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Abstract (English)

With the increasing understanding of the molecular mechanism of the microRNAs
(miRNAs) in prostate cancer (PCa), the predictive potential of miRNAs has received
more attention by clinicians and laboratory scientists. Compared with the traditional
prognostic tools based on clinicopathological variables, including the prostate-specific
antigen, miRNAs may be helpful novel molecular biomarkers of biochemical
recurrence for a more accurate risk stratification of PCa patients after radical
prostatectomy and may contribute to personalized treatment. Tissue samples from
prostatectomy specimens are easily available for miRNA isolation. Numerous studies
from different countries have investigated the role of tissue-miRNAs as independent
predictors of disease recurrence, either alone or in combination with other
clinicopathological factors. For this purpose, a PubMed search was performed for
articles published between 2008 and 2017. We compiled a profile of dysregulated
miRNAs as potential predictors of biochemical recurrence and discussed their current
clinical relevance. Because of differences in analytics, insufficient power and the
heterogeneity of studies, and different statistical evaluation methods, limited
consistency in results was obvious. Prospective multi-institutional studies with larger
sample sizes, harmonized analytics, well-structured external validations, and
reasonable study designs are necessary to assess the real prognostic information of
miRNAs, in combination with conventional clinicopathological factors, as predictors of

biochemical recurrence.



Abstrakt (Deutsch)

Mit dem zunehmenden Verstandnis der molekularen Mechanismen von microRNAs
(miRNAs) beim Prostatakarzinom (PCa) hat das mdgliche Vorhersagepotenzial von
miRNAs fur den Verlauf dieser Erkrankung das besondere Interesse von Klinikern
und Laborwissenschaftlern geweckt. Im Vergleich zu den traditionellen
Prognoseindikatoren, die auf klinisch-pathologischen Variablen unter Einschluss des
prostata-spezifischen Antigens (PSA) im Serum basieren, konnen miRNAs
moglicherweise neue molekulare Biomarker zur Erkennung des "biochemischen
Rezidivs" (d.h., Wiederanstieg des PSA nach Prostatektomie) darstellen. Sie bieten
damit Mdglichkeiten flr eine genauere Risikostratifizierung von PCa-Patienten nach
radikaler Prostatektomie und konnten zu einer besseren personalisierten Behandlung
und Verlaufsbeobachtung beitragen. Gewebeproben von Prostatektomie-Praparaten
sind fur die miRNA-Isolierung leicht verfligbar. Zahlreiche Studien aus verschiedenen
Landern haben die Rolle von Gewebe-miRNAs als unabhangige Pradiktoren flr ein
PCa-Rezidiv untersucht, entweder nur anhand von miRNAs oder in Kombination mit
traditionellen klinisch-pathologischen Faktoren. Es wurde eine systematische
Ubersichtsarbeit der bisher publizierten Ergebnisse erstellt, die auf einer PubMed-
Suche der zwischen 2008 und 2017 veroffentlichten Studien beruht und diese kritisch
ausgewertet hat. Profile von fehlregulierten miRNAs als potenzielle Pradiktoren fur
ein biochemisches Rezidiv wurden erarbeitet und deren aktuelle klinische Relevanz
diskutiert. Aufgrund der Unterschiede in der Analytik, der oftmals unzureichenden
statistischen Effektgrolen und der Heterogenitat der Studien sowie der
unterschiedlichen statistischen Auswertungsmethoden war nur eine begrenzte
Ergebniskonsistenz offensichtlich. Prospektive multi-zentrische Studien mit gro3eren
Stichproben und besser harmonisierten  Analyseverfahren, gut strukturierten
externen Validierungen und vernlnftigen Studiendesigns sind notwendig, um die
tatsachlichen prognostischen Informationen von miRNAs in Kombination mit
konventionellen  klinisch-pathologischen  Faktoren als Pradiktoren fur das

biochemische Rezidiv bewerten und eventuell routinemafig einsetzen zu kénnen.
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Essential aspects of the thesis paper "Tissue-Based MicroRNAs as Predictors
of Biochemical Recurrence after Radical Prostatectomy:What Can We Learn

from Past Studies?"

Background

Prostate cancer (PCa) is the second most common type of cancer in males
worldwide. Approximately 15-30% and 25-53% of postoperative patients suffer from a
biochemical recurrence after 5 and 10 years, respectively [1,2]. In line with the
guidelines of the European Association of Urology, biochemical recurrence is termed
as a reappeared prostate-specific antigen (PSA) to 0.2 ug/L after radical
prostatectomy that is confirmed by two consecutive elevated values. Previous studies
showed that approximately 24-34% of patients who develop biochemical recurrence
will experience clinically evident recurrence (e.g. metastatic disease) within 15 years
after surgery [3]. Therefore, an early and reliable prediction of PCa patients with high
risk after surgery would aid in the decision-making for the implement of adjuvant
therapy and for selecting patients who need a more frequent monitoring during
follow-up. However, the predictors based on traditional clinicopathological variables
like concentration of prostate-specific antigen in serum, tumor stage, surgical margin,
and also Gleason grade have only limited prognostic accuracy of biochemical
recurrence. In general, an agreement between predicted and observed outcome of
only 70 to 80% can be achieved using the different nomograms or electronic tools [4].

For this reason, many efforts have been made to search for genetic variables
like microRNAs that may contribute to better prediction. MiRNAs with about only 18
to 22 nucletides belong to the class of small non-coding RNAs like small nucleolar
RNAs, small nuclear RNAs, and PIWI-interacting RNAs [5]. MiRNAs have been
regarded as transcriptional “trash” for a long time, but there is meanwhile a great
evidence that these special RNAs have numerous interactive functional roles in both
physiological and pathological processes, for example also in prostate cancer [6].
Numerous studies from the whole world have investigated the role of tissue-based
miRNAs as prognostic biomarkers of PCa recurrence. It was therefore the aim of this
study to make an overview on the current state of the published results using the
different miRNAs as predictive tools for forecasting the biochemical recurrence after

radical prostatectomy.



Materials and Methods:

For this systematic review, a search for original articles published between
2008 to May 2017 was conducted in the database PubMed. The search strategy was
performed using MeSH terms as follows: [“microRNAs” OR “microRNA” OR “micro-
RNA” OR “micro-RNAs” OR “miRNAs”] AND [“prostatic neoplasms” OR “prostate
cancer’] AND [“biochemical recurrence” OR “recurrence” OR “biochemical relapse”
OR “biochemical failure”] AND “radical prostatectomy”. In addition, references in the
identified articles and reviews were utilized to search for further relevant publications
and studies. Publications were eligible for inclusion only if: (a) they were peer-
reviewed and provided with full text in English, (b) the sample resources were tissue
specimens including fresh-frozen or formalin-fixed, paraffin-embedded (FFPE) tissue,
whereas articles focusing on miRNAs from blood, urine, cell lines, and animal models
were excluded, and (c) objective of study was to evaluate the prognostic potential of
single miRNAs, combinations of diverse miRNAs, or miRNAs combined with
clinicopathological variables for biochemical recurrence of PCa. The procedures of
the extraction of the study results and the evaluation of data was performed
according to the recommendations of the Cochrane Collaboration.

All the tissue-based miRNAs validated as potential independent predictors by
previous studies were summarized. All included publications were briefly summarized
regarding the following aspects: study design, analytical methods, result of miRNAs

validated as predictors and our own comments on every study.

Results

According to the inclusion criteria, 53 out of 148 publications were finally
including into the review, which comprised 29 studies performed in FFPE and 26 in
fresh-frozen tissue samples (two studies included both FFPE and fresh-frozen
cohorts). Fifty of these 53 articles were published in the recent seven years, whereas
only three papers emerged before 2011. Based on the different development phases
of miRNAs as predictors of biochemical recurrence [7], all the studies could be
divided into three categories: 1. Discovery and selection of potential miRNAs; 2.

Validation by clinical assessment; 3. Validation by clinical usability.
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From the 53 identified studies, 58 distinct miRNAs were detected as potentially
prognostic biomarkers of biochemical recurrence, including 41 different miRNAs in
FFPE and 27 miRNAs in fresh-frozen tissue samples. Furthermore, only 10 miRNAs
were simultaneously observed in both sample types. Among these 58 miRNAs, only
15 miRNAs were found in at least two studies, whereas 43 miRNAs were determined
in only one study. Additionally, five miRNAs including miR-221-3p, miR-21-5p, miR-
145-5p, miR-1-3p, and miR-96-5p were found to be the most frequently analyzed
miRNAs in the reviewed studies of biochemical recurrence. Paradoxically, three
mMiRNAs comprising miR-21-5p, miR-133b, and miR-145-5p were found to be both
up- and downregulated in different studies. Apart from that, other types of
heterogeneity were found in the results of some particular miRNAs. The correlations
between expression of miRNA and clinicopathological variables were found to be
discrepant in studies of miR-21-5p and miR-221-3p. In addition, four miRNAs (miR-
96-5p, miR-145-5p, miR-182-5p and miR-221-3p) acted as independent predictors in
some studies, whereas they failed to be validated as prognostic biomarkers in other
studies. Moreover, some miRNAs such as miR-141-3p, miR-148a-3p and miR-221-
3p were found to act in the opposite way as tumor suppressors or oncogenes in
different studies. All these results are detailed summarized in five Tables and two

Figures.

Discussion

In the reviewed studies of prognostic miRNAs in PCa, the discrepancies of
results of some particular miRNAs may be explained by the variation of variables in
analytical and study design considerations. The studies used different collection,
processing and storage methods of tissue samples in the pre-analytical phase,
different extraction and quantification methods of RNAs in the analytical phase and
different normalization strategies in post-analytical phase. The variation in study
design was reflected in the different definition of biochemical recurrence using
different cutoffs of reappeared prostate-specific antigen in serum, sample size,
number events of biochemical recurrence, follow-up time, and internal or external
validation of results. For example, the opposite dysregulated directions of miR-145-
5p in different studies may result from different normalization strategies. Two studies
normalized the miRNA value with small nuclear RNAs (RNU43 and RNU48) that

were criticized by their instability as reference genes [8]. The failure of miR-221-3p as
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prognostic biomarker in one of two other studies could be caused by the short follow-
up time (<2 years) [9]. Thus, a strict method harmonization will be necessary for
improving the comparability of miRNA results from different studies. For instance,
RT-gPCR measurements should be referred to the “Minimum Information for
Publication of Quantitative Real-Time PCR Experiments (MIQE)” guidelines, which
could be used to evaluate the quality and potential traceability of RT-gPCR
measurements [10]. In addition, the studies that aim to search for prognostic
biomarkers should be performed in line with the “Reporting Recommendations for
Tumor Marker Prognostic Studies (REMARK)” [11].

In the discovery phase of miRNA candidates for predicting biochemical
recurrence, almost half of the reviewed PCa studies performed high-throughput
"omics" approaches such as microarrays and sequencing techniques. The provided
rich information makes it possible to search not only single miRNAs but also to
combine multiple miRNAs into a predictive signature together with clinicopathological
variables. The orthogonal feature of miRNAs seems to be a prerequisite for building
such a predictive signature. Orthogonal miRNAs are termed miRNAs that are
uncorrelated among each other of miRNAs and to the clinicopathological variables
[12]. This orthogonal characteristic could be shown in miR-29¢c-3p, miR-34a-5p,
miR141-3p and miR-148a-3p that were found to be uncorrelated with tumor size and
pathological stage [13]. The potential promising effectiveness of a multi-miRNA
predictive tool could be demonstrated in the Decipher genomic classifier utilizing a
22-gene signature for stratification of postsurgical risk [14,15]. In addition, a clinico-
genomic classifier combining clinicopathological variables and miRNAs will be also a
good direction for further improvement of predictive accuracy compared with
clinicopathological variables alone [16,17].

In the reviewed studies, there were some contradictions about the miRNAS’
functional roles in prostate cancer. For instance, miR-141-3p was found as
suppressor in PCa by inhibiting PCa cell proliferation and migration [13], whereas it
was also reported as oncogene in untreated PCa and castration-resistant PCa by
enhancing PCa cell proliferation [18]. Similar to miR-141-3p, miR-148-3p was
reported as oncogene by promoting prostate cell growth [19], whereas it was also
found as suppressor by inhibiting the growth of androgen-refractory prostate cancer
cells [20]. Depending on the difference of the types of prostate cancer cells between

these studies, we considered that the expression of both miR-141 and miR-148a
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would be altered during the progression of cancer stages. Moreover, the tumor-
suppressive function of downregulated miR-221-3p in PCa was observed in several
previous studies by inhibiting proliferation, apoptosis, and invasion of prostate cancer
cells [21,22]. However, miR-221-3p with upregulation was also described as
oncogene in PCa metastases and PCa mouse models by enhancing the growth of
PCa cell [23]. The reverse expression and opposite functional roles as suppressor or

oncogene of miR-221-3p in PCa may reflect diverse phases of PCa development [21].

Future Directions:

Despite the above-mentioned critical points and limitations of the reviewed
studies, promising results provided by several studies can be considered as strong
evidence of the real potential of miRNAs as predictors of biochemical recurrence.
The final aim of this review is to learn from the shortcomings of previous studies and
draw corresponding conclusions and suggestions for future studies. Hence, based on
the published results and the background data of the 53 reviewed studies, two
essential conclusions can be drawn:

1. No study has been able to satisfy the suggested requirements and standards
specified in the final development phase “Validation of clinical usability” to
establish a robust tool of predicting biochemical recurrence for clinical practice
using miRNAs. Additionally, due to the lack of internal validation in most of the
studies, only few studies can be considered as successfully finished in the
second development phase “Validation by clinical assessment”.

2. The assessment and comparison of analytical and clinical conditions in the
various studies provided a wealth of experience in the evaluation of study
design features. On basis of these experiences, critical study shortcomings
could be identified and important conclusions of future directions could be

drawn to avoid these deficiencies.

The results of the various studies and their generalized assessment confirm
once more the urgent need of a good coordination between the study aims, all study
design elements, and pre-analytical and analytical conditions. The three guidelines
MIQE, REMARK, and STARD should be strictly considered in future studies since
they define the basic foundation for conducting a study under common clinical and

analytical conditions [10,11,24]. For prospective, multi-institutional studies,
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appropriate elements of these guidelines should be respected, and their compliance
should be a key factor of constant control to guarantee necessary preconditions for a
reliable database. These guidelines not only allow the necessary transparency but
also the harmonization and comparability of results between multi-institutional studies.
However, because of numerous factors, such as different methods of RNA extraction,
reverse transcription, and true miRNA measurements, as well as various platform
applications that could influence RT-gPCR results, it is recommended to perform all
analyses at one institution in early studies. The issue of analytical differences could
be solved later in a second step of method harmonization. The same applies to
retrospective studies. Since biochemical recurrence does not equal clinical relapse,
future studies should additionally focus on the predictive capability of miRNAs with
regard to the clinical endpoints of distant metastasis, cancer-specific death, and
response rate to drugs. Further multi-institutional studies are needed to validate the
clinical usability of miRNA-based tools, either alone or combined with
clinicopathological factors, for BCR prediction. The additional information provided by
miRNAs in comparison to well-defined BCR prediction tools [4,25,26] is necessary to
reflect the true prognostic capability of miRNAs. It is worth considering whether the
multiple-miRNA signatures provided by reviewed studies could be confirmed in
comparison to these clinically well-defined prediction tools in retrospective multi-

institutional approaches as a validation step to initiate prospective studies.

Conclusion

In summary, miRNAs were shown in several studies of this systematic review
as promising marker candidates and miRNA signatures for predicting biochemical
recurrence after radical prostatectomy. However, the general non-consideration of
the MIQE, REMARK, and STARD guidelines in most studies resulted in study design
deficiencies, primarily a lack of internal validation of data. The clear evidence of
additional information through miRNAs in comparison to the conventional approaches
of biochemical recurrence has not been proven so far. Further studies are needed to
overcome these deficiencies both in retrospective and prospective multi-institutional
studies to validate the clinical usability and benefit of miRNA-based BCR tools in

combination with the conventional clinicopathological variables.
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PROGRESS IN LIPID

22 RESEARCH 5,302 8.435 0.006750

23 PLANT CELL 48,393 8.228 0.063640
BIOCHIMICA ET
BIOPHYSICA ACTA-

24 REVIEWS ON CANCER 5,276 8.220 0.009300

25 MATRIX BIOLOGY 4,803 8.136 0.008500
CELL DEATH AND

26 DIFFERENTIATION 18,865 8.000 0.031540

27 Molecular Cancer 10,301 7.776 0.017280
CURRENT OPINION IN

28 CHEMICAL BIOLOGY 10,226 7.572 0.019010
MOLECULAR ASPECTS OF

29 MEDICINE 5,157 7.344 0.009700
CURRENT OPINION IN

30 STRUCTURAL BIOLOGY 10,619 7.179 0.024320

31 Redox Biology 4,083 7.126 0.012060

Selected JCR Year: 2017; Selected Categories: “BIOCHEMISTRY and MOLECULAR BIOLOGY”
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Full Journal Title

Total Cites

Journal Impact

Eigenfactor Score

Factor
Molecular Ecology
32 Resources 9,272 7.059 0.017390
33 ONCOGENE 66,411 6.854 0.075960
CELLULAR AND
34 | MOLECULAR LIFE SCIENCES 23,341 6.721 0.041340
ANTIOXIDANTS & REDOX
35 SIGNALING 19,324 6.530 0.032120
CYTOKINE & GROWTH
36 FACTOR REVIEWS 5,668 6.395 0.008050
37 Science Signaling 10,316 6.378 0.037220
38 MOLECULAR ECOLOGY 37,813 6.131 0.062120
FREE RADICAL BIOLOGY
39 AND MEDICINE 40,089 6.020 0.043060
40 CHEMISTRY & BIOLOGY 12,036 5.915 0.022840
41 BIOMACROMOLECULES 36,807 5.738 0.040810
42 FASEB JOURNAL 41,572 5.595 0.051640
43 Cell Chemical Biology 936 5.592 0.005100
EXPERIMENTAL AND
44 MOLECULAR MEDICINE 3,538 5.584 0.007100
45 ADDICTION BIOLOGY 3,947 5.578 0.009640
CRITICAL REVIEWS IN
BIOCHEMISTRY AND
46 MOLECULAR BIOLOGY 3,337 5.279 0.007160
47 RNA Biology 5,089 5.216 0.019400
Biochimica et Biophysica
Acta-Gene Regulatory
48 Mechanisms 7,047 5.179 0.019420
BIOCHIMICA ET
BIOPHYSICA ACTA-
MOLECULAR BASIS OF
49 DISEASE 12,799 5.108 0.027740
BIOCHIMICAET
BIOPHYSICA ACTA-
MOLECULAR AND CELL
50 BIOLOGY OF LIPIDS 8,827 4.966 0.019590
51 Epigenetics 5,167 4918 0.014110
52 STRUCTURE 14,417 4.907 0.036760
HUMAN MOLECULAR
53 GENETICS 40,141 4.902 0.081220
JOURNAL OF MOLECULAR
54 BIOLOGY 59,295 4.894 0.047560
BIOCHIMICA ET
BIOPHYSICA ACTA-
MOLECULAR CELL
55 RESEARCH 15,355 4.651 0.035090
JOURNAL OF
56 NEUROCHEMISTRY 37,022 4.609 0.030710
57 ACS Chemical Biology 10,139 4.592 0.038480
58 FEBS Journal 17,495 4.530 0.034500

Selected JCR Year: 2017; Selected Categories: “BIOCHEMISTRY and MOLECULAR BIOLOGY”
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actor

JOURNAL OF LIPID

59 RESEARCH 22,697 4.505 0.029380

60 RNA 13,110 4.490 0.029440
BIOCONJUGATE

61 CHEMISTRY 15,194 4.485 0.021530

62 BIOESSAYS 9,697 4.419 0.016870
JOURNAL OF NUTRITIONAL

63 BIOCHEMISTRY 9,815 4.414 0.014150
MOLECULAR
PHYLOGENETICS AND

64 EVOLUTION 18,604 4.412 0.029490
NITRIC OXIDE-BIOLOGY

65 AND CHEMISTRY 3,680 4.367 0.004970
BIOCHIMICA ET
BIOPHYSICA ACTA-

66 BIOENERGETICS 11,931 4.280 0.022190
ACS Chemical

67 Neuroscience 4,336 4.211 0.013270
Computational and
Structural Biotechnology

68 Journal 933 4.148 0.003730
JOURNAL OF STEROID
BIOCHEMISTRY AND

69 MOLECULAR BIOLOGY 10,325 4.095 0.012650

70 Metallomics 4,240 4.069 0.009600
Journal of Genetics and

71 Genomics 1,811 4.066 0.004100
International Journal of

72 Biological Sciences 4,432 4.057 0.009970
AMYLOID-JOURNAL OF
PROTEIN FOLDING

73 DISORDERS 1,262 4.048 0.002420

74 CHROMOSOMA 3,527 4.021 0.005850
JOURNAL OF BIOLOGICAL

75 CHEMISTRY 366,247 4.010 0.320840

76 METHODS 19,646 3.998 0.024790

77 APOPTOSIS 6,281 3.967 0.007390

78 BIOORGANIC CHEMISTRY 2,123 3.929 0.003030
INTERNATIONAL JOURNAL
OF BIOLOGICAL

79 MACROMOLECULES 20,621 3.909 0.030000
EXPERT REVIEWS IN

80 MOLECULAR MEDICINE 1,790 3.865 0.001620

81 BIOCHEMICAL JOURNAL 47,538 3.857 0.037930
CURRENT OPINION IN

82 LIPIDOLOGY 3,849 3.853 0.006100
MOLECULAR

83 CARCINOGENESIS 5,244 3.851 0.007630
MOLECULAR

84 MICROBIOLOGY 35,698 3.816 0.036170

Selected JCR Year: 2017; Selected Categories: "BIOCHEMISTRY and MOLECULAR BIOLOGY”
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MOLECULAR AND

85 CELLULAR BIOLOGY 58,133 3.813 0.047200

86 BIOELECTROCHEMISTRY 4,076 3.789 0.004420
AMERICAN JOURNAL OF
RESPIRATORY CELL AND

87 MOLECULAR BIOLOGY 11,713 3.785 0.016750
JOURNAL OF TRACE
ELEMENTS IN MEDICINE

88 AND BIOLOGY 2,994 3.755 0.004390

89 PLANT SCIENCE 12,750 3.712 0.014460
INTERNATIONAL JOURNAL

90| OF MOLECULAR SCIENCES 37,071 3.687 0.092530
BIOCHIMICA ET
BIOPHYSICA ACTA-

91 GENERAL SUBJECTS 13,602 3.679 0.025440

92 GLYCOBIOLOGY 7,259 3.664 0.009080
JOURNAL OF ENZYME
INHIBITION AND

93 MEDICINAL CHEMISTRY 4,162 3.638 0.005910
EUROPEAN JOURNAL OF

94 HUMAN GENETICS 9,453 3.636 0.024050
International Review of

95| Cell and Molecular Biology 1,641 3.622 0.005090
NEUROCHEMISTRY

96 INTERNATIONAL 8,367 3.603 0.009940
MOLECULAR PLANT-

97 MICROBE INTERACTIONS 10,099 3.588 0.010270
INSECT BIOCHEMISTRY

98 | AND MOLECULAR BIOLOGY 7,821 3.562 0.008930
PLANT MOLECULAR

99 BIOLOGY 13,723 3.543 0.010510

100 PROTEOMICS 14,902 3.532 0.023220

86 BIOELECTROCHEMISTRY 4,076 3.789 0.004420
AMERICAN JOURNAL OF
RESPIRATORY CELL AND

87 MOLECULAR BIOLOGY 11,713 3.785 0.016750
JOURNAL OF TRACE
ELEMENTS IN MEDICINE

88 AND BIOLOGY 2,994 3.755 0.004390

89 PLANT SCIENCE 12,750 3.712 0.014460
INTERNATIONAL JOURNAL

90| OF MOLECULAR SCIENCES 37,071 3.687 0.092530
BIOCHIMICA ET
BIOPHYSICA ACTA-

91 GENERAL SUBJECTS 13,602 3.679 0.025440

92 GLYCOBIOLOGY 7,259 3.664 0.009080
JOURNAL OF ENZYME
INHIBITION AND

93 MEDICINAL CHEMISTRY 4,162 3.638 0.005910

Selected JCR Year: 2017; Selected Categories: “BIOCHEMISTRY and MOLECULAR BIOLOGY”
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Abstract: With the increasing understanding of the molecular mechanism of the microRNAs
(miRNAs) in prostate cancer (PCa), the predictive potential of miRNAs has received more attention
by clinicians and laboratory scientists. Compared with the traditional prognostic tools based
on clinicopathological variables, including the prostate-specific antigen, miRNAs may be helpful
novel molecular biomarkers of biochemical recurrence for a more accurate risk stratification of PCa
patients after radical prostatectomy and may contribute to personalized treatment. Tissue samples
from prostatectomy specimens are easily available for miRNA isolation. Numerous studies from
different countries have investigated the role of tissue-miRNAs as independent predictors of disease
recurrence, either alone or in combination with other clinicopathological factors. For this purpose,
a PubMed search was performed for articles published between 2008 and 2017. We compiled a
profile of dysregulated miRNAs as potential predictors of biochemical recurrence and discussed
their current clinical relevance. Because of differences in analytics, insufficient power and the
heterogeneity of studies, and different statistical evaluation methods, limited consistency in results
was obvious. Prospective multi-institutional studies with larger sample sizes, harmonized analytics,
well-structured external validations, and reasonable study designs are necessary to assess the real
prognostic information of miRNAs, in combination with conventional clinicopathological factors,
as predictors of biochemical recurrence.

Keywords: microRNA; prognostic biomarkers; prostate cancer; radical prostatectomy; biochemical
recurrence

1. Introduction

Prostate cancer (PCa) is the second most common cancer among men worldwide. It encompasses
15% of all diagnosed male malignancies every year, with an estimated 1.112 million new cases and
307,000 deaths according to the last global cancer statistics in 2012 [1].

Since the mid 1980s, the widespread use of the prostate-specific antigen (PSA) has substantially
shaped the management of this cancer, but its overdiagnosis and overtreatment has gained increasing
attention after a controversial debate on the PSA-based early detection and screening approach [2,3].
This is a result of the heterogeneous behavior of the disease from the entirely indolent to the
extremely aggressive tumor. Numerous pre- and post-treatment nomograms based on well-established
clinicopathological factors, such as clinical and pathological tumor stage, bioptic and pathological

Int. ]. Mol. Sci. 2017, 18, 2023; doi:10.3390/ijms18102023 www.mdpi.com/journal /ijms
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histological grading systems according to Gleason, and PSA values, have been used to estimate the
individual risk of the disease course. This particularly refers to the prediction of different clinical end
points like biochemical recurrence (BCR), occurrence of metastases, cancer-specific death, and overall
survival [4-6]. However, the achieved accuracy of the outcome prediction using these nomograms
is generally limited, resulting in an agreement between predicted and observed outcomes of only
70-80%. Thus, the identification of prognostic factors and the elucidation of the underlying molecular
mechanisms that determine the course of the disease are essential future tasks for improving the cancer
decision-making process [7,8]. This is true both for the risk estimation after PCa detection and for the
follow-up after treatment.

Radical prostatectomy is the surgically preferred treatment option with curative intention of
clinically significant PCa. Molecular markers of genomic, transcriptomic, proteomic or metabolomic
nature are capable of enhancing the prediction accuracy if they are included in prediction tools that
are based on only clinicopathological factors [9-12]. For such an approach, microRNAs (miRNAs),
as decisive regulators of the cellular processes, are also candidate biomarkers [13-15]. miRNAs
can function both as tumor suppressors or oncogenes in urological tumors as described in several
recent reviews [16-21]. More detailed information regarding their special role in cancerogenesis and
the progression of these tumors as well as their biogenesis and general function can be found in
these reviews.

The expression of miRNAs can be specifically quantified in prostatectomy tissue samples.
These analytes have been suggested in previous studies as promising prognostic markers to improve
the prediction of the biochemical recurrence of PSA as the first alarming sign of cancer relapse after
prostatectomy [22-25]. Approximately 15-30% of patients suffer from a biochemical recurrence after
radical prostatectomy [26,27]. Thus, an early and reliable detection of these PCa patients at risk after
radical prostatectomy would improve the decision-making for the initiation of adjuvant therapy and
for the selection of patients who need a more frequent monitoring during follow-up.

Therefore, in the present review, we aimed (a) to compile the relevant data of existing
miRNA-based studies, (b) to identify the most promising miRNAs as potential predictors of
biochemical recurrence proven in several independent studies, (c) to critically assess the real benefit of
these new markers compared or in combination with the conventional parameters and (d) to formulate
preconditions for robust assays to translate validated results into clinical practice.

2. Literature Search Strategy

2.1. Medical Subject Heading (MeSH) Terms and Keywords

For this review, a PubMed search was performed for original articles in the database from 2008 to
May 2017. The search strategy included the followings terms: the MeSH term “MicroRNAs” combined
with the search string [“microRNAs” OR “microRNA” OR “micro-RNA” OR “micro-RNAs” OR
“miRNAs”], the MeSH term “prostatic neoplasms” linked with the keyword “prostate cancer” using
the Boolean operator “OR” and always connected with the search strings [“biochemical recurrence”
OR “recurrence” OR “biochemical relapse” OR “biochemical failure”], and “radical prostatectomy”
using the Boolean operator AND. Furthermore, references in the identified articles and reviews were
considered to detect additional relevant articles. Publications were included in this review only if
(a) they were peer-reviewed and supplied with full text in English, (b) the sample resources were
tissue specimens, either fresh-frozen or formalin-fixed, paraffin-embedded (FFPE) tissue, whereas
articles pertaining to miRNAs from blood, urine, cell lines, and animal models were disregarded,
and (c) study objects were single miRNAs, patterns of various miRNAs, or miRNAs combined with
clinicopathological variables, resulting in potential prognostic value for BCR.

2.2. Defining BCR as the Clinical Endpoint

BCR refers to the occurrence of increasing PSA value after its decline due to treatment. Radical
prostatectomy and radiotherapy are the two main curative options for treatment of prostate cancer.
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Here, we exclusively refer to the surgical option as only this treatment mode allows the investigation
of tissue samples of the removed cancer.

After radical prostatectomy, circulating PSA rapidly declines in a biphasic elimination, with a
half-life of approximately one to three days [28]. Thus, patients with a preoperative PSA value of
20 pg/L generally reach a PSA level of <0.1 ug/L after 10 to 20 days, but not later than four weeks
after successful operation [28]. According to the guidelines of the European Association of Urology
(EAU), a PSA value <0.1 pug/L after radical prostatectomy is considered as undetectable. In this
case, the definition of BCR is based on a renewed PSA increase to >0.2 ug/L that is confirmed by
two consecutive elevated values [29]. Patients with increasing PSA values before the PSA nadir
is reached should not be included in this biochemical recurrence group as the clinical outcome of
patients with such a persistent PSA value after radical prostatectomy is generally poor. The 0.2 ug/L
PSA cutoff also corresponds to the definition of BCR recommended by the American Urological
Association (AUA) Prostate Guideline Update Panel [30]. However, it should be pointed out that this
panel registered in their literature search of 145 studies more than 53 varying different definitions
of biochemical recurrence after radical prostatectomy. The improved detection limit and analytical
accuracy to measure low PSA values contributed to the recommendation to use the 0.2 ug/L PSA
cutoff instead of 0.4 ug/L as previously suggested [31].

Thus, various factors summarized in Table 1 influence BCR directly, such as adverse tumor
characteristics, or indirectly, such as different PSA analytics, varying definitions of BCR, and the
clinician’s judgment of BCR. Within a selected definition of BCR, the tumor characteristics of the
individual patient are the most important factor that determine the occurrence of BCR [5,6,32-34].
The numerous pre- and postoperative nomograms predicting BCR-free probability after radical
prostatectomy are based on these clinicopathological data [4-6,35,36]. Thus, the clinical usability
of all additional classifiers, in our case miRNAs, as potential more informative decision-making tools
or adjunctive parameters have to be validated in relation to these conventional clinicopathological
data in multivariate statistical models. Only their additional diagnostic benefit or cost-efficiency in
comparison to conventional tools would justify the introduction in clinical practice. In the present
review, we focused on the assessment of this aspect in the studies. Despite the controversial discussions
regarding a standardized definition of the PSA cutoff of BCR and its use as a surrogate for the clinical
outcome in these patients [37—-40], an increasing PSA concentration after radical prostatectomy is
considered by the clinician to be the first sign of potential later cancer metastasis [41]. It is obvious that
BCR is not equal to clinical relapse, but elevated postoperative serum PSA levels enable the isolation
of patients with high risk of true disease recurrence [41]. Therefore, in our tabulated summary reports,
we included the specific cutoffs of BCR used in the particular studies.

Table 1. Factors influencing the “biochemical recurrence” diagnosis after radical prostatectomy.

Factors Comments References

L Definition of Use of different PSA cutoffs combined with or without other criteria

biochemical recurrence  for estimation of biochemical recurrence [27,31,37,42-44]

Lack of metrological traceability between different PSA assays
2. Assay-dependent because of biological (PSA heterogeneity) and methodological
PSA concentrations reasons (use of different antibodies with different epitope
specificities and affinities; different technical principles)

[45,46]

3 Clinicopathological Age and ethnic disparities; adverse tumor characteristics (TNM
particularities classification, Gleason score or ISUP grade groups; risk classification  [5,6,32-34,47 48]
of patients); surgical complications (positive margins)

4. Duration of follow-up The selected follow-up period after surgery decisively determines

the total number of observed events of biochemical recurrence (L]

PSA, prostate-specific antigen; TNM, classification of malignant tumors describing the involment of the primary
tumor, regional lymph nodes, and the distant metastatic spread; ISUP, International Society of Urological Pathology.
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3. Overview of the Evaluated Studies

3.1. Number of Annual Publications and Type of Tissue Samples Used in the Studies

After preliminary screening of 148 papers, we identified 53 publications that complied with the
described inclusion criteria. Forty-nine of these 53 articles were published in the past seven years.
Only three papers appeared before 2011 [22-24]. Details can be seen in Figure 1.
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Figure 1. Annual microRNA publications indexed in the PubMed database relating to biochemical
recurrence after radical prostatectomy. The literature search was performed for the period from
October 2008 to May 2017 with miRNA measurements in formalin-fixed, paraffin-embedded (FFPE) or
fresh-frozen tissue samples. Two studies used both FFPE and fresh-frozen tissue samples [49,50].

Interest in the prognostic value of miRNAs in PCa has been reflected in the increasing number of
publications. In 2009, Tong et al. [22] presented the first relevant study on the prognostic potential of
miRNAs in PCa tissue; miR-135b and miR-194 were proven to reflect a tendency for early PCa relapse
by comparing patients with early and late BCR. The results summarized in this review of 53 studies are
based on data from 29 and 26 studies that analyzed FFPE and fresh-frozen tissue samples, respectively.
In two studies, both FFPE and fresh-frozen tissue samples were used [49,50].

3.2. Characteristics of the Studies Evaluated in This Review

Biomarker studies with the intention to develop a robust assay for clinical practice must
successfully undergo various phases of testing. Simply speaking, a discovery phase with the
identification or selection of potential candidate biomarkers based on different principles for the
intended objective should be distinguished from validation processes [51]. This classification with
their subdivided characteristics is helpful to facilitate the assessment of studies and has therefore been
adapted with regard to the use of miRNAs as BCR biomarkers in Table 2. On this basis, essential
data and results of every study of the 53 evaluated studies including our own assessment have been
compiled in Table 3. For the sake of clarity and facilitating the later discussion, the studies are listed by
year of publication and are numbered accordingly.
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Development phases to use miRNAs as predictors of biochemical recurrence after

1. Discovery and selection of potential miRNAs

Identification and selection of differentially expressed miRNAs based on various principles
e miRNA-wide profiling in prostatectomy tissue samples on array/sequencing basis
e  Selected differentially expressed miRNAs in prostatectomy tissue samples from recurrent and

non-recurrent patients

Selected specific miRINAs from prostate cancer cell lines
Selected miRNAs based on bioinformatic analyses and pathway data

2. Validation by clinical assessment

Proof as BCR predictor in retrospective/mono- or multi-institutional studies with internal validation

3. Validation by clinical usability

Proof in prospective, multi-institutional studies as advantageous or non-inferior tool in comparison to
standard procedures in the decision making process of the clinical management of patients

Adapted from Fendler et al. [51]. BCR, biochemical recurrence.

3.2.1. Dysregulated miRNAs with Association to Biochemical Recurrence

The differentially expressed miRNAs in prostatectomy tissue samples that have been proven to
be potentially predictive BCR markers in the 53 evaluated studies are represented in Figure 2 as a

Venn diagram.

Fresh-frozen tissue

Upregulated

let-7c-5p, miR-21-3p,
miR-30d-5p (2), miR-96-5p,
miR-100-5p, miR-133b,
miR-145-5p, miR-182-5p,
miR-185-5p, miR-191-5p,
miR-4534
Downregulated
let-7a-5p, miR-1-3p (2),
miR-23b-3p, miR-30c-5p (2),
miR-34b-3p, miR-126-3p,
miR-128-3p, miR-133b,
miR-145-5p, miR-146a-5p,
miR-187-3p, miR-195-5p,
miR-200b-3p, miR-221-3p,
miR-224-5p, miR-326,
miR-374b-5p, miR-378a-3p

Not associated with BCR risk

miR-182-5p

Overlap

Upregulated
miR-96-5p, miR-182-5p,

miR-185-5p
Downregulated
miR-1-3p,miR-145-5p,
miR-187-3p, miR-195-5p,
miR-221-3p, miR-224-5p,
miR-326

EEPE

Upregulated

miR-10b-5p, miR-21-5p (2), miR-96-5p,
miR-135b-5p, miR-182-5p, miR-183-5p,
miR-185-5p, miR-194-5p, miR-301a-3p (2),
miR-449b-5p, miR-454-3p, miR-519,
miR-601, miR-652-3p, miR-1207-3p,
miR-4516

Downregulated

let-7b-5p, miR-1-3p, miR-21-5p (2),
miR-29¢-3p, miR-34a-5p, miR-129-5p,
miR-139-5p, miR-141-3p (2), miR-145-5p,
miR-148a-3p, miR-152-3p, miR-187-3p,
miR-195-5p, miR-200a-3p, miR-221-3p (3),
miR-221-5p, miR-223-3p, miR-224-5p,
miR-326, miR-331-3p, miR-338-3p, miR-466,
miR-647, miR-3622b-3p, miR-708-5p

Not associated with BCR risk
miR-96-5p, miR-145-5p,

miR-221-3p (2), miR-222-3p

Figure 2. Venn diagram of the miRNAs analyzed in FFPE and fresh-frozen tissue samples of studies

examining the predictive capability of miRNAs for biochemical recurrence. Numbers in parentheses
indicate the number of studies that examined the respective miRNA.
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As previously mentioned, both samples from fresh-frozen tissue and FFPE archived tissue
blocks were used for analysis of miRNAs in these studies. In contrast to fresh-frozen tissue, FFPE
tissue samples are easily available as they are generally used in the tissue-based diagnostic routine
process and do not require time-consuming workflow in comparison to fresh-frozen tissue samples.
FFPE blocks are archived in repositories of the pathological institutes along with all clinical and
pathological information. In contrast to the non-stability of mRNAs in FFPE tissue, miRNAs were
found to be congruently expressed in fresh-frozen and FFPE tissue samples including prostate
cancer [108-111]. Because of their small size and association with protectively acting macromolecules,
miRNAs are obviously more robust molecules and are less affected by degradation processes than
mRNAs. This was also demonstrated in model experiments of RNA degradation [112]. Li et al. [113]
showed comparable miRNA profiles between FFPE and paired snap-frozen materials with R? >
0.95. Moreover, this observation is consistent with the results of Casanova-Salas et al. [49] and
Kristensen et al. [50], who used both FFPE and fresh-frozen tissue samples in their BCR studies
(see Table 3, Study nos. 22 and 46). However, there are conflicting data on the stability of miRNAs in
FFPE tissue blocks stored for more than ten years [108,109,111,114]. Two studies recently proved the
differential long-term stability of various miRNAs in FFPE samples over ten years [114,115], probably
depending on the different GC contents in the distinct miRNAs [115]. This issue needs to be controlled
in studies using long-term archived samples to consider this possible storage effect for a correct
assessment of analytical data [114].

In reviewing the 53 studies, 41 distinct miRNAs were described in FFPE and 27 miRNAs in
fresh-frozen tissue samples as significant miRNAs (Figure 2). Moreover, only 10 miRNAs were
simultaneously detected in both sample types as shown in the overlap section of Figure 2. As miR-21-5p,
miR-133b, and miR-145-5p were found to be both up- and downregulated in various studies, a total of
58 distinct miRNAs were used as potential BCR markers. Of these 58 miRNAs, only 15 miRNAs were
examined in at least two studies, whereas 43 miRNAs were determined in only one study (Table 4,
Table S2). The direction of the dysregulation of the miRNAs is indicated by arrows in Table 4.

Table 4. Distinct miRNAs analyzed in at least two studies for predicting biochemical recurrence.

miRNA Studies, n Study Nos. (Table 3) References
miR-221-3p 6 1:3,31,46%;(-): 9,14 [24,50,58,64,83]
miR-21-5p 4 111, 29; |:14, 31 [60,64,81,83]
miR-145-5p 4 1:5;1:15,17;(-): 9 [52,58,65,67]
miR-1-3p 3 1:8,24,53 [55,74,107]
miR-96-5p 3 1:2,17:(-): 9 [23,58,67]
miR-30c-5p 2 1:28,47 [78,99]
miR-30d-5p 2 1: 10, 52 [59,105]
miR-133b 2 1:26; |24 [74,76]
miR-141-3p 2 1:31,36 [83,88]
miR-185-5p 2 1:462 [50]
miR-195-5p 2 1:33,34 [85,86]
miR-224-5p 2 14 27,41 [77,94]
miR-301a-3p 2 1:37,48 [89,100]
miR-326 2 11467 [50]
miR-182-5p 2 1:23;(-): 40 [49,93]

2 External validation was considered as a separate study. 1, upregulated and |, downregulated miRNAs in the
cohort with the higher BCR risk. (-) indicates “not associated with BCR risk”. The complete list of the 53 studies is
given in Supplementary Information, Supporting Table S2.

3.2.2. miR-221-3p, miR-21-5p, miR-145-5p, miR-1-3p, and miR-96-5p, the Most Frequently Analyzed
miRNA-Based BCR Markers

The miRNAs miR-221-3p, miR-21-5p, miR-145-5p, miR-1-3p, and miR-96-5p were found to be
the most frequently analyzed miRNAs in the reviewed BCR studies. Their results are of particular
interest as they allow some general conclusions with regard to the potential predictive BCR capability
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of miRNAs but also to future research requirements. In referring to the direction of the dysregulation
of these miRNAs in the corresponding studies as indicated in Table 4 and subsequently mentioned
using the list number from Table 3, the following short comments should summarize the situation.

miR-221-3p. Three of the four studies confirmed the downregulated expression of miR-221
as a useful BCR predictor and independent factor in multivariate analyses with the standard
clinicopathological variables (Study nos. 3, 31, and 46; [24,50,83]). Kristensen et al. [50] (Study
46) validated miR-221 in two independent BCR cohorts and an additional external validation
using a publicly available data set as part of their 3-miRNA signature while Spahn et al. [24]
(Study 3) proved the usefulness of this miRNA especially in high-risk PCa patients. Thus, these
studies can be assessed as successful approaches from the discovery phase to validation by clinical
assessment with the aim to develop a potential clinical tool as suggested in Table 1. The miRNA
tool miQ that was primarily developed for diagnostic purposes included the also downregulated
5p strand of miR-221 in predicting BCR (Study 17, [67]). Strong correlations were observed in
these studies between the increased expression of miR-221 and the tumor stage, Gleason score,
and the pre-operative PSA level. In contrast, these correlations were not found in Study 9 with
the missing predictor evidence of miR-221 [58]. However, this failure could also be caused by the
short follow-up period of less than two years in this study.

miR-21-5p. Increased and decreased expression of this miRNA was suggested as a potential BCR
predictor in two studies (Table 4). Correlations were described between the increased expression
of miR-21-5p as a BCR predictor and the standard clinicopathological variables (Study nos. 11 and
29; [60,81] while these data were not reported in the controversial studies with the decreased
miRNA expression (Study nos. 14 and 31; [64,83]). After adjustment with clinicopathological
factors, decreased miRNA expression failed to be an independent BCR risk factor (Study 31, [83])
or was only appropriate in obese patients (Study 14, [64]). Only one of the three studies with
upregulated expression in tumor tissue clearly proved miR-21 as an independent factor for shorter
BCR-free survival in multivariate analysis (Study 11, [60]).

miR-145-5p. Both a study with increased (Study 5, [52]) and two studies with decreased
expression of miR-145 estimated this miRINA as a potential BCR predictor or part of a significant
prediction signature (Study nos. 15 and 17; [65,67]). It cannot be excluded that these discrepant
findings were caused by analytical reasons, as two studies calculated the expression of miR-145
with normalizers (RNU43 and SNORD48) that were criticized regarding their suitability as
reference genes [116]. Another study with decreased miR-145-5p expression (Study 9, [58]) was
not able to confirm miR-145-5p as a BCR predictor in Kaplan-Meier analysis. However, it should
be noted that the above-mentioned very short follow-up period in that study makes a true
assessment difficult.

miR-1-3p. Three studies examined the potential BCR capability of downregulated miR-1.
Two studies (Study nos. 8 and 53; [55,107]) identified miR-1 as an independent BCR predictor after
adjustment with the conventional clinicopathological factors. However, the additional benefit was
not demonstrated when miR-1-3p was included in the model based only on clinicopathological
factors. miR-1 was also demonstrated to be a successful BCR predictor in the third study (Study
24, [74]), but its clinical accuracy was exceeded by the pre-operative PSA value. The inconsistent
documentation of clinicopathological variables in these studies makes it impossible to attribute
this uniform BCR predictor result to congruent clinical characteristics between the studies.
miR-96-5p. In two studies (Study nos. 2 and 17; [23,67]), increased levels of this miRNA in
PCa tissue were successfully identified as a single BCR predictor or part of a BCR predictor
combination. A third study (Study 9, [58]) did not confirm an association of the recurrence-free
survival and the miR-9-5p expression level.

The heterogeneity of results of the particular miRNAs in these multiple studies also reflects

the situation of the other miRNAs with only two studies available (Table 4). For example, opposite
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expression data were reported for miR-133b, but both studies suggested this miRNA as a potential
BCR predictor despite their discordant expression data (Study nos. 24 and 26; [74,76]). Moreover,
studies that partly use data from publicly available databases or from previous studies may lack clearly
defined characteristics complicate objective assessment. This applies to miR-30c-5p (Study nos. 28 and
47; [78,99]) and miR-301-3p (Study nos. 37 and 48; [89,100]).

3.2.3. Multiple miRNAs as Signatures or in Combination with Other Analytes

In the discovery phase of the development of a tissue-based miRNA assay for predicting BCR,
highthroughput “-omics” approaches like microarrays or sequencing technologies provide extensive
data sets with numerous candidate miRNAs to meet this pursued objective. One approach is to search
this pattern of analytes and to select the most effective miRNAs for the validation of BCR prediction
in the subsequent development phases. However, there is now a great interest in using this wealth
of information not only for selecting single markers but also for combining multiple markers into
a specific panel or signature together with clinicopathological data [117,118]. Particular attention
should be paid to implement orthogonal markers in such a signature [119]. Orthogonal markers are
uncorrelated among each other and to the conventional clinicopathological factors. This uncorrelated
particularity is an essential precondition to improve the predictive significance of the signature due
to the additional information achieved by these independent factors. For miRNAs, this orthogonal
aspect could be demonstrated for the miR-29¢-3p, miR-34a-5p, miR-141-3p, and miR-148a-3p that were
not associated with tumor size and pathological stage but were inversely correlated with Gleason
grades [88]. The Decipher genomic classifier using a 22-gene signature for post-prostatectomy risk
stratification or other similar approaches has shown the potential usefulness of such multi-analyte
tools [120-122].

In this review, the studies by Nam et al. [89] (Study 37: 5-miR signature with miR-139-5p,
miR-223-3p, miR-301a-3p, miR-454-3p, and miR-652-3p) and Kristensen et al. [50] (Study 46: 3-miRNA
prognostic classifier with miR-185-5p, miR-221-3p, and miR-326) support these ideas. Based on
the multiple-miRNA approach as a signature combined with rigorous validation processes (three
validations in Study 46) or a high sample size and a high number of BCR events (1 = 491, 167 BCRs
in Study 37), the two studies yielded promising results. Both studies are among the most convincing
studies evaluated in this review and can be considered future-oriented examples. Nam et al. [100]
focused in a subsequent study (Study 48) on the predictive validity of the single miR-301a-3p from the
above-mentioned 5-miRNA signature. The authors also described a good BCR prediction rate using
only this single miRNA, but they did not compare the results of the two approaches. Bell et al. [84]
published a further BCR prediction study based on a multiple miRNA signature (Study 32). A panel
of 88 miRNA was required for a reliable BCR prediction within 3 years after surgery. However,
the inclusion of only miR-4516 and miR-601 in a model with Gleason score and lymph node status
alone improved the BCR prediction accuracy after salvage radiation treatment from 0.66 to 0.83 of the
area under the receiver operating characteristic (ROC) curves. The previously discussed 4-miRNA
tool miQ by Larne et al. [67] also proved that the integrated implementation of several differentially
regulated miRNAs with orthogonal characteristics improved decision making in the management of
PCa patients both in diagnosis and prognosis. Lichner et al. [69] developed three statistical models
based on 2 to 3 miRNAs (Study 18: miR-331-3p + miR152-3p, miR-331-3p + miR-152-3p + miR135a-5p,
and miR-148a-3p + miR-429) that were verified by internal validation and on an independent cohort.
The authors achieved a correct classification rate of 92 to 100% in predicting patients with a high risk
of BCR.

The combined use of panels with miRNA and mRNAs is also noteworthy. The mRNAs were
either targets of the accompanying miRNAs or independently selected BCR markers, such as those in
Study 6 [53] with miR-519, miR-647, and 10 mRNAs, in Study 41 [94] with miR-224-5p and its target
APLN or in Study 52 [105] with miR-30d-5p and its target Protein phosphatase 1 regulatory subunit
12A (official symbol: PPP1R12A)(MYPT1).
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4. Critical Assessment of the Recent Situation of miRNA-Based BCR Prediction

4.1. Analytical Considerations

In a previous review on circulating miRNAs in patients suffering from urological tumors,
we discussed the typical influential and interfering factors that determine the results of miRNA
measurements [51]. These are variables in the collection, further processing and storage of samples in
the preanalytical phase, the various isolation and quantification methods based on different principles
and technologies in the actual analytical phase and the different normalization strategies in the
postanalytical phase. For more details of all these aspects, we refer the interested reader to the overview
of Pritchard et al. [123]. In particular, different miRNA extraction procedures for fresh-frozen or FFPE
samples and different measurement platforms showed qualitative and quantitative miRNA differences
depending on the determination [124-127]. These differences might especially attribute to the lack of
comparability of miRNA profiling data between studies that applied different analytical techniques.
On the other hand, this effect needs a strict method harmonization in multi-institutional studies if
the analytics are separately performed in every center. New comparative analyses recommended the
Qiagen miRNeasy FFPE kit to be the best kit for miRNA isolation from FFPE samples and the new
TagMan advanced miRNA assays as the quantification method of superior sensitivity and specificity
in comparison to competitor products [126,128].

All these issues also apply to the evaluated studies in this review and therefore do not need to
be discussed again in detail. However, as a concrete example (Table 3, column “Methodology”), it is
remarkable that confirmed stably expressed miRNAs for normalizing the expression results were
only used in six (12%) of the 53 studies. In contrast, in 33 (63%) of the reviewed studies, different
small nuclear and nucleolar RNAs (U6 or RNUS6 [official name: RNU6-1], RNU6B [RNU6-6P], RNU43
[SNORD43], RNU44 [SNORD44], RNU47 [SNORD47], RNU48 [SNORD48], and RNU66 [SNORD66])
were used as endogenous normalizers. This was done even though most of these small RNAs were
found to be unstably expressed across non-malignant and malignant prostate tissue and therefore
considered as less suitable normalizers [116]. The real suitability of RNA47, RNU48, and RNU66 as
normalizers was only tested in one study [67]. Thus, the general neglect of analytical basics was obvious
in several studies. This was particularly underlined by the fact that none of the reviewed articles
referred to the “Minimum Information for Publication of Quantitative Real-Time PCR Experiments”
(MIQE) guidelines [129]. These guidelines address the analytical essentials that have to be considered
to assess the quality and potential traceability of reverse transcription-quantitative polymerase chain
reaction (RT-qPCR) measurements in an extensive checklist. Our observation corresponds with results
of a recent survey of over 1700 publications that criticized the frequently insufficient description of
experimental details of RI-qPCR measurements in many articles [130]. The authors of that survey
called upon journal editors and reviewers to draw more attention to this issue for improving the
transparency and comparability of RT-qPCR data between studies. It might be a specific challenge
for clinically oriented journals in publishing clinical studies based on modern molecular-biological
methods as clinicians often do not place any great emphasis on analytical problems.

4.2. Study Design Considerations

Table 3, with the essential details of the evaluated recent miRNA-based BCR studies and our
separate comments, illustrates the heterogeneity of the data situation in this field. Different starting
points in the discovery phase and specific features in subsequent validation processes hamper a
comparison of data between studies. However, to provide a more informative overview not only on
the diversity of miRNAs examined but also on the fundamental characteristics between the various
studies, we classified various study criteria into categories in Table 5. This facilitates the identification
of protocol deficiencies of the particular studies according to the assessment criteria of the development
phases for establishing a robust tool in clinical practice (Table 2). Some noteworthy points should be
considered more closely in the following.
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Table 5. Characteristics of the 53 studies evaluated in this review.

Characteristics Studies, n (%)
1. PSA cutoff for biochemical recurrence
>0.1 pg/L 4(7)
>0.2 pg/L 35 (66)
>04 pg/L 2(4)
Not specified 12 (23)
2. Preoperative PSA level
<10 ug/L 3 (6)
>10 ug/L 43 (81)
Not specified 7 (13)

3. Tumor characteristics
pT classification/clinical stage

Specified 50 (94)
Not specified 3(6)
Gleason score

Specified 52 (98)
Not specified 1(2)
Resection margin status

Specified 21 (40)
Not specified 32 (60)
Lymph node status/Metastasis

Specified 16 (30)
Not specified 37 (70)

4. Study design features
According to MIQE, REMARK, STARD
! guidelines

Yes 2 (4)
No 51 (96)
Type of study
Retrospective 53 (100)
Multi-institutional study (n > 2) 9(17)
Studies with functional miR data
Yes 30 (57)
No 23 (43)
Sample size (patients/study)
<50 7 (13)
50-100 23 (44)
>100-150 15 (28)
>150 8 (15)
Events of biochemical recurrence
(n/study)
10-20 11 (21)
20-30 15 (28)
>30 17 (32)
Not specified 10 (19)
Follow-up time (mean/median years)
<5 18 (34)
>5 25 (47)
Not specified 9 (19)
Statistical analysis
Only univariate 18 (34)
Multivariate 35 (66)
Studies with internal /external
validation
Yes 8 (15)
No 45 (85)

! Reports with comments that the respective study was performed according to the of guidelines of MIQE, Minimum
information for publication of quantitative real-time PCR experiments, REMARK, Reporting Recommendations for
Tumor Marker Prognostic Studies , and /or STARD, Standards for Reporting of Diagnostic Accuracy [129,131,132].



-39 -

Int. J. Mol. Sci. 2017, 18, 2023 21 0f 32

The different definitions of the PSA cutoff as criterion for the biochemical recurrence were
discussed in detail at the beginning of this review. This diversity of cutoffs was also reflected in our
survey. Two-thirds of the studies used the cutoff of 0.2 n/L recommended in the EAU and AUA
guidelines [29,30]. However, 23% of the studies did not specify this threshold as a fundamental
precondition of data comparability. We also noticed this essential lack of information with regard to
the specification of the important risk variables “resection margin status” and “lymph node status” in
60 and 70% of the studies, respectively. In contrast, the pathological tumor stage and Gleason score
were generally indicated. On the other hand, only 3% of the studies included PCa patients with PSA
values below 10 png/L. This indicates that few studies focused on low-risk PCa patients.

In addition to these clinicopathological characteristics of the study patients as one part of the
study design, more or less formal conditions determine the implementation and, finally, the validity
of clinical studies. These study specifications are listed in Table 5 under the category “Study design
features”. The percentage data given for the respective items illustrate deficiencies and the limited
validity deficiencies of several studies. Thus, studies with sample sizes of less than 50 patients, 10 to
20 BCRs, a mean follow-up period under 5 years, or evaluated only through univariate analysis remain
questionable from the statistical and biological point of view. For example, in a multivariate Cox
regression analysis as a standard statistical method for BCR analysis, at least ten events per predictor
variable are necessary to obtain reliable results [133]. Because several clinicopathological factors have
to be individually considered in such a model it is not surprising that a study cohort with 20 BRC
events and the additional inclusion of miRNAs of interest can hardly meet a scientifically founded
conclusion of clinical significance. Considering a proportion of one-third of patients with BCR as an
example, cohorts of more than 150 patients would be advisable. In contrast to this, few (15%) of the
studies reviewed here that were exclusively retrospective in nature included more than 150 patients,
and those were mostly multi-institutionally implemented. In this regard, it is significant that power and
sample size calculations were presented in only two studies (Study nos. 2 and 9; [23,58]). Furthermore,
only eight studies (15%) performed an internal or external validation of data that was suggested as
an important criterion of the development phase “Validation by clinical assessment” (Table 2; [51]).
For example, Kristensen et al. (Study 46; [50]) confirmed the improved prognostic performance of their
3-miRNA prognostic classifier in comparison to the BCR prediction based on only clinicopathological
factors in three independent PCa patient cohorts. A similar benefit, proved by increased C-indices,
was shown by single miRNAs in two other studies (Study nos. 2 and 30; [23,82]). The proof of such an
additional benefit by the inclusion of miRNAs in the conventional model has to be considered as a
decisive criterion to proceed further with developing a new clinical decision-making tool. Therefore,
it is striking that the authors of merely two studies (Study nos. 2 and 46; [23,50]) pointed out that
their studies were performed according to the “Reporting Recommendations for Tumor Marker
Prognostic Studies (REMARK)” [131]. The generally “benevolent” neglect of the guideline suggestions
in performing the prognostic studies by principal investigators and in accepting final study reports
as publications by the journal editors is consistent with the above-mentioned attitude of ignoring the
analytical MIQE and “Standards for Reporting of Diagnostic Accuracy (STARD)” guidelines [129,132].

4.3. Divergences between BCR Outcome and the Functional Role of miRNAs

Divergent BCR outcome data between different studies contrast with the functional data of
miRNAs. In addition to the apparent differences due to the previously discussed reasons of the
heterogeneity of study results, real divergences seem to exist between the miRNA expression level as a
BCR predictor and the potential functional role of the respective miRNA. It is therefore worth briefly
mentioning this rarely considered aspect using the examples of let-7c-5p, miR-141-3p, miR-148a-3p,
and miR-221.

Leite et al. [52] showed in Study 5 that increased let-7c-5p in the primary untreated PCa tissue was
associated with a higher BCR risk. This seems to be in contrast to the generally decreased expression
of let-7c-5p in PCa tissue compared with normal prostate tissue and its suppressive action of this



-40 -

Int. J. Mol. Sci. 2017, 18, 2023 22 0f 32

miRNA on the androgen receptor [134,135]. However, it should be considered that in the assessment
of BCR risk, the expression of let-7c-5p is evaluated only in tumor cells. The BCR indicator effect of the
let-7c-5p expression disappeared as an independent factor in the multivariate analysis with all risk
factors showing the complex interplay between clinicopathological variables and expression levels
of markers [52]. A similar, but contrasting and also not plausibly explainable phenomenon applies
to miR-141-3p (Study nos. 31 and 36; [83,88]) and miR-148a-3p (Study 36; [88]). Decreased levels of
both miRNAs indicated a shorter recurrence-free survival in the here reviewed studies, whereas their
upregulation was found to be increased in untreated PCa and castration-resistant PCa specimens,
and these miRNAs enhanced the proliferation of PCa cell lines [134,136,137]. For miR-221-3p and
miR-221-5p, decreased expression levels were characteristics of a shorter BCR-free period (Studies nos.
3,17, 31, 46; [24,50,67,83]. This tumor-suppressive function corresponds with the expression levels
and functional data observed in other studies [138-141]. However, increased expression of miR-221
in PCa metastases and PCa mouse models and an enhanced proliferation of PCa cell lines by this
miRNA were also described [142-144]. It was recently postulated that this oncogenic role of miR-221 is
likely transient, and the dual tumor-suppressive and oncogenic function of miR-221 probably reflects
different phases of PCa progression [140]. In this context, the possible divergences between BCR as
clinical endpoint and the development-dependent functions of miRNAs would be understandable.

5. Future Directions

Despite the discussed critical points and limitations of the reviewed studies, promising results
provided by several studies can be considered as proof of the true potential of miRNAs as BCR
predictors. It is the final aim of this review to learn from the deficiencies of the conducted studies
hitherto and draw corresponding conclusions for future studies. Therefore, our overview of the
published results and the background data of the 53 studies allows two essential conclusions:

e  No study has thus been able to comply with the suggested requirements specified in the final
development phase “Validation of clinical usability” (Table 2) to establish a robust BCR tool for
clinical practice using miRNAs. In addition, few studies can be valued as successfully finished
in the second development phase due to the lack of internal validation in most of the studies
(Tables 2 and 5).

e  The evaluation and comparison of analytical and clinical conditions in the various studies
provided a wealth of experience in the assessment of study design features. Based on these
experiences, critical study deficiencies could be identified (see Section 4, comments to Table 5),
and future directions could be elaborated to overcome these shortcomings. In the following,
we focus on some essential issues.

The results of the various studies and their generalized assessment confirm once more the
clear need of a good coordination between the intended study aims, all study design elements,
and preanalytical and analytical conditions. The three guidelines MIQE, REMARK, and STARD should
be strictly considered in future studies since they define the basic foundation for implementing a
study under common clinical and analytical conditions [129,131,132]. For planned projects, especially
prospective, multi-institutional studies, appropriate elements of these guidelines should be specified,
and their compliance should be a subject of constant control to guarantee necessary preconditions
for a reliable database. These guidelines not only allow the necessary transparency but also the
harmonization and comparability of results between multi-institutional studies. However, because of
numerous factors, such as different methods of RNA isolation, reverse transcription, and true miRNA
measurements, as well as various platform applications that could influence RT-qPCR results, it is
advisable to perform all analyses at one institution in early studies. This approach would a priori avoid
misinterpretations, as errors can be excluded due to missing traceability between results obtained
through different methods. The issue of analytical differences could be solved later in a second step of
method harmonization. The same applies to retrospective studies.
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While BCR does not equal clinical relapse, elevated postoperative serum PSA levels make it
possible to filter patients with a high risk of true disease recurrence [41]. Therefore, future studies
should additionally focus on the predictive capability of miRNAs with regard to the clinical endpoints
of distant metastasis, cancer-specific death, and response rate to drugs. Some studies (Study nos.
3, 14, 32, 53; [24,64,84,107]) have already considered these endpoints. However, the “mixed” use of
these endpoints should be avoided in future studies because the distinct time difference between the
endpoints could result in a systematic bias. In this respect, the study design should also clearly address
the specific need for different patient groups. For example, the predictive tools using miRNAs differ
between low-risk and high-risk patients following radical prostatectomy [69,71]. This result, which is
also shown by using other genomic classifiers [122], should be considered in an adapted composition
of the study groups according to the specific clinical objective. In addition, the Gleason-related
association of miRNAs shown exemplarily by Lichner et al. [88] requires a re-assessment according to
the new International Society of Urological Pathology (ISUP) Gleason group classification. Further
multi-institutional studies are needed to validate the clinical usability of miRNA-based tools, either
alone or combined with clinicopathological factors, for BCR prediction. The additional information
provided by miRNAs in comparison to established BCR prediction tools [4-6] must be proven in
these studies and should be demonstrated by decision curve analysis [145]. It is worth considering
whether the above described 2-5 miRNA signatures could be confirmed in comparison to these
clinically established tools in retrospective multi-institutional approaches as a validation step to initiate
prospective studies.

6. Conclusions

In summary, miRNAs were shown in several studies of this review as promising marker
candidates and miRNA signatures for predicting BCR after radical prostatectomy. However, the general
non-consideration of the MIQE, REMARK, and STARD guidelines in most studies resulted in study
design deficiencies, primarily a lack of internal validation of data. The unequivocal evidence of
additional information through miRNAs in comparison to the conventional approaches of BCR has not
been proven thus far. Further studies are needed to address these deficiencies both in retrospective and
prospective multi-institutional studies to validate the clinical usability and benefit of miRNA-based
BCR tools in combination with the conventional clinicopathological variables.
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APLN Apelin

AUA American Urological Association
AUC Area under the ROC curve

BCL9 B-cell CLL/lymphoma 9
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BPH Benign prostatic hyperplasia

CoxM Multivariate Cox regression analysis
CoxU Univariate Cox regression analysis
EAU European Association of Urology
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HR Hazard ratio

Isupr International Society of Urological Pathology
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MeSH Medical Subject Heading of the U.S. National Library of Medicine

miQ miRNA index quote

MIQE Minimum information for publication of quantitative real-time PCR experiments

miRNA, miR  microRNA

MW Mann-Whitney U-test

MYPT1 Protein phosphatase 1 regulatory subunit 12A (official symbol: PPP1R12A)

PCa Prostate carcinoma

PSA Prostate-specific antigen

RB1CC1 RB1 inducible coiled-coil 1

REMARK Reporting Recommendations for Tumor Marker Prognostic Studies

RFS Biochemical recurrence-free survival

RM Reference method, in general the reference gene

ROC Receiver-operating characteristic curve

ROCK1 Rho associated coiled-coil containing protein kinase 1

RP Radical prostatectomy

RT-gPCR Reverse transcription-quantitative polymerase chain reaction

SOCS Cytokine inducible SH2 containing protein (official symbol: CISH)

STARD Standards for Reporting of Diagnostic Accuracy

TCGA The Cancer Genome Atlas

TNM Classification of malignant tumors describing the involment of the primary
tumor, regional lymph nodes and the distant metastatic spread

TRIB1 Tribbles pseudokinase 1
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