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Abstract

Introduction

In the last decade microRNAs (miRNAs) have been widely investigated in prostate cancer

(PCa) and have shown to be promising biomarkers in diagnostic, prognostic and predictive

settings. However, tumor heterogeneity may influence miRNA expression. The aims of this

study were to assess the impact of tumor heterogeneity, as demonstrated by a panel of

selected miRNAs in PCa, and to correlate miRNA expression with risk profile and patient

outcome.

Material and methods

Prostatectomy specimens and matched, preoperative needle biopsies from a retrospective

cohort of 49 patients, who underwent curatively intended surgery for localized PCa, were

investigated with a panel of 6 miRNAs (miRNA-21, miRNA-34a, miRNA-125b, miRNA-126,

miRNA-143, and miRNA-145) using tissue micro-array (TMA) and in situ hybridization

(ISH). Inter- and intra-patient variation was assessed using intra-class correlation (ICC).

Results

Four miRNAs (miRNA-21, miRNA-34a, miRNA-125, and miRNA-126) were significantly

upregulated in PCa compared to benign prostatic hyperplasia (BPH), and except for

miRNA-21 these miRNAs documented a positive correlation between the expression level

in PCa cores and their matched BPH cores, (r > 0.72). The ICC varied from 0.451 to 0.764,

with miRNA-34a showing an intra-tumoral heterogeneity accounting for less than 50% of the

total variation. Regarding clinicopathological outcomes, only miRNA-143 showed potential

as a prognostic marker with a higher expression correlating with longer relapse-free survival

(p = 0.016).
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Conclusion

The present study documents significant upregulation of the expression of miRNA-21,

miRNA-34a, miRNA-125, and miRNA-126 in PCa compared to BPH and suggests a possi-

ble prognostic value associated with the expression of miRNA-143. The results, however,

document intra-tumoral heterogeneity in the expression of various miRNAs calling for cau-

tion when using these tumor tissue biomarkers in prognostic and predictive settings.

Introduction

Prostate cancer (PCa) is the leading cancer among men and the second most common cause

of cancer related death in men in the Western World [1–3]. The techniques for diagnosing

PCa have evolved over the past decades and encompass prostate specific antigen (PSA), digital

rectal examination and histological Gleason score (GS) of needle biopsies. Although diagnos-

tics have improved the management of the disease, there are still concerns about the specificity

and sensitivity of these diagnostic tools [4–6].

Needle biopsy GS has been confirmed to be one of the most important prognostic factors of

PCa, whereas it remains a poor predictor of clinical outcome [7]. Introducing a histological malig-

nancy score (GS) in 1966, D. Gleason recognized the impact of heterogeneity on GS. Accordingly,

he introduced the primary and secondary histologic pattern[8], when evaluating PCa for obtain-

ing the GS. Moreover, discrepancy between needle biopsy GS and overall GS of radical prosta-

tectomy (RP) specimens is a well-known issue, which may influence the clinical outcome after

surgical intervention [9]. Histological discrepancy regarding GS can be demonstrated in approxi-

mately half of patients undergoing surgery for localized PCa, with the vast majority experiencing

an upgrading of GS in their surgical specimen [10]. About 80% of prostatectomy specimens har-

bor more than one cancer focus that may expose different GS [11,12]. In addition, the histological

GS obtained in the diagnostic needle biopsy is even more critical for non-surgical options such

as active surveillance, watchful waiting, or radiotherapy, where the biopsy is the only source of

tumor tissue for grading. Among the possible factors contributing to this inconsistency are vary-

ing reproducibility of the GS [13], and most importantly, sampling error due to a limited number

of needle biopsies with varying degree of cancer infiltration [14]. Moreover, recent research has

disclosed that adoption of the new International Society of Urological Pathology (ISUP) grades

[15] would increase the discordance between GS as scored in the needle biopsy and RP [16].

Accordingly, there is an urgent need to define more reliable biomarkers in diagnostic, prog-

nostic and predictive settings that may contribute to solving these clinical challenges.

Investigating microRNA (miRNA) may offer an approach towards this goal. Since their dis-

covery more than two decades ago miRNAs have attracted considerable attention in cancer

biology, as their expression may reflect the transitional process of malignancy [17]. MiRNAs

are evolutionarily conserved, non-coding single-stranded RNA molecules comprising 19–24

nucleotides that regulate gene expression at different levels [18]. MiRNAs have been associated

with various cellular processes such as development [19], differentiation [20], cell cycle regula-

tion, cell cycle arrest [21], and apoptosis [22]. Additionally, several studies have demonstrated

miRNAs as useful biomarkers for cancer diagnosis, prognosis, prediction of treatment efficacy,

and even as possible therapeutics in PCa [23–25].

In this methodological study we selected a series of miRNAs for investigation, i.e. miRNA-

21, miRNA-34a, miRNA-125b, miRNA-126, miRNA-143, and miRNA-145, which have been

reported in PCa biology (S1 Table) aiming at defining in situ expression, heterogeneity and

correlation with clinicopathological characteristics in localized PCa.
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Material and methods

Patients

This retrospective investigation is based on a cohort of 53 patients diagnosed with localized

PCa (according to the UICC 2002 TNM system [26]), who underwent curatively intended

radical retropubic prostatectomy (RRP) and regional lymph node dissection in the period

between April 2004 and March 2006 at the Department of Urology, Frederica Hospital, Den-

mark. Three patients were excluded from the tissue microarray analysis (TMA), and two

patients from the needle biopsy analysis (one of which was also excluded from the TMA analy-

sis), due to insufficient archival tissue left in the formalin-fixed, paraffin-embedded (FFPE) tis-

sue blocks leaving 49 patients for analyses. One patient was treated with neoadjuvant LHRH-

agonist (Goserelin) and anti-androgen (Cyproterone). Four patients had received a 5-alpha

reductase inhibitor (5ARI) (Finasteride) during their management and before RRP. Despite

the ongoing discussion about the use of 5ARI and increased risk of high GS, there is still not

enough scientific data to support this hypothesis [27]. These five patients were not excluded

from the study cohort due to the methodological scope of the present investigation.

Stratification of PCa patients according to risk of recurrence was based on both the

National Comprehensive Cancer Network (NCCN) guidelines for PCa [28] and the D’Amico
classification [29].

The study was approved by The Regional Committees on Health Research Ethics for South-

ern Denmark (S-20140201) according to Danish law. The Committee waived the need for

patient consent to the use of the archived tissue samples. In addition, the Danish Data Agency

approved the study and the Danish Registry of Tissue Utilization was screened prior to study

initiation.

Clinical data

The pre-surgical PSA level was defined as the last measurement prior to transrectal ultrasound.

All patients had follow-up with serum PSA every three months for the first two years, every six

months the following three years, and annually after the fifth post-operative year. In non-

relapsing patients the follow-up PSA was defined as the most recent measurement, whereas in

the case of relapse, the PSA measurement at the time of biochemical recurrence (BCR) was

used. BCR was defined as two consecutive PSA values of 0.2 ng/ml or higher and rising [30].

Tissue

All FFPE tissue samples from needle biopsies as well as RRP specimens had been routinely

processed for pathoanatomic diagnosis and were retrieved from the archives of the Depart-

ment of Clinical Pathology, Vejle Hospital, Denmark. In most cases, six needle biopsies were

available from each patient, whereas all tissue from the RRP had been embedded at the original

tissue processing. Four μm thick, hematoxylin-eosin (H&E) stained routine sections from all

tissue blocks were reviewed by experienced uropathologists. The needle biopsy showing the

highest GS was selected using the updated GS from 2005 [31]. The same approach was imple-

mented for the RRP specimens, selecting 2–4 tissue blocks with the highest GS and one with

benign prostatic hyperplasia (BPH) to be further processed for TMA.

Construction of tissue microarray

Before constructing the TMA, one H&E stained tissue section was cut from each of the selected

tissue blocks to obtain morphologically representative areas with BPH and PCa showing the

highest GS. The TMA was produced using the Advanced Tissue Arrayer1 (Chemicon
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International) guided by the highlighted area of the H&E section. Two mm tissue cores were

transferred and deposited into pre-manufactured paraffin recipient blocks (Tissue-Tek1,

Sakura, The Netherlands). The tissue cores were orientated using one core of placenta tissue

serving as a guide for navigating through the TMA coordinate system, thus enabling identifica-

tion of each core in the whole TMA. After transferring all cores, fusion of the recipient block

was achieved by heating the block at 60˚C for one hour. Subsequently, 5 μm thick tissue sec-

tions were cut from the TMAs, and the first section was H&E stained to verify the representa-

tion of tissue and identify lost cores in the section. Furthermore, sections were used for in situ
hybridization (ISH). After verification of lost tissue cores, the TMA technique produced two

(N = 6), three (N = 15) or four (N = 28) tissue cores with PCa and one core with BPH from

each patient.

In situ hybridization

ISH was performed essentially as described previously [32]. In brief, the ISH analysis was per-

formed on 5 μm thick sections using a Tecan Evo instrument™ (Männedorf, Switzerland). To

determine optimal probe concentrations and hybridisation temperatures, the assay parameters

were evaluated prior to the analysis. Sections were pre-digested with proteinase-K (15 μg/ml)

at 37˚C for 8 minutes, pre-hybridised at 55˚C for 15 minutes, and hybridised with double-car-

boxyfluorescein (FAM) Labeled Locked Nucleic Acid (LNA) probes [33] (Exiqon A/S, Ved-

baek, Denmark) at 55˚C with miRNA-21 (30nM), miRNA-34a (40nM), miRNA-125b (30nM),

miRNA-126 (30nM), miRNA-143 (20nM), miRNA-145 (20nM), or the scramble probe

(30nM). After stringent washes in saline-sodium citrate buffer the probes were detected with

alkaline phosphatase-conjugated sheep anti-FAM Fab fragments followed by incubation in

substrate containing 4-nitroblue tetrazolium and 5-bromo-4-chloro-3’-Indolylphosphate

(Roche, Denmark) for 60 minutes, resulting in a dark-blue staining, and finally counterstained

with nuclear fast red (Vector Laboratories, CA, USA). The ISH analyses and subsequent image

analysis using the Visiopharm TMA module were performed by Bioneer A/S (Hoersholm,

Denmark).

To reduce variation related to ISH processing of the slides, all tissue sections were cut on

the same day and all sections were stained with alike probes in the same run within a week

thereafter. The experimental parameters indicated above used for staining of the individual

probes had been optimized on sections from FFBE needle biopsies.

Image analysis

Image analysis was carried out as a 2-step procedure using the TMA workflow module within

the VisiomorphDP software™ (Visiopharm, Denmark). The TMA software tool allows align-

ment of cores in the TMA and the macro-dissected tumor areas in the needle biopsies into

regions of interest (ROI). The TMA sections were stained for the various miRNAs using auto-

mation, where the slides were placed under a cover glass forming an “incubation chamber”,

and the liquid reagents were retained in the chamber by capillary action. It could not be fully

avoided that air bubbles were developing in the incubation chambers during the in situ hybrid-

ization staining procedure and caused non-specific NBT-BCIP staining that were easily visible

on the tissue during microscopy examination. Also staining artefacts caused by air bubbles

and insufficient liquid flow leading to uneven staining were cleared. The un-specifically

stained areas were “cleared” manually in the software. All cores were processed with the same

pixel classifier (S1 Fig). The image analysis (pixel classification) was designed to discriminate

two intensity levels of the ISH signal (weak and intense, abbreviated wB and iB). To compare

estimates of stained areas (iB or iB + wB), the total tissue area (TT) and the total red area (TR)
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(i.e. a measure of nuclear density) in TMA cores and the total area (AA) in needle biopsies

were determined. These area fractions (iB/TT or (iB+wB)/TT) were considered relative

miRNA expression estimates. Different signals of miRNA expression were chosen (according

to the most reliable expression in the ROIs) to be analyzed (See S2 Table). The entire ISH pro-

cedure and following image analysis were performed by an investigator (BSN) unaware of the

clinical variables.

Statistics

The heterogeneity of miRNA expression was investigated using mixed effect linear regression

analysis with random effects for clustering at the subject level, and estimates of interclass cor-

relation (ICC) were calculated to evaluate the correlation of miRNA expression among cores

taken from individual patients embedded in the TMA. A high ICC reflects a high degree of

correlation between cores within patients (= intra-patient correlation), corresponding to the

total variation being dominated by the variation among patients (= inter-patient variation or

the biological variation).

The mean miRNA expression in TMA cores with tumor was compared with the miRNA

expression in the paired needle biopsy from the same patient, using Spearman’s rho. The same

statistics was used for testing the correlation between the mean miRNA expression in TMA

cores with tumor and that in matched BPH from the same patient. Up or downregulation of

miRNA expression in the TMA cores with tumor (mean values), as compared to the core with

BPH, was tested for statistical significance using the Wilcoxon signed-rank test. The levels of

miRNA expression were tested for correlation with pre-biopsy PSA, pT-stage, GS in needle

biopsies and in RRP specimens, and D’Amico/NCCN risk profiles, using Spearman’s rank

correlation.

Relapse-Free Survival (RFS) was defined as the time from surgery to BCR or death of any

cause. For patients without BCR, the RFS was calculated as the time between surgery and the

most recent measurement of PSA. Finally, the miRNA expressions were tested for their inde-

pendent influence on RFS, using a simple Cox regression analysis. These analyses were

adjusted for the delayed time from diagnosis to surgery (= lead time), as some patients were

operated within a month, others one year after the diagnosis.

All analyses were performed in STATA version 13 (STATACorp, TX, USA), and all tests

were 2-sided with P-values less than 0.05 considered statistically significant.

Results

Clinicopathological data

The clinicopathological data of the 49 patients included in the study are presented in Table 1.

Localization of miRNA expression in prostate tumor samples

Examination of the TMA cores indicated different expression patterns of the different miR-

NAs. The miRNA-21 expression pattern was quite complex (Fig 1). Expression was particu-

larly seen in benign prostate epithelium, whereas malignant epithelium was generally negative.

Interestingly, miRNA-21 expression in benign glands was generally seen in the presence of

cancer cells, whereas benign glands located in benign surroundings were negative. Both benign

and malignant epithelium associated with corpora amylacea was focally positive. Occasionally,

miRNA-21 staining was seen in nerve bundles, fibroblastic tumor stroma cells, and myoepi-

thelial cells surrounding benign glands. MiRNA ISH analyses also identified expression of

miRNA-34a, miRNA-125b, miRNA-126, miRNA-143, and miRNA-145 (Fig 2). MiRNA-34a

Heterogeneity of miRNA expression in localized prostate cancer with clinicopathological correlations
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was particularly seen in epithelium, whereas miRNA-125b was restricted to fibroblastic tumor

stroma cells. As expected, miRNA-126 was seen in vessels and miRNA-143 and miRNA-145 in

stromal smooth muscle cells. The cellular origin of miRNA expression is summarized in S3 Table.

The ISH miRNA-expression staining pattern varied in intensity from negative to intensely

positive (S1 Fig). This variation is reflected in the quantitative image analyses data obtained

from the samples cores.

Table 1. Clinicopathological data of 49 patients who have been treated for local PCa who underwent

curatively intended retropubic prostatectomy.

No (%)

49

Mean age (Range)-year

62.7 (52–71)

PSA level

< 10 28(57)

10 to 20 17(35)

> 20 4(8)

GS (NB)

� 6 19(39)

7 28(57)

� 8 2(4)

GS (prostate)*

� 6 1(2)

7 47(96)

� 8 1(2)

pT

pT2a 4(8)

pT2b 5(10)

pT2c 32(66)

pT3a 3(6)

pT3b 5(10)

BCR

No 24(49)

Yes 19(39)

Always > 0.1 ng/ml** 6(12)

Death of any cause 7(14)

D’Amico risk profile

Low 8(16)

Intermediate 32(66)

High 9(18)

NCCN risk profile

Very low 2(4)

Low 6(12)

Intermediate 34(70)

High 7(14)

BCR: Biochemical relapse; GS: Gleason score; NB: Needle biopsy; NCCN: National Comprehensive

Cancer Network; PSA: Prostate specific antigen; pT: Pathological T-stage; SD: Standard deviation.

*: The highest GS

**: Patients who had not been radically operated.

https://doi.org/10.1371/journal.pone.0179113.t001
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Heterogeneity of miRNA expression in PCa

The quantitative expression estimates obtained by image analysis of the ISH signals in the

TMA cancer cores showed wide intra-patient correlation for the various miRNAs (S1 Dataset).

As shown in Table 2, the highest intra-class correlation was obtained for miRNA-34a with

ICC = 0.764 (std. error = 0.051; 95% CI = 0.650–0.850), while miRNA-125b showed the lowest

intra-class correlation with ICC = 0.451 (std. error = 0.093; 95% CI = 0.282–0.631). These data

reflect the variation of the miRNA expression among patients, i.e. for miRNA-34a 76% of the

total variation can be explained by the inter-patient variation (= biological variation), whereas

for miRNA-125b more than 50% of the total variation can be explained by “measurement

noise” (= intra-patient = intra-tumoral heterogeneity).

Fig 1. In situ hybridization of miRNA-21 in prostate cancer. a) Expression in benign glandular epithelial

cells (B), whereas malignant, adenocarcinoma glands (M) are negative; b) Expression in benign and c)

malignant glandular epithelium with luminal corpora amylacea (cam); d) Expression in nerve bundles (nb),

infiltrated with miRNA-21 negative adenocarcinoma cells; e) Expression in tumor stroma (St, myofibroblastic /

smooth muscle cells); f) Expression in myoepithelial cells (arrows) surrounding benign epithelium. Bars: a, c-

f = 40μm, b = 80μm.

https://doi.org/10.1371/journal.pone.0179113.g001

Fig 2. miRNA in situ hybridization in prostate cancer. a) miRNA-34a expression in malignant,

adenocarcinoma cells (M), with no staining in benign epithelial cells (B) of dilated glands; b) miRNA125b

expression in stromal fibroblastic cells (St); c) miRNA-126 expression in endothelial cells of vessels (v); d)

miRNA-143 expression in stromal smooth muscle cells (St); e) Serial section with d, showing miRNA-145

expression in stromal cells (St, myofibroblastic/smooth muscle cells); f) Serial section with a, showing no

staining obtained with the scramble probe. Bars: a, c-f = 80μm, b = 40μm.

https://doi.org/10.1371/journal.pone.0179113.g002
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When comparing the miRNA expression in TMA PCa cores with the paired needle biopsy

(S2 Dataset), there was a poor correlation varying from r = -0.0002 for miRNA-143 to r =

-0.2494 for miRNA-34a, (Table 3).

Expression of miRNAs in PCa and BPH

The expressions of miRNA-21, miRNA-34a, miRNA-125b, and miRNA-126 were significantly

upregulated in PCa cores compared to their matched BPH cores (Table 4). While miRNA-126

was more than doubled in the cancer cores, miRNA-34a was only marginally elevated in PCa

cores compared to the matched BPH cores. Moreover, all 4 upregulated miRNAs showed a

good correlation (r> 0.72) between PCa cores and the matched BPH cores, except miRNA-

21, which showed a rather poor correlation (r = 0.53). (S3 Dataset)

Comparison between miRNA expression and clinicopathological data

Except for miRNA-125b expression marginally correlated with pT- stage (p = 0.042), the ISH

signals in cancer tissue of the needle biopsies showed poor correlation of the 6 miRNAs with

any of the clinical variables, pre-biopsy PSA, GS in needle biopsies and RRP specimens, pT-

stage, and D’Amico/NCCN risk profiles (Table 5). Only miRNA-143 was significant regarding

prognostic impact (HR = 0.32; 95% CI = 0.12–0.81; p = 0.016), indicating a longer RFS with

increasing miRNA-143 expression (Table 6). (S4 Dataset)

Table 2. Heterogeneity of miRNA expressions in PCa in TMA’s.

miRNA ICC* Std. err. 95% CI

miRNA-21 0.525 0.087 0.358–0.686

miRNA-34a 0.764 0.051 0.650–0.850

miRNA-125b 0.451 0.093 0.282–0.631

miRNA-126 0.653 0.068 0.512–0.771

miRNA-143 0.627 0.072 0.478–0.754

miRNA-145 0.722 0.060 0.591–0.823

ICC: interclass correlation

PCa: Prostate cancer, TMA: Tissue microarray

* High ICC means higher correlation between cores within patients, leaving most of the overall variation

attributable to differences between patients (= biological variation)

https://doi.org/10.1371/journal.pone.0179113.t002

Table 3. Correlation between miRNA expression (mean value) in PCa cores in TMA and paired needle

biopsies.

miRNA Correlation coefficient* p-value

miRNA-21 -0.080 0.590

miRNA-34a -0.249 0.084

miRNA-125b -0.150 0.308

miRNA-126 -0.197 0.179

miRNA-143 -0.0002 0.999

miRNA-145 -0.074 0.613

PCa: Prostate Cancer

TMA: Tissue microarray

*Correlation coefficients are Spearman’s rho

https://doi.org/10.1371/journal.pone.0179113.t003
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Discussion

MiRNA expression profiling may differentiate between non-cancerous and cancerous prostate

tissues and the role of miRNA as a potential clinical biomarker has been widely investigated.

More than 50 miRNAs have been reported to be significantly expressed in PCa [34]. A plethora

of studies on the role of miRNAs in the pathogenesis of PCa has increased our understanding

of these promising biomarkers, however, also introduced a number of conflicting results (S1

Table). The stability of miRNA, even in FFPE tissue [35], allows studies on a large scale, but

biological aspects such as tumor heterogeneity may have strong impact on the clinical and

diagnostic utility of miRNA. Using TMAs containing benign and malignant prostate tissue

cores in replicates, the main objective of our methodological study was to characterize and

quantify miRNA expression to address tumor heterogeneity and its correlation to clinico-

pathological parameters.

For most of the studied miRNAs we found the ICC values of ISH expression signals among

cores within patients to vary between 45% and 76% (Table 2). The intra-tumoral variation in

Table 4. Correlation analysis between miRNA expressions in cancer cores and the BPH core in TMA

of 49 patients, who have been treated for local PCa with curatively intended retropubic

prostatectomy.

miRNA Core BPH

miRNA-21 mean 0.033 0.023

SD 0.022 0.013

p-value 0.001

r 0.529

miRNA-34a mean 0.038 0.037

SD 0.031 0.039

p-value 0.020

r 0.785

miRNA-125b mean 0.0002 0.0001

SD 0.0002 0.0001

p-value 0.0010

r 0.721

miRNA-126 mean 0.001 0.0004

SD 0.001 0.0005

p-value 0.0000

r 0.743

miRNA-143 mean 0.041 0.049

SD 0.033 0.044

p-value 0.300

r 0.724

miRNA-145 mean 0.106 0.125

SD 0.075 0.086

p-value 0.153

r 0.728

BPH: Benign prostate hyperplasia

PCa: Prostate cancer

p-value are from Wilcoxon signed-rank test; Correlation coefficients are Spearman’s rho

r: Correlation coefficient

SD: Standard deviation

TMA: Tissue microarray

https://doi.org/10.1371/journal.pone.0179113.t004
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miRNA expression may be caused by many factors, including difference between GS in the

prostatectomy TMA cores. Lu et al. found that miRNA expression depends on tumor differen-

tiation [17]. Consequently, heterogeneous miRNA expression is to be expected also in a PCa

with several cancer foci varying in GS. Walter et al., using microarray profiling, have described

similar heterogeneity of miRNA expression in two different tumor foci with different GS in

the PCa specimen [36]. In addition, the amount of cancer cells and stroma in each TMA core

from the same prostatectomy specimen varied widely, and therefore, the miRNA expression

also reflected this compartmental variation in tissue composition.

From the clinical point of view, a robust biomarker should be associated with minimal

“measurement noise” (= intra-patient variation), leaving the majority of the associated varia-

tion to the biological variation (= inter-patient variation). Thus, except for miRNA-125b and

miRNA-21 showing intra-tumoral heterogeneity accounting for around 50% of the total varia-

tion, the investigated miRNAs showed ICC values from 63 to 76% and may represent potential

biomarkers in PCa with more than 50% of the total variation attributable to inter-patient, bio-

logical variation. However, these overall findings do indicate a rather high intra-tumoral het-

erogeneity of miRNA-expression in this type of cancer.

Table 5. Correlation analysis of miRNA expressions in needle biopsies and clinicopathological data of 49 patients, who have been treated for

local PCa with curatively intended retropubic prostatectomy.

miRNA Test Prebiopsy PSA GS (NB) GS (RRP) pT D’Amico NCCN

miRNA-21 rho

P-value

-0.065

0.677

0.107

0.496

0.071

0.653

0.104

0.508

0.169

0.279

0.133

0.397

miRNA-34a rho

P-value

0.124

0.425

-0.171

0.267

0.150

0.332

0.031

0.841

0.102

0.511

0.084

0.589

miRNA-125b rho

P-value

-0.145

0.355

-0.188

0.226

-0.135

0.390

-0.312

0.042

-0.149

0.339

-0.080

0.608

miRNA-126 rho

P-value

-0.089

0.572

-0.019

0.905

0.088

0.574

-0.041

0.795

0.125

0.424

0.075

0.633

miRNA-143 rho

P-value

0.023

0.883

-0.071

0.650

0.170

0.277

-0.004

0.982

0.013

0.935

-0.094

0.548

miRNA-145 rho

P-value

-0.059

0.7038

0.204

0.1840

0.016

0.9197

-0.057

0.713

0.181

0.240

0.123

0.427

D’Amico: D’Amico Risk Profile; GS: Gleason score; NB: Needle biopsy; NCCN: National Comprehensive Cancer Network; P-values are from Spearman’s

rho test; PSA: Prostate specific antigen; pT: Pathological T-stage; RRP: Retropubic radical prostatectomy.

https://doi.org/10.1371/journal.pone.0179113.t005

Table 6. Correlation between miRNAs expression in needle biopsies and relapse-free survival of 49

patients, who have been treated for local PCa with radical prostatectomy.

miRNA HR p-value [95% CI]

miRNA-21 1.231 0.474 0.697 to 2.177

miRNA-34a 1.834 0.260 0.638 to 5.273

miRNA-125b 1.130 0.576 0.736 to 1.736

miRNA-126 1.083 0.742 0.674 to 1.740

miRNA-143 0.318 0.016 0.124 to 0.810

miRNA-145 0.910 0.778 0.473 to 1.750

CI: Confidence interval

HR: Hazard ratio

PCa: Prostate cancer

https://doi.org/10.1371/journal.pone.0179113.t006
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Our study found miRNA-125b, miRNA-126, miRNA-143, and miRNA-145 to be repre-

sented primarily in the stromal compartment, while miRNA-21 and miRNA-34a were mainly

expressed in epithelium (S3 Table). Focusing on individual miRNAs, our findings are corrobo-

rating previous observations by Nonn et al., who also reported higher miRNA-125b expression

in the normal stroma compared to normal prostate epithelial cells [37]. Walter et al., using

qPCR array profiling of manually microdissected tissue, found that miRNA-126 and miRNA-

143 were tumor-associated stroma specific miRNAs, while miRNA-34a and miRNA-125b

were represented in both epithelium and stroma in PCa [36]. Our findings are in contrast to

those of Peng et al., who used LNA-based ISH and found lower or even absent expression of

both miRNA-143 and miRNA-145 in tumor-associated stroma [38]. Wach et al. also noted

that miRNA-143 resulted in a distinct cytoplasmic staining of malignant epithelial cells,

whereas surrounding non-epithelial tissue did not show a staining signal [39]. MiRNA-143

and miRNA-145 are expressed from the same precursor transcript and would therefore be

expected to partly correlate. Our ISH analysis identified both miRNAs in similar smooth mus-

cle/fibroblastic stromal cells, which is a strong indication of specific ISH reactions and agrees

with well-characterized expression of miRNA-143 and -145 in smooth muscle cells [40,41].

The discrepancy between our findings and those of Peng et al. is likely related to methodologi-

cal differences as discussed in detail elsewhere [42].

We found a rather poor correlation between the miRNA expression in the pre-operative

needle biopsy and the matched RRP specimen (Table 3), which is in contrast to the findings of

Nonn et al. This conflicting result could be related to differences in the materials studied as

well as the techniques used. In the study by Nonn et al., FFPE needle biopsies and frozen tissue

from radical prostatectomies were compared. Moreover, the miRNA expression was assessed

in normal prostate epithelium versus normal stroma and not in PCa (37). Furthermore,

miRNA PCR array profiling was used instead of ISH. In addition, the differences in sample

sizes may also explain some of the discrepancy. In our cohort, the amounts of both cancer epi-

thelium and tumor-associated stroma were quite different in cancer cores of the TMA and the

paired needle biopsies. Similarly, Ren et al. have demonstrated that the epithelial expressions

of miRNA-30c, miRNA-27a, and miRNA-219 were quite different from the expression in

stroma [43]. One should also consider the heterogeneity of miRNA expression in cancer epi-

thelium compared to tumour-associated stroma [36,39], when evaluating these conflicting

results.

Four of the investigated miRNAs, miRNA-21, miRNA-34a, miRNA-125b, and miRNA-

126, showed upregulation in PCa cores of the TMA compared with their matched BPH cores

suggesting a possible oncogenic role (Table 4). Regarding miRNA-21, this finding corrobo-

rates all previous studies. Interestingly, our ISH observations indicate that the increased levels

measured in PCa are not related to expression in cancer cells, but rather to normal cells located

in the hostile microenvironment (Fig 1). We found poor correlation of the miRNA-21 level

of expression in PCa TMA cores and the matched BPH core, which suggests challenges as to

clinical implementation of the miRNA-21 expression in needle biopsies. Our findings for

the other three miRNAs are partially in conflict with previously reported studies of PCa (S1

Table). Volinia et al. found increased miRNA-34a levels in PCa using microarray [44], whereas

other studies reported downregulation in PCa [45–47]. Using ISH in 24 PCa samples, Lodygin
et al. found reduced levels of miRNA-34a in PCa compared to matched normal prostate tissue.

However, when comparing with matched BPH, this reduction was less obvious [46]. For

miRNA-125b we found a 2-fold increase in expression estimates comparing PCa and BPH.

Inconsistent with this finding, several of the previous clinical studies have found downregula-

tion of miRNA-125b in PCa compared to normal prostate tissue, except Shi et al., who found

miRNA-125b overexpression in PCa by ISH [48]. Upregulation of miRNA-125b has also been
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reported in preclinical studies (cell lines PC3 [49] and LNCaP [50,51]). Interestingly, Mitchell
et al. found increased levels of miRNA-125b in the PCa serum, when comparing samples from

25 metastatic prostate cancer patients with 25 age-matched male controls [52]. While miRNA-

126 was overexpressed in PCa compared to non-cancerous prostate tissue in our study, all pre-

vious clinical studies have demonstrated downregulation in PCa. However, it is worth noting

that these results have been obtained using either microarray or PCR, and not ISH. The techni-

cal platform and the type of material investigated may explain this discrepancy.

Although our main focus in this study was the heterogeneity of miRNA expression, we also

looked for potential clinical relations. Only miRNA-143 showed marginal correlation to RFS

(Table 6), its lower expression being associated with poor prognosis. This finding corresponds

to the results obtained by Clap et al., who documented miRNA-143 to be considerably de-

creased in PCa by using ISH, and the expression was further decreased during progressive

disease [53]. Avgeris et al. showed that downregulation of miRNA-145 expression in PCa pre-

dicted short disease free survival, independent of other prognostic factors such as GS, clinical

stage of disease, and serum PSA levels [54]. This finding was consistent with the study of Chen
et al., who also concluded that miRNA-145 expression may be a prognostic biomarker for the

length of progression free survival [55]. These findings on miRNA-145 are not directly sup-

ported by our study.

Considering miRNA-143 and miRNA-145 as biological replicates, and since they originate

from the same transcripts, the data taken together suggest that the miRNA-143 and miRNA-

145 expressions are downregulated in PCa. Mature forms of miRNA-145 and miRNA-143 lev-

els are regulated post-transcriptionally leading to differential levels in cells and tissue [56]. Dif-

ferential processing during biogenesis and/or degradation of the two miRNAs are likely to

explain such differences. In addition, the technical detection methods, like RT-qPCR, microar-

rays and NGS may have different specificities linked to the individual sequences of the two

miRNAs. In the ISH analyses, the LNA probes are expected to detect both precursor and

mature forms, which may help to explain differences in the results between the various plat-

forms [57]. MiRNA-145 and miRNA-143 are involved in differentiation of smooth muscle

through regulation of transcription factors like myocardin and Elk-1 [40]. Interestingly

decreased levels of miRNA-143 may lead to increased TNF-a expression in smooth muscle

cells [58]. Moreover smooth muscle is a prevalent stromal component of the prostate and

reduced expression of miRNA-143 and miRNA-145 may be related to loss or de-differentia-

tion of smooth muscle, possibly related to the aggressiveness of the cancer.

Except for the correlation between miRNA-125b expression and pT-stage, poor non-signifi-

cant correlations were found between the studied miRNAs and the clinicopathological data of our

cohort (Table 5). Previous studies have demonstrated a correlation between miRNA expression

and pT, GS, PSA, and clinical stage of disease, although data are partly conflicting. For example,

loss of miRNA-145 expression has been found inversely correlated with metastatic disease [38,59],

GS, and PSA level [38,54,60]. Other studies are in accordance with our findings, e.g. Wach et al.,
who did not observe any correlation between miRNA-145 expression and GS, and including

miRNA-143 did not reveal a correlation with pathologic stage of disease, either [39]. Moreover,

Kang et al. did not find any significant correlation between miRNA-145 expression and the risk of

BCR [61]. Limitations regarding assessment of the clinical impact of our data include the retro-

spective nature of our study, and the limited number of patients investigated.

Conclusion

The present study documents intra-tumoral heterogeneity in the expression of various miR-

NAs, calling for caution in using these biomarkers in prognostic and predictive settings. The
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results, however, document upregulation of the expression of miRNA-21, miRNA-34a,

miRNA-125, and miRNA-126 in PCa compared to BPH and may suggest a possible prognostic

impact associated with the expression of miRNA-143.
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