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Background: In this paper, the utility of urine-circulating microRNAs (miRNAs) as the potential biomarker of prostate cancer (PCa),
the second most prevalent male cancer worldwide, was evaluated.

Methods: Cancerous (N¼ 56) and non-cancerous (N¼ 16) prostate tissues were analysed on TaqMan Low Density Array, with the
initial screening of 754 miRNAs in a subset of the samples. The abundance of selected miRNAs was analysed in urine specimens
from two independent cohorts of patients with PCa (N¼ 215 overall), benign prostatic hyperplasia (BPH; N¼ 23), and
asymptomatic controls (ASC; N¼ 62) by means of quantitative reverse transcription PCR.

Results: Over 100 miRNAs were found deregulated in PCa as compared with non-cancerous prostate tissue. After thorough
validation, four miRNAs were selected for the analysis in urine specimens. The abundance of miR-148a and miR-375 in urine was
identified as specific biomarkers of PCa in both cohorts. Combined analysis of urine-circulating miR-148a and miR-375 was highly
sensitive and specific for PCa in both cohorts (AUC¼ 0.79 and 0.84) and strongly improved the diagnostic power of the PSA test
(AUC¼ 0.85, cohort PCa1), including the grey diagnostic zone (AUC¼ 0.90).

Conclusions: Quantitative measurement of urine-circulating miR-148a and miR-375 can serve as the non-invasive tool for sensitive
and specific detection of PCa.

Prostate cancer (PCa) is the second most prevalent oncological
disease and the fifth leading cause of cancer-related death among
men worldwide. PCa-related mortality rates are extremely high in
the Nordic and Baltic European countries, including Lithuania
(Bray et al, 2010). The primary tool for PCa diagnosis is the widely
used prostate-specific antigen (PSA) test. However, there is a
number of important limitations of this popular serum marker,
including the modest ability to accurately distinguish patients with
and without PCa and those who harbour an aggressive form of the
disease (Duffy, 2014). To overcome these limitations, there is a
need to replace or at least to refine the diagnostic accuracy of PSA
testing with novel PCa-specific biomarkers. Nowadays, dozens of
new molecular biomarkers have been suggested for PCa diagnostics
(Velonas et al, 2013; Ziaran et al, 2015), but none of them are
confirmed and proceeded to clinical use so far. High sensitivity,

specificity, and precision are prerequisite for modern biomarkers.
Novel diagnostic tools should also meet some practical issues, such
as easy accessibility of test material, simplicity and repeatability of
procedure, low cost, and, of course, minimal discomfort to
patients.

MicroRNAs (miRNAs) are about 22 nucleotides long non-
coding RNAs that regulate gene expression posttranscriptionally by
either repressing or degrading mRNA transcripts. MiRNAs are
involved in almost all biological processes, including cell
proliferation, development, differentiation, and metabolism.
Deregulated expression of miRNAs promotes development of
various diseases, including cancer (Xu et al, 2014). Expression
profiles of miRNAs obtained from malignant and benign tissues
differ significantly. As tumour cells can release miRNAs into
circulation, the abundance of particular miRNAs in bodily fluids
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might reflect the events in tumorigenesis and serve as the non-
invasive diagnostic or even prognostic tool (Taylor and Gercel-
Taylor, 2008). Circulating miRNAs are quite stable in biological
fluids, as RNA-binding proteins or microvesicles protect them
from most RNA-degrading agents (Cortez et al, 2011) and,
therefore, are suitable for diagnostic purposes in routine studies
(Sita-Lumsden et al, 2013). In recent years, several PCa-related
circulating miRNAs have been identified and proposed as a tool for
early and specific detection of the disease (Sapre and Selth, 2013;
Sita-Lumsden et al, 2013; Jackson et al, 2014). The vast majority of
PCa-specific miRNAs were studied in blood (Kelly et al, 2013;
Jackson et al, 2014), where miRNAs excreted from various organs
can be detected. Meanwhile, more relevant fluids, such as urine,
seminal fluid, or ejaculate, remained less well tested for the
presence of PCa-specific miRNAs (Dijkstra et al, 2014; Mlcochova
et al, 2014).

For selection of PCa-specific miRNAs with diagnostic potential,
expression levels of several hundreds of miRNAs were analysed in
cancerous and non-cancerous prostate tissues on TaqMan Low
Density Array (TLDA) cards. A set of PCa-specific miRNAs was
further quantified in the urine of PCa cases from two independent
cohorts and controls. Subsequently, the diagnostic power of
selected urinary miRNAs as the independent diagnostic biomar-
kers was established and the possibility to improve the accuracy of
the PSA test in detecting PCa was assessed.

MATERIALS AND METHODS

Tumour and urine sample collection. Specimens (tissue and/or
urine) were collected prospectively from 237 PSA-screened and
biopsy-proven PCa patients who subsequently underwent radical
prostatectomy (RP) at the Urology Department of Vilnius
University Hospital Santariskiu Clinics from January 2008 to
January 2014. For comparison, urine specimens from 23 benign
prostatic hyperplasia (BPH) patients and 62 asymptomatic control
(ASC) men with PSA level o3 ng ml� 1 were collected. The study
was approved by the Lithuanian Bioethics Committee, and all
patients gave informed consent for participation. The research was
a part of a large-scale PCa biomarker study started at 2008 and
conducted according to standardised protocols of sample collection
and processing reported previously (Sabaliauskaite et al, 2012;
Daniunaite et al, 2014). Cancerous (X70% of tumour cells) and
non-cancerous (0%) prostatectomy tissues were sampled by expert
histopathologist as previously reported (Sabaliauskaite et al, 2012;
Daniunaite et al, 2014) and prepared for molecular analysis.

For miRNA detection in prostate tissues, fresh-frozen tissue
sections from RPs of 72 PCa patients were available, including
56 PCa and 16 non-cancerous prostate tissues (NPTs). A set of
these specimens (42 PCa and 12 NPTs) was included in global
miRNA expression profiling on human miRNA TaqMan arrays,
while an extended number of prostate tissue samples (52 PCa and
12 NPTs) was used for thorough analysis of selected miRNAs on
custom-designed TLDA cards (Figure 1).

Based on final pathology, PCa specimens were defined as
pathological tumour stage 2 (pT2; N¼ 38) or pT3 (N¼ 18)
tumours (Table 1). Gleason score (G) was obtained according to
International Society of Urological Pathology 2005 recommenda-
tions (Epstein et al, 2005), and 20 patients had tumours of
G6, while others of G7 or G8/9 (N¼ 36). G7 tumours were further
substratified according to the sum of primary and secondary
tumour grades (3þ 4 and 4þ 3), and Gp(3þ 4) and GX(4þ 3)
groups were composed of 49 and 7 cases, respectively. Positive
surgical margins were obtained in 22 patients, while 34 patients
were negative for surgical margin status. Follow-up data were
collected for all but 1 PCa case (55 out of 56, 98.2%), and the mean

follow-up time was 2.8 years. Eighteen out of the 55 (32.7%)
PCa patients experienced biochemical recurrence (BCR) after RP.
BCR following RP was defined by two consecutive PSA values of
X0.2 ng ml� 1 and rising. The fusion transcript TMPRSS2-ERG
status of the tumours was known from our previous studies
(Sabaliauskaite et al, 2012; Demidenko et al, 2015).

For circulating miRNA extraction, urine from two independent
cohorts was used (Figure 1). Preoperative catheterised urine was
available from the first cohort (PCa1) and BPH cases, while initial
voided urine was collected before surgery from the second cohort
(PCa2) and ASC cases. PCa1 group consisted of 143 PCa patients,
with a set of the cases (N¼ 42) included in aforesaid prostate tissue
study. The mean follow-up period of PCa1 cohort was 2.7 years,
and the follow-up data were collected for 91.6% (131 out of 143) of
the cases with urine analysed. PCa2 group consisted of 72 PCa
patients who had the shorter mean follow-up period (1.0 year), and
follow-up data were missing for a set (18 out of 72) of the cases.
ASC cases were age-matched (mean 63.3 years) to both the PCa
groups. Detailed data of all the study groups are provided in
Table 1.

Urine samples from both PCa cohorts and controls were
processed using the same protocol: 30 ml of urine was centrifuged
at 1000 r.p.m. for 15 min at 4 1C and up to 1.5 ml of lower fraction
was collected. PBS-washed and suspended urine specimens were
stored at � 70 1C until use.

RNA extraction. Total RNA from prostate tissue was isolated
with the mirVana miRNA Isolation Kit (Ambion, Austin, TX,
USA; Thermo Fisher Scientific, Waltham, MA, USA) according to
the manufacturer’s protocol. Approximately 30 mg of snap-frozen
and ground tissue were treated with 600 ml of Lysis/Binding Buffer
and purified RNA was eluted in 100 ml of Elution Solution.

Total RNA from urine was extracted using the miRNeasy Mini
Kit (Qiagen, Valencia, CA, USA) according to the manufacturer’s
protocol with some modifications. In all, 200 ml of urine sediments
were mixed with five sample volumes of Qiazol reagent, spiked
with 25 fmol synthetic cel-miR-39 (Qiagen), and one sample
volume of chloroform was added. From that step, the manufac-
turer’s protocol was followed, and finally, samples were eluted
twice in 30 ml of RNase-free water.
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Figure 1. Workflow of miRNA expression study in tissue and urine of
PCa patients and controls.
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RNA quality was evaluated using NanoDrop 2000 spectro-
photometer (Thermo Scientific, Wilmington, DE, USA) and 2100
Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA), and
stored at � 70 1C until use.

TaqMan Low Density arrays. For miRNA profiling, TLDA
Human MicroRNA cards (Human MicroRNA AþB TLDA cards
Set v.3.0; Applied Biosystems, Carlsbad, CA, USA; Thermo Fisher
Scientific) were used, while the custom-designed TLDA cards
(Applied Biosystems, Thermo Fisher Scientific) were ordered for
further study of expression levels of selected miRNAs in three
replicates (Figure 1). For both panels, extracted RNA was reverse
transcribed into cDNA using the TaqMan MicroRNA Reverse
Transcription Kit (Applied Biosystems, Thermo Fisher Scientific)
according to the manufacturer’s protocols for cDNA synthesis
without preamplification step. Reverse transcription (RT) reaction
for AþB TLDA was performed in 7.5ml volume and contained
Megaplex RT primers (Human Pool Set v3.0) and 500 ng of input
RNA, whereas the RT reaction for custom-designed arrays was run
in 15 ml volume and contained Custom MicroRNA RT pool
(Applied Biosystems, Thermo Fisher Scientific) and 350 ng of input
RNA. Quantitative PCR (qPCR) was carried out on ViiA 7 Real
Time PCR System (Applied Biosystems, Thermo Fisher Scientific).

Quantitative RT PCR (RT–qPCR). In urine specimens
(Figure 1), abundance of selected mature miR-148a, -365, -375,
and -429 was evaluated by TaqMan Human MiRNA Assays (assay
numbers 000470, 001020, 000564, and 001024, respectively,

Applied Biosystems, Thermo Fisher Scientific). RT was performed
using the TaqMan MicroRNA Reverse Transcription Kit according
to the manufacturer’s protocol in 15 ml volume, each reaction
containing specific stem-loop RT primer and 5 ml of total RNA
from urine. In all, 1.33 ml of RT product were further amplified in
triplicates in 20 ml qPCR reaction volume using TaqMan Universal
PCR Master Mix, sequence specific primers, and TaqMan probes.
Reactions were performed on ViiA 7 Real Time PCR System
(Applied Biosystems, Thermo Fisher Scientific).

RT–qPCR data preprocessing, analytical validation, normal-
isation, and statistical analysis. For RT–qPCR data analysis,
quantification cycle (Cq) values were determined using the ViiA
7 Software v1.2.1 with automatic baseline (Cq 3–15) and threshold
selection parameters, except that for the screening step the
threshold was manually set to 0.2. For data preprocessing,
expression was considered detected when Cq values were
o40 for at least two out of the three replicates. The cutoff
percentage of raw Cq values were determined according to the
smallest variable group to avoid the loss of possible associations.
The A and B cards were combined according to the expression of
U6 nuclear RNA (RNU6) and small nucleolar RNAs (RNU44 and
RNU48). Analytical validation of the individual RT–qPCR assays
was carried out according to standard procedures, that is, intra-
assay and interassay variation was checked in three and two
replicates, respectively, and the coefficients of variation were
calculated.

Table 1. Clinical-pathological characteristics of patients with prostate cancer (PCa), benign prostatic hyperplasia (BPH), and
asymptomatic controls (ASCs)

Tissue (N¼72) Urine (N¼300)

Variable PCa (N¼56) NPT (N¼16) PCa1 (N¼143) PCa2 (N¼72) BPH (N¼23) ASC (N¼62)

Age
Mean±s.e.m., years 61.6±0.9 62.0±0.6 61.4±0.6 61.7±0.9 74.2±1.4 63.3±1.2
Range, years 48–73 53–70 42–74 41–73 59–83 30–81

Gleason score, G
6; n (%) 20 (35.7) 75 (52.4) 15 (20.8)
X7; n (%) 36 (64.3) — 68 (47.6) 56 (77.8) — —
Unknown; n (%) — — 1 (1.4)

Sub-stratified Gleason score, G
p(3þ4); n (%) 49 (87.5) 118 (82.5) 53 (73.6)
X(4þ3); n (%) 7 (12.5) — 10 (7.0) 18 (25.0) — —
Unknown; n (%) — 15 (10.5) 1 (1.4)

Pathological stage, pT
p2; n (%) 38 (67.9) 112 (78.3) 55 (76.4)
3; n (%) 18 (32.1) — 31 (21.7) 16 (22.2) — —
Unknown; n (%) — — 1 (1.4)

BCR
Yes; n (%) 18 (32.1) 26 (18.2) 9 (12.5)
No; n (%) 37 (66.1) — 105 (73.4) 45 (62.5) — —
Unknown; n (%) 1 (1.8) 12 (8.4) 18 (25.0)

Serum PSA
Mean±s.e.m., ng ml�1 10.8±4.5 6.6±1.8 9.7±1.0 8.5±0.9 7.8±1.3
Range, ng ml� 1 2.8–84.2 2.6–17.0 0.1–84.2 2.3–38.0 0.8–28.1 —
Unknown; n (%) 2 (3.6) — 3 (2.1) — 2 (8.7)

TMPRSS2-ERG
Yes; n (%) 37 (66.1) 56 (39.2) 16 (22.2)
No; n (%) 19 (33.9) — 41 (28.7) 10 (13.9) — —
Unknown; n (%) — 46 (32.2) 46 (63.9)

Surgical margins
Positive; n (%) 22 (39.3)
Negative; n (%) 34 (60.7) — — — — —
Unknown; n (%) —
Abbreviations: BCR¼biochemical recurrence; NPT¼ non-cancerous prostate tissue; PSA¼prostate-specific antigen.
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For data normalisation, miRNAs with the smallest variation
between samples according to NormFinder and geNorm algo-
rithms in TLDA cards were chosen as endogenous controls (ECs),
instead of the manufacturer’s recommended RNU6, RNU44, and
RNU48. Global approach was used as an alternative mean for data
normalisation. In urine analysis, variation in RNA isolation
efficiency was eliminated by scaling all the values to the spike-in
control (cel-miR-39). The values were further converted to relative
quantities (NPTs as a reference group for tissues and ASCs for
urine) and log2-normalised.

Data preprocessing, filtering, and statistical analysis were performed
using GenEx v.6.0.1 (MultiD Analyses AB, Göteborg, Sweden) and
STATISTICA v.8.0 (StatSoft, Tulsa, OK, USA) software. Continuous
log2-normalised miRNA expression (tissue) and abundance (urine)
values were used for all statistical tests. Quantitative variables were
compared using unpaired two-tailed t-test. Pearson’s correlation
coefficient was calculated to evaluate correlations. The sensitivity and
specificity of diagnostic tests were evaluated using Receiver Operating
Characteristic (ROC) curves, and the area under the ROC curve (AUC)
was calculated to evaluate how well diagnostic groups are distinguished.
To combine biomarkers, logistic regression analysis was applied.
Statistically significant differences were set at Po0.05.

RESULTS

MiRNA expression in prostate tissue. Of the 754 human
miRNAs provided in the Human MicroRNA AþB TLDA cards,
a total of 412 miRNAs met preprocessing criteria and were
considered as expressed in prostate tissues. For the data normal-
isation, six miRNAs showing the smallest variation of expression
(let-7g, miR-660, miR-532-3p, miR-30c, miR-103, and miR-26b)
were selected from the list of all analysed miRNAs and were used
as ECs. In addition, the global data normalisation was performed,
and a number of overlapping associations was revealed by using

both normalisation methods (Figures 2A and B). Though both
methods of data normalisation were used in all steps of the study,
only globally normalised data are presented in the text for
simplicity.

PCa comparison to NPTs identified a panel of 113 differently
(Po0.05) expressed miRNAs, 55 of them were upregulated and
58 were downregulated (Supplementary Table S1). Most signifi-
cantly deregulated miRNAs (N¼ 11) are depicted in Figure 2C.
Other significant associations between the expression levels of
miRNAs and clinical variables or TMPRSS2-ERG status are
presented in Supplementary Table S1.

Expression levels of those 11 miRNAs showing the most
significant deregulation in PCa tissue in comparison to NPTs
(Figure 2C) were further analysed in triplicate on custom-designed
TLDA cards. In addition, the probes for two miRNAs significantly
deregulated in BCR-positive vs BCR-negative cases (miR-365 and
miR-505*), and five miRNAs significantly deregulated in
TMPRSS2-ERG-positive vs TMPRSS2-ERG-negative cases (let-7b,
miR-20a, miR-21, miR-195, and miR-429) were also loaded on the
array (Supplementary Table S2).

In this step of the study, where all selected miRNAs
were analysed in triplicates in a larger set of samples, four
(miR-375, -148a, -31, and -19a) out of the 11 miRNAs showed
significantly different expression levels in PCa comparing to NPTs
(Figure 3A). As in TLDA screening cards, the expression of miR-
429 was increased in the fusion gene-positive PCa cases (P¼ 0.008)
and the expression level of miR-505* was higher (P¼ 0.048) in
BCR-positive cases (Figure 3A). Several significant associations
were identified between the expression levels of these miRNAs and
pathological stage, Gleason score, surgical margin status, and other
clinical variables (Figure 3A and Supplementary Table S2).

MiRNA analysis in urine. MiRNAs abundantly expressed in
prostate tissues and showing predominant increase in PCa
in general (miR-375 and miR-148a) or in particular subgroups
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(miR-429 and miR-365) were selected for the analysis in urine
specimens. First, the abundance of these miRNAs was analysed in
catheterised urine specimens from the PCa1 cohort (143 PCa1 and
23 BPH cases). The level of circulating miR-375 was significantly
higher (Po0.001), whereas miR-148a lower (Po0.001) in the
urine from cases with PCa1 in comparison to BPH (Figure 3B).
Besides, the higher level of miR-375 was detected in the urine from
patients with pT2 (P¼ 0.003), while miR-429 with pT3 (P¼ 0.029)
tumours (Supplementary Table S3).

Next the levels of the same miRNAs were evaluated in the urine
of the PCa2 cohort with the voided urine specimens collected
preoperatively from PCa cases (N¼ 72) and compared with the
voided urine of healthy controls (N¼ 62). Similarly to PCa1, the same
trend in miR-148a and miR-375 abundance was identified in the
urine of PCa2 (Po0.001; Figure 3C). Furthermore, the levels of
urinary miR-365 significantly (Po0.001) differed between PCa2 cases
and ASCs. In PCa2, miR-375 was more abundant (P¼ 0.037) in the
urine of TMPRSS2-ERG-positive cases (Supplementary Table S3).

In combined analysis of the data from both PCa cohorts and
controls, the higher level of circulating miR-375 and the lower level
of miR-148a remained independent separators between PCa and
control cases (BPHs and ASCs combined; Po0.001). Besides, miR-
365 level was also significantly different (P¼ 0.019) in the urine
from combined PCa and control cases (Figure 3D). The
predominance of miR-375 in the urine of PCa patients with
tumours of lower stage (pT2 vs pT3) also retained statistical
significance in this combined analysis (Supplementary Table S3).

Diagnostic value of urinary miRNAs. The sensitivity and
specificity to PCa of the two most promising urinary miRNAs
(miR-148a and miR-375) were depicted by ROC curves. Compar-
isons were made between PCa cohorts and corresponding controls,
that is, PCa1 vs BPH and PCa2 vs ASC (Figure 4). Estimates of
AUC were 0.78 and 0.82 for miR-148a (Figures 4A and D) and 0.68

and 0.80 for miR-375 (Figures 4B and E) in PCa1 and PCa2 analyses,
respectively. Combined analysis of both urinary miRNAs showed
even better diagnostic value in both cohorts (Figures 4C and F).

Widely used diagnostic PSA test has high rates of false-positive
and false-negative results. Using data from the PCa1 cohort, we
compared the diagnostic power of urinary miRNAs and serum
PSA (Figure 5) and verified the possibility to obtain an improved
diagnostic accuracy by combining both tests. All measures and the
overall diagnostic power of urinary miR-148a and miR-375
levels to detect PCa were higher than that of the PSA level alone
(AUC value 0.78, 0.68, and 0.51, respectively). Analysis of urinary
miRNAs together with the PSA strongly improved the sensitivity
(84% vs 64%) and specificity (76% vs 52%) and the overall diagnostic
power (AUC value 0.85 vs 0.51) of this test (Figures 5A and B).

In addition, the diagnostic accuracy of urinary miR-148a and
miR-375 and serum PSA was tested in the subgroup of cases falling
into the diagnostic grey zone (PSA level 4–10 ng ml� 1), where the
lack of specificity of the PSA test has the most significant clinical
consequences. In the PCa1 cohort, 76 out of the 143 (53.1%) PCa
cases and 11 out of the 23 (47.8%) BPH cases belonged to the grey
zone. In this subgroup, the PSA test was moderately specific (55%),
but the specificity was markedly improved with the combined
testing of the two urinary miRNAs (Figures 5C and D). In the
PSA grey zone, high sensitivity and specificity values were reached
(84% and 82%) for PCa by this combined test, while the diagnostic
value of the test was close to 0.90 (Figure 5D).

DISCUSSION

Urine, as a source of tumour-derived circulating nucleic acids, is a
valuable disease-specific clinical material for diagnostics of
urological malignancies (Payne et al, 2009). However, the profile

miR-31
miR-375
miR-19a

miR-148a

miR-505*

miR-429

miR-340

miR-106b
miR-365

let-7b

–1.0 –0.5 0.0 0.5 1.0

miR-148a miR-365 miR-375 miR-429 miR-148a miR-365 miR-375 miR-429

miR-148a miR-365 miR-375 miR-429

6

4

2

0

–2

–4

–6

6

4

2

0

–2

–4

–6

6

4

2

0

–2

–4

–6
Lo

g 2
 e

xp
re

ss
io

n
Lo

g 2
 e

xp
re

ss
io

n

Lo
g 2

 e
xp

re
ss

io
n

Log2 expression

PCa
NPT

BCR+
BCR–

pT3
pT2

G�7
G=6

T-E+
T-E–

BPH
PCa1

Controls
PCa

ASC
PCa2

A B

DC

** **

********** *

Figure 3. MiRNA levels in prostate tissues and urine specimens. Significant (P-value o0.05) associations between (A) miRNAs assayed on human
microRNA custom-design cards and characteristics of PCa and miRNA levels in urine from PCa cases and controls: (B) PCa1 cohort vs BPH, (C)
PCa2 cohort vs ASCs, and (D) all PCa cases vs combined controls. Column bars and lines within boxes indicate the median values of log2-
normalised data, whiskers – minimum to maximum, *Po0.05, and **Po0.001. Abbreviations: T-Eþ /� ¼TMPRSS2-ERG fusion gene-positive/-
negative tumours; G¼Gleason score; pT¼pathological stage.

Urinary miRNAs in prostate cancer BRITISH JOURNAL OF CANCER

www.bjcancer.com | DOI:10.1038/bjc.2016.233 711

http://www.bjcancer.com


of urine-circulating miRNAs is poorly characterised in PCa. In our
study, after screening of miRNA profile in prostate tissues, four
PCa-specific and highly expressed miRNAs were selected for the
evaluation of their diagnostic potential in urine specimens from
PCa cases and controls. Urine-circulating miR-148a and miR-375

showed significant diagnostic potential in two independent cohorts
and markedly improved specificity and overall diagnostic power of
the PSA test, even in the diagnostic grey zone of PCa.

In our study, miR-375 was significantly overexpressed in PCa
tissues and abundant in urine specimens from PCa patients.
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Figure 5. ROC curve analysis of PCa biomarkers and PSA. (A) Serum PSA and (B) combination of urinary miRNAs with PSA in (C) all PSA range and
(D) in PSA grey zone (4–10 ng ml� 1) only. Analyses were carried out in the PCa1 cohort only.
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Figure 4. ROC curve analysis of PCa biomarkers. Urinary miR-148a, miR-375, and combination of them in (A–C) cohort PCa1 and (D–F) in
cohort PCa2.
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Generally, this miRNA is well known as a tumour suppressor and
thus is characterised by reduced expression in various tumours;
however, its upregulation has been shown in breast and prostate
cancer (Brase et al, 2011; Nguyen et al, 2013; Chen et al, 2015). In
PCa, increased expression of miR-375 was identified in multiple
studies where tumour tissues were compared with NPTs (Ambs
et al, 2008; Schaefer et al, 2010; Szczyrba et al, 2010; Wach et al,
2012). Besides, high levels of miR-375 have been shown in plasma
and serum from PCa patients in comparison to healthy controls
(Brase et al, 2011; Bryant et al, 2012; Selth et al, 2012; Cheng et al,
2013; Nguyen et al, 2013; Huang et al, 2015). Moreover, increased
amounts of miR-375 in tissue and blood were associated with
aggressive course of the disease. Blood-circulating miR-375 showed
significant associations with PCa progression and metastasis of
castration-resistant PCa (CRPC) (Brase et al, 2011; Selth et al,
2012; Cheng et al, 2013; Nguyen et al, 2013). Blood-derived
exosomal miR-375 was also predictive for metastatic PCa (Bryant
et al, 2012) and showed significant association with overall survival
(Huang et al, 2015). Despite extensive miR-375 studies in the blood
of PCa patients, urinary miR-375 was analysed only in one study
(Bryant et al, 2012). In this study, with 135 urine specimens
involved in the analysis, levels of miR-375 did not differ
significantly in urine from PCa patients and controls. Contrarily,
in our study, the levels of miR-375 were significantly increased in
urine specimens of two independent PCa cohorts, especially in the
cases with pT2 tumours, emerging as the early-stage PCa
biomarker. Therefore, previous studies together with our data
suggest PCa-specific origin of circulating miR-375 and reveal its
suitability for non-invasive diagnostics.

In PCa, miR-148a is considered as an oncogenic miRNA having
an important role in hormone-refractory, drug-resistant PCa and
CRPC (Fujita et al, 2010; Jalava et al, 2012). It has been shown that
miR-148a promotes cancer cell proliferation (Jalava et al, 2012)
and thus contributes to PCa progression (Murata et al, 2010). This
miRNA is androgen responsive (Murata et al, 2010) and its
overexpression was demonstrated in AR-positive cancer cell lines
(Fujita et al, 2010). In our study, upregulation of miR-148a was
observed in PCa tissues, whereas in urine reduced rather than
increased level of miR-148a was detected in PCa cases from the two
cohorts. Similarly, Corcoran et al (2014) found miR-148a to be
significantly downregulated in docetaxel-resistant cell lines and
exosomes. This expression pattern was also confirmed by the
analysis (Corcoran et al, 2014) of publicly available clinical cohorts,
where levels of miR-148a were found decreased in urine from PCa
vs BPH. In our study, good diagnostic accuracy of this miRNA was
demonstrated when analysed alone or in combination with miR-
375. Additionally, significant improvement in the specificity of the
PSA test was reached when both urinary miRNAs were included
into the diagnostic panel.

In our study, a combination of two urinary miRNAs showed
high sensitivity and specificity for PCa in both the analysed
cohorts. Recent studies suggest that panels of biomarkers outper-
form diagnostic power of single biomarker such as PSA, thus
various combinations of miRNAs have been tested for non-
invasive detection of PCa. Similarly to our data, high diagnostic
power (AUC value 0.95) was reached when four miRNAs
(miR-361-3p, -133b, -221, and -203) from prostatic secretions
were used for separation of PCa patients from BPH cases (Guzel
et al, 2015). Seminal fluid (Selth et al, 2014) or ejaculate-derived
miRNAs (Roberts et al, 2015), including miR-375, showed better
diagnostic power than serum PSA. Suitability of urinary miR-1825
and miR-484 was demonstrated for specific detection of PCa
patients among BPH cases (Haj-Ahmad et al, 2014). Very few
studies assessed the diagnostic performance of miRNA-based
biomarkers within the intermediate PSA range. More recently, Yun
et al (2015) revealed that two viral miRNAs circulating in urine of
PCa and BPH patients had higher diagnostic value than PSA, when

assessed in the grey zone cohort. Similarly, in our analysis, a small
test panel combining PSA with two urinary miRNAs was
demonstrated as a powerful tool for PCa detection, even among
the cases within the diagnostic grey zone. The sensitivity and
specificity of such a combined test in the grey zone was 480% with
AUC close to 0.90.

Despite the promising results, diagnostic usage of miRNA
biomarkers raises several technical problems. Expression levels of
most miRNAs are lower and more variable as compared with
mRNAs. Therefore, sensitive quantitative methods are needed for
reliable detection of cancer-specific changes of miRNA expression.
In our study, miRNA selection for the analysis in urine was
performed using TaqMan-based microfluidic plates, which enable
precise detection of small deviations in the expression levels of
miRNAs in high-throughput settings. However, reliable standar-
dised ECs are indispensable for this relative quantification-based
method. RNU6, a small nuclear RNA, is usually included in
miRNA TLDA cards by the manufacturer as the most reliable
EC for miRNA expression analysis. However, our analysis revealed
quite variable expression of this popular EC in prostate tissue. In
our TLDA study, six most stably expressed miRNAs in prostate
tissue were selected as ECs. However, deregulated expression of
some of our selected miRNAs, including let-7g, miR-30c, and miR-
103, have been reported in PCa (Singh et al, 2014). Owing to this, a
second method of data normalisation, that is, global normalisation,
was employed in our study and in the studies of other authors
(Bandrés et al, 2006). For relative quantification of selected
miRNAs in urine specimens, the global normalisation method was
also more preferable than the usage of a single selected control
miRNA. In addition, the spike-in control (cel-miR-39) was used to
eliminate the variation in miRNA isolation efficiency from urine
specimens.

Another issue of miRNA-based biomarker studies is the natural
variation of the amounts of miRNA in various tissues and biofluids
from the same person (Weber et al, 2010). The variation is
explained by physiological and pathological conditions, specific
miRNA regulation in separate body compartments, and poorly
explored ways of miRNA secretion into body fluids. Besides, the
levels of urinary miRNAs are highly dependent on urine
concentration and sample processing. In our study, miRNAs
highly expressed in cancerous prostate tissues were selected for the
urine-based assay. However, only miR-375 was abundant in urine
from PCa patients, while amounts of other miRNAs were
significantly and PCa-specifically reduced. Similar phenomenon
was reported in urine from breast cancer patients (Erbes et al,
2015) and explained by specific miRNA secretion into the urinary
tract. Importantly, in our study, quite similar levels of urinary
miRNAs were detectable in catheterised and voided urine,
suggesting an equal utility of differently collected urine specimens
for miRNA-based biomarker assay. In urological malignancies,
urine is the easily accessible and disease-specific clinical material,
thus selective release of particular miRNAs into urinary flow
demands further investigations.

CONSLUSIONS

In our study, several PCa-specific miRNAs were successfully
detected in the urine of PCa patients and showed different
abundance when compared with urine from ASCs and BPH
patients. This reveals suitability of some urinary miRNAs for non-
invasive and specific detection of PCa, even at the early stages of
the disease. Moreover, our study indicates that combined analysis
of urinary miR-375 and miR-148a can significantly improve the
specificity and sensitivity of the PSA test, especially in men who fall
in the intermediate PSA range of 4–10 ng ml� 1.
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