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Urinary microRNA-based signature improves accuracy
of detection of clinically relevant prostate cancer
within the prostate-specific antigen grey zone
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Abstract. At present, prostate-specific antigen (PSA) is
used as a clinical biomarker for prostate cancer (PCa)
diagnosis; however, a large number of patients with benign
prostate hyperplasia (BPH) with PSA levels in the ‘gray area’
(4-10 ng/ml) are currently subjected to unnecessary biopsy
due to overdiagnosis. Certain microRNAs (miRs) have been
proven to be useful biomarkers, several of which are detect-
able in bodily fluids. The present study identified and validated
a urinary miR-based signature to enhance the specificity of
PCa diagnosis and to reduce the number of patients with
benign conditions undergoing biopsy. Seventy-three urine
samples from Mexican patients with diagnosis of PCa with a
Gleason score =7 and 70 patients diagnosed with BPH were
collected after digital rectal examination (DRE) of the pros-
tate. miR expression profiles were determined using TagMan
Low Density Array experiments, and normalized Ct values
for the miRs were compared between PCa and BPH groups.
Receiver operating characteristic (ROC) curve analysis was
performed to evaluate whether miR detection in urine is
suitable for distinguishing patients with PCa from those with
BPH. The identified miR-100/200b signature was significantly
correlated with PCa. Using a multivariable logistic regression
approach, a base model including the clinical variables age,
prostate-specific antigen (PSA), the percentage of free PSA
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and DRE was generated, and a second base model addition-
ally contained the miR-100/200b signature. ROC analysis
demonstrated that the combined model significantly outper-
formed the capacity of PSA (P<0.001) and the base model
(P=0.01) to discriminate between PCa and BPH patients. In
terms of evaluation of the sub-group of patients in the gray
zone of PSA levels, the performance of the combined model
for predicting PCa cases was significantly superior to PSA
level determination (P<0.001) and the base model (P=0.009).
In addition, decision curve analysis demonstrated that the
use of the combined model increased the clinical benefit for
patients and produced a substantial reduction in unnecessary
biopsies across a range of reasonable threshold probabilities
(10-50%). Detection of the urinary miR signature identified
in the present study as part of clinical diagnostic procedures
will enhance the accuracy of PCa diagnosis and provide a
clinical benefit for patients with BPH by sparing them from
undergoing invasive biopsy. To the best of our knowledge, the
present study was the first to describe the profiling of urinary
miR100 and miR-200b levels for the clinical diagnosis of PCa.

Introduction

Prostate cancer (PCa) is the second most frequently diagnosed
malignancy and the sixth leading cause of cancer-associated
mortality in men worldwide (1). It develops mainly in the
peripheral zone and involves multiple genetic and molecular
alterations (2). Prostate-specific antigen (PSA) remains the
only diagnostic biomarker and indicator for the management
of PCa. Inclusion of PSA evaluation into clinical assess-
ments has achieved a significant reduction in PCa-associated
mortality (3). Although highly tissue-specific, PSA is not
disease-specific (4). As a consequence, PSA routine screening
has led to overdiagnosis and overtreatment, and controver-
sies have risen regarding the increasing number of negative,
potentially unnecessary prostate biopsies performed in order
to identify a patient with a lethal prostate tumor (5).
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Considerable research efforts have been made with the aim
of discovering novel molecular markers for improving PCa
detection and monitoring (6). MicroRNAs (miRNAs) have
emerged as promising diagnostic biomarkers and as thera-
peutic targets for a diversity of tumor types. Specific miRNAs
have been found to have key regulatory roles in a variety of
oncogenic processes, including angiogenesis (7), response
to hypoxia (8), epithelial-mesenchymal transition (9) and
metastasis (10,11). Of note, a variety of studies have described
the deregulation of several miRNAs during the genesis and
progression of PCa (12). For example, miR-15a, miR-16-1,
miR-101, the miR-200 family, miR-205, and the miR-99
family haven been shown to have tumor suppressor roles, while
miR-21, miR-221/222, miR-106b-25-93 and miR-125b have
been validated to have oncogenic functions (12). In addition,
profiling studies of tissue samples have identified PCa-specific
miRNA signatures, which permit the differentiation of malig-
nant and benign conditions (13,14).

It is of great interest to develop diagnostic strategies that
are less invasive while being affordable. In this context, it is
desirable to detect biomarkers in bodily fluids. miRNAs are
relatively stable molecules and can be secreted into the extra-
cellular space (15), which renders them useful biomarkers,
readily detectable in bodily fluids. It has been shown that
blood (16,17), saliva (18) and urine (19-22) contain miRNAs
that can be quantified using methods such as reverse-tran-
scription quantitative polymerase chain reaction (RT-qPCR).
The most successful example is the case of the urine-based
method for detecting and measuring levels of the non-coding
transcript PCA3 for the diagnosis of PCa (23). In the present
study, a high-throughput analysis of miRNAs in urine samples
from men with PCa and benign prostate hyperplasia (BPH)
was performed. A miRNA signature characteristic for PCa
was identified and its clinical applicability for predicting the
biopsy outcome of patients with suspected PCa was assessed.

Materials and methods

Patient cohort. A total of 143 male Mexican patients, who
visited the Hospital General Dr. Manuel Gea Gonzalez (Mexico
City, Mexico) between July 2012 and February 2013, were
enrolled in the present study. Written informed consent was
obtained from all patients. The protocol of the present study
was approved by the ethics committee of Hospital General Dr.
Manuel Gea Gonzalez. All patients presented with palpable
nodules or induration of the prostate [suspicious digital rectal
examination (DRE)] and blood levels of PSA >2.5 ng/ml.
Following diagnosis, patients where scheduled for a 12-core
transrectal ultrasound-guided prostate biopsy. Subsequently,
an experienced pathologist assessed the cores to determine
whether the biopsy specimens were malignant. For those
samples pathologically diagnosed as PCa, Gleason scoring
was performed by careful examination of the microscopic
pattern of the cancer foci. The PCa group included 73 patients
with significant PCa diagnosis (Gleason score =7). The control
group comprised 70 patients with BPH, whose biopsy speci-
mens contained benign glands and normal prostate cells only.
Patients with previous diagnosis of PCa or a family history
record of PCa were excluded. Patients with symptoms of
urinary tract infection, immunodeficiency disorders, harboring
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high-grade prostatic intraepithelial neoplasia or atypic cellular
proliferation, or who were under medical treatment for prostate
hyperplasia, were also excluded. The clinical and pathological
data of the patients were collected and are listed in Table I.

Urine sample processing and RNA extraction. First-catch urine
(30 ml) was collected following a prostate massage to stimu-
late the release of prostate fluid into the urine, as described in
a previous study (24). The collected urine and prostate fluid
mixture was mixed with 5 ml RNAlater buffer (Qiagen, Hilden,
Germany) as an RNA stabilizing agent. All samples were
stored at -80°C for one week. For further processing, samples
were defrosted on ice and then centrifuged at 5,000 x g.
Once the supernatant was discarded, the urine sediment was
washed twice with phosphate-buffered saline at pH 7.2 and
RNA extraction was performed using the RNeasy Mini kit
(Qiagen, Inc.) according to the manufacturer's guidelines. RNA
was re-suspended in 15 ul RNAase-free water and quantified
spectrophotometrically using a NanoDrop ND-1000 system
(Thermo Fisher Scientific, Inc., Waltham, MA, USA).

c¢DNA preparation, pre-amplification and RT-gPCR analysis.
For the screening study, RT was performed for each sample
using the TagMan® MicroRNA reverse transcription kit and the
Megaplex™ RT primers, human pool A v2.0 (Thermo Fisher
Scientific, Inc.). Subsequently, the newly synthesized comple-
mentary DNA was subjected to a pre-amplification step using
the 2X Preamp Master Mix and the Megaplex 10X preamp
primer mix (Thermo Fisher Scientific, Inc.). The product was
then loaded onto a Human MicroRNA TagMan Low Density
Array (TLDA) set card A v.2.1 (Thermo Fisher Scientific, Inc.)
and qPCR was performed using a 7900HT Fast Real-Time PCR
system (Thermo Fisher Scientific, Inc.). RT, pre-amplification
and qPCR reactions were performed according to manufac-
turer's instructions.

For the validation study and time course analysis, RT,
pre-amplification and qPCR reactions were performed. The
expression of let-7c, miR-193b, miR-100, miR-200b, miR-200c,
miR-20a, miR-204, miR-195, miR-150, miR-16, miR-21 and
let-7b was measured using TagMan® MicroRNA Assays (cat.
no. 4427975; Thermo Fisher Scientific, Inc.). For measurement
of GAPDH and KLK3 mRNA expression levels, Single Tube
TagMan® Gene Expression Assays (cat. no. 4331182; Thermo
Fisher Scientific, Inc.) were used.

Time-course analysis. After thawing, six samples of urine,
including three PCa and three BPH, were randomly selected
from the entire cohort, and 10 ml from each sample were pooled.
The pool was maintained at 25°C and aliquots were removed in
triplicate at 0, 1, 2,4, 6, 12 and 24 h and placed at 4°C. Once
this time-series had been completed, RNA extraction, RT and
pre-amplification reactions were performed for all aliquots.
Quantification of miR-15a, miR-21, KLK3 and GAPDH was
performed by qPCR, as described above. Comparisons between
raw Ct distributions were assessed performed using the
Friedman test. P<0.05 was considered statistically significant.

Evaluation of human miRNA TLDA and RT-gPCR data. In
order to avoid group bias, the cycle threshold (Ct) distributions
for all PCa and BPH samples were determined and a filtering
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procedure was applied to classify the miRNAs according to
their level of detectability. A Ct value of 35 was set arbitrarily;
miRNAs with Ct<35 were considered as detected and those
with Ct>35 were considered undetected. miRNAs that were
undetected in >2 samples for each group were removed from
the analysis. Filtered raw Ct data were normalized using
a rank-invariant set normalization procedure. Briefly, this
normalization computes all rank-invariant sets of features
between pair-wise comparisons of each samples against
a pseudo-mean. The rank-invariant features were used as
a reference for generating a smoothing curve, which was
then applied to the entire sample. Differential expression of
miRNAs was assessed using a Mann-Whitney U test with
consideration of two different distributions for BPH and CaP
groups and a Benjamini Hochberg test was applied to control
the rate of false-positive results. miRNAs with a fold change
>2 and a false discovery rate (FDR) adjusted to P<0.05 were
considered to be statistically significant. For individual assays,
the comparative Ct method was used to determine the differ-
ential expression of miRNAs (25). P<0.05 as assessed by a
Mann-Whitney U test was considered to indicate a statistically
significant difference. For miR-100 and miR-200b scores,
the geometric mean of raw Ct values were calculated and the
geometric mean of MammU6 and RNU48 was subtracted.

Statistical analysis. Univariable logistic regression was
performed to assess the contribution of age, PSA, % of free
PSA, DRE and miR-100/200b score as individual predictors
of PCa on biopsy results. Odds ratios (ORs) and corresponding
95% confidence intervals (95% CI) were computed for each
predictor. Multivariable logistic regression was used to build
a base model including the variables age, PSA, % of free PSA
and DRE, as well as a second combined model composed of
the variables age, PSA, % of free PSA, DRE and miR-100/200b
score. ORs and 95% CI were also computed for each model. For
evaluating the diagnostic performance of the individual vari-
ables, and the base and combined models, receiver-operating
characteristic (ROC) curve analysis was carried out, and the
areas under the curve (AUC) and corresponding 95% CI were
computed using the DeLong method. A ¥* test was applied to
assess significant differences in the predictive value between
ROC curves. To assess the clinical benefit of the models
tested, a decision curve analysis (DCA) was performed, which
illustrates the net benefit of a clinical intervention at various
threshold probabilities, the minimum expected probability of
a PCa diagnosis at which the physician in consultation with
the patient opts for a biopsy. In brief, DCA assigns weight to
the relative value of the benefits (true positives) versus the
false positives. Data processing and statistical analyses were
performed using utility packages from Bioconductor in R and
GraphPad Prism V 5.0 (GraphPad, Inc., La Jolla, CA, USA).

Results

miRNAs are stable molecules which can be robustly measured
in urine samples. As a proof of principle for the robustness of
the approach of evaluating miRNAs as biomarkers in urine,
the degradation pattern of selected miRNAs was determined.
A time course RT-qPCR analysis of miRNAs in urine was
performed at 37°C. The levels of miR-16 and miR-21, two
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readily detectable miRNAs, were assessed in a variety of
urine samples over 24 h. Simultaneously, the levels of two
mRNAs, GAPDH and KLK3, were assessed, which showed
a rapid decrease over 24 h. By contrast, the levels of the two
miRNAs remained relatively constant (Fig. 1A). To test the
reproducibility of the method for measuring miRNA levels,
aliquots were taken in duplicate from the urine samples of two
PCa patients and one BPH patient and the levels of miRNA
expression were assessed by RT-qPCR in triplicate. The Ct
values obtained showed no significant differences among
replicates from the same sample donor and between samples
from different donors (Fig. 1B). These results indicated that
miRNAs are stable molecules in urine samples, which can be
detected and robustly measured.

miRNA profile is significantly altered in PCa. A PCR array
was performed to determine the levels of 364 miRNAs in
8 urine samples from patients with PCa and 8 urine samples
from patients with BPH. Notably, miRNA levels in the PCa
group were generally higher, as compared than those in the
BPH group (Fig. 2A). A total of 102 miRNAs were detected
in the PCa group, whereas 78 miRNAs were detected in the
BPH group. Of these, 73 miRNAs were detected in both
groups (Fig. 2B). This dataset was retained for subsequent
processing and differential expression analysis. As there is no
standard method for normalization of miRNA expression data
in urine samples, various normalization strategies were tested.
Rank-invariant set normalization was applied to raw Ct data,
since this method represented the best distribution adjustment
to make the two groups of samples comparable, with the
exception of quantile normalization. However, the quantile
normalization method has been reported to result in a loss of
important biological differences (26). Comparison of normal-
ized expression levels of miRNAs revealed a set of 19 miRNAs
that showed significant differences between the PCa and BPH
groups (Fig. 3). From this set of miRNAs, 11 were elevated,
while 8 were reduced in the PCa group. The top ten differen-
tially expressed miRNAs were as follows: miR-100, miR-200b,
miR-200c, miR-150, miR-195, let-7b, let-7¢c, miR-20a,
miR-193b and miR-204. This set of miRNAs was selected for
further validation in 73 urine samples from patients with PCa
and 70 urine samples from patients with BPH, including the
samples used for the initial screening. Significant aberrations
were confirmed for miR-100, miR-200b, miR-200¢, miR-150,
miR-195, let-7b, let-7c and miR-193b (Table II).

Urine levels of miR-100 and miR-200b can be used for distin-
guishing between PCa and BPH. The urine levels of miR-100
and miR-200b were most significantly increased in patients
diagnosed with PCa compared with patients diagnosed with
BPH by subsequent biopsy. Since all patients in the PCa group
had a Gleason score of =7, the difference between indolent and
more aggressive PCa could not be assessed. A significant posi-
tive correlation was found between the urine levels of miR-100
and miR-200b (Spearman coefficient=0.18; P=0.0355) and
a unique miR-100/200b score was calculated for further
analysis. In the entire cohort, the miR-100/200b score was
significantly higher in patients diagnosed with PCa compared
with that in patients diagnosed with BPH by subsequent biopsy
(Fig. 4A). The miR-100/200b score was then compared among
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Table I. Clinical features of patients.
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Variable Total PCa BPH
Patients, n (%) 143 (100.0) 73 (51.1) 70 (48.9)
Age at diagnosis, mean (range) in years 66 (50-87) 68 (51-87) 65 (50-82)
PSA

Total, mean (range) in ng/ml 12.8 (0.9-72.4) 15.7 (5-72.4) 9.8 (0.9-36)

Free PSA, mean (range) in % 14 .4 (5-38) 12.5 (5-28) 16 (5-38)

<4 ng/ml, n (%) 2(1.4) 0(0.0) 2(14)

>4, <10 ng/ml, n (%) 77 (53.8) 31 (21.7) 46 (32.2)

>10 ng/ml, n (%) 66 (46.2) 42 (294) 22 (15.4)
Gleason score, n (%)

7 28 (19.6)

8 33 (23.1)

9 2(1.4)

10 10 (7.0)
Suspicious DRE result, n (%)

Yes 68 (47.6) 47 (32.9) 21 (14.7)

No 75 (52.4) 26 (18.2) 49 (34.3)
Lymph node metastasis, n (%)

NO 63 (44.0)

N1 3.1

Unknown 7(49)

PCa, prostate cancer; BPH, benign prostate hyperplasia; PSA, prostate-specific antigen; DRE, digital rectal examination.

patients with suspicion of PCa with PSA levels in the ‘gray
area’ (4-10 ng/ml), revealing that the miR-100/200b score
was significantly higher in patients with PCa-positive biopsy
results compared with those in patients with BPH (Fig. 4B).

Inclusion of the urinary miR-100/200b score enhances the
predictive value regarding the prostate biopsy outcome.
Age, PSA, percentage of free PSA, DRE and miR-100/200b
score were evaluated by univariable and multivariable logistic
regression analysis to test their predictive value regarding
PCa-associated biopsy results (Table III). For the entire
cohort, all variables were significant individual predictors of
PCa according to the univariable logistic regression model,
with the miR-100/200b score DRE having the highest predic-
tion accuracy, followed by the free PSA, PSA, DRE and
age. Subsequently a multivariable logistic regression model
comprising age, PSA, percentage of free PSA and DRE (base
model) was generated to predict the presence of PCa. Addition
of the miR-100/200b score to the base model (combined
model) yielded a gain of 6.3% in prediction accuracy. ROC
curve analysis demonstrated that the combined model
significantly outperformed the capacity of PSA levels (sensi-
tivity, 0.70; specificity, 0.66; P<0.001) and the base model
(sensitivity, 0.68; specificity, 0.83; P=0.01) for discriminating
between PCa and BPH patients, with enhanced sensitivity
(0.822) and specificity (0.814) at the optimal cutoff value of
the estimated coefficients (Table III; Fig. 5). DCA showed that,
across a range of threshold probabilities of interest (10-50%),
the highest net benefit was achieved by using the combined

model (Fig. 6). For example, at a threshold probability of 26%,
the combined model reached a net benefit of 0.40, which meant
that performing a biopsy based on this model was equivalent
to a strategy aimed at identifying 40 cancers per 100 patients
without performing any unnecessary biopsies, that is a biopsies
with a very high probability of being negative for the presence
of cancer cells. At this probability threshold, the combined
model produced the higher net reduction of 17 unnecessary
biopsies per 100 patients, in comparison with the decision
based on the PSA model, which had no net reduction, and the
base model, which only produced a net reduction of 7 biopsies.
These results suggested that adding the miR-100/200b score to
the combined model may reduce the number of biopsies with
potentially negative results.

Inclusion of the urinary miR-100/200b score enhances the
predictive value regarding the prostate biopsy outcome for
patients with PSA levels in the gray zone. For the evaluation
of the sub-group of patients with PSA levels in the gray zone,
age and miR-100/200b score were independent prognostic
factors of PCa, as determined by univariable logistic regression
analysis. Multivariable logistic regression analysis showed that
the combined model significantly improved the prediction of
PCa, compared to that using any of the variables alone, and
produced a gain in prediction accuracy of 9.1% compared to
that of the base model (Table IV). ROC analysis indicated that
specificity of the combined model (0.956) was not superior to
PSA levels (0.957). However, the overall performance of the
combined model was significantly superior (sensitivity, 0.677;
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Figure 1. miRNA stability and reproducibility of its quantification in urine samples. (A) Aliquots were removed in triplicate from a pool consisting of 3 PCa
and 3 BPH urine samples at 0, 1,2,4,6, 12 and 24 h. miR-15a, miR-21, and KLK3 and GAPDH mRNA, were measured by qPCR and Ct values were obtained.
Data are presented as the mean + standard deviation of raw Ct values (n=3). Comparisons between raw Ct distributions were conducted using the Friedman
test. "P<0.05 vs miR-21. (B) Individual aliquots were removed in duplicate from three urine samples (two PCa patients and one BPH). MiR-15a levels were
measured by RT-qPCR performed in triplicate. Data are presented as the mean + standard deviation of raw Ct values. miRNA, microRNA; rep, replicate; Ct,
cycle threshold. P<0.05 as assessed by the Mann-Whitney U test was considered to indicate a statistically significant difference.
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Figure 2. Number of detected and undetected miRNAs in PCa and BPH
urine samples. (A) A filtering procedure was applied to classify the evaluated
miRNAs according to their level of detectability. A Ct threshold value of
35 was established; a miRNA was considered detected (blue) when Ct<35
and undetected (red) when Ct>35. The number of undetected and detected
miRNAs for each patient is plotted on the y-axis. (B) Venn diagram showing
the number of miRNAs detected in the PCa group alone, in the BPH group
alone and in both groups. miRNA, microRNA; Ct, cycle threshold; PCa,
prostate cancer; BPH, benign prostate hyperplasia.

predictive accuracy, 84.4%), as compared with PSA levels
(sensitivity, 0.290; predictive accuracy, 68.8%; P<0.001) and
the base model (sensitivity, 0.548; predictive accuracy, 75.3%;
P<0.001; Fig. 5).
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Figure 3. Differentially expressed miRNAs were determined, according to a
screening analysis. Fold changes in the PCa group (n=8), as compared with
the BPH group (n=8), were computed as 22 and are plotted on the y-axis.
Significant differences were determined using a Mann Whitney U test with the
cutoff value set at P<0.05. miR, microRNA; Ct, cycle threshold.

DCA analysis demonstrated that the combined model
produced a greater net benefit for patients with suspicious DRE
results who would opt for biopsy at a reasonable threshold
probability range of 10-50%, as compared with the use of
PSA levels alone or the base model (Fig. 6). At a probability
threshold of 26%, the use of the combined model permits the
identification 27 cancers per 100 patients, and reduces the
number of unnecessary biopsies by 26 per 100 patients. This
is in comparison with a decision based on the PSA levels or
base model, which produced a net reduction of only 2 and
8 biopsies, respectively. These results indicate that the predic-
tive performance of the miR-100/200b score is similar for the
sub-groups of patients within the gray zone and for patients
with abnormal DRE results. However, using the miR-100/200b
score is advantageous for patients in the gray zone of PSA
values.
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Table II. Averaged normalized levels of miRNAs in the urine of patients with PCa and BPH and statistical validation of signifi-
cant differences.

miRNA ACt (PCa) ACt (BPH) AACt Fold change (24) P-value

hsa-miR-100* 42782 5.9839 -1.7058 3.2620 5.52x10°
hsa-miR-200b* 22534 4.6239 -2.3705 5.1713 2.94x10*
hsa-miR-200c* 2.7771 4.1767 -1.3995 2.6382 4.60x10*
hsa-miR-150° 6.6473 4.9470 1.7003 0.3077 1.43x10?
hsa-miR-195¢ 8.9949 7.6015 1.3934 0.3807 1.67x102
hsa-let-7b* 2.6407 3.9059 -1.2652 2.4035 2.26x107
hsa-let-7¢* 3.2002 42061 -1.0058 2.0081 3.49x107
hsa-miR-20a 55777 6.5679 -0.9901 1.9864 7.53x10
hsa-miR-193b 2.8863 3.9914 -1.1051 2.1511 9.10x10?
hsa-miR-204 5.6469 5.0981 0.5487 0.6836 3.69x10"!

*P<0.05 according to the two-sample Wilcoxon test indicates that the respective miRNA was successfully validated in a set of independent
samples. miRNA, microRNA; Ct, cycle threshold; PCa, prostate cancer; BPH, benign prostate hyperplasia.
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Figure 4. Association of urine levels of miR-100 and miR-200b with the outcome of prostate biopsy. Comparison of the miR-100/miR-200b expression
ratio between PCa and BPH patients (A) in the entire cohort and (B) in the sub-group with prostate-specific antigen levels in the gray zone. Each data-point
shows the value for one patient, and horizontal bars represent the mean value. miR, microRNA; Ct, cycle threshold; PCa, prostate cancer; BPH, benign

prostate hyperplasia.

Discussion

At present, abnormal PSA levels and suspicious DRE results
are the main criteria considered for decisions on performing
a prostate biopsy (27). In spite of being highly tissue-specific,
PSA is not PCa-specific and abnormal serum levels of PSA
may also be caused by indolent conditions such as BPH (6).
DRE is considered to be a subjective parameter for identifying
PCa (28) and almost 50% of prostate biopsies performed to
confirm a suspicion of PCa are negative and would thus be
unnecessary if more precise prediction tools were at hand.
Therefore, there is a requirement for novel methods to improve
PCa detection and to therefore minimize the rate of overdiag-
nosis. Furthermore, it is desired to develop novel diagnostic
tools with minimal invasiveness to avoid the comorbidity asso-
ciated with prostate biopsy. While the risk of unrecognized
PCa cannot be completely ruled out (29), a critical aspect
of the present study was the identification of patients with
BPH by distinguishing them from patients with PCa within
a cohort with abnormal DRE results. For this set of BPH
patients, biopsy specimens were assessed and no evidence

of cancer was found. Of note, none of the patients from the
BPH group had high-grade prostatic intraepithelial neoplasia
or atypical cellular proliferation; therefore, no further biopsy
was required. The goal of the present study was to develop a
non-invasive method to identify the miRNA signature in the
patients' urine to help to distinguish clinically relevant PCa
with a Gleason score of =7 from indolent hyperplasia such as
BPH.

Urine-based biomarkers are promising indicators of PCa
as they can be obtained by non-invasive methods and allow
for monitoring of tumors with heterogeneous foci (30). Recent
studies paralleling the present study have demonstrated the
feasibility of measuring the levels of miRNAs in urine from
PCa patients and comparing them to those of healthy controls
or patients with BPH (19,20,24,31-33). The present study
confirmed that miRNAs can be readily detected in urine
from PCa and BPH patients. In a preliminary attempt, the
supernatant fraction remaining after a first centrifugation step
was used for miRNA analysis, according to the procedure of
a previous study (24). However, in the present study, the RNA
yield obtained by this procedure was very low (<10 ng/ul).
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Figure 5. Receiver-operating characteristic analysis for prediction models in (A) the entire cohort and in (B) the subgroup of patients with PSA levels in the
gray zone. PSA was used as a reference for comparison. The base model included the following variables: Age, PSA, percentage of free PSA and DRE. The
combined model was the base model plus the miR-100/200b score. miR, microRNA; PSA, prostate-specific antigen; DRE, digital rectal examination.
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Figure 6. Decision curve analysis of the effects of prediction models on the detection of prostate cancer. (A) Net benefit plotted against various threshold prob-
abilities of undergoing biopsy for patients in the entire cohort. (B) Net benefit plotted against various threshold probabilities of undergoing biopsy for patients in
the sub-group of patients with PSA levels in the gray zone. The combined model was the base model plus the miR-100/200b score. PSA, prostate-specific antigen.

Instead, the use of the whole urine sediment yielded higher
RNA recovery and improved the detectability of miRNAs by
RT-gPCR. To reduce bias, urine specimens were collected and
processed as follows: i) Specimens were collected immediately
after prostate massage, ii) samples collected were a minimum
of 30 ml first-catch urine, iii) specimens with a dark, inhomo-
geneous appearance and/or with a strong fetor were excluded
from the analysis and iv) RNA stabilization agent was added.
After establishment of the RT-qPCR detection method and
verification of its robustness, comprehensive miRNA profiling
was performed with the intention of identifying PCa-specific
miRNAs in urine samples. Notably, the overall abundance of
miRNAs in urine samples from PCa patients was higher, as
compared with urine samples from BPH patients. The reason
for this is unclear and, after filtering out miRNAs detected in
PCa samples only, the global expression levels of miRNAs in
the Pca group were not significantly different, as compared with
the BPH group. Brase et al (17) assessed circulating miRNAs
and made a similar observation that various miRNAs were

highly elevated in the sera of patients with metastatic PCa in
comparison to patients with localized PCa. It is possible that
a greater number of miRNA molecules are secreted into the
extracellular space with ongoing progression of PCa. In fact, is
increasing evidence suggested that PCa cells actively secrete
miRNAs and that the profile of the miRNAs secreted dynami-
cally changes as the disease progresses (33,34). These findings
further support the use of miRNAs in urine as PCa-specific
biomarkers.

The screening analysis of the present study revealed a set
of 18 miRNAs whose urine levels were significantly altered
in patients with PCa (FDR<0.05¢). Among these miRNAs,
miR-100 and miR-200b were most significantly upregulated
(P<0.05). Furthermore, a positive correlation between miR-100
and miR-200b was identified; therefore, the miRNA signature
was described as the miR-100/200b ratio. In order to measure
the degree of correlation between different variables and the
outcome of prostate biopsy, an unvariable logistic regression
analysis was performed. The results demonstrated that DRE,
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miR-100/200b score, age, PSA and % free PSA were indepen-
dent predictors of PCa. Two multivariable models were then
constructed: The base model, which comprised DRE, age, PSA
and % free PSA, and the combined model, which comprised
all variables in the base model plus the miR-100/200b score.
The combined model was a better predictor of the PCa
diagnosis than the miRNA signature alone or any individual
clinical parameter. PSA levels have a low predictive value in
the diagnostic gray zone (4-10 ng/ml), and affected patients are
currently subjected to prostate biopsy, of which only an esti-
mated 25% are then diagnosed with PCa (35). Therefore, the
use of more specific biomarkers to distinguish patients with
BPH from those with PCa may spare them from unnecessary
biopsies. Of note, the results of the present study indicated that,
for patients with serum PSA values in the gray zone, the predic-
tive accuracy and performance of the miR-100/200b signature
alone was similar to that for the entire cohort. However, the
combined model significantly outperformed all other models,
indicating that adding the miR-100/200b signature to the base
model increased the accuracy of PCa detection within the gray
zone, where the clinical decision on whether or not to perform
a biopsy remains controversial.

In addition to the assessment of the accuracy in predicting
PCa, the clinical benefit of the miRNA signature as part of the
combined model was assessed and compared with PSA alone
and the base model. For this purpose, DCA was performed,
which provided a method allowing for the qualification and
identification of the best prediction model to ensure that a
biopsy is performed only in patients with a reasonably high
probability of positive PCa diagnosis (36). The results showed
that the combined model provides a higher net benefit at
threshold probabilities of 10-50%, a reasonable range of
probabilities to perform a biopsy at the cost of the risk of
overtreatment. Of note, the reduction of unnecessary biopsies
was maximized within the same threshold probabilities. From
a clinical perspective, the performance of the combined model
for distinguishing PCa from BPH is more crucial in patients
with PSA levels in the gray zone. Here, the net benefit was
also present within the defined threshold probabilities and a
substantial number of potentially negative biopsies may be
avoided, providing a greater clinical benefit for this sub-group
of patients.

Further molecular markers have been previously evalu-
ated for the diagnosis of PCa. The non-coding RNA PCA3
and the TMPRSS2: ERG gene fusion transcript are the most
representative examples of urine biomarkers (37,38). Although
PCA3 has been proven to outperform PSA and free % PSA,
the most noteworthy benefit has only been demonstrated in
patients who have already undergone biopsies with a negative
result (39). However, TMPRSS2: ERG, which can also be
detected in urine samples, has a positive predictive value for
PCa of as high as 94%. However, one important drawback in
the use of TMPRSS2: ERG is its variable frequency in different
populations (6). Despite the efforts to increase the detection
rate of PCa, even combining the two transcripts, limitations
regarding their sensitivity remain, and their performance is
far from being outstanding, particularly at discriminating
indolent from significant PCa. One important feature that
contributes to the robustness of the use of miRNAs in urine
samples as biomarkers is their relatively superior stability for
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longer time periods in comparison to that of mRNAs (24).
The present study was able to detect mRNAs and measure
their abundance in the urine samples. However, there are
some important limitations of using mRNAs as biomarkers:
First, the Ct values of mRNAs are higher and decay rapidly,
as compared with miRNAs; secondly, their Ct values exhibit
a high degree of variation, as was observed for KLK3 in the
present study. All of these factors may contribute to the lower
reproducibility of mRNAs in urine. Future experiments may
be performed to compare the predictive performance of PCA3
and TMPRSS2: ERG with that of the miRNA signature identi-
fied in the present study, using the same cohort of patients. In
addition, it may be useful to assess the predictive performance
of a single model combining all of these biomarkers, with the
aim of further enhancing the specificity of the diagnosis.

The present study demonstrated that the elevation of
miR-100 and miR-200b levels in urine samples is significantly
associated with the presence of advanced PCa. Consistent
with this observation, it has been reported that miR-100 is
upregulated in high-grade prostate intraepithelial neoplasia,
as compared with benign tissue, and remained elevated during
the carcinogenic process (40), and that its overexpression was
independently correlated with the biochemical recurrence of
PCa (41).In contrast,downregulation of miR-100 has previously
been described for hormone-refractory PCa (14). Regarding
the presence of miR-100 in biological fluids, a recent study
found that miR-100 was upregulated in sera from patients with
metastatic castration resistant prostate cancer (nCRPC), as
compared with healthy controls. Although miR-100 was not
further validated as a predictor marker to mCRPC, the authors
showed that miR-100 was among nine miRNAs that were
significantly elevated in mCRPC (42). Supporting this notion,
Mitchell er al (43) reported an increase in miR-100 expression
in the plasma of PCa patients. Furthermore, their increased
levels were correlated with poor prognosis. In addition, it has
been shown that members of the miR-99 family, including
miR-100, have a role in enhancing the sensitivity to radiation
in PCa cells (44), reinforcing the value of miR-100 as a marker
of PCa.

In conclusion, the present study discovered and validated
a urinary miRNA-based signature for enhancing the accuracy
of diagnosis of PCa, and to distinguish patients with abnormal
DRE results and BPH to spare them from unnecessary biopsy.
To the best of our knowledge, the present study was the first
describing the use of urinary miR100 and miR-200b levels in
combination with clinical parameters to detect the presence
of PCa. Similar to the validation process of other biomarkers,
this signature requires validation in an independent dataset in
order to better evaluate its clinical value.
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