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Abstract: Current risk stratification methods for prostate cancer – although they have seen 

marked improvements over the past decades – are far from perfect. Despite the significant utility 

of prostate-specific antigen as a biomarker to monitor for disease recurrence, it cannot predict 

which tumors will recur or recommend the best treatment for patients. Similarly, although 

biopsies are imperative for diagnosis and staging, they are saddled with limitations and risks. 

We must move toward a noninvasive biomarker that has predictive and prognostic efficacy. We 

therefore review the current literature on circulating miRNA biomarkers, apply their use to 

two significant clinical problems (ie, how limitations of prostate biopsies can impact diagnosis 

and treatment management, and the need to tailor treatment for a clinically heterogeneous 

disease), and evaluate how circulating miRNAs have inherent properties that make them ideal 

liquid biomarkers. We also outline current gaps in knowledge that must be addressed before 

they can be implemented into routine clinical practice. With further research on their function 

and validation of their biomarker utility in large prospective cohorts, circulating miRNAs will 

likely prove to be the liquid biopsies of tomorrow.
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Prostate cancer in the present day
Prostate cancer is the most commonly diagnosed non-skin cancer affecting men, and 

the second most common cancer worldwide, with over 1 million cases diagnosed and 

300,000 deaths per year according to GLOBOCAN 2012.1 Despite developments in 

prostate cancer diagnosis, largely due to the discovery of prostate-specific antigen 

(PSA) and advancements in imaging technology, a considerable number of men will 

relapse and succumb to this disease. Improved initial risk stratification would guide 

better treatment management and patient outcomes.

Current methods of prostate cancer risk stratification
The current risk stratification for prostate cancer utilizes tumor extent, Gleason grad-

ing, and PSA.2,3 Gleason grade has the greatest prognostic significance,3,4 and is based 

on the histopathological analysis of needle core biopsy tissue.4 Despite the universal 

reliance on biopsies for prostate cancer risk stratification and treatment management, 

there remain many limitations. From a patient perspective, biopsies are invasive, 

uncomfortable, and can lead to side effects such as hematuria, rectal bleeding, pain, 

and infection.5 Since prostate biopsy samples are typically taken through a transrectal 

approach, there is a high risk of infection, and to minimize this risk, prophylactic 
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antibiotics are administered to patients before biopsy pro-

cedures.5 However, the development of antibiotic-resistant 

organisms has resulted in an increased incidence of poten-

tially life threatening sepsis.6 From a treatment perspective, 

although grading of prostate biopsies has remained the gold 

standard for diagnosis, it is accepted that needle biopsies 

may not be fully representative of the entire tumor, resulting 

in discordance in the Gleason grade between the diagnostic 

biopsy and the radical prostatectomy specimen.7 Addition-

ally, intratumor genetic heterogeneity is increasingly being 

recognized as a confounding factor in diagnosis. Together, the 

limitations inherent to biopsies can influence upfront man-

agement decisions. As such, there is a need to identify less 

invasive biomarkers, such as circulating liquid (eg, serum, 

plasma) biomarkers that may reduce or even eliminate the 

need for biopsy procedures. We discuss this in more detail 

in the section “Clinical problem 1.”

Prostate cancer imaging
The development of advanced imaging technologies, such 

as magnetic resonance imaging (MRI), is helping to address 

some of these limitations. Prostate Imaging Reporting and 

Data System (PI-RADS) is a multi-parametric MRI (mpMRI) 

scoring system that classifies prostate tumors into categories 

based on their likelihood of clinically significant cancer being 

present or not. A prospective study by Pokorny et al showed 

that MRI-guided biopsy (MGB) was less likely to detect 

clinically insignificant low-grade prostate cancers (89.4% 

reduction in detection) and more likely to detect clinically sig-

nificant intermediate- or high-grade disease (17.7% increase 

in detection) compared to transrectal ultrasonography-guided 

biopsy (TRUS-biopsy), and ultimately reduced the need for 

biopsies by 51%.8 Two recent landmark randomized control 

trials, PROMIS and PRECISION, evaluated mpMRI vs 

TRUS-biopsy for prostate cancer diagnosis. In the PROMIS 

trial, mpMRI was more sensitive (93%; 95% CI: 88%–96%) 

than TRUS-biopsy (48%; 95% CI: 42%–55%) to identify 

clinically significant disease, although at the cost of reduced 

specificity.9 Additionally, mpMRI could potentially allow 

27% of patients to avoid an upfront biopsy. Similarly, the 

PRECISION trial demonstrated superiority of MGB over 

standard TRUS-biopsy for detection of clinically signifi-

cant cancer, where clinically significant cancer was found 

in 38% of men with MGB compared to 26% of men using 

TRUS-biopsy (95% CI: 4%–20%; P=0.005).10 Only 12% of 

men with PI-RADS 3 lesions were found to have clinically 

significant cancer on targeted biopsy compared to 60% and 

83%, respectively, for PI-RADS 4 and 5, highlighting the 

considerable amount of ambiguity when tumors are scored 

with PI-RADS 3.10 The limitations of MRI were further 

revealed in a recent study by Johnson et al, which found 

that mpMRI had a low sensitivity for detecting prostate 

cancer foci: mpMRI detected 45% of all lesions (95% CI: 

42%–47%), and 65% of clinically significant lesions (95% 

CI: 61%–69%).11 Therefore, even in the era of mpMRI, there 

is a vital need to improve the diagnostic accuracy of detecting 

clinically significant prostate cancer, particularly in the case 

of patients with PI-RADS 3 cancer.

Tissue-based genomic tests for prostate 
cancer risk stratification
In an attempt to improve the detection of clinically aggres-

sive prostate cancer, there has been intensive research and 

development to create genomic tests that capture the biologi-

cal phenotype of a patient’s prostate cancer. Several of these 

tests are tissue based, including Decipher and Prolaris, which 

require biopsy or radical prostatectomy samples. GenomeDx’s 

Decipher is a tool for patients who have undergone radical 

prostatectomy to determine the probability of metastasis and 

tumor aggressiveness.12,13 Decipher evaluates the expression of 

22 RNA biomarkers in the tumor to calculate the probability 

of metastasis within 5 years of surgery. Prolaris, developed by 

Myriad Genetic Laboratories (Salt Lake City, UT, USA), uses 

a 46-gene expression signature for risk assessment.14 Prolaris 

uses tumor tissue from needle biopsy or radical prostatectomy 

samples to calculate the probability of disease progression. 

Another genomic test was developed by Lalonde et al, which 

utilizes a 31-locus genomic classifier from tissue specimens 

to identify patients who are more likely to have biochemical 

recurrence (BCR) and metastatic spread.15 However, these 

tissue-based tests are invasive and those using biopsies are 

still subject to the limitations discussed above. Accordingly, 

noninvasive, liquid-based tests are being developed.

Noninvasive biomarkers
There is a significant push in the field to identify biomarkers 

found in biofluids, such as blood. These circulating biomarkers 

(found in plasma and serum) seem to have limitless potential. 

Their noninvasive nature increases patient compliance and 

allows for easy and inexpensive serial sampling. This is par-

ticularly intriguing as it would allow for treatment response and 

disease progression to be monitored over time.16 It has also been 

suggested that liquid biomarkers may be a more representative 

illustration of the tumor’s underlying genomic blueprint com-

pared to tissue-based markers.16 Furthermore, liquid biopsies 

have been described to be diagnostic, predictive, and prognostic.
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Current liquid-based genomic tests for 
prostate cancer risk stratification
Prostate cancer antigen 3 (PCA3) is a predictive post-digital 

rectal exam (DRE) urine-based test used to help determine 

whether an elevated PSA test is likely caused by prostate 

cancer.17,18 PCA3 testing can help physicians decide whether a 

biopsy is required. Although this test is very useful in its ability 

to help distinguish patients who should be selected for biopsy 

compared to those who can be spared this invasive procedure, 

it cannot predict disease aggressiveness or prognosis. The com-

mercially available 4Kscore Test (OPKO Health Inc, Miami, 

FL, USA) is a prognostic blood test that evaluates a patient’s 

risk of aggressive prostate cancer prior to biopsy, and poor 

clinical outcomes within 20 years.19–22 The 4Kscore Test uses 

an algorithm consisting of the levels of four markers in the 

serum – total PSA, free PSA, intact PSA, and human kallikrein 

2 – in addition to the patient’s age, DRE status, and history of 

prior biopsy to determine the probability of identifying clini-

cally significant cancer (Gleason 7 and above) from a biopsy. 

It can help determine which patients are high risk and would 

benefit from a biopsy, and those who are low risk and can avoid 

receiving a biopsy. The 4Kscore Test has been independently 

validated in large, multi-institutional studies showing its util-

ity in predicting high-grade prostate cancer, and reducing the 

need for biopsies in low-grade cancer patients.19,23–27 However, 

it does not eliminate the need of biopsies for others; patients at 

high risk for prostate cancer (determined by either the PCA3 

or 4Kscore tests) will still need to have a biopsy. Furthermore, 

these tests cannot guide treatment planning or identify which 

patients will have recurrence after treatment. Therefore, there 

is a need to identify noninvasive biomarkers that can be used 

for patient risk stratification at initial diagnosis and for serial 

monitoring of their disease throughout treatment, independent 

of biopsy or surgical tissue.

Circulating miRNAs are perfect 
candidates for noninvasive biomarkers
miRNAs (also represented as miR-) have recently gained 

interest as promising candidates for noninvasive circulat-

ing biomarkers. Circulating miRNAs have been shown to 

be stable in bodily fluids, expressed at detectable levels, 

and representative of cancer.28,29 miRNAs are also thought 

to be superior to proteins as biomarkers, as they are more 

stable in biological fluids and yield more straightforward 

 interpretations (ie, miRNA expression level correlates with 

activity, miRNAs are not translated from mRNA like proteins, 

and they do not undergo posttranscriptional or posttransla-

tional modifications).30

miRNAs are small (~20–25 nucleotides in length), non-

coding RNAs that downregulate expression of target genes.31 

It is estimated that there are over 1,000 miRNAs encoded 

in the human genome, which regulate ~50% of all protein 

coding genes.32–34 miRNAs regulate genes involved in all 

cellular processes, which highlights their widespread impor-

tance in gene regulation. miRNAs decrease gene expression 

by binding to the 3′-untranslated region of a target mRNA. 

This binding results in translation inhibition or transcript 

degradation. If transcriptional repression occurs, it will do 

so in one of four ways: 1) inhibition of translation initiation; 

2) inhibition of translation elongation; 3) co-translational 

protein degradation; or 4) premature termination of transla-

tion.35 Target degradation is recognized to be the major result 

of miRNA–mRNA binding.35 

miRNAs are involved in all cell processes and have been 

an object of much interest due to their aberrant expression 

and role in cancer. They are particularly intriguing due to the 

fact that one miRNA can target and downregulate hundreds 

of gene transcripts. Since individual miRNAs can regulate 

multiple cellular pathways simultaneously,36 small perturba-

tions in miRNA expression could lead to harmful downstream 

effects resulting in cancer development, progression, and 

recurrence. Many miRNAs have been characterized for their 

role in prostate cancer.37,38 We have previously described 

various miRNAs for their role in cell cycle progression, meta-

static potential, tumor aggression, and therapy resistance: 

miR-95,39 miR-106a,40 miR-330-3p,41 miR-620.42

miRNAs have been described to be preferentially enriched 

in extracellular vesicles (EVs, also known as exosomes).43 

Exosomes are small vesicles formed from the inward bud-

ding of endosomes, which therefore contain cellular com-

ponents from the cytosol.44 Exosomes facilitate cell–cell 

communication in a paracrine or endocrine manner.43,45 It is 

thought that exosomal contents, such as miRNAs, may be 

involved in epigenetic reprogramming of the target cell.46 

Urine exosomes are a particularly rich source of prostate 

cancer-specific transcripts when collected from post-DRE 

urine.47 A clinically validated noninvasive test, ExoDx 

Prostate IntelliScore (Exosome Diagnostics, Waltham, MA, 

USA), assesses the expression of three genes from urine 

specimens to distinguish benign and low-grade prostate 

cancer from high-grade prostate cancer.48,49 This assay can 

help determine whether patients with elevated PSA require a 

biopsy. Although ExoDx is a urine-based test and this review 

is focusing on circulating blood biomarkers, it is worthwhile 

mentioning since post-DRE urine samples are likely to be 

highly enriched with prostate cells and EVs. miRNAs are 
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likely enriched in EVs, regardless of whether they are col-

lected in urine or other biofluids, such as plasma and serum. 

miRNAs are particularly promising biomarker candidates 

as they have the characteristics of an ideal biomarker. A 

perfect biomarker must be specific to the tissue of interest 

and be able to distinguish the particular disease state of 

interest within that tissue; be sensitive so that the extent of 

the pathology is mirrored in the expression of the biomarker; 

have a long half-life; be easy, fast, and inexpensive to detect; 

and not be invasive for the patient.16,50 miRNAs are known to 

be highly stable in serum and plasma, and are very resistant 

to boiling, pH changes, repeated freeze–thaw cycles, and 

fragmentation by chemical or enzymes.16,50,51 It is thought 

that miRNAs are highly stable in serum and plasma due to 

their incorporation in EVs or protein complexes.43,52 The 

future of prostate cancer risk stratification will likely entail 

the identification of unique circulating miRNA signatures 

that allow for treatment regimens to be tailored to each indi-

vidual patient. In the following section we will be discussing 

the potential utility of circulating miRNAs to address two 

significant clinical problems.

Clinical problem 1: limitations 
of prostate biopsies can impact 
diagnosis and treatment 
management
A significant clinical problem of biopsies is that they are 

often not representative of the entire tumor, due to random 

sampling and geographical miss of the tumor during biopsy 

collection.53 The heterogenous nature of cancer indeed further 

complicates obtaining an accurate overview of tumor burden. 

Since the cancer may have progressed to higher tumor grades 

in different areas of the prostate, it is imperative to biopsy 

representative tumor tissue for accurate tumor staging. As 

TRUS-biopsies are collected from a posterior approach, it is 

harder to biopsy anterior lesions, and thus may result in miss-

ing clinically significant lesions.54 These procedural issues 

may limit our ability to accurately classify the disease, and 

thereby impact optimal decision making.

It has been estimated that Gleason grade assigned to 

needle biopsy is discordant with the whole radical pros-

tatectomy specimen in around 50% of cases (Humphrey: 

43%;4 Evans et al: 54.5%;55 Kvåle et al: 53%;56 King: 41%57). 

Epstein et al assessed 7,643 matching biopsies and radical 

prostatectomy samples and found that there was substan-

tial discordance between the two:58 Almost 40% of biopsy 

Gleason 5–6 cases were upgraded to higher Gleason grades 

after radical prostatectomy. Half of Gleason 3+4 cases were 

either upgraded or downgraded after radical prostatectomy 

analyses, and the other half showed the same grade. Assum-

ing this study is representative of the population of patients 

receiving biopsies, this suggests that almost half of the men 

undergoing active surveillance may need upfront definitive 

treatment, and approximately one quarter of men with biopsy 

Gleason 3+4 who received treatment could have been placed 

on active surveillance and avoided the toxicities of treatment. 

Since this discordance in grading between biopsy and radi-

cal prostatectomy samples follows no pattern (ie, sometimes 

upgraded and other times downgraded), we cannot assume 

that treatment should be more aggressive as this would lead 

to overtreatment and side effects for some of these men. 

Furthermore, studies have demonstrated that there can be 

considerable discordance in Gleason grading between differ-

ent pathologists and institutions.59–62 In addition, the reliance 

on biopsies poses a unique problem for radiation therapy, as 

tumor tissue is not collected after treatment. Due to the high 

discrepancy between biopsy and whole tumor pathological 

grading, there is an even greater chance of undertreatment or 

overtreatment in this setting. Relying on biopsy specimens 

for tumor staging poses various questions: does the patient 

actually have Gleason 6 disease as identified in the biopsy, 

or do they have Gleason 7, but was the pattern 4 disease 

missed? The limitations of biopsies can translate to falsely 

staging a tumor as Gleason score 3+4, since most of the 

scores biopsied were pattern 3, when in reality the majority 

of the tumor is pattern 4. As previously discussed, mpMRI 

has helped increase the accuracy of diagnosis with its superior 

sensitivity (>90%) compared to biopsy.9,10,63 However, the 

aforementioned issues with PI-RADS scoring means that 

there is still significant room for improvement. Biomarkers 

should theoretically originate from any and all areas within 

the prostate to yield a more accurate representation of the 

disease.64,65

Circulating biomarkers could prove to have clinical util-

ity allowing for superior diagnosis and treatment of prostate 

cancer. We need to move toward integrating new analyses that 

improve risk stratification to reduce overtreatment of low-risk 

disease and undertreatment of high-risk disease.

Clinical problem 2: tailoring 
treatment for a clinically 
heterogeneous disease
Despite these difficulties of accurately staging a tumor, this 

is just the tip of the iceberg: deciding on a suitable treatment 

plan is even more challenging. Although cancers are classified 

into different Gleason grades, the underlying molecular and 
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genetic heterogeneity poses a unique problem to every case 

– each individual tumor may behave differently to the same 

treatment. It is therefore imperative to discover biologically 

relevant biomarkers that can predict each cancer’s unique 

disease trajectory after treatment. We need biomarkers that 

describe how aggressively the cancer will behave so we can 

tailor treatment to each individual patient. There are two 

situations for prostate cancer where predictive biomarkers 

are particularly desirable: active surveillance and Gleason 

7/intermediate-risk cohorts.

Active surveillance: to treat or not to 
treat, that is the question
Men diagnosed with low-risk (Gleason ≤6, PSA ≤10 ng/mL, 

and ≤ stage T2A) localized prostate cancer can be placed on 

active surveillance. Research has shown that for patients 

with low-risk disease, treatment offers minimal benefits for 

disease control compared to active disease monitoring, which 

can improve quality of life by reducing treatment-related 

toxicities.66,67 In active surveillance, disease progression is 

monitored carefully and frequently based on PSA kinetics 

and/or histological progression.68 If cancer does progress 

to more advanced stages (most commonly determined by 

short PSA doubling time or grade progression), patients will 

be treated with radical prostatectomy or radiotherapy, with 

or without androgen deprivation therapy (ADT).68 Active 

surveillance provides a safe and effective option for such 

patients. However, there are some patients on active surveil-

lance who should have received upfront treatment, and others 

who were not put on active surveillance but could have been.

Tumor heterogeneity of intermediate-risk 
disease: spotting a wolf in sheep’s clothing
It is well understood that no two tumors will behave the 

same way, including their response to treatment. This issue 

is even more obvious in intermediate-risk prostate cancers. 

The National Comprehensive Cancer Network describes 

intermediate-risk prostate cancer as having one of the fol-

lowing high-risk features: clinical tumor stage T2b or T2c; 

Gleason score 7; or initial PSA 10–20 μg/L.69

There is considerable heterogeneity in outcomes among 

patients with intermediate-risk disease. A retrospective 

study by Stark et al looked at biopsy and radical prostatec-

tomy specimens to infer prostate cancer-specific mortality 

between patients with Gleason 3+4 and Gleason 4+3 dis-

ease. They found that men with Gleason 4+3 cancer had on 

average three-fold higher mortality rates compared to men 

with Gleason 3+4 disease.70 A study by Viers et al showed 

that Gleason 4 pattern in the positive surgical margin was 

associated with significantly worse 15-year BCR-free, 

cancer-specific, and systemic progression-free survival.71 

Similarly, a retrospective study by Wright et al found that 

in men undergoing surgery or radiotherapy, Gleason 4+3 

patients showed increased rates of recurrence, disease pro-

gression, and prostate cancer-specific mortality compared 

to Gleason 3+4 patients.72 Furthermore, no differences in 

prostate cancer-specific mortality were seen between Gleason 

4+3 and Gleason 8–10, suggesting that Gleason 4+3 should 

be treated as high-risk disease.72 Since Gleason 7 cancers 

have been found to behave  heterogeneously and show a very 

fine histological line between 3+4 and 4+3 cancers,73 a new 

grading system is being implemented to separate Gleason 

3+4 and Gleason 4+3 disease. The new Epstein Grade Group 

classification was found to improve accuracy of cancer 

stratification.73–75

Due to the significant heterogeneity in intermediate-risk 

disease, whether Gleason 3+4 disease should be placed on 

active surveillance instead of definitive treatment has even 

been questioned. However, in a recent study at Sunnybrook 

Health Sciences Centre, Musunuru et al reported on the 

15-year metastasis-free survival of low- and intermediate-risk 

prostate cancer patients on active surveillance: Gleason 6 or 

less (PSA ≤10 ng/mL) =94.1%; Gleason 6 or less (PSA 10–20 

ng/mL) =94.1%; Gleason 3+4 (PSA ≤20 ng/mL) =83.6%; 

and Gleason 4+3 (PSA ≤20 ng/mL) =63.2%.76 Despite the 

pronounced improved survival of patients with Gleason 3+4 

compared to Gleason 4+3 disease, the authors do not recom-

mend active surveillance for any Gleason 7 prostate cancer. 

Although it is clear that Gleason 4+3 patients should not be 

placed on active surveillance, there remains a controversy 

as to whether select Gleason 3+4 patients could be placed 

on active surveillance or should receive upfront definitive 

treatment.68,76,77 Perhaps, with the use of circulating miRNA 

biomarkers, we will be able to precisely distinguish a subset 

of Gleason 3+4 patients that can be safely placed on active 

surveillance and avoid side effects of treatment.

Once a decision is made to treat intermediate-risk disease, 

we are led to another very pressing clinical question of how 

aggressively we should treat the cancer? Is dose-escalated 

radiotherapy (ie, higher doses of external beam therapy, or 

brachytherapy) required here? Should systemic therapies (ie, 

ADT, abiraterone, or enzalutamide) be added to the treatment 

cocktail? The underlying question is how can aggressive 

intermediate-risk prostate cancer be distinguished from 

those that will behave indolently throughout the course of 

their disease trajectory? We believe that the answer lies with 
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circulating miRNA biomarkers, which perhaps can yield a 

more holistic view of heterogeneity within the tumor.

Utilizing circulating miRNA 
biomarkers to address clinical 
problems
Clinical problem 1: limitations of prostate 
biopsies can impact diagnosis and 
treatment management
As treatment management depends on an accurate diagno-

sis, this could not be more imperative for improved patient 

outcomes. Circulating biomarkers may overcome the limita-

tions of biopsies and imaging. miRNA secreted from prostate 

cancer cells into the blood are thought to be representative 

of the overall disease, and can noninvasively identify the 

presence of clinically significant cancer, independent of the 

current imaging and pathological biomarkers.

Many miRNAs have been described as diagnostic bio-

markers due to their upregulation in prostate cancer compared 

to normal tissue: let-7a, miR-16, miR-26a, miR-24b, miR-

92a/b, miR-103, miR-107, miR-141, miR-197, miR-328, 

miR-485-3p, miR-574-3p, miR-636, miR-640, miR-766, 

miR-855-5p; and due to their downregulation in prostate 

cancer compared to normal tissue: miR-200c, miR-223; and 

the list goes on.52,78–83 For the purposes of this paper, however, 

we will focus on those that have been described as prostate 

cancer predictive or prognostic biomarkers (Table 1).

A study recently published by Liu et al identified a serum 

3-miRNA signature (miR-24, miR-223, and miR-375), which 

was able to better distinguish indolent vs aggressive prostate 

cancer in patients on active surveillance (area under the 

curve [AUC] =0.690; 95% CI =0.596–0.784) compared to 

PSA (AUC =0.667; 95% CI =0.580–0.754).84 The 3-miRNA 

signature in combination with PSA improved the accuracy 

of detecting aggressive disease (AUC =0.700; 95% CI 

=0.682–0.884).84 Alhasan et al discovered a 5-miRNA serum 

signature (miR-106a, miR-135a*, miR-200c, miR-433, 

and miR-605) to predict very high-risk aggressive prostate 

 cancer.80 Moltzahn et al identified a diagnostic and prognos-

tic serum miRNA signature: low expression of miR-24 and 

miR-223 was found in prostate cancer patients compared 

to healthy controls, whereas miR-93, miR-106a, and miR-

451 showed high expression in cancer patients compared to 

controls.79 Furthermore, miR-93, miR-106a, and miR-24 

were able to distinguish low- and intermediate-risk prostate 

cancer patients; miR-24, miR-93, miR-106a, miR-223, and 

miR-451 were able to distinguish low- and high-risk patients. 

Similarly, a study by Sharova et al also identified miR-106a 

and miR-223 as promising liquid biomarkers in prostate can-

cer. Using plasma samples from patients with elevated PSA, 

miR-106a/miR-130b and miR-106a/miR-223 ratios were 

able to distinguish between patients whose biopsy yielded 

localized prostate cancer and benign prostatic hyperplasia 

(BPH).85 Shen et al discovered that four plasma miRNAs were 

able to predict prostate cancer aggressiveness. High expres-

sion of miR-20a and miR-21 was found in high-risk Cancer 

of the Prostate Risk Assessment (CAPRA) score patients; 

high miR-21 and miR-145 were seen in intermediate- and 

high-D’Amico score compared to low-score patients; and 

miR-21 and miR-221 were able to differentiate intermedi-

ate- and low-risk CAPRA score patients.86 When combined 

into a signature, miR-20a, miR-21, and miR-145 were able to 

distinguish patients with intermediate- vs low-risk D’Amico 

scores (AUC =0.763, sensitivity =44.4%, specificity =86.8%; 

P=0.044).86 The authors further described a signature with all 

four miRNAs, where miR-20a, miR-21, miR-145, and miR-

221 could distinguish high- and low-risk D’Amico scores 

(AUC =0.0824, sensitivity =29.4%, specificity =97.4%; 

P=0.02). Various other predictive miRNA biomarkers have 

been identified, and their expression profiles can be used to 

distinguish low-, intermediate-, and high-risk prostate cancer 

and/or disease progression: miR-9*, miR-15b, miR-16-106b, 

miR-141, miR-148a, miR-195, miR-378*, miR-516a-3p, 

and miR-1290.86–92 These results are summarized in Table 1.

Clinical problem 2: tailoring treatment for 
a clinically heterogeneous disease
Circulating biomarkers may overcome the current limitations 

of prostate cancer risk stratification by providing a more 

representative and holistic indication of tumor stage and 

progression, and guide treatment decisions.

Biomarkers that would prove useful to address this 

clinical problem are predictive and prognostic. A predictive 

biomarker provides information about how a patient’s can-

cer will respond to a particular treatment.93 It can be used 

to predict which therapy a patient will respond best to, and 

monitor their response during the therapeutic intervention. A 

prognostic biomarker is one that can independently provide 

information about the outcome of a patient’s disease, such 

as risk of relapse and disease-specific mortality.93

Identifying which treatment(s) will be most effective for 

each patient is imperative for optimal patient outcomes; how-

ever, we currently do not have a tool that can be used for this. 

Circulating miRNAs are an ideal candidate for this; however, 
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Table 1 Circulating blood miRNAs identified for biomarker utility in preclinical studies

miRNA Fluid Biomarker Results Cohort size Reference

Cases Controls

let-7a whole 
blood

Diagnostic, 
prognostic

Decrease in PCa vs BPH; decreased expression with increasing 
D’Amico risk stratification

75 27 83

miR-9* Serum Prognostic increase in patients with metastatic PCa 113 – 87
miR-15b Plasma Prognostic increased expression associated with high PSA after RP 79 33 92
miR-16 Plasma Diagnostic increased expression associated with high-grade (Gleason 8–10) 

disease
79 33 92

miR-20a Plasma Prognostic increase in high-risk CAPRA score patients. Signature of miR-20a, 
miR-21, and miR-145 could distinguish patients with intermediate- 
vs low-risk D’Amico scores. Signature of miR-20a, miR-21, miR-
145, and miR-221 could distinguish patients with high- vs low-risk 
D’Amico scores

82 – 86

Serum, 
plasma

Predictive, 
prognostic

Low expression pre-docetaxel chemotherapy associated with PSA 
response in CRPC patients

97 – 94

miR-21 Plasma Prognostic increase in patients with high-risk CAPRA scores. increase in 
patients with intermediate- and high-risk vs low-risk D’Amico 
scores. Differentiate patients with intermediate- vs low-risk 
CAPRA scores. Signature of miR-20a, miR-21, and miR-145 
could distinguish patients with intermediate- vs low-risk D’Amico 
scores. Signature of miR-20a, miR-21, miR-145, and miR-221 could 
distinguish patients with high- vs low-risk D’Amico scores

82 – 86

Serum Predictive increase in mCRPC. High expression associated with docetaxel 
resistance

50 6 95

miR-24 Serum Prognostic Decrease in PCa: healthy > low risk > intermediate > high risk 36 12 79
miR-93 Serum Diagnostic, 

prognostic
increase in cancer vs healthy. Higher in high risk vs low and 
intermediate risk

36 12 79

miR-106a Serum Prognostic increase in aggressive PCa 12 4 80
Serum Prognostic increase in PCa: high > intermediate > low > healthy 36 12 79
Plasma Diagnostic Part of miRNA signature to distinguish PCa and BPH 36 31 85

miR-106b Plasma Prognostic increased expression associated with high PSA after RP 79 33 92
miR-130b Plasma Diagnostic Part of miRNA signature to distinguish PCa and BPH 36 31 85
miR-135a* Serum Prognostic Decrease in aggressive PCa 12 4 80
miR-141 whole 

blood
Diagnostic, 
prognostic

increase in PCa vs BPH. increased expression with increasing 
D’Amico risk stratification. Expression decreased after radical 
prostatectomy

75 27 83

Serum Prognostic increase in patients with metastatic PCa. increase in Gleason 8 vs 
Gleason 7

113 – 87

Serum Prognostic increase in patients with bone metastasis, and increased 
expression correlated with more bone lesions

30 26 88

Serum Prognostic increase in high-risk and CRPC serum samples compared to low-
risk localized PCa. increase in low-risk localized and metastatic 
tumor specimens vs normal prostate tissue

84 – 89

Serum Prognostic increase in serum evs of metastatic PCa compared to 
nonrecurrent PCa patients

47 72 90

miR-145 Plasma Prognostic increase in patients with intermediate- and high-risk vs low-risk 
D’Amico scores. Signature of miR-20a, miR-21, and miR-145 
could distinguish patients with intermediate- vs low-risk D’Amico 
scores. Signature of miR-20a, miR-21, miR-145, and miR-221 could 
distinguish patients with high- vs low-risk D’Amico scores

82 – 86

miR-146a Serum, 
plasma

Predictive, 
prognostic

Low expression pre-docetaxel chemotherapy associated with PSA 
response in CRPC patients

97 – 94

miR-148a Plasma Diagnostic, 
prognostic

increased expression associated with high PSA after RP and high-
grade (Gleason 8–10) disease

79 33 92

miR-195 Plasma Diagnostic increased expression associated with high-grade (Gleason 8–10) 
disease

79 33 92

(Continued)
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miRNA Fluid Biomarker Results Cohort size Reference

Cases Controls
miR-200a Serum, 

plasma
Predictive, 
prognostic

High expression pre-docetaxel chemotherapy associated with 
decreased survival in CRPC patients

97 – 94

miR-200b Serum, 
plasma

Predictive, 
prognostic

High expression pre-docetaxel chemotherapy associated with 
decreased survival, PSA response in CRPC patients

97 – 94

miR-200c Serum Diagnostic, 
prognostic

Decrease in aggressive PCa 12 4 80

Serum, 
plasma

Predictive, 
prognostic

High expression pre-docetaxel chemotherapy associated with 
decreased survival, PSA response in CRPC patients

97 – 94

miR-221 Plasma Prognostic Differentiate patients with intermediate- vs low-risk CAPRA 
scores. Signature of miR-20a, miR-21, miR-145, and miR-221 could 
distinguish patients with high- vs low-risk D’Amico scores

82 – 86

miR-222 Serum, 
plasma

Predictive, 
prognostic

Low expression pre-docetaxel chemotherapy associated with PSA 
response in CRPC patients

97 – 94

miR-223 Serum Prognostic, 
diagnostic

Decrease in cancer vs normal. increase in high risk vs low risk 36 12 79

Plasma Diagnostic Part of miRNA signature to distinguish PCa and BPH 36 31 85
miR-301b Serum, 

plasma
Predictive, 
prognostic

High expression pre-docetaxel chemotherapy associated with PSA 
response in CRPC patients

97 – 94

miR-375 Serum Prognostic increase in patients with metastatic PCa 113 – 87
Serum Prognostic increase in serum evs of metastatic PCa compared to 

nonrecurrent PCa patients
47 72 90

Serum Prognostic increase in high-risk and CRPC serum samples compared to low-
risk ones. increase in primary tumor vs normal tissue

84 – 89

Plasma Prognostic increased expression associated with shorter overall survival at 
4 years after ADT failure and mortality at 20 months after ADT 
failure

100 – 91

miR-378* Serum Prognostic increase in high-risk and CRPC serum samples compared to low-
risk localized ones. Decrease in low-risk localized and metastatic 
tumor specimens vs normal tissue

84 – 89

miR-429 Serum, 
plasma

Prognostic, 
predictive

increase associated with decreased survival after docetaxel 
chemotherapy in CRPC patients

97 – 94

miR-433 Serum Prognostic increase in aggressive PCa 12 4 80
miR-451 Serum Diagnostic, 

prognostic
increase in high risk vs healthy; no change between healthy, low-, 
and intermediate-risk

36 12 79

miR-561a-3p Serum Prognostic increase in patients with metastatic PCa 113 – 87
miR-605 Serum Prognostic Decrease in aggressive PCa 12 4 80
miR-1246  Prognostic increased expression correlated with pathological grade, positive 

metastasis, poor prognosis, and tumor aggression in vitro and in 
vivo

6 6 113

miR-1290 Plasma Prognostic increased expression associated with shorter overall survival at 4 
years after ADT failure and mortality after ADT failure

100 – 91

Note: we apologize to the authors whose papers we were not able to include because of space limitations.
Abbreviations: ADT, androgen deprivation therapy; BPH, benign prostatic hyperplasia; CAPRA, Cancer of the Prostate Risk Assessment score; PCa, prostate cancer; RP, 
radical prostatectomy; CRPC, castration-resistant prostate cancer; mCRPC, metastatic CRPC; PSA, prostate-specific antigen; EVs, extracellular vesicles.

Table 1 (Continued)

limited data are available. Lin et al found that high expression 

of miR-200a, miR-200b, and miR-429 before docetaxel che-

motherapy treatment was associated with significantly worse 

overall survival in castration-resistant prostate cancer (CRPC) 

patients.94 Furthermore, these three miRNAs exhibited low 

expression in docetaxel-resistant compared to docetaxel-

sensitive PC3 and DU145 cell lines. The authors also noted 

that miR-200c, miR-200b, miR-146a, miR-222, miR-301b, 

and miR-20a expression before docetaxel treatment was 

associated with PSA response in CRPC patients. miR-21 

was identified to be elevated in the serum of prostate cancer 

patients that later developed metastatic CRPC.95 It was also 

described as a predictive biomarker for docetaxel response, 

where patients with high pre-chemotherapy serum levels of 

miR-21 were found to be docetaxel resistant.95 With further 

research, perhaps these miRNAs will be able to identify a 
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group of patients who should not receive docetaxel due to 

predicted resistance, but rather receive another systemic 

treatment. miR-375 and miR-1290 have been described as 

prognostic biomarkers, with their increased expression in 

plasma associated with shorter overall survival at 4 years after 

ADT failure and mortality at 20 months after ADT failure.91 

More research is needed to establish whether these miRNAs 

actually have prognostic utility. Bertoli et al found that seven 

miRNAs previously described as prognostic biomarkers (ie, 

let-7a, miR-141, miR-145, miR-195, miR-221, miR-375, 

miR-451) showed poor prognostic accuracy using the TCGA 

data set as an independent validation data set.51 However, as 

TCGA has limited long-term outcomes data, these miRNAs 

may prove to be accurate prognostic biomarkers in the future. 

Validation of these predictive and prognostic miRNAs will 

yield an invaluable clinical tool for improved treatment plan-

ning and patient outcomes. From a clinical perspective, it is 

equally as important to be able to evaluate heterogeneity of 

a patient’s disease as well as its future progression.

There are many articles on the discovery of tissue or uri-

nary markers for prostate cancer risk stratification;12,13,48,49,96–100 

however, those involving circulating miRNA biomarkers 

remain very limited. We have previously addressed the 

various uses and limitations of tissue markers. There are 

various advantages and disadvantages for using urinary 

miRNA biomarkers. As previously eluded to, a significant 

advantage to using urine as a biomarker source is the ability 

to collect urine from the prostate after a DRE, which will 

enrich the sample with prostate-specific miRNA. However, 

this can only be done in cases where patients have an intact 

prostate. Therefore, for patients who have undergone radical 

prostatectomy, urinary biomarkers are inferior to those from 

circulation. Furthermore, it is unclear whether circulating 

miRNAs are prevented from passing through the glomeruli 

and would be excluded from the urinary miRNome. If this 

is the case, urine samples would not contain miRNA from 

micro/metastatic cancer cells, and therefore, urinary biomark-

ers may not be representative of the systemic disease burden. 

Circulating miRNAs may be more representative of local and 

systemic disease compared to urine miRNA, particularly in 

such situations. In a proof of principle study, our group has 

demonstrated that circulating miRNAs are representative of 

prostate cancer risk stratification after radical prostatectomy. 

We found that high expression of the miR-17 family mem-

bers (miR-17, miR-20a, miR-20b, and miR-106a) in serum 

could stratify patients into low- and high-risk groups, and 

their expression correlated with poor outcomes in the TCGA 

data set and an aggressive phenotype in vitro (Hoey et al, 

manuscript submitted). Future studies will confirm whether 

this circulating miRNA signature is prognostic and will cor-

relate with disease progression and recurrence.

Identification and validation of diagnostic miRNA 

biomarkers is a more straightforward question, as seen in 

the number of papers on this topic. However, it is more dif-

ficult to identify clinically useful miRNA for the prognostic 

 setting,88,91,95 and in particular, to tease apart the clinical 

heterogeneity of Gleason 3+4 vs 4+3 cancer (for which 

there are currently no published data). Furthermore, of the 

few studies investigating prognostic circulating miRNA 

biomarkers, the outcomes used are for radical prostatectomy 

and not radiotherapy. There is a need for large-scale studies 

on circulating miRNAs looking at long-term clinical out-

comes (in both surgical and radiotherapy settings) in order to 

determine which miRNA will prove to be clinically useful for 

prostate cancer risk stratification. As it currently stands, we 

are limited by experimental design, undeveloped outcomes 

data, and small sample sizes.

Methods for detecting and 
measuring circulating blood 
miRNAs
For a biomarker to be feasibly implemented in the clinic, 

its measurement must be assayed by cost-effective and 

reproducible means. Currently, the most commonly used 

techniques for measuring the expression of circulating blood 

miRNAs are quantitative reverse transcription (qRT)-PCR, 

NanoString, and next-generation sequencing (NGS).50,101,102 

These platforms have been compared for miRNA profil-

ing in patient samples. In a study by Blondal et al, both 

qRT-PCR and NGS showed high reproducibility between 

replicates (Pearson R2=0.9494).101 Similarly, a study by 

Knutsen et al found high correlation between replicates of 

the same platform: miRCURY RT-quantitative PCR (qPCR), 

R=0.997±0.010; NanoString nCounter, R=0.992±0.008; and 

Sequencing by Oligonucleotide Ligation and Detection 

(SOLiD) NGS, R=0.924±0.026.103 It was found that, between 

Illumina NGS and miRCURY RT-qPCR platforms, there was 

a moderate agreement between miRNA expression levels 

(R2=0.6054).101 In a different study, two NGS platforms 

(SOLiD4 and Illumina HiSeq) showed high concordance 

between miRNA expressions.103 Although the relative 

trend for miRNA expression (ie, whether it is upregulated 

or downregulated) has been found to be consistent, there is 

poor correlation between P-values from different platforms, 

which can cause large ambiguity in results.101 Furthermore, 

they found that highly expressed miRNAs (average >100 
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tags per million [TPM] mapped reads) showed the stron-

gest correlation between platforms (R2=0.812). NGS was 

found to be particularly useful at identifying isomiRs and 

novel miRNA, which qPCR cannot do. NGS was unable to 

accurately distinguish miRNA expression with small-fold 

changes and low TPM ranges.101 Similarly, NanoString is 

also known to have low sensitivity, especially in low-input 

RNA samples like serum and plasma.104 Another study 

showed high sensitivity for miRNA profiling with SOLiD4 

NGS (0.982), Illumina HiSeq NGS (0.983), and miRCURY 

qPCR (0.959), whereas NanoString nCounter showed the 

lowest sensitivity (0.645).103 NanoString and qPCR platforms 

are believed to have lower sensitivity due to a limited number 

of primers and probes, whereas NGS is able to detect novel 

miRNA that had not previously been discovered. Overall, 

these authors recommended a combination of platforms to 

be used.

Plasma vs serum miRNA
miRNA from the blood can be collected in plasma or serum 

fractions and both are described in the literature. Plasma is 

the cell-free supernatant yielded after centrifugation of blood 

that is collected in the presence of anticoagulants. Serum, 

on the other hand, is the cell-free supernatant yielded after 

centrifugation of blood collected in the absence of antico-

agulants. miRNA found in both plasma and serum can be 

satisfactorily collected for downstream applications; however, 

there are factors that distinguish the two based on the pres-

ence/absence of anticoagulants. Since plasma is blood with 

anticoagulants, minimal blood cell lysis occurs, yielding 

plasma miRNAs from tissue rather than blood cells. As blood 

cells contain significant amounts of RNA, serum miRNA 

from the tumor may be diluted with that from blood cells, and 

therefore plasma miRNA may contain a higher proportion 

of tumor miRNA.105 Serum, as previously eluded to, would 

likely contain more miRNA originating from blood cells, as 

the coagulation process may cause stress on blood cells and 

stimulate the release of RNA.105 However, blood cell-specific 

miRNAs have been found in both serum and plasma com-

ponents at a similar level.105 Serum appears to be the current 

biofluid of choice, as most articles in the literature on blood-

based miRNA biomarkers use serum fractions. This may be 

because plasma miRNA collection and measurement have 

more confounding variables than that of serum. A significant 

confounding variable is that contamination of cells from the 

cellular pellet often occurs during aspiration, making plasma 

miRNA collection more technically challenging than that 

from serum.106 Anticoagulants used in plasma collection are 

known to affect downstream qRT-PCR applications. EDTA, 

heparin, and citrate anticoagulants have been described as 

acceptable for downstream PCR by some sources; however, 

other sources have found the opposite.106–108 Furthermore, 

there is no standardized anticoagulant used among labora-

tories; so plasma miRNA trends identified from different 

laboratories may be highly variable. However, it has been 

shown that plasma and serum miRNAs are strongly cor-

related,52 so both methods are likely acceptable sources for 

circulating miRNA biomarkers.

Challenges and future directions
Despite the promise of circulating miRNAs as biomarkers, 

there are various challenges that must be addressed before 

their implementation in the clinic. There is currently no 

standardized method for miRNA detection in biofluids. 

There is large variability between the results of miRNA 

detection and measurement between platforms and even 

between laboratories using the same platform but from a 

different company.50 For example, it was shown that miRNA 

expression has a low correlation between Affymetrix and 

Agilent systems.50 This also makes the validation of results 

especially difficult, and validation is imperative before use 

in the clinic. Another challenge is being able to distinguish 

miRNA paralogs, which have a high degree of sequence 

conservation.101 Furthermore, it is also difficult to distinguish 

between precursor and mature miRNA forms. Another limita-

tion is that there is currently no good normalization control. 

Since miRNA expressions show large variability between 

healthy and disease states, and between individuals – giving 

it a strong biomarker potential – it also means that miRNAs 

that are sometimes used as controls will not even be detect-

able in other settings. One way to combat this issue is to 

use “spike-ins,” where a known concentration of a certain 

miRNA is added to the sample before any processing.101,104 

Detected miRNA concentrations are calculated relative to the 

spike-in levels. Liquid biopsies also hold another limitation 

where they cannot distinguish miRNA originating from the 

tumor tissue of interest compared to that from another tissue.

Although many miRNAs have been described as bio-

markers, to our knowledge, no large prospective study has 

validated miRNA biomarkers for diagnosis, therapy response 

prediction, or prognostication. More large cohort studies are 

needed to generate a consensus on circulating miRNAs for 

risk stratification in prostate cancer. Furthermore, another 

issue of prognostic biomarker discovery is the need to wait 

at least 5 years – or 10–15 years – for clinically relevant 

prospective outcomes data. With the first miRNA having 
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been discovered in 1993109 and the second only in 2000,110–112 

there are few studies with data that are mature enough for 

sufficient prognostic utility. Future studies must address these 

issues before a robust circulating miRNA biomarker test can 

be generated and used in the patient setting.

Conclusion
Circulating miRNAs have promising biomarker utility. With 

diagnostic miRNAs that can distinguish cancer from BPH, 

we will be less reliant on biopsies; with predictive miRNAs 

that can suggest which tumors may or may not respond to 

certain treatments, patients will receive the best treatment 

for their disease upfront; and with prognostic miRNAs 

that can identify which tumors will be more aggressive, 

we may find that treatment escalation or systemic thera-

pies will improve patient outcomes. We are beginning to 

unravel the utility of circulating miRNAs, although we have 

a long way to go. Their future incorporation into clinical 

practice will not only improve the specificity of PSA and 

MRI biomarkers, but will also help limit or avoid the need 

for initial or subsequent invasive biopsies. These circulat-

ing biomarkers have the potential to expand the scope of 

personalized medicine.

The forefront of prostate cancer risk stratification is 

moving toward the use of circulating biomarkers. Circulat-

ing miRNAs are especially promising biomarkers due to 

their extensive preclinical characterization of miRNAs, their 

representation of the underlying tumor landscape, and inher-

ent properties making for a smooth transition into clinical 

practice. Once these miRNAs are validated in large prospec-

tive cohorts, they can be used in addition to  histopathology, 

imaging, and PSA to more accurately stratify patients 

( Figure 1). The goal is that, in the future, miRNA biomarkers 

will be used to establish prostate cancer patient risk status 

and eliminate the need for biopsies altogether. More accurate 

risk stratification will lead to improved tumor control from 

appropriate treatment management and reduced side effects 

due to overtreatment, to ultimately improve patient outcomes.
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