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Abstract

Prostate cancer is one of the most common cancers in men worldwide. Currently available diagnostic and prognostic 
tools for this disease, such as prostate specific antigen, suffer from lack of specificity and sensitivity, resulting in over- 
and misdiagnosis. Hence, there is an urgent need for clinically relevant biomarkers capable of distinguishing between 
aggressive and nonaggressive forms of prostate cancer to aid in stratification, management and therapeutic decisions. To 
address this unmet need, we investigated the patterns of expression of a panel of 68 plasma-derived microRNAs (miRNAs) 
in a cohort of African American (AA) and European American (EA) prostate cancer patients (n = 114). miRNA qPCR results 
were analyzed using in-depth statistical methods, and a bioinformatics analysis was conducted to identify potential 
targets of the differentially expressed miRNAs. Our data demonstrate that a new previously unreported circulating miRNA 
signature consisting of a combination of interacting miRNAs (miR-17/miR-192) and an independent miRNA (miR-181a) are 
capable of segregating aggressive and nonaggressive prostate cancer in both AA and EA patients. The interacting miRNAs 
outperformed independent miRNAs in identifying aggressiveness. Our results suggest that these circulating miRNAs may 
constitute novel biomarkers of prostate cancer aggressiveness in both races and warrant further investigation.

Introduction
Prostate cancer is the second most frequently diagnosed cancer 
and the fifth leading cause of mortality among men worldwide 
(1). In 2016, an estimated 180 890 new prostate cancer cases 
were diagnosed in the USA alone, representing up to 10.7% of 
reported cancer cases, with over 3 million men living with the 
disease in the USA (2). The highest rates of prostate cancer inci-
dence across five continents occur consistently among African-
American (AA) populations (2). Incidence rates are also relatively 
high in black populations in Africa and the Caribbean, despite 
the lack of prostate specific antigen (PSA) screening, indicating 
that genetic predisposition could influence the risk of develop-
ing this disease (1,3). While the exact causes of prostate cancer 

remain largely unknown, established risk factors encompass 
advancing age, black race, family history of the disease, excess 
body weight and economic development (1).

MicroRNAs (miRNAs) are small noncoding RNA molecules 
(~22 nucleotides) that repress protein expression by cleaving 
mRNA or inhibiting its translation, thus modulating the expres-
sion of key oncogenes and tumor suppressor genes implicated 
in cell-cycle progression, cell growth and apoptosis. Recent 
studies have revealed the critical impact of alterations in the 
expression of cancer-related miRNAs on tumor progression. 
Pioneering research suggests that miRNA expression might be 
modified during the initial stages of carcinogenesis (4), render-
ing them early drivers of genomic instability and highlighting 
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their potential as promising biomarkers for several solid can-
cers, including prostate cancer (5). Building on these findings, 
Calin and Croce (6) suggested that variations in the expression 
of miRNAs could be inherited in the germline, thus contribut-
ing to cancer predisposition by deregulating the intricate bal-
ance between tumor suppressor genes and oncogenes. Applying 
these ground-breaking concepts to the study of prostate can-
cer disparities between AA and European-American (EA) males, 
Calin and Croce (6) were the first to identify a set of miRNAs that 
are differentially expressed in AA versus EA patients (miR-301, 
miR-219, miR-26a, miR-1b-1 and miR-30c-1).

In 2008, Mitchell et al. published an innovative study dem-
onstrating that miRNAs originating in human prostate cancer 
xenografts are secreted into the circulation and can be detected 
in patient plasma (7,8), thus providing the original proof of the 
presence of miRNA in the plasma of prostate cancer patients. 
This ground-breaking discovery has ushered in a new age of 
research aimed at uncovering sensitive noninvasive biomarkers 
of diagnosis and prognosis that could lessen the shortcomings 
of PSA-based screening and allow accurate prediction of disease 
aggressiveness, recurrence and chemoresistance. Improved diag-
nosis could reduce the mortality of prostate cancer by informing 
effective targeted therapy choices, but also curtail over-diag-
nosis and over-treatment, which pose other health threats. 
Circulating miRNAs constitute attractive diagnosis markers for 
various reasons. First, miRNAs appear to be frequently deregu-
lated in cancer, where they display unique expression patterns 
in comparison with healthy controls and contribute to aberrant 
cell differentiation, proliferation and progression (7,8). They are 
stable, possess greater longevity than mRNA, are impermeable 
to degradation by nucleases due to their short sequence length 
and packaging in sheltering lipid microvesicles and are ame-
nable to reliable extraction and measurement (5). Furthermore, 
circulating miRNAs overcome the limitations of clonal hetero-
geneity that reduce the diagnostic precision of tissue markers. 
They reflect the entire tumor mosaic by encapsulating the sum 
of heterotypic cellular and clonal interactions with the tumor 
microenvironment (9). Finally, miRNAs can be utilized as a 
low-cost noninvasive detection procedure and quantified by a 
variety of standard techniques, such as qRT-PCR, microarray or 
small RNA sequencing (5,7).

Recent profiling studies have endeavored to find a discrimi-
natory circulating miRNA signature that can identify patients 
at risk of developing aggressive prostate disease that requires 
effective treatment, castration-resistant or chemotherapy 
refractory disease or simply to guide therapeutic strategies. 
These efforts have led to the detection of a few recurrent miRNA 
alterations that associate with prostatic carcinogenesis. In fact, 
three diagnostic and prognostic biomarkers emerge repeatedly 
in at least 17 studies (miR-141, miR-375 and miR-21), where one 
or more miRNAs were found to be concomitantly upregulated 
in the serum, plasma or urine of prostate cancer patients (7,8). 
Although discordant results have been published for a number 
of miRNAs (8), the quest for clinically relevant markers has not 
subsided as the need for novel diagnostic tools is still unmet. 
The goal of this study was to examine the association between 
circulating miRNA levels and prostate cancer aggressiveness to 
identify a panel of miRNAs that better distinguishes aggressive 

from nonaggressive disease. The cohort included both AA and 
EA prostate cancer patients to evaluate potential differences by 
race in miRNA associations with prostate cancer aggressiveness.

Materials and methods

Sample collection
The current study population was part of a larger prostate cancer cohort 
study. Cases diagnosed with prostate cancer between January 2004 and 
December 2016 were recruited through Karmanos Cancer Institute (KCI) 
clinics in metropolitan Detroit, MI. All participants self-identified as AA 
or non-Hispanic white were aged 75 years or younger at date of diagnosis 
and did not have a history of any invasive cancer prior to prostate cancer 
diagnosis. KCI cases were identified primarily through the hospital’s Caisis 
database as eligible and approached for enrollment into the study at the 
time of their clinic appointment with consent of their treating physician. 
All participants provided written informed consent, and the study protocol 
was approved by the Wayne State University Institutional Review Board.

Participants completed a written, self-administered questionnaire at 
the time of their consent to participate in the study. This captured demo-
graphics, family history of prostate cancer, medical history and prostate 
cancer screening behaviors. At the time of study entry, each patient had 
their height, weight, waist and hip circumference measured according to 
a standardized protocol by trained study personnel. Blood was collected in 
CPT tubes for plasma isolation. Samples were stored at −80°C.

All medical records related to each patient’s prostate cancer diagno-
sis, treatment and follow-up were reviewed. Age at diagnosis, prediagnos-
tic PSA, clinical stage, biopsy Gleason grade, primary treatment, tumor 
pathologic stage, margin status and pathologic Gleason grade (for radical 
prostatectomy patients), nodal status and evidence for metastases were 
obtained from medical records. Aggressive disease was defined by Gleason 
score (4 + 3 and higher) from radical prostatectomy (if performed), other-
wise from diagnostic biopsy.

RNA sample preparation
Plasma samples were thawed on ice and centrifuged at 3000g for 5 min 
in a 4°C microcentrifuge. An aliquot of 200 μl per sample was transferred 
to a FluidX tube. Sixty microliters of lysis solution BF, containing 1 μg car-
rier-RNA per 60 μl lysis solution BF, and RNA spike-in template mixture 
was added to the sample, mixed for 1  min and incubated for 7  min at 
room temperature, followed by the addition of 20 μl Protein Precipitation 
Solution BF. Total RNA was extracted from the samples using miRCURY 
RNA isolation Kit–Biofluids (Exiqon, Vedbaek, Denmark) in an automated 
96-well format. The purified total RNA was eluted in a final volume of 50 μl.

miRNA real-time qPCR
RNA, 4 μl, was reverse transcribed in 20 μl reactions using the miRCURY 
LNA™ Universal RT miRNA PCR, Polyadenylation and cDNA synthesis 
kit (Exiqon). cDNA was diluted 50× and assayed in 10  μl PCR reactions 
according to the protocol for miRCURY LNA™ Universal RT miRNA PCR; 
each miRNA was assayed once by qPCR on the miRNA Ready-to-Use PCR, 
CANCer Focus panel using EXILENT SYBR® Green Master mix. Including 
5 RNA spike-ins controls and 2 small noncoding RNAs (endogenous con-
trols), 92 miRNAs were measured on the miRNA panel. Negative controls 
excluding templates from the reverse transcription reaction were per-
formed and profiled like the samples. The amplification was performed 
in a LightCycler® 480 Real-Time PCR System (Roche) in 384-well plates. 
The amplification curves were analyzed using the Roche LC software, 
both for determination of Cq (by the second derivative method) and for 
melting curve analysis. Internal RNA isolation and cDNA synthesis con-
trols indicated that the extraction efficiency was similar for all samples 
and that none harbored inhibitors. miR-103, miR-23a and miR-30c, which 
are known to be expressed at a steady level in many sample types, were 
employed as controls to assess the miRNA content of the analyzed sam-
ples. To verify that the miRNAs detected in our samples did not originate 
from blood contamination through hemolysis but were shed by the pros-
tatic tumor burden itself, thus accurately mirroring neoplasm stage, two 
miRNAs were used: miR-451, which is highly expressed in red blood cells, 
and miR-23-a, which is relatively stable in serum and plasma and not 

Abbreviations 

AA  African American
CART  classification and regression trees
EA  European American
miRNAs  microRNAs.
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affected by hemolysis. The dCp value was calculated as the ratio of miR-
451 relative miR-23a for all plasma samples.

Statistical methods
Aggressive and nonaggressive cases were evaluated for differences in age, 
BMI, PSA at diagnosis and race using the chi-square test. Any characteris-
tics that were statistically significant at 0.05 level were included in further 
models.

The median polish method (10) was used to estimate miRNA and 
person-specific effects that will allow for normalization of the miRNA 
array data. These quantities, along with the overall median Cq value 
across all samples, were subtracted from the observed Ct values, 
resulting in a score describing the deviation of the observed Ct from 
expectation. To ease the interpretation (so that higher score values 
indicate higher miRNA expression), the scores were multiplied by −1. 
As a result of the median polish, the miRNA values are centered within 
each miRNA.

We used classification and regression trees (11) (CART) to identify 
miRNAs along with patient characteristics, which were associated with 
high or low prostate cancer aggressiveness. CART was implemented 
using the rpart function in the rpart package (12) in the R program-
ming environment (13). We used the default parameters except that we 
forced the minimum size of a terminal node to consist of at least 10 
observations. Categorized age, race and BMI were included as potential 
splitting factors in the CART analyses. Standard logistic regression was 
also used to associate each individual miRNA with the aggressiveness 
phenotype. Multiple approaches were used to allow for the possibil-
ity that heterogeneous mechanisms may lead to aggressive prostate 
cancer.

In the absence of publically available circulating miRNA datasets on 
prostate cancer patients, bootstrapping was used to estimate predic-
tion accuracy. Briefly, for each bootstrap sample, a model was developed 
using the same variables and input parameters as when constructing the 
model for the original database. Predictions using the model built from 
the bootstrap sample were made to the observations not included in the 
bootstrap sample to compute model accuracy. The prediction accuracy 
was defined as the median accuracy across all bootstrap samples. Given 
the relatively small sample size, we anticipated that both approaches 
would have a tendency to overfit the data. We utilized bioinformatic tools 
(described in the next section) to corroborate any miRNA relationship 
that we observe.

Targets and pathway analysis
Distinct sets of miRNAs identified as being associated with disease aggres-
siveness were used to identify associated gene targets in the KEGG (14) 
prostate cancer pathway (hsa05215) using the DIANA-miRPath v3.0 (15) 
KEGG reverse search feature. For each set composed of an individual 
miRNA, a list of gene targets for that miRNA was compiled. For the two 
signature sets containing multiple miRNAs, we compiled a list of gene 
targets common to all miRNAs in the set.

Results

Participant characteristics

Plasma samples collected prior to prostate cancer treatment 
initiation were available for 116 cohort members. One sam-
ple was excluded due to suggested hemolysis (dCp > 8)  and 
one sample was excluded because >25% of miRNAs were not 
detected. After excluding 17 miRNAs that were missing for at 
least 25% of the samples, 68 plasma-derived miRNAs in 114 
patients, n = 93 AA and n = 21 EA, were eligible for inclusion in 
our analyses. On average, 66 miRNAs were detected per sam-
ple, and 44 miRNAs were detected in all 114 samples. Table 1 
describes age, BMI, PSA and race characteristics in our sample. 
Only PSA at the time of diagnosis was significantly associated 
with aggressiveness.

A circulating miR-17a/miR-192 signature is 
associated with disease aggressiveness

CART analysis segregated the prostate cancer cases into three 
distinct groups based on the combined effects of two miRNAs: 
miR-17 and miR-192. Age, BMI, PSA and race were not utilized 
by CART to discriminate aggressive and nonaggressive prostate 
cancer. We found that the upregulation of miR-192 exerted a 
moderating effect on prostate cancer aggressiveness for patients 
with upregulated miR-17. As shown in Figure  1 and Table  2, 
patients with reduced miR-17 levels (group C1) were classified 
as having low likelihood of being aggressive, regardless of miR-
192 expression level (17.7% aggressive). Patients with upregu-
lated miR-17 and miR-192 levels, shown in group C2, were more 
likely to have aggressive disease (35% aggressive). Patients who 
had high levels of miR-17 but reduced levels of miR-192, shown 
in group C3, were most likely to have aggressive disease (80% 
aggressive).

Individual miRNAs with marginal association with 
disease aggressiveness

Standard logistic regression was subsequently used to associate 
each miRNA with the aggressiveness phenotype in the prostate 
cancer samples while adjusting for race. As shown in Figure 2, 
we observed an association between the aberrant expression of 
three circulating miRNAs (miR-150a, miR-181a and miR-22) and 
prostate cancer aggressiveness. Plasma miR-181a level [odds 
ratio = 0.28 (relative to a 1-unit increase in the miR), P = 0.0004] 
and plasma miR-150a (odds ratio  =  0.67, P  =  0.032) level were 
negatively associated with disease aggressiveness. Plasma miR-
22 (odds ratio = 1.94, P = 0.017) level was positively associated 
with disease aggressiveness. When adjusting for age, BMI, PSA 
at diagnosis and race, we observed only two significant miRNA 
(miR-181a & miR-93). Plasma miR-181a level (odds ratio = 0.24, 
P = 0.001) remained negatively associated with disease aggres-
siveness, while plasma miR-93 (odds ratio = 3.76, P = 0.042) level 
was positively associated with disease aggressiveness.

The dysregulated miRNAs affect key signaling 
pathways in prostate cancer development

To identify potential target genes and/or pathways of our miR-
NAs, we established their putative biological targets using the 
DianaTools-mirPath v.3 KEGG Reverse Search platform. Focusing 
on the prostate cancer pathway, we observed that the miR-17/
miR-192 and miR-146a/miR-20a/miR-26b signatures affected 

Table 1. Summary of the patient cohort under investigation in this 
study

Variable Level Nonaggressive Aggressive χ2 P-value

Age 0.685
≤60 37(0.46) 13(0.39)
>60 44(0.54) 20(0.61)

BMI 0.760
≤25 17(0.21) 8(0.24)
(25, 30) 33(0.41) 11(0.33)
>30 31(0.38) 14(0.42)

Race 0.449
AA 68(0.84) 25(0.76)
EA 13(0.16) 8(0.24)

PSA <0.001
<10 75 (0.93) 14 (0.42)
>10 6 (0.07) 19 (0.58)
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different tumorigenesis pathways. miR-17 had 31 target genes, 
encompassing most of the genes in the prostate cancer path-
way, while miR-192 possessed 9 targets. These two miRNAs 
shared three common gene targets, EP300, IGF1R and MDM2. On 
the other hand, miR-146a possessed 4 potential gene targets, 
while miR-20a and miR-26b had 23 and 21 targets, respectively. 
The three miRNAs shared two common gene targets, CDKN1A 
and MDM2, while miR-146a and miR-26b shared another target, 
NFKB1. We also analyzed the putative gene targets of our three 
independent markers and identified three interesting targets of 
miR-150, CDKN1B, EP300 and FGFR1. miR-181a had 25 gene tar-
gets, including the oncogenes NRAS, KRAS, HRAS, HSP90, PI3K3R 
and BCL2. Finally, miR-22 was predicted to interact with 18 gene 
targets, including EP300, CDKN1A, PTEN and TP53. The complete 
lists of target genes identified for each miRNA are shown in 
Supplementary Material, available at Carcinogenesis Online.

Discussion
In this study, we have shown that a previously unreported com-
bination of interacting miRNAs (miR-17/miR-192) and three 
independent miRNA markers can distinguish between patients 
with aggressive versus nonaggressive prostate cancer in a 
cohort of AA and EA men. Bioinformatics analysis unmasked 
key target genes and cancer pathways potentially impacted by 
these differentially altered miRNAs. The novelty of our approach 

lies in the analytical and statistical tools we employed to assess 
the association between groups of miRNAs and disease aggres-
siveness, as opposed to identifying individual miRNA targets.

Based on CART analysis, the miR-17/miR-192 pair identified 
disease aggressiveness according to three distinct expression 
cut points (downregulated/upregulated; upregulated/upregu-
lated; upregulated/downregulated), indicating that the progres-
sive induction of miR-17a and loss of miR-192a translated into 
increased incidence of aggressive cancer. Although we estab-
lished a diagnostic connection between the impaired expression 
of specific interacting miRNA signatures and prostate cancer 
stage in both races, we did not identify discrepancies in miRNA 
expression in AA versus EA men, as suggested by previous stud-
ies (9). This limitation indicates that the relatively smaller size of 
our cohort could have diluted the influence of miRNA variances 
on racial disparities in prostate cancer incidence, signifying that 
a larger population might be required to better assess these dif-
ferences. Furthermore, our miRNA panel only measured a frac-
tion of the total known miRNAs, implying that we might have 
missed an important miRNA interaction. The lack of circulating 
miRNA measurements in publically available prostate cancer 
datasets constituted another limitation. We employed bioinfor-
matics tools to confirm the mechanisms and suggest potential 
targets. However, we will need to corroborate our findings in 
another dataset of prostate cancer. Despite these limitations, 
our findings indicate that the miR-17/miR-192 could provide 
novel clinically relevant information that might improve the 
diagnosis and management of prostate cancer in both AA and 
EA patients. These findings warrant validation in a larger cohort 
to ascertain their clinical utility.

The upregulation of miR-17 has been consistently reported in 
various hematopoietic and solid malignancies including breast, 
lung, pancreas, prostate, stomach cancers and B-cell lymphomas 
(16). This miRNA belongs to a cluster of six oncogenic miRNAs, 
miR-17–92 (17), known as oncomir-1 or first oncomir (18). miR-
17 has been repeatedly found to be enriched in prostate cancer 
cells, exosomes (19,20), tissue (21) and the serum of high-risk 
patients (22,23), indicating that our results agree with previous 
findings (24). miR-17 exerts its oncogenic effect by inhibiting an 
intricate network of tumor suppressors, antiproliferative, antia-
poptotic and cell cycle genes, including PTEN (25), the loss of 
which constitutes one of the hallmarks of prostate cancer (26), 
HIF1A (27) and CDKN1A (28).

miR-192 downregulation has been documented in several 
cancer types, including multiple myeloma, colorectal, ovarian 
and renal cell carcinomas (29) but has only been observed in 
prostate cancer cell lines (30). Our study is the first to report 
reduced miR-192 levels in the plasma of aggressive prostate can-
cer patients. miR-192 is directly induced by p53 (31) and func-
tions as a tumor suppressor implicated in the regulation of the 
angiogenic switch (29) and the cell cycle (32). Its targets com-
prise genes overexpressed in aggressive prostate cancer, includ-
ing the oncogene BCL2 (32) and MYLK, described as one of the 
most informative cancers for prostate tumorigenesis (33).

Our bioinformatics analysis unraveled two common puta-
tive target pathways of miR-17 and miR-192, comprising genes 
such as EP300, IGF1R and MDM2. This suggests that the dysregu-
lation of this miRNA pair could contribute to aberrant G1 and 
G2 arrest, reduced apoptosis and genomic instability through 
impaired p53 signaling, as well as increased PI3K-AKT signaling. 
Previous work has shown that the acetyltransferase EP300 is a 
major promoter of prostate cancer development. It is thought 
to exercise its oncogenic activity by promoting epithelial–mes-
enchymal transition (34) and has been linked to worse disease 

Table 2. Percent of aggressive versus nonaggressive patients in CART 
subgroups

Group Nonaggressive Aggressive % Aggressive

C1 65 14 17.7
C2 13 7 35.0
C3 3 12 80.0

Figure 1. A miR-17/miR-192 signature is associated with prostate cancer aggres-

siveness. Scatter plot illustrating the graphical relationship between levels of 

expression of circulating miR-17 and miR-192 and prostate cancer aggressive-

ness in three patient subgroups constructed by the CART analysis. The error rate 

from bootstrapping was 36% for this model. Higher values on the x- and y-axis 

scores indicate higher miRNA expression.
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prognosis (35). Although the miR-17–92 cluster has been shown 
to regulate EP300 expression in the myocardium (36), the inter-
action between miR-192 and EP300 has not been investigated. 
We hypothesize that miR-17 and miR-192 might be exerting 
opposing effects by inhibiting key tumor suppressors (miR-17) 
and upregulating oncogenes (miR-192) in this pathway, resulting 
in a synergistic effect that promotes tumorigenesis. The para-
doxical relation between altered miR-17/miR-192 and EP300 in 
prostate cancer thus warrants further examination.

To complement our diagnostic model, we identified three inde-
pendent markers of disease aggressiveness, miR-150a, miR-181a 
and miR-22. Plasma miR-150 levels were decreased in aggressive 
prostate cancer cases, in agreement with tissue (37) and urine-
based studies (8). Pathway analysis identified three important 
targets of miR-150, including EP300, FGFR1 and the tumor sup-
pressor CDKN1B (p27), found to be significantly upregulated in 
clinical samples of prostate cancer (38). Furthermore, reduced lev-
els of circulating miR-181a were associated with disease aggres-
siveness in our cohort, in agreement with previous findings (39). 
Putative targets of miR-181a included NRAS, KRAS, HRAS, HSP90, 
PI3K3R and BCL2, highlighting its involvement in a wide web of 
signaling pathways, including the PI3K-AKT and MAPK cascades. 
The final marker, miR-22, has been described as a proto-onco-
gene in prostate cancer cells (40). However, our study is the first to 
report its upregulation in the plasma of prostate cancer patients. 
After adjusting for age, BMI, PSA at diagnosis and race, the sta-
tistically significant negative association between miR-181a and 
aggressiveness was not appreciably changed; however, miR-150a 
and miR-22 were no longer associated with aggressiveness, and 
miR-93 was marginally associated with disease aggressiveness.

In this pilot study, we have identified a novel panel of cir-
culating miRNAs, consisting of a combination of interacting 
miRNAs and three independent markers. Our study has several 
limitations. First, our cohort of 116 patients is relatively small, 
which diluted discrepancies in miRNA expression in AA ver-
sus EA men. Second, our miRNA panel only measured a frac-
tion of the total known miRNAs. Third, the miRNAs detected in 
this study were not validated in independent samples. Despite 
these limitations, our panel was able to successfully distin-
guish between aggressive versus nonaggressive prostate cancer. 
Bioinformatics analysis revealed that the dysregulated miRNAs 
regulate key cellular functions and could potentially drive an 
aggressive neoplastic phenotype. Hence, this novel miRNA sig-
nature warrants further investigation in a larger cohort to assess 
its potential as a diagnostic tool for prostate cancer.

Supplementary material
Supplementary data can be found at Carcinogenesis online.
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