response.

Castration resistant prostate cancer (CRPC) refers to
prostate cancer that has progressed despite castrate
serum levels of testosterone [3] and is associated with
significant morbidity and mortality [4]. Docetaxel is
currently the first-line treatment for patients with
CRPC offering some improvement in overall survival
in comparison to other anti-cancer agents. Unfortu-
nately, many patients either do not respond or initially
respond but then relapse. The failure of taxanes to
increase survival beyond the median of 2.5 months
may be caused, at least in part, by multidrug resistance
(MDR) mechanisms protecting cancer cells against
cytotoxic drugs. MDR is frequently attributed with the
over-expression of one or several membrane transport-
er proteins that act as drug efflux pumps [5]. We have
previously shown that multidrug resistance protein 1
(MDR-1/P-gp) is over expressed in some docetaxel
resistant prostate cancer cell lines and their exo-
somes [6,7], although mechanisms independent of
MDR-1/P-gp expression are also responsible for doce-
taxel resistance [7].

Growing evidence supports the role of microRNAs
(miRNAs) as potential biomarkers for cancer. Their
post-translational regulation of gene expression has
implicated these short non-coding RNAs (approxi-
mately 18–25 nucleotides long) in a range of essential
biological activities [8]. Reports on the stability of
miRNAs in biological fluids have suggested their
latent use as minimally invasive biomarkers [8,9].
These miRNAs may be encapsulated into nano-sized
vesicles (known as exosomes) and secreted from cells
into the circulation [10]. Recently, studies indicate that
exosomal miRNA profiles can reflect their cells of
origin [11,12]. Furthermore, previous studies by our-
selves and others have demonstrated that exosomes
can transfer phenotypic traits from their cells of origin
onto secondary cells [6,13,14].

Here, we performed global miRNA profiling of
acquired resistant cell line models as representatives of

the clinical problem of docetaxel resistance in prostate
cancer. Our objective was to investigate their intracel-
lular and extracellular (cell-derived exosomes) miRNA
profile as a means of identifying potential clinically
relevant biomarkers for docetaxel response/resistance
in prostate cancer. Our study reports a direct correla-
tion between the detection of miRNAs in the cells and
corresponding exosomes of all cell lines assessed. Of
the four miRNAs (miR-598, miR-34a, miR-148a, and
miR-146a) identified in this manner, miR-34a was
found to have substantial clinical relevance and
manipulating its expression confirmed its functional
relevance. Considering all four microRNAs as a
biomarker signature, we found that a vast number
of predicted mRNA targets were common to two,
three, or all four of these miRNAs and that some
of these targets hold strong clinical relevance with
prostate cancer progression. Here, we conclude that
the extracellular environment is a significant source for
minimally invasive predictive biomarkers that can
represent their cells of origin and offer an important
starting point for biomarker discovery.

METHODS

Cell Lines andCell Culture

Prostate cancer cell lines, 22Rv1 (ATCC CRL-2505;
androgen-sensitive; from a primary human tumor),
DU145 (ATCC HTB-81; androgen-insensitive; from a
brain metastasis) and PC3 (ATCC CRL-1435; andro-
gen-sensitive; from bone metastasis) were purchased
from the American Type Culture Collection (ATCC).
All cells were maintained in RPMI medium (Sigma-
Aldrich, Arklow, Ireland) supplemented with 10%
fetal bovine serum (PAA), 1% L-Glutamine (Sigma-
Aldrich) and at 37°C/5% CO2. Docetaxel-resistant cell
line variants, 22Rv1RD, DU145RD, and PC3RD were
generated as previously described [6,7]. Age-matched
parent cells (22Rv1, DU145, and PC3) were maintained
in culture, unexposed to docetaxel, as controls for all
experiments.

Exosome Isolation From
ConditionedMedium

All cells were grown in RPMI medium supple-
mented with 5% of exosomes-depleted fetal bovine
serum (dFBS) (PAA), 1% L-Glutamine (Sigma-Aldrich)
and 1% penicillin/streptomycin (Invitrogen-Biosciences,
Dun Laoghaire, Ireland). FBS was depleted of exo-
somes by ultracentrifugation for 16 hr. Cells were
seeded at a density of 1�105 cells/75 cm2 flask (for
DU145 and PC3 variants) and 5� 105cells/75 cm2 flask
(for 22Rv1 variants). After allowing cells to attach
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over-night, medium was replaced and the cells were
cultured for three (DU145 cell lines) or five (22Rv1,
PC3 cell lines) days in the fresh medium; to approxi-
mately 80% confluency. Exosomes were subsequently
isolated from conditioned medium (CM) using meth-
ods that we recently described [6,13]. The resulting
isolates were resuspended in approximately 200ml
PBS and stored at �80°C for subsequent quantification
(using BioRad protein assay Dye Reagent) and for
inclusion in all analysis detailed. The corresponding
cells from which the conditioned media for exosomes
isolation was used were washed twice with PBS and
pelleted for subsequent analysis.

Transmission ElectronMicroscopy (TEM)

Exosomes isolated from conditioned media were
analyzed by electron microscopy as previously de-
scribed [15]. Briefly, approximately 10ml of exoso-
mes samples were placed on parafilm, in duplicate.
A 300mesh copper grid was placed on top of the drop
and allowed to stand for 45min. The copper mesh was
subsequently washed thrice in fresh phosphate buffer
for 5min each, fixed in 3% glutaraldehyde for 10min,
washed thrice for 5min each in dH2O and contrasted
in 2% uranyl acetate. Grids were then stored and
examined by electron microscopy at 100 kV using a
JEOL JEM-2100 electron microscope.

Immunoblotting

Total proteins were extracted using lysis buffer
(Invitrogen). Protein quantification of cells and exo-
somes was performed using BioRad protein assay
Dye Reagent (BioRad-Fannin Ltd, Dublin, Ireland).
Protein (50mg for cellular protein samples and 20mg
for exosomes samples) was separated on 7.5% SDS
gels for TSG101 and PDC6I/Alix and 12.5% gels
for BCL-2. Immunoblotting involved using the follow-
ing primary antibodies: PDC6I/Alix [16] (Abcam,
Cambridge, UK) and TSG101 [17,18] (Abcam), BCL-2
(Calbiochem-Millipore, Cork, Ireland), b-actin (Sigma-
Aldrich). Immobilon Western Chemiluminescent HRP
substrate (Millipore, Cork, Ireland) and a Bio-Rad
ChemiDoc system were used to visualize the protein
bands.

RNAIsolation of Cells and Exosomes

Total RNA was isolated from cells and correspond-
ing exosomes of all three docetaxel-resistant cell line
variants and respective aged-parent controls using the
miRNeasy mini kit (Qiagen Ltd, Manchester, UK)
according to manufacturer’s instructions but modified

to include the optimized Exiqon protocol for RNA
isolation using the miRNeasy kit from biological
fluids. Specifically this concerns the volume of QIAzol
(700ml for cells; 750ml for exosomes) and chloroform
(140ml for cell samples; 200ml for exosome samples)
used and the addition of an extra wash step with RPE
buffer.

GlobalmiRNAProf|ling of Cells and Exosomes

Taqman miRNA low density arrays (TLDA)
(Applied Biosystems -Biosciences, Dun Laoghaire,
Ireland) were selected as the platform for miRNA
profiling. It consists of two arrays: TLDA panel A and
panel B for the assessment of a total of 754 miRNA
assays. cDNA was prepared from 3ml RNA (that was
diluted to a constant amount for all cell line variants)
following TLDA RT protocol. cDNA (2.5ml) was
pre-amplified and then quantified using Applied Bio-
systems ViiA7 Real-Time PCR system. Global miRNA
profiling data was normalized to the mean of three
miRNAs (miR-618, miR-659, and miR-454) that were
found not to be significantly altered between the
resistant cell line variants and their respective parent
controls for both the cells and exosomes and so
deemed suitable as an endogenous control.

Validation of SelectedmiRNAsbyqPCR

Following global profiling, miRNAs selected for
further validation were based on the following criteria:
miRNAs significantly (P< 0.05) altered by �1.5-fold in
the cells and exosomes of at least two docetaxel-
resistant cell line variants compared to their aged-
matched drug-sensitive parent cell lines. cDNA was
prepared from 10 ng cell-derived and exosome-derived
total RNA, as we described previously [19]. miR-598
(Cat #4427975, ID: 001988, Applied Biosystems), miR-
148a (Cat #4427975, ID: 000470, Applied Biosystems),
miR-34a (Cat #4427975, ID: 000426, Applied Biosys-
tems), and miR-146a (Cat #4427975, ID: 000468, Ap-
plied Biosystems) were quantified using the cycle
threshold (CT) adjusting to the levels of miR-618
(Cat #4427975, ID: 001593, Applied Biosystems) which
showed no significant changes among cells and
exosomes of parent compared to the resistant cell
line variants and so deemed a suitable for data
normalization.

AssessmentofmiRNAExpression inClinical
Specimens FromPublically AvailableDatasets

As a means of selecting the most appropriate
miRNA to further evaluate for functional relevance,
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we assessed the clinical impact, of the four validated
miRNAs, using publically available datasets on the
gene expression omnibus. Of the datasets available,
the expression of these miRNAs were initially assessed
in clinically localized prostate cancer tissue (n¼ 21)
versus matched benign tissue (n¼ 21) (GSE36802). To
get an indication of the relevance of these miRNAs in
the extracellular setting, their expression was assessed
in urine samples from prostate cancer patients (n¼ 9)
versus patients with benign prostatic hyperplasia
(BPH) (n¼ 8) (GSE39314). To identify any association
between these miRNAs and more aggressive disease,
where information was available, patients with known
biochemical recurrence (BCR) following radical prosta-
tectomy (n¼ 30) was compared to those with non-
recurrence (n¼ 53) (GSE26247). Furthermore, these
four miRNAs were assessed in a cohort of patients
with metastases (n¼ 14) compared to either primary
disease (n¼ 99) or normal adjacent tissue (n¼ 28)
(GSE21036). An online software tool, MIRUMIR [20],
was used to predict the association between miR-34a
and overall survival from prostate cancer on the
GSE21036 dataset.

miRNAInhibition/mimicManipulation inCells

Docetaxel sensitive (PC3 and 22Rv1) cells were
transfected with miR-34a inhibitor (Cat #4464084, ID:
MH11030, Applied Biosystems) or miRNA inhibitor
negative control (Cat #4464076). These were used at a
final concentration of 30 nM and transfected using
lipofectamine 2000 (Invitrogen). Similarly, docetaxel
resistant (PC3RD and 22Rv1RD) cells were transfected
with miR-34a mimic (Cat #4464066, ID MC11030,
Applied Biosystems) or miRNA mimic negative con-
trol (Cat #4464058). For assessment of protein changes,
pellets of transfected cells were collected after 48 hr for
subsequent immunoblotting.

Assessing Effects ofmiR-34a^Regulated Cellular
Response toDocetaxel

Following transfection with miR-34a inhibitor,
miR-34a mimic or their relevant negative controls for
6 hr, cells were exposed to their approximate IC50

concentrations of docetaxel as we previously deter-
mined [6]. Following 48 hr incubation with docetaxel,
cell viability was assessed using acid phosphate
analysis [6].

miRNATarget Prediction andValidation in
Publically AvailableDatasets

The online prediction tool, miRWalk (http://www.
umm.uni-heidelberg.de/apps/zmf/mirwalk/index.

html) [21] was used to identify predicted mRNA
targets of selected microRNAs. Targets identified in a
minimum of five prediction programs on miRWalk for
each microRNA (miR-598, miR-34a, miR-146a, and
miR-148a) were then compared using Venn diagrams
(VENNY: An interactive tool for comparing lists with
Venn Diagrams. http://bioinfogp.cnb.csic.es/tools/
venny/index.html) to identify overlapping mRNA
targets in at least two, three, or all four miRNAs.
Complete lists of common predicted targets were
assessed for clinical relevance in whole blood speci-
mens from prostate cancer patients with advanced
castration resistant disease (n¼ 63) compared to those
with good prognosis (n¼ 31) in the publically avail-
able dataset (GSE37199). Targets demonstrating signif-
icant association with advanced CRPC in whole
blood specimens were then further evaluated in ano-
ther dataset (GSE16560) and investigated for their
association with patients’ survival using SurvExpres
(http://bioinformatica.mty.itesm.mx:8080/Biomatec/
SurvivaX. jsp).

Statistical Analysis

Statistical analysis was performed on Excel.
P-values were generated using Student’s t-tests, with
P< 0.05 considered as statistically significant. Results
are displayed as n¼ 3� SEM. GraphPad was used for
graph generation. Linear regression analysis and the
calculation of R2 was performed on GraphPad and
P-values were calculated based on deviation from
zero.

RESULTS

Characterization of Isolated ExtracellularVesicles

Extracellular vesicles, isolated from the conditioned
medium of all cell line variants, were assessed by
transmission electron microscopy to identify the pres-
ence of vesicles of approximately 100 nm in diameter
indicative of exosomes (Fig. 1A). TSG101 and PDC6I/
Alix proteins, considered to be important markers of
successful isolation of exosomes [22,23], were detected
by immunoblotting of isolates from the conditioned
medium of all cell line variants (Fig. 1B).

miRNAProf|ling of Docetaxel Resistant Cells
andCorresponding Exosomes

Global miRNA profiling of cells and exosomes of
the all docetaxel-resistant cell line variants (PC3RD,
DU145RD, and 22Rv1RD) and their respective age-
matched parent controls (PC3, DU145, and 22Rv1)
was performed for 754 miRNAs. All sets of samples
were run in biological triplicate. Taking a cut-off point
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of 35-cycle thresholds (CT), miRNAs detected <35CT

were considered as “present” where as those with
values >35CT were considered as “undetected.” The
mean distribution of miRNAs detected for all cell line
variants are shown in Figure 2A. Setting the total
number of miRNAs detected as an arbitrary one
hundred per cent, the corresponding percentages of
miRNAs detected in cells and exosomes are shown in
Table I. The average percentage of miRNAs detected
in cells of all cell line variants (with the exception of
PC3) was significantly greater (P< 0.01) compared to
exosomes (Table I). Furthermore, excluding any mi-

RNAs detected as common to both cells and exosomes,
the average percentage of miRNAs solely detected in
cells was significantly (P< 0.01) greater than that of
exosomes only (Table I). Interestingly, there was no
significant difference in the percentages of miRNAs
commonly detected in both cells and exosomes,
averaging to approximately 76.5% for all cell line
variants (Table I). Linear regression analysis on miR-
NAs detected (i.e., <35CT) in both cells and exosomes
indicated a significant (P< 0.0001) correlation for all
cell line variants (Fig. 2B); PC3 (R2¼ 0.8316), PC3RD
(R2¼ 0.8144), DU145 (R2¼ 0.8140), DU145RD (R2¼
0.7793), 22Rv1 (R2¼ 0.7325), 22Rv1RD (R2¼ 0.6897)
(Fig. 2B). Hierarchical clustering using normalized fold
changes for all biological replicates (denoted by R1,
R2, R3) of the three resistant cell line variants com-
pared to respective parent cell lines (PC3RD,
22Rv1RD, DU145RD) was performed. Clustering of
each cell line with its corresponding exosomes was
observed for all three resistant variant (PC3RD,
22Rv1RD, DU145RD) (Fig. 2C).

SelectionofmiRNAs forValidation

Following normalization of the global miRNA
profiling data, Venn diagrams were used to identify
key miRNAs—within cells and exosomes—that may
play an important role in docetaxel resistance. Taking
a cut-off point of 1.5-fold up- or down-regulated
expression in resistant cell line variants compared to
their parent cell lines, the common miRNAs (from the
three biological replicates) that were identified in cells
and exosomes were selected for further assessment.
The aim here was to identify both miRNAs common
to any given cell line variant and its exosomes, as well
as between all cell variants and exosomes. In this way,
a total of 12 miRNAs were identified as commonly
down-regulated in cells and exosomes in both
DU145RD and 22Rv1RD and 44 miRNAs in PC3RD
when compared to their respective age-parent control
cells and exosomes (Fig. 3A). Overall, one miRNAwas
found to be down regulated in cells and exosomes of
all three cell line variants and 6 other miRNAs were
identified as down-regulated in at least two of the
three cell line variants compared to age-parent control
cells and exosomes (Fig. 3A). The expression of these
seven decreased miRNAs in docetaxel-resistant cell
line variants compared to their sensitive parent cell
lines, as identified from the global profiling, is shown
in Figure 3B. Volcano plots demonstrating the spatial
expression of all miRNAs assessed is shown in
Figure 3C.

While a total of 84, 18, and 5 miRNAs were
commonly up-regulated in cells and exosomes of
PC3RD, DU145RD, and 22Rv1RD, respectively, there

Fig. 1. Exosome confirmation from conditioned media isolates.
(A) Transmission electron microscopy was performed to investi-
gate size and structure of exosomes; (B) Western blotting was
performed to assess the expression of common exosomes
markers (TSG101 and PDC6I/Alix) in isolates from PC3, DU145,
and22Rv1cell linevariants.
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TABLEI. Percentage andDistribution ofmicroRNAsDetected<35CT in all Cell LineVariants andExosomes

Cell line
Detected in

cells
Detected in
exosomes

Detected in
cells and exosomes

Detected in
cells only

Detected in
exosomes only

PC3 86.2 90.9 77.0 9.1 13.8
PC3RD 91.9 83.9 75.8 16.1 8.1
DU145 91.0 85.4 76.4 14.6 9.0
DU145RD 90.7 85.9 76.6 14.1 9.3
22Rv1 91.4 85.5 76.9 14.5 8.6
22Rv1RD 89.8 86.8 76.6 13.2 10.2

Average 90.2 86.4 76.5 13.6 9.8

Taking a cut-off point of 35-cycle thresholds (CT), miRNAs detected <35CT were considered as “present” where as those with values
>35CT were considered as “undetected.” Setting the total number of miRNAs detected as an arbitrary 100%, the corresponding
percentages of miRNAs detected in cells and exosomes are shown.

Fig. 2. miRNAprofiling of cells and exosomes from all cell line variants. (A) The presence of a miRNAwas taken at a set cut-off at 35CT,
thusmiRNAs detectedbelow 35CTwere considered as ‘‘present’’ where asmiRNAs detectedbeyond 35CTwere classified as ‘‘undetected.’’
The relevantmeandistribution ofmiRNAs detected in cells andexosomes for each cell linevariant is displayed. (B) Linear regression analysis
was performed to demonstrate the correlation between themeanCTvalues ofmiRNAs detected for cells and corresponding exosomes for
each cell linevariant. (C) Hierarchical clustering ofmiRNAexpression fold changes for docetaxel resistant cell lines (PC3RD,DU145RD, and
22Rv1RD)comparedto theirrespectiveage-parentcontrols (R1,R2,andR3denoteseachbiologicalreplicateperformed).
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were no miRNAs identified as commonly up-regulated
among the three cell line variants compared to their
age-parent control cells and exosomes (Fig. S1).

To confirm the results from global miRNA profiling,
four miRNAs found to be decreased in the cells and
exosomes of at least two of the three docetaxel-
resistant cell line variants were selected for validation
by qPCR. The expression of miR-598, miR-148a, miR-
34a, and miR-146a confirmed the same trends as
demonstrated in the global profiling (Table II).

TheClinical Assessmentof SelectedmiRNAs
Using Publically AvailableData Sets

In order to determine whether any of the four
selected miRNAs from the global profiling warranted
pursuing for functional assessment, we next assessed
if these miRNAs have significant associations in a
clinical setting. Using publically available datasets on
the gene expression omnibus and analyzing using
the GEO2R function, we assessed the expression of

Fig. 3. Assessment of miRNAs fold changes to identify potential miRNAs for further validation. (A) Venn diagrams were used to assess
themiRNAs thatweredown-regulatedgreater than1.5-foldin the cells andcorrespondingexosomesofdocetaxelresistantcell lines (PC3RD,
DU145RD, and 22Rv1RD) compared to their respective age-matched parent controls. (B) The expression of the seven most substantially
down-regulatedmiRNAs, as identified from the global miRNA profiling, is shown. (C) Volcano plots were used to demonstrate the spatial
expression of allmiRNAs assessed.The x-axis is presented in Log2 ratio of the fold change ofmiRNAdetection in resistant cell line variants
compared to their corresponding sensitive cell lines.The y-axis is the adjusted P-value based on �Log10.The higher the dot position above
the green line (representing P< 0.05) the more significant the miRNA fold change. Dots present to the left and right of the blue and red
vertical lines are fold changes greater than 1.5. Four miRNAs were selected for independent validation by qPCR as indicated on the
volcanoplots.
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miR-34a, miR-598, miR-148a, and miR-146a in a
number of patient cohorts (Fig. 4 and Fig. S2). miR-34a
was found to be significantly decreased (P< 0.05) in
prostate cancer tissue compared to matched benign
tissue (Fig. 4A (i)), while a significant increase
(P< 0.01) of miR-148a was observed (Fig. S2B (i)). No
significant difference in miR-598 or miR-146a was
observed (Fig. S2A(i) and C(i)). To investigate the
potential of our selected miRNAs to be used as
circulating and so minimally invasive biomarkers, we
examined their expression in urine samples from
patients with benign prostatic hyperplasia (BPH)
compared with patients with prostate cancer being
mindful that the numbers of specimens available was
limited. A trend towards (P¼ 0.069) decreased miR-
34a levels was observed in urine from prostate cancer
patients (Fig. 4A (ii)). miR-148a also showed significant-
ly decreased (P< 0.05) levels in urine from prostate
cancer patients compared to those with BPH whereas
the expression of miR-598 or miR-146a was not
significantly altered (Fig. S2A–C (ii)).

In respect to relevance of our selected miRNAs as
potential indicators of treatment response/failure,
we next assessed their expression in a dataset where
information of biochemical recurrence was available.
Biochemical recurrence, defined as a rise in serum
prostate-specific antigen (PSA) levels following radical
prostatectomy and/or radiation therapy, is considered
an indicator of more aggressive disease and predictive
of early treatment failure [24]. Here, we identified a
significant decrease of miR-34a expression (P< 0.05)

in a cohort of prostate cancer patients experiencing
biochemical recurrence compared to patients that had
no recurrence (Fig. 4A (iii)). Assessment of miR-598,
miR-148a, and miR-146a did not demonstrate any
significant discrimination between biochemical recur-
rence and non-recurrence (Figs. 2A–C (iii)).

As a final assessment of miRNA expression and
aggressive disease, we next examined tissue specimens
from patients with evidence of metastasis compared
to patients with primary localized prostate cancer
and also normal tissues. miR-34a was significantly
decreased in both primary (P< 0.01) and metastatic
(P< 0.01) disease compared to non-malignant tissue
(Fig. 4A (iv)). Furthermore, there was a significant
(P< 0.05) further decrease in miR-34a expression in
metastatic compared to primary disease. Assessment
of the other selected miRNAs (miR-598, miR-148a, and
miR-146a) displayed some significant alterations in
expression, although no consistent trend was observed
(Figs. S2A–C (iv)). Using an online tool (MIRUMIR) to
predict miRNA association with cancer survival, we
identified that low expression of miR-34a, while not
statistically significant (P¼ 0.075), tended towards
an association with poor survival in prostate cancer
(Fig. 4B).

Conf|rmationof the Functional
Relevance ofmiR-34a

Since, miR-34a demonstrated the most consis-
tent clinical relevance in the four cohorts of patient

TABLEII. miRNAs Selected forValidation forqPCR

Cells fold change (mean� SEM) P-value Exosomes fold change (mean� SEM) P-value

miR-598
22Rv1RD �2.08� 0.21 0.0001 �2.01� 0.42 0.0021
DU145RD �15.65� 4.9 0.0301 �15.62� 3.14 0.0061
PC3RD �95.5� 19.87 0.0086 �16.93� 6.42 0.0492

miR-148a
22Rv1RD �1.21� 0.5 0.0000 �2.39� 0.2 0.0001
DU145RD �8.32� 2.38 0.0172 �3.95� 1.06 0.0095
PC3RD �48.64� 3.97 0.0002 �9.93� 4.27 0.0626

miR-34a
22Rv1RD �7.80� 0.61 0.0001 �11.13� 0.85 0.0001
DU145RD �1.08� 1.12 0.1378 1.33� 0.3 0.3331
PC3RD �4.68� 1.71 0.0294 �5.69� 1.98 0.0278

miR-146a
22Rv1RD 2.14� 0.05 0.0000 3.06� 0.95 0.0953
DU145RD �54.42� 16.41 0.0279 �81.16� 13.42 0.0036
PC3RD �120.03� 97.5 0.2821 �72.65� 7.87 0.0007

Validation of miR-598, miR-148a, miR-34a, and miR-146a levels in cells and corresponding exosomes, by qPCR. Fold changes in
expression were calculated for all docetaxel resistant cell line variants (22Rv1RD, DU145RD, and PC3RD) compared to age-matched
parent controls (22Rv1, DU145, and PC3).
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specimens assessed, our final analysis was to further
assess the function of miR-34a in our prostate cancer
cell lines. Initially, using target prediction software and
followed by a literature survey, we focused on B-cell
Lymphoma 2 (BCL-2) as a potential target of miR-34a.
Assessment of basal BCL-2 expression did not show a
significant difference in PC3RD compared to its age-
matched parent cells; however, a significant increase

in BCL-2 expression was observed in 22Rv1RD com-
pared to 22Rv1 (P< 0.01) (Fig. 5A (i)). Inhibition of
miR-34a in both parent cell lines (PC3 and 22Rv1)
resulted in a significant (P< 0.01, P< 0.05) increase in
BCL-2 protein expression compared to BCL-2 levels
in negative control (NC) inhibitor transfected cells
(Fig. 5A (ii)). Conversely, mimicked expression of miR-
34a in docetaxel resistant PC3RD and 22Rv1RD cells
caused a significant reduction in BCL-2 expression
(P< 0.001, P< 0.01) compared to negative control
mimic transfected cells (Fig. 5A (iii)). As the innate
expression of BCL-2 was significantly increased in
22Rv1RD cells compared to 22Rv1 (where as no
significant difference was observed in PC3 compared
to PC3RD) we elected to use these cell line variants to
assess the effect of miR-34a on both proliferation and
response to docetaxel (Fig. 5B). In the presence of miR-
34a inhibitor compared to NC inhibitor, no significant
differences in the proliferation or response of 22Rv1 to
docetaxel were observed (Fig. 5B (i)). Interestingly,
while again no significant difference was observed on
the proliferation of 22Rv1RD, a significant (P< 0.01)
decrease in resistance to docetaxel in the presence of
miR-34a mimic compared to NC mimic was evident
(Fig. 5B (ii)).

Investigating the Prognostic and Predictive Power
ofMultipleTargetingofmiRNAs

While miR-34a was chosen for further functional
evaluation of its therapeutic potential as a single
biomarker, we next considered whether combinations
of miRNAs from our selected panel would hold
substantial power as a diagnostic/prognostic and/or
predictive signature in prostate cancer. Predicted
mRNA targets were identified from a minimum of five
programs on MiRWalk. These were subsequently
compared using Venn diagrams (Fig. 6A). The com-
plete list of mRNA targets identified common in at
least two, three or all four of the miRNAs (miR-598,
miR-34a, miR-146a, miR-148a) are shown in Table SI.
These common targets were assessed for their clinical
relevance in a publically available dataset (GSE31799)
comparing the gene expression profile in whole blood
from prostate cancer patients with advanced disease
(n¼ 63) compared to those with good prognosis
(n¼ 31). The most significantly changed mRNAs
identified (adjusted P< 0.05) are listed in Table SII.
Two of these mRNAs, SNCA (alpha-synuclein) and
SLC7A5 (solute carrier family 7-amino acid transporter
light chain, L system, member 5), are illustrated in
Figure 6B as being significantly increased in blood
specimens from patients with advanced castration
resistant disease. These targets further revealed a
significant association with poor prognosis for prostate

Fig. 4. Clinical assessment of miR-34a using publically available
datasets.Usingpublically available datasets on the gene expression
omnibus and analyzingusing theGEO2R function, we assessed the
expression ofmiR-34a in a number of patient cohorts. (A) (i) miR-
34a was found to be significantly decreased (P< 0.05) in prostate
cancer tissue compared to matched benign prostate tissue. (ii) A
trend towards decreased miR-34a levels was observed in urine
from prostate cancer patients compared to patients with benign
prostatichyperplasia (BPH). (iii)Hereweidentifieda significantde-
crease of miR-34a expression (P< 0.05) in a cohort of prostate
cancer patients experiencing biochemical recurrence (BCR) com-
pared to patients that had no recurrence (no BCR). (iv) miR-34a
was significantly decreased in both primary (P< 0.01) and meta-
static (P< 0.01) disease compared to non-malignant tissue. Fur-
thermore, there was a significant (P< 0.05) further decrease in
miR-34a in metastatic compared to primary disease. (B) Using an
online tool (MIRUMIR) to predict miRNA association with cancer
survival, we identified that low expression of miR-34a, while not
reaching statistical significance (P¼ 0.075), tended towards an
association with poor survival in prostate cancer. �P< 0.05,
��P< 0.01.
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cancer patients in the dataset GSE16505, as shown by
Kaplan–Meier survival curves (Fig. 6C).

DISCUSSION

While the first line treatment for castration resistant
prostate cancer (CRPC), docetaxel, has often demon-
strated initial success in improving overall survival;
innate and acquired resistance among patients is
continuing to be an immense problem in attempts to
circumvent the disease. Substantial findings to date
have implicated aberrant miRNA expression in cancer
initiation and progression [25,26] and, more recently,
the relevance of miRNAs regulating drug resistance

has also been reported [27]. Thus, the investigation of
miRNAs for use as diagnostic, prognostic and predic-
tive biomarkers for treatment response is now war-
ranted to advance this field. The detection of these
miRNAs in an extracellular environment offers the
prospect of a minimally invasive and easily attainable
biomarker for the clinic. Expanding research in the
quest to identify circulating (extracellular) biomarkers
has indicated that molecules such as miRNAs may be
actively secreted within exosomes and microvesicles
with the potential of being taken up into secondary
cells [28–30]. We have previously reported that exo-
somes derived from the conditioned media of doce-
taxel resistant cell lines can be up taken into secondary

Fig. 5. Mechanism of Action of miR-34a. (A) (i) Initial assessment of basal BCL-2 expression did not show a significant difference
in PC3RD compared to PC3; however, a significant increase (P< 0.01) in BCL-2 expression was observed in 22Rv1RD compared to 22Rv1.
(ii) Inhibition of miR-34a in parent cells (PC3 and 22Rv1) resulted in a significant (P< 0.01, P< 0.05) increase in BCL-2 protein expression
comparedtoBCL-2 levels innegative control (NC) inhibitor transfectedcells. (iii)Conversely,mimickedexpressionofmiR-34a inPC3RDand
22Rv1RD cells caused a significant reduction in BCL-2 expression (P< 0.001, P< 0.01) compared to NCmimic transfected cells. (B) (i) No
significant difference was observed on the proliferation or response of 22Rv1 to docetaxel in the presence of miR-34a inhibitor compared
toNC inhibitor. (ii)While no significant differencewas observed on the proliferation of 22Rv1RD, therewas however a significant (P< 0.01)
decreaseinresistance to docetaxel in thepresence ofmiR-34amimic compared toNCmimic. n¼ 3� SEM �P< 0.05, ��P< 0.01, ���P< 0.001.
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cells and induce a docetaxel resistance phenotype, at
least in part by the apparent transfer of proteins such
as MDR-1/P-gp [6]. To further explore the role of
exosomes in prostate cancer progression and docetaxel
resistance, here we elected to perform global miRNA
profiling of the cells and corresponding exosomes
from our panel of cell lines with acquired resistance to
docetaxel and their age-matched docetaxel sensitive
parent cells. Before miRNA profiling was performed,
the extracellular vesicles isolated from the conditioned
media of all cell line variants were assessed by TEM
for size and shape and for the expression of exosomal
proteins. The general size of the isolated vesicles for
all cell line variants was of approximately 100 nm
and taken together with the expression of exosome
markers TSG101 and PDC6I/Alix we confirmed the
presence of exosomes.

Initial assessment of our miRNA profiling data
identified that, of the total miRNAs detected in cells
and exosomes, approximately 75% were commonly
detected in both cells and exosomes of all cell line
variants. Linear regression analysis indicated a posi-
tive correlation between the miRNAs detected in all
cell lines and their corresponding exosomes. Further-
more, hierarchical clustering using relative fold
changes (i.e., the fold change of miRNA expression of
each docetaxel-resistant cell line variant compared to
its respective age-matched parent control) for all three
docetaxel-resistant cell lines clustered together with
their corresponding exosomes. This observation is in
keeping with that of researchers studying other cancer
types [11,12,28]. For example, in a panel of eight
miRNAs assessed, Taylor and Gercel-Taylor observed
a correlation between miRNA expression in tumors

Fig. 6. CombinedmRNAtargets formiR-598,miR-34a,miR-146a, andmiR-148a. (A)Venndiagramswereusedto assess the commonpre-
dicted targets for miR-598, miR-34a, miR-146a, andmiR-148a. (B) An example of two predictedmRNA targets: SNCA (predicted target
of miR-598, miR-34a, andmiR-148a) and SLC7A5 (predicted target of miR-598 andmiR-148a) that held significant association with whole
blood frompatients with CRPC compared to thosewith goodprognosis (GSE37199). (C) SNCA and SLC7A5 also demonstrated significant
associationwith survivalofprostatecancerpatientsin thepublicallyavailabledatasetGSE16560. �P< 0.05, ���P< 0.001.
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from patients with ovarian cancer compared to the
miRNA expression derived from the serum of the
same patients [28]. Furthermore, a strong correlation
between the expression of 12 miRNAs in non-small
cell lung cancer tumors and the levels of peripheral
blood–derived exosomal miRNAs has also been ob-
served [11]. More recently, Xiao et al. [12] performed
global mRNA and miRNA profiling on melanoma
cells (A375) and human epidermal melanocyte cells
(HEMa-LP) and their corresponding exosomes; dem-
onstrating a strong correlation between RNA in each
cell line and its exosomes [12]. Taken together our data
suggests that exosomal miRNA expression in this
prostate cancer setting does, in fact, strongly reflect
that of their cells of origin; similar to that reported in
other cancer types. This supports the potential use of
exosomes derived from biological fluids as a source of
biomarkers that may be easily attained with minimal
invasion and yet likely to be representative of the
clinical situation. Some studies have suggested that
exosomal miRNAs are selectively secreted or retained
by cells and that their miRNA expression does not
reflect the cells of origin [31,32]; while this is not the
primary observation of this study, we cannot solely
exclude the fact that some miRNAs may be detected at
higher levels in the cells compared to exosomes and
vice versa. The objective of this study, however, was to
focus on miRNAs that had similar intracellular and
extracellular profiles with the development of doce-
taxel resistance as a means of identifying potential
biomarkers representative of the cellular phenotype.

As detailed above, we selected four miRNAs for
further evaluation based on our profiling data. Specifi-
cally, we selected miR-598 for validation by qPCR
and assessment in clinical data sets as it was down
regulated in all three docetaxel resistant cells and
exosomes compared to their respective age-matched
controls and has never previously been associated
with prostate cancer or drug resistance suggesting
that this miRNA may be novel to docetaxel resistance
in prostate cancer. We also selected miRNAs that
had previous associations with either prostate cancer
and/or drug resistance. miR-146a and miR-148a, both
of which were decreased in the cells and exosomes of
at least two of the three cell line variant pairs assessed,
have previously been associated with prostate can-
cer [33–37] and also drug resistance [36,38–40]. Our
fourth miRNA selected for validation was miR-34a.
miR-34a’s association with prostate cancer [41–43] and
drug resistance [44–47] has previously been reported
and here we found it to be decreased in both cells and
exosomes of two (i.e., 22Rv1RD and PC3RD) out of
three docetaxel resistant cell lines. Our subsequent data
mining from clinical specimens indicated that miR-34a
was the most consistently deregulated miRNA in all

clinical cohorts assessed. Specifically, miR-34a was
significantly decreased in prostate cancer versus nor-
mal tissues; in biochemical recurrence versus non-
recurrence tissue and in metastatic versus primary
disease prostate tissue. Interestingly miR-34a demon-
strated a decreased trend in urine from prostate cancer
patients compared to those with BPH. This observa-
tion suggests the clinical relevance of extracellular
miR-34a although, admittedly, future studies using
larger cohorts of patients are necessary to confirm this
suggestion. None of the other three miRNAs showed
the same level of consistency and/or significant trends
in all four of the clinical cohorts assessed; therefore,
our subsequent studies assessed the functional
relevance of miR-34a.

The overall focus of this article, was not to concen-
trate solely on the function of specific miRNAs, but
rather to investigate the importance of the extracellular
environment as a source of predictive biomarkers.
In this case particularly, we examined the extracellular
vesicle (exosomal) fraction as a means of identifying
biomarkers representative of their cells of origin and
that potentially could be obtained in a minimally
invasive manner if to be used in the clinic. Never-
theless, to confirm that miR-34a for example, has
potential as an important biomarker, identified both
extracellularly as well as intracellularly, we advanced
this study to include some basic in vitro functional
analyses.

Online target prediction software identified B-Cell
Lymphoma 2 (BCL-2) mRNA to be a target of miR-
34a. Mining the literature, we established that studies
using other cell lines or in other cancer types have also
suggested an association between miR-34a with BCL-2
regulation; thus we elected to assess its relevance
here [45,47,48]. We confirmed BCL-2 as a target of
miR-34a, by manipulating miR-34a expression in our
parent and docetaxel resistant cell lines and sub-
sequently assessing BCL-2 levels. Specifically, upon
inhibition of miR-34a in sensitive parent cells (PC3 and
22Rv1) we observed an increase in BCL-2 expression,
whereas mimicking miR-34a expression in docetaxel-
resistant cells (PC3RD and 22Rv1RD) resulted in
decreased BCL-2 expression. Several reports have
indicated an association between increased BCL-2
expression and drug resistance [48–51]. In fact, miR-
34a regulation of BCL-2 has previously been reported
to attenuate paclitaxel resistance in acquired paclitaxel
resistant prostate cancer cells [47]. More recently, miR-
34a has been shown to induce sensitivity to sorafenib
in hepatocellular carcinoma cell lines by inhibiting
BCL-2 expression [48], while in vitro and in vivo
models of multiple myeloma indicate that the use of
synthetic miR-34a mimics can down regulate BCL-2
expression [52]. The association between miR-34a
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targeting BCL-2 and regulating docetaxel-resistance in
breast cancer has also been reported, although the
authors in the breast cancer study found that miR-34a
was elevated with docetaxel resistance [45]. Although
this observation in breast cancer conflicts with the
findings of our study, the other majority of studies
support miR-34a being decreased with drug resistance
and/or to negatively regulate BCL-2 [44,46–48,52–54].
Here, we found that, while inhibition of miR-34a in
22Rv1 cells did not induce docetaxel resistance, intro-
ducing miR-34a into docetaxel-resistant 22Rv1RD cells
conferred a level of sensitivity and so enhanced the
cytotoxic effects of docetaxel.

The final analysis of this study was to consider the
four selected miRNAs (miR-598, miR-34a, miR-146a,
and miR-148a) as a potential biomarker signature.
Interestingly, we identified a vast number of com-
monly predicted targets for two, three, or all four of
the miRNAs assessed. Furthermore, several of these
predicted targets demonstrated significant clinical
relevance in whole blood specimens of patients with
CRPC compared to patients with good prognosis
(indicative of a minimally invasive biomarker option).
Two of these mRNA targets of significance, SNCA
(predicted target of miR-34a, miR-598, and miR-148a)
and SLC7A5 (predicted target of miR-598 and miR-
148a), were also found to be significantly associated
with poor prognosis in prostate cancer patients. The
two predicted targets demonstrated as examples in
this study have previously been associated with
several cancer types and other pathological conditions.
This suggests that the exosomal miRNAs predicted to
regulate expression of those genes may hold clinical
importance. SNCA has been widely associated with
Parkinson’s disease and its expression in cancer has
also been reported [55–58]. Furthermore, SLC7A5 has
previously been associated with both prostate cancer
progression [59,60] and other cancer types [61–64]. The
strong indication from publically available datasets
and in literature that the predicted targets identified
from this miRNA signature holds substantial relevance
in cancer further supports the importance of the panel
of miRNAs identified in this study.

In conclusion, we have identified a panel of miRNAs
that are commonly down-regulated in both the cells
and exosomes of acquired docetaxel-resistant prostate
cancer cell lines. To the best of our knowledge this is
the first study to perform global miRNA profiling of
both cells and corresponding exosomes in the setting of
docetaxel-resistance in prostate cancer and to identify a
strong correlation between miRNAs detected in the
cells and exosomes of all six cell line variants used in
this study. Furthermore, the clinical evaluation of our
chosen miRNAs supports the relevance of miR-34a in
particular with prostate cancer incidence and progres-

sion. The observed decreased expression of miR-34a
with biochemical recurrence also suggests its relevance
as an indicator of potential early treatment failure. The
detection and corresponding decrease of miR-34a in
urine from prostate cancer patients compared to
patients with BPH suggests its potential as a minimally
invasive biomarker although larger patient numbers
are necessary to confirm this. Our functional analysis
indicates that miR-34a may have a role in influencing
cell response to docetaxel in prostate cancer cells, at
least partly by its regulation of anti-apoptotic BCL-2.
Finally, this study also demonstrates that when consid-
ered for their combined relevance, the panel of mi-
RNAs identified in this study may regulate many
important mRNAs (such as those discussed in this
study among others) that hold substantial clinical
association with prostate cancer and, indeed, other
cancer types. Leveraging from this body of work, more
extensive analyses of serum exosomes including—but
not limited to—their miR-34a content, in larger cohorts
of patients together with those under-going docetaxel
treatment are now warranted.
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