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Abstract

Background: Systematic approaches to functionally identify key players in microRNA
(miRNA)-target networks regulating prostate cancer (PCa) proliferation are still missing.
Objective: To comprehensively map miRNA regulation of genes relevant for PCa proliferation
through phenotypic screening and tumor expression data.
Design, setting, and participants: Gain-of-function screening with 1129 miRNA molecules was
performed in five PCa cell lines, measuring proliferation, viability, and apoptosis. These results
were integrated with changes in miRNA expression from two cohorts of human PCa
(188 tumors in total). For resulting miRNAs, the predicted targets were collected and analyzed
for patterns with gene set enrichment analysis, and for their association with biochemical
recurrence free survival.
Outcome measurements and statistical analysis: Rank product statistical analysis was used to
evaluate miRNA effects in phenotypic screening and for expression differences in the prostate
tumor cohorts. Expression data were analyzed using the significance analysis of microarrays
(SAM) method and the patient material was subjected to Kaplan-Meier statistics.
Results and limitations: Functional screening identified 25 miRNAs increasing and 48 miRNAs
decreasing cell viability. Data integration resulted in 14 miRNAs, with aberrant expression and
effect on proliferation. These miRNAs are predicted to regulate>3700 genes, of which 28 were
found up-regulated and 127 down-regulated in PCa compared with benign tissue. Seven
genes, FLNC, MSRB3, PARVA, PCDH7, PRNP, RAB34, and SORBS1, showed an inverse association
to their predicted miRNA, and were identified to significantly correlate with biochemical
recurrence free survival in PCa patients.
Conclusions: A systematic in vitro screening approach combined with in vivo expression and
gene set enrichment analysis provide unbiased means for revealing novel miRNA-target links,
possibly driving the oncogenic processes in PCa.
Patient summary: This study identified novel regulatory molecules, which impact on PCa

ber
or t

sociation of Urology. Published by Elsevier B.V. All rights reserved.
proliferation and are a
nodes with potential f

# 2015 European As
1 Previous affiliation.
* Corresponding author. Ins
for Molecular Medicine, Bio
Helsinki, Finland. Tel. +358
E-mail address: anna.aakul

http://dx.doi.org/10.1016/j.eururo.2015.09.019
0302-2838/# 2015 European Association of Urology. Published by Elsevier
rantly expressed in clinical tumors. Thus, our study reveals regulatory
herapy.
titute for Molecular Medicine Finland (FIMM), Nordic EMBL Partnership
medicum Helsinki 2U (D301b), P.O. Box 20 (Tukholmankatu 8), FI-00014
400828256.

a@fimm.fi (A. Aakula).

B.V. All rights reserved.

http://dx.doi.org/10.1016/j.eururo.2015.09.019
mailto:anna.aakula@fimm.fi
http://crossmark.crossref.org/dialog/?doi=10.1016/j.eururo.2015.09.019&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.eururo.2015.09.019&domain=pdf
http://dx.doi.org/10.1016/j.eururo.2015.09.019


E U R O P E A N U R O L O G Y 6 9 ( 2 0 1 6 ) 1 1 2 0 – 1 1 2 8 1121
1. Introduction

There is an urgent need to widen our understanding of

prostate cancer (PCa) proliferation and signaling mecha-

nisms beyond androgen regulation. The cost of PCa
[(Fig._1)TD$FIG]

Fig. 1 – Functional microRNA (miRNA) screen for identification of effect on pro
transfected with 1129 precursor miRNA molecules in 384-well plates for 72 h.
content of cells was measured directly from plates, whereas for reverse-phase
onto nitrocellulose covered glass slides. Ki67 and cPARP protein levels were m
with Sypro Ruby stain. Hits were analyzed as previously described by ranking
ranking miRNAs having parallel effects on CTG and Ki67 and opposing effects
bottom box 48 miRNAs decreasing cell growth. (C) Eight of the miRNAs decrea
following the effect on growth in Incucyte ZOOM live content imager, where c
using human miRNA precursors and a pre-miR negative control (Scr), as well a
plates. Growth curves are representative growth curves, of the average of thre
treatment is a significant burden to our society and despite

the recent advent of many new drugs, the metastatic

progression of PCa remains a clinical challenge [1–4].

MicroRNAs (miRNAs) have the ability to target many

genes, also within the same pathway, making them central
state cancer (PCa) cell proliferation. (A) PCa cell lines were reverse-
CellTiter-Glo (CTG) luminescence measure for adenosine triphosphate-
protein array analyses cells in parallel plates were lysed and printed
easured with specific antibodies and general protein content of lysates
(false discovery rate q-value < 0.01) [6]. (B) Heat map displaying all top
on cPARP. Top box denotes 25 miRNAs increasing cell growth and
sing proliferation (marked with blue arrows in B) were validated by
onfluence was imaged every hour. Cells were transiently transfected
s with siPLK1 as positive control. The cells were grown on 24-well

e independent experiments.
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regulatory nodes. In PCa, altered miRNA regulation has been

shown to contribute to progression and endocrine resistance

[5]. We have previously identified 13 miRNAs targeting the

androgen receptor (AR) [6] and shown that miR-183,

regulates the diagnostic biomarker prostate-specific antigen

(PSA) [7]. Aberrant miRNA expression and specific miRNA

signatures have been identified by many groups, demon-

strating the involvement of miRNAs in the pathophysiology

of PCa [8–11]. High-throughput approaches to assess miRNA

function have, however, remained less common.

Here, we combined systematic functional screening with

in vivo expression to identify key players of PCa prolifera-

tion that could be clinically valuable. Our study identified

73 miRNAs with an effect on the growth of PCa cells and

characterized the potential miRNA-target network with

aberrant expression in tumor samples. MiR-19a, miR-32,

miR-124a, miR-130b, miR-148a, and miR-583 were identi-

fied as potential regulators of FLNC, MSRB3, PARVA, PCDH7,

PRNP, RAB34, and SORBS1. The aberrant expression of these

genes was significantly associated with biochemical recur-

rence free survival of 140 PCa patients.
[(Fig._2)TD$FIG]

Fig. 2 – Integration of microRNA (miRNA) effect on proliferation with prostate
with miRNAs having changed expression in tumor cells versus normal cells, w
cPARP, and Ki67). On both expression data sets, Erasmus University Medical Ce
[15], we performed significance analysis of microarrays, after which the fold c
screening results were ranked (FDR q-value < 0.1, maximum permutation-base
combined (FDR q-value < 0.05). Red and blue colors (left panel) denote increas
displays expression values. Red and green denotes increased and decreased ex
respectively (EMC; PCa n = 50 and normal n = 11, and MSKCC; PCa n = 99 and n
2. Materials and methods

2.1. Cell culture

Cells were cultured according to the provider’s recommendations and as

previously described, for less than 4 mo prior to experiments [6].
2.2. Functional screening and data analysis

Functional screening using well-based viability and reverse-phase

protein array readouts were performed as previously described [6,12].

Briefly, the cells were reverse-transfected with 20 nM human pre-miR

miRNA Precursor library v2 (Ambion Inc., Austin, TX, USA, 319 molecules)

and miRIDIAN microRNA Mimic library v10.1, (Dharmacon, CO, USA,

810 molecules). Viability was measured using CellTiter-Glo (CTG)

(Promega Corp, Madison, WI, USA). Ki67 and cPARP protein levels were

detected with primary antibodies (no. M7240, Dako, Glostrup, Denmark

and no. ab32064, E51 Abcam, Cambridge, UK, respectively). Raw data

were normalized and analyzed as previously described, false discovery

rate (FDR) q-value cut-off <0.01 [6]. Eight miRNAs were validated using

Incucyte ZOOM live cell imaging upon miRNA overexpression, as

previously described in [23]..
tumor miRNA expression. To integrate miRNAs affecting proliferation
e combined miRNA expression with our functional read-outs (CTG,
nter (EMC) [14] and Memorial Sloan Kettering Cancer Center (MSKCC)

hanges were ranked [false discovery rate (FDR) q-value < 0.05]. Also, the
d p-value < 0.0124), after which the ranks from each data type were
ed and decreased proliferation, respectively. The right most panel
pression in primary prostate tumors compared with benign tissue,
ormal n = 28).
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2.3. Integration of miRNA functional screening with tumor

miRNA expression analyses

First, the screening results were ranked by rank product q-value <0.1,

using 100 rounds of gene-row/sample-column permutations [13]. In this

analysis, unidirectional statistical testing was carried out after the signs

for cPARP measurements were reversed (x’ = -1*x). This approach was

used to find miRNAs having parallel effects on CTG and Ki67, with

opposing effects on cPARP in all five PCa cell lines.

The miRNA expression data were obtained from: (1) Erasmus

University Medical Center (EMC; primary PCa n = 50, normal n = 11)

[14]; and (2) Memorial Sloan Kettering Cancer Center (MSKCC; primary

PCa n = 99, normal n = 28) [15]. These have previously been published in

the ArrayExpress database with accession number E-TABM-794 and in the

Gene Expression Omnibus with accession number GSE21032/GSE21036,

respectively. The expression values underwent quantile normalization

(using the R/Bioconductor limma package) and subsequently significance

analysis of microarrays to define miRNAs with similar expression

differences between tumor and normal in both data sets. Permutation

based significance analysis, using sample-level permutations, was carried

out within blocks defined by each study, FDR cut-off <0.05.

For integration, functional screening data was combined with the

miRNA expression data using 100 permutation replicates and with

an FDR q-value cut-off <0.05. In combining the results to produce

a single list of differentially expressed and functionally active

miRNAs, each individual cut-off was applied together (ie, each

miRNA was required to pass three cut-offs to be selected for further

characterization).

2.4. Expression analyses of predicted miRNA targets in prostate

tumor material

A list, of >3700 predicted miRNA target genes, was collected using

TargetScan 5.2 for the 14 miRNAs from the integration analysis. The

predicted target genes were ranked according to their differential

expression ratio in cancer versus normal (n = 127) [15]. Next, gene set

enrichment analysis (GSEA) (MSigDB, C2, C5, and C6 gene sets, v4.02,

Broad Institute, Cambridge, MO, USA) was performed on aberrantly

expressed target genes to identify the most significantly enriched and

depleted mRNA signatures, at a FDR q-value cut-off <0.01. The GSEA

identified genes were further analyzed using Gene Ontology database

(released June 06, 2015).

2.5. Kaplan-Meier analyses to identify the clinically relevant

miRNA targets

To assess the clinically relevant miRNA-target data, biochemical relapse

free survival data on 140 samples from MSKCC was downloaded from

cBioPortal and survival analysis was performed with R statistical

software [15]. For each target/miRNA the data was stratified into two

groups based on the 50th quartile. Levels of statistically significance

were set at log-rank p < 0.05.

3. Results

3.1. Gain-of-function screening identifies miRNAs impacting on

PCa cell proliferation

To systematically analyze the effect of miRNA overexpres-

sion on the viability and proliferation, functional screening

using a total of 1129 miRNA mimics in five PCa cell lines

(22Rv1, CWR-1R, LAPC4, LNCaP, MDA-PCa-2b) was per-

formed (Fig. 1A). Our analysis focused on finding miRNAs,

which inhibited cell viability (CTG), and proliferation (Ki67),
and induced apoptosis (cPARP) in all cell lines. The results

showed 25 miRNAs which increased, and 48 miRNAs which

decreased cell growth (Fig. 1B). The rank of each miRNA are

shown in Supplementary Table 1. From this, it is evident that

miR-634 was the most efficient in decreasing proliferation

and miR-148a/b in increasing proliferation. Eight growth

decreasing miRNAs were validated, by measuring the

confluence of the cells every hour post-miRNA overexpres-

sion in 22Rv1 and LNCaP cells. MiR-634 was most effective,

but also miR-195, miR-497, and miR-876-3p reduced growth

in both cell lines (Fig. 1C). Furthermore, miR-644 and miR-

654-5p affected growth of LNCaP cells.

3.2. Integration of miRNAs influencing proliferation with

miRNA expression in PCa tumor tissue

To identify the potentially clinically relevant miRNAs from

our functional screen, these results were integrated with

miRNA expression data from PCa tumors. Our hypothesis

was that miRNAs increasing cell proliferation would be up-

regulated in PCa tumors, whereas miRNAs decreasing

proliferation would be down-regulated in tumor tissue.

Tumor miRNA expression data were obtained from two

publicly available datasets, EMC [14] and MSKCC [15], from

which primary PCa tumors were compared with benign

prostate tissue. A summary of the clinical characteristics for

the study cohorts is available in Supplementary Table 2.

Integration of functional screening and miRNA expression

was done based on rank (Supplementary Table 3). The

integration resulted in 14 miRNAs (unique sequences), miR-

7, miR-19a, miR-32, miR-124a, miR-129-3p, miR-130b,

miR-133b, miR-135b, miR-148a, miR-556, miR-583, miR-

876-3p, miR-886, and miR-1226 that influence proliferation

of PCa cells and display the expected change in expression

in tumors (Fig. 2).

3.3. Expression analyses to find relevant miRNA targets

To study how and through which pathways these 14 miR-

NAs regulate proliferation we analyzed their potential

target gene expression in cell lines and tumor samples. First,

to identify putative targets we used the target prediction

algorithm TargetScan and listed the >3700 predicted target

genes (Supplementary Table 4). Figure 3A shows the overall

number of predicted gene targets per miRNA. Next, we

calculated the mRNA fold change of these targets in

primary PCa tumors compared with benign tissue (right

most panel, Supplementary Table 4) [15]. Figure 3B shows

the number of the potential target genes with a changed

expression per miRNA where, the red or green color

indicates up-regulation or down-regulation, respectively.

Figure 3C lists the top changers for the 14 miRNAs.

Expression fold change analysis was furthermore carried

out in cell lines, (Supplementary Table 5 and Supplementa-

ry Figure 1). The overlap of putative target genes with a

changed expression in cell lines and tumors is limited. Only

15 of the genes were the same and thus, we continued our

studies with the genes showing an altered expression in PCa

patient samples.
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Fig. 3 – Expression analyses to find relevant microRNA (miRNA) target genes. To identify the relevance of the miRNAs influencing proliferation in cell
lines and with a changed expression in prostate cancer (PCa) samples, we searched for their potential target genes. TargetScan was utilized to predict
potential target genes for the top 14 miRNAs identified by integration. (A) The number of predicted target genes per miRNA is displayed in the graph.
(B) The number of predicted targets genes that also are differentially expressed (up in red, and down in green) in PCa patient samples (Memorial
Sloan Kettering Cancer Center) [15]. (C) The top genes with a changed expression [15]. FC (PCa vs N) denotes the expression change, where green
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In order to elucidate the function of the aberrantly

expressed genes and to focus on the most prominent

expression patterns, we performed GSEA. We identified

>100 negatively enriched gene sets, and 20 positively

enriched genes sets, and the top 10 of these gene sets are

shown in Figure 3D. The most commonly identified genes

(58) in the gene sets are presented in Figure 3E. Gene

Ontology analysis identified 19 genes linked to localization

regulation, 29 genes localized to the cell periphery, and

12 genes to cytoskeletal binding.

3.4. The impact of the top recognized genes on biochemical

relapse free survival

Next, to explore the clinical value of the identified miRNA-

gene pairs, we performed Kaplan-Meier analyses of the top

genes that were shared between the gene sets identified by

GSEA (Supplementary Table 6). To give a comprehensive

view of the connections with putative clinical value, arising

from our integrated analysis and the expression of their

predicted targets, we visualized them in a network

(Fig. 4A). Triangles display miRNAs with changed expres-

sion, whereas red or green squares denote increased or

decreased target mRNA expression, respectively. MiR-7-1,

miR-566, miR-886-3p, and miR-1226 are not included in

the network because they were predicted to target only a

few mRNAs with a changed expression.

A highly significant (p < 0.01) link to biochemical relapse

free survival was observed for nine genes: filamin C gamma

(FLNC), methionine sulfoxide reductase B3 (MSRB3), parvin

alpha (PARVA), protocadherin 7 (PCDH7), prion protein

(PRNP), RAB34 member RAS oncogene family (RAB34), and

sorbin SH3 domain containing 1 (SORBS1), solute carrier

family 14, member 1 (SLC14A1), and snail family zinc finger

2 (SNAI2). Seven of these genes are negatively associated

with their putative miRNA regulator (Fig. 4B). Furthermore,

we analyzed the 14 miRNAs for their effect on the time to

PSA increase or biochemical relapse. MiR-130b was the only

miRNA with a significant association with survival

(p = 0.004) (Fig. 4C). Thus, miR-130b and its putative target

PARVA may form a pair that regulates key biological

processes that associate with aggressive disease as evident

from biochemical relapse free survival in PCa patients.

4. Discussion

Here we performed miRNA high-throughput overexpres-

sion screening in PCa cell lines and miRNA expression

analyses in clinical PCa tumors. We studied the relationship

of miRNAs to aberrantly expressed predicted target genes,

as well as analyzed their association with biochemical

relapse free survival of patients.

We identified altogether 73 miRNAs that either en-

hanced or inhibited growth in all the five PCa cell lines
indicates decreased expression whereas red indicates increased expression. Th
predicted to regulate the genes according to TargetScan are also indicated. (D)
enrichment analysis (MSigDB, C2, C5, and C6 gene sets, v4.02, Broad Institute) t
q-value cut-off < 0.01. The top 10 gene sets with overlapping genes for up-regu
down-regulated predicted miRNA target genes most frequently identified in th
FC = fold change; FDR = false discovery rate; miRNA = microRNA; N = normal; PC
screened. Seven miRNAs, miR-7, miR-19a, miR-32, 130b,

miR-148a, miR-566, and miR-583 increased the growth in

cell lines and were up-regulated in PCa samples, whereas

seven miRNAs miR-124a, miR-129, miR-133b, miR-135b,

miR-876, miR-886, and miR-1226 decreased the growth in

our functional screens and had a lower expression in tumor

than in benign tissue.

To the best of our knowledge, only a few of these miRNAs

have been more extensively studied in PCa. MiR-19a, part of

the miR-17-92 cluster, has been shown to be directly

regulated by AR binding, enhance viability of dihydrotestos-

terone-treated LNCaP cells, and be elevated in high-risk PCa

compared with healthy samples [16,17]. These results nicely

corroborate with our observation. Similarly, miR-32 is AR-

regulated and enhances growth of LNCaP cells when over-

expressed [18]. MiR-148a is an androgen-responsive miRNA

attenuating paclitaxel resistance in hormone refractory PCa

[19,20]. MiR-124 has recently been identified to reduce

migration in PCa cells [21]. Equally, miR-133b expression has

been identified low in DU145 and PC3 cells, where ectopic

expression inhibited proliferation [22]. MiR-135b affects the

growth of AR+ PCa cells and ERa+ breast cancer (BCa) cells

when overexpressed, and directly regulates AR and ERa in

PCa and BCa cells respectively, as well as HIF1AN in PCa and

BCa [6,23].

The putative target gene list for the 14 miRNAs contained

>3700 genes. The mere presence of miRNA-binding sites is

insufficient for predicting target regulation, and therefore we

analyzed the expression of the identified genes in cell lines

and prostate tumors. The limited overlap between differently

expressed target genes in cell lines and tumors, compared

with the control, emphasizes the importance of expression

data interpretation, also highlighted by Domcke et al [24]. By

GSEA, we aimed to further focus the list to the most relevant

pattern of expression and tissue identity was confirmed by

these analyses. Network visualization was used to display the

links between the predicted targets enriched through GSEA

and viability-influencing miRNAs. These genes were ana-

lyzed for their effect on the time to PSA increase, and patients

were more prone to biochemical recurrence when seven

genes, (FLNC, MSRB3, PARVA, PCDH7, PRNP, RAB34, SORBS1)

also negatively associated with their miRNA, were down-

regulated. Of these, MSRB3 and PCDH7 for example, have been

identified to inhibit proliferation, and are thought to function

in cell–cell recognition and adhesion, respectively [25,26].

FLNC expression has been shown to be decreased in PCa

compared with normal cells [27]. Underexpression of

SORBS1, involved in actin stress fiber and focal adhesion

formation, has been identified in another PCa cohort, further

implicating a role in PCa development and progression [28].

Our analyses identified a novel interesting miRNA-target

pair; miR-130b and PARVA. MiR-130b promotes prolifera-

tion in the studied cell lines. Moreover, its expression is

elevated in tumors, whereas its predicted target PARVA is
e number of predicted miRNA binding sites and the miRNAs that are
The predicted miRNA regulated genes were subjected to gene set
hat identified overlapping genes in gene sets at a false discovery rate
lated and down-regulated genes are displayed. (E) The up-regulated and
ese gene sets.
a = prostate cancer.
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Fig. 4 – Network visualization and Kaplan-Meier analyses of microRNAs (miRNAs) and their core target genes. (A) The genes most frequently identified
in the gene sets by gene set enrichment analysis with link to prostate-specific antigen-relapse, and the miRNAs that are predicted to regulate them,
are visualized in the network. Genes in red boxes are up-regulated in prostate cancer (PCa) samples, and genes in green boxes are down-regulated in
PCa compared with benign tissue. The expression of the miRNAs in PCa samples is denoted by red (up-regulated) and green (down-regulated)
triangles. (B) Genes with a statistically significant (p = 0.01) link to biochemical relapse free survival in PCa patients, when subjected to Kaplan-Meier
analyses. (C) The link of miR-130b to biochemical relapse free survival in PCa patients, when subjected to Kaplan-Meier analyses (p = 0.004). For each
gene/miRNA the data was stratified into two groups based on the 50th quartile.
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down-regulated in clinical PCa tissue. PARVA is a focal

adhesion protein, and loss of it enhances lamellipodia

formation, which is a critical driving force of motility. The

MAPK ERK mediated phosphorylation of PARVA also plays a

critical role in the regulation of cell spreading and migration

[29]. In our analyses, both miR-130b and PARVA significant-

ly correlate with the biochemical recurrence free survival.

Taken together, our study identifies miRNA-mRNA links

critical for cell adhesion and motility. To the best of our

knowledge, none of the miRNA-mRNA relationships in the

network have been validated previously.

This study further highlights the complexity of miRNA

regulation. This study has not accounted for all potential

interactions and further studies will be needed to validate

the identified interactions and elucidate the role of them.

However, we believe that this systems biological approach

yields important data for further investigations. The

miRNAs offer ample prospects as future predictors of

prognosis and treatment. Furthermore, a miRNA approach

offer means for more effective functional restoration of

abnormal pathways at multiple points at the same time as

compared to more conventional one-point targeting.

5. Conclusions

A comprehensive approach of functional miRNA screening

and expression analyses identifies miR-19a, miR-32, miR-

124a, miR-130b, miR-148a, miR-583 as potential regulators

of FLNC, MSRB3, PARVA, PCDH7, PRNP, RAB34, and SORBS1,

which correlate with PSA-relapse in PCa patients.
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