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Abstract: Prostate cancer (PCa) is the most commonly diagnosed male malignancy worldwide. Early diagnosis and
metastases detection are crucial features to diminish patient mortality. High fat diet (HFD) and metabolic syndrome
increase PCa risk and aggressiveness. Our goal was to identify miRNAs-based biomarkers for PCa diagnosis and
prognosis associated with HFD. Mice chronically fed with a HFD or control diet (CD) were subcutaneously inoculated
with androgen insensitive PC3 cells. Xenografts from HFD-fed mice showed increased expression of 7 miRNAs that
we named “candidates” compared to CD-fed mice. These miRNAs modulate specific metabolic and cancer related
pathways. Using bioinformatic tools and human datasets we found that hsa-miR-19b-3p and miR-101-3p showed
more than 1,100 validated targets involved in proteoglycans in cancer and fatty acid biosynthesis. These miRNAs
were significantly increased in the bloodstream of PCa patients compared to non-PCa volunteers, and in prostate
tumors compared to normal adjacent tissues (NAT). Interestingly, both miRNAs were also increased in tumors of
metastatic patients compared to tumors of non-metastatic patients. Further receiver-operating characteristic (ROC)
analysis determined that hsa-miR-19b-3p and hsa-miR-101-3p in serum showed poor predictive power to discrimi-
nate PCa from non-PCa patients. Hsa-miR-19b-3p showed the best score to discriminate between tumor and NAT,
while hsa-miR-101-3p was useful to differentiate between metastatic and non-metastatic PCa patients. Hsa-miR-
101-3p was increased in exosomes isolated from blood of PCa patients. Although more detailed functional explora-
tion and validation of the molecular mechanisms are required, we identified hsa-miR-19b-3p and hsa-miR-101-3p
with high potential for PCa diagnosis and prognosis.
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Introduction important to find novel biomarkers with high
potential for PCa diagnosis and prognosis.

Prostate cancer (PCa) is the second most diag-

nosed cancer and the fifth leading cause of
cancer death in men worldwide [1]. It is a het-
erogeneous disease that can appear as an
indolent tumor without the need for treatment,
as well as an aggressive disease that spreads
at an early stage and can lead to death.
Currently, PCa is stratified into low or high risk
based on Gleason score, the level of prostate
specific antigen (PSA) and other clinical-patho-
logical parameters. However, this classification
is insufficient to predict the progression of the
disease, in particular the presence of metasta-
ses that leads to an incurable disease and con-
fers a high level of morbidity [2]. Therefore, it is

Metabolic syndrome (MeS) is a pathophysiolog-
ical disorder whose diagnosis requires the
detection of at least three of the following fac-
tors: low high density lipoprotein (HDL) choles-
terol levels and increased visceral adiposity,
triglycerides, blood pressure and fasting glu-
cose levels [3]. Interestingly, several epidemio-
logical studies demonstrated that MeS increas-
es PCa aggressiveness and progression, the
incidence of high-grade tumors, and biochemi-
cal recurrence [4-7]. Nonetheless, the molecu-
lar mechanism responsible for the effect of
MeS on the progression and aggressiveness of
PCa tumors is yet to be fully determined.
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Previously, we generated a PCa and MeS-like
disease mice model by chronically feeding ani-
mals with a high fat diet (HFD). Thus, we identi-
fied several molecular links associating PCa
and MeS, including the transcription co-regula-
tor C-terminal binding protein 1 (CTBP1) [8-11].

MicroRNAs (miRNAs) are non-coding small
RNAs involved in the post-transcriptional regu-
lation of gene expression [12, 13]. Functional
studies have revealed that miRNAs play a criti-
cal role in carcinogenesis, tumor progression,
and metastasis, including PCa [13-15]. Also,
miRNAs can be released from tumors to the
bloodstream through several mechanisms,
including exosomes, which act as a communi-
cation vehicle between healthy and tumorigen-
ic cells. These vesicles are protected from
RNAses, remaining stable for a long time [16].
Therefore, miRNAs emerge as good candidate
biomarkers for PCa diagnosis and/or prog-
nosis.

Recently, using an androgen-sensitive PCa and
MeS-like mice model, we found a signature of
5 miRNAs with a key role in the interaction
between white adipose tissue (WAT) and PCa in
HFD-fed mice [17].

The aim of this work was to identify a signa-
ture of oncogenic miRNAs regulated by MeS in
prostate tumors and to explore their use as
possible biomarkers for PCa diagnosis and/or
prognosis.

Materials and methods
Cell culture

PC3 cell line (ATCC: CRL-1435) was grown in
RPMI 1640 (Invitrogen) supplemented with
10% of fetal bovine serum and antibiotics in a
5% CO, humidified atmosphere at 37°C. This
human cell line has been authenticated using
STR profiling within the last three years.

PCa xenografts and MeS murine model

NOD Scid Gamma (NSG) mice (N = 12) were
used to develop MeS and PC3 xenografts as
previously described [8]. Four-week-old male
mice were maintained under pathogen free
conditions keeping the IBYME's animal care
guidelines.

2803

RNA isolation and stem-loop RT-gPCR

Total RNA was isolated using TriReagent (Mole-
cular Research Center) from plasma and xeno-
grafts. Before RNA isolation, cel-miR-39 syn-
thetic miRNA (20 fmol) was spiked in the plas-
ma. miRNAs were retrotranscribed using the
stem-loop method as previously described [8].
Briefly, 100 ng (xenografts) or 4 ul (plasma) of
total RNA and 0.07 uM of stem-loop primer
were preheated (70°C, 5 min). Retrotranscri-
ption (RT) was performed using M-MLV reverse
transcriptase (Promega) and incubated in
MyGenie96 Thermal Block (Bioneer) (30 min
16°C, 60 min 42°C, 2 min 70°C). gPCRs were
run in 10 yl with 0.1 yM of each primer and
5 ul of PowerUp™ SYBR™ Green Master Mix
(Thermo Fisher), in StepOne Plus Real Time
PCR (Applied Biosystems) (50°C 2 min, 95°C
10 min, 40 cycles: 95°C 15 s, annealing tem-
perature 15 s, 60°C 1 min and 95°C 15 s) as
previously described [17]. All reactions were
run in duplicate. The expression levels of miR-
NAs were calculated using AACT method nor-
malizing to hsa-miR-103a-3p levels and con-
trol. The expression levels of plasma miRNAs
were normalized to cel-miR-39. Primer sequenc-
es for miRNA RT-qPCR are listed in Table 1.

Functional enrichment analyses

To investigate the functional mechanisms of
selected miRNAs, we performed Kyoto Ency-
clopedia of Genes and Genomes (KEGG) path-
way analyses and Gene Ontology (GO) annota-
tion using DIANA-miRPath v3 tool (http://snf-
515788.vm.okeanos.grnet.gr/), from a list of
experimentally validated target genes derived
from DIANA-TarBase v7. The top 25 of the sta-
tistically significant terms (p-value < 0.01) were
selected. The relevance of miRNAs in each
term was studied through the heat maps
returned by DIANA-miRPath v3.

To explore the functional role of selected miRNA
target genes and identify the regulated path-
ways, a KEGG pathway enrichment analysis
was performed using the Database for Ann-
otation, Visualization and Integrated Discovery
(DAVID) bioinformatics tool (https://david.ncif-
crf.gov/tools.jsp). Only significantly enriched
terms (p-value < 0.05) were analyzed.

Am J Cancer Res 2021;11(6):2802-2820



miRNAs biomarkers for prostate cancer

Table 1. Primer sequences used for stem-loop RT-gPCR

Primer Sequence (5’-3’) Tann (°C)
RT-Stem-loop-Rv TGGTGCAGGGTCCGAGGTATT -
RT-hsa-miR-19b-3p-STEM GTCTCCTCTGGTGCAGGGTCCGAGGTATTCGCACCAGAGGAGACTCAGTT -
RT-hsa-miR-19b-3p Fw GGCGGTGTGCAAATCCATGC 65
RT-hsa-miR-320a-5p-STEM GTCTCCTCTGGTGCAGGGTCCGAGGTATTCGCACCAGAGGAGACCGCCGG -
RT-hsa-miR-320a-5p Fw GGCGGGCCAACACAACCCGGA 65
RT-hsa-miR-101-3p-STEM GTCTCCTCTGGTGCAGGGTCCGAGGTATTCGCACCAGAGGAGACTTCAGT -
RT-hsa-miR-101-3p Fw CGCGCGTACAGTACTGTGATA 62
RT-hsa-miR-3613-3p-STEM GTCTCCTCTGGTGCAGGGTCCGAGGTATTCGCACCAGAGGAGACCGCGGT -
RT-hsa-miR-3613-3p Fw CCGGCCACAAAAAAAAAAGCCCA 65
RT-hsa-miR-1207-5p-STEM GTCTCCTCTGGTGCAGGGTCCGAGGTATTCGCACCAGAGGAGACCCCCTC -
RT-hsa-miR-1207-5p Fw GGCGGTGGCAGGGAGGCTGG 65
RT-hsa-miR-5095-STEM GTCTCCTCTGGTGCAGGGTCCGAGGTATTCGCACCAGAGGAGACCGCGGT -
RT-hsa-miR-5095 Fw GGCGCTTACAGGCGTGAACC 65
RT-hsa-miR-2277-5p-STEM GTCTCCTCTGGTGCAGGGTCCGAGGTATTCGCACCAGAGGAGACGACTGG -
RT-hsa-miR-2277-5p Fw GGCGGAGCGCGGGCTGAGCGCTG 65
RT-hsa-miR-4497-STEM GTCTCCTCTGGTGCAGGGTCCGAGGTATTCGCACCAGAGGAGACGCCCAG -
RT-hsa-miR-4497 Fw CGCGCTCCGGGACGG 65
RT-hsa-miR-320e-STEM GTCTCCTCTGGTGCAGGGTCCGAGGTATTCGCACCAGAGGAGACCCTTCT -
RT-hsa-miR-320e Fw GCGCGGAAAGCTGGGTTG 65
RT-hsa-miR-4532-STEM GTCTCCTCTGGTGCAGGGTCCGAGGTATTCGCACCAGAGGAGACCGCCGG -
RT-hsa-miR-4532 Fw GAGACCCCGGGGAGC 65
RT-hsa-miR-4668-5p-STEM GTCTCCTCTGGTGCAGGGTCCGAGGTATTCGCACCAGAGGAGACGACAAA -
RT-hsa-miR-4668-5p Fw GGCGGAGGGAAAAAAAAAAGGA 65
RT-hsa-miR-30b-5p-STEM GTCTCCTCTGGTGCAGGGTCCGAGGTATTCGCACCAGAGGAGACGCTGAG -
RT-hsa-miR-30b-5p Fw CCGCGCTGTAAACATCCTACAC 70
RT-hsa-miR-221-3p-STEM GTCTCCTCTGGTGCAGGGTCCGAGGTATTCGCACCAGAGGAGACGAAACC -
RT-hsa-miR-221-3p Fw GGCGGAGCTACATTGTCTGCTG 65
RT-hsa-miR-195-5p-STEM GTCTCCTCTGGTGCAGGGTCCGAGGTATTCGCACCAGAGGAGACGCCAAT -
RT-hsa-miR-195-5p Fw GGGGGGTAGCAGCACAGAAAT 65
RT-hsa-miR-21-5p-STEM GTCTCCTCTGGTGCAGGGTCCGAGGTATTCGCACCAGAGGAGACTCAACA -
RT-hsa-miR-21-5p Fw CGGGGGGTAGCTTATCAGACTG 65
RT-hsa-miR-16-5p-STEM GTCTCCTCTGGTGCAGGGTCCGAGGTATTCGCACCAGAGGAGACCGCCAA -
RT-hsa-miR-16-5p Fw GGCCCGTAGCAGCACGTAAATA 65
RT-hsa-miR-103a-3p-STEM GTCTCCTCTGGTGCAGGGTCCGAGGTATTCGCACCAGAGGAGACTCATAG -
RT-hsa-miR-103a-3p Fw GGGGAGCAGCATTGTACAGGG 67
RT-miR-Cel39-STEM GTCTCCTCTGGTGCAGGGTCCGAGGTATTCGCACCAGAGGAGACCAAGCT -
RT-miR-Cel39 Fw CGGGGTCACCGGGTGTAAATC 65

Circulating miRNAs profile analysis

Circulating miRNA expression profile was ana-
lyzed in the serum of a cohort of 809 PCa and
282 non-cancer patients (negative PCa patients
+ non-cancer controls) using microarrays data
available from Urabe and Matsuzaki group [18].
Normalized signal intensity data (GSE112264)
was downloaded from the Gene Expression
Omnibus (GEO) public functional genomics data
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repository (https://www.ncbi.nim.nih.gov/geo/)
and analyzed using the ggpubr R package.
Shapiro-Wilk and Levene tests were used to
assess normality and homogeneity of varianc-
es. Student’s t test was applied for data that
fulfill the requirements. Otherwise, Mann-
Whitney test was performed using R.

GSE112264 was generated by 3D-Gene® Hu-
man miRNA Oligo Chip (Toray Industries, Inc.).
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TCGA dataset analysis

Mature miRNA and gene expression of prostate
tumors of patients was obtained from the TCGA
Prostate Cancer (PRAD) cohort available in the
UCSC Xena bioinformatics tool [19] (https://
xenabrowser.net/). 52 PCa samples paired
with 52 normal adjacent tissues (NAT) were
included in the present study excluding patients
without this information. The miRNA-Seq (lllu-
minaHiSeq_miRNASeq) and RNAseq (lllumin-
aHiSeq) data was downloaded as log2 (RPM+1)
values. Data normalization and homogeneity of
variances was assessed using Shapiro-Wilk
test and boxplot respectively. Paired Sample
t-Test was applied for data that fulfill the require-
ments. Otherwise, Sign median test was per-
formed using the signmedian.test R package.

miRNA expression profile analysis in tumors of
metastatic PCa patients

miRNA expression profile in metastatic PCa
patients was analyzed in a cohort of 19 pa-
tients with metastases diagnosis after radical
prostatectomy and 19 patients without evi-
dence of disease recurrence, using next
generation whole miRNome sequencing results
from Nam’s work available from GEO dataset
(GSE117674) [20]. GSE117674 was generated
by lon Torrent S5 XL (Homo sapiens) high-
throughput sequencing. Student’s t test or
Mann-Whitney test were applied as appro-
priate.

Exosomes miRNA database analysis

miRNA expression profiles in exosomes was
obtained from The Extracellular Vesicles miRNA
(EVMIRNA) database [21] (http://bioinfo.life.
hust.edu.cn/EVmMIiRNA). The expression levels
of hsa-miR-101-3p in exosomes from blood-
stream of PCa patients (n = 23) and healthy
donors (HD) (n = 58) were downloaded and
represented in a heat map using heatmap.plus,
gplots and RColorBrewer R packages.

Receiver-operating characteristic (ROC) analy-
sis

To evaluate the power of hsa-miR-19b-3p and
miR-101-3p to distinguish between PCa and
non-PCa, and between metastatic and non-
metastatic PCa patients, we performed a
receiver-operating characteristic (ROC) analysis
in tumor and serum dataset described above.
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The ROC curve and the area under the curve
(AUC) were plotted and calculated for both miR-
NAs using the GraphPad Prism 8 software.

Correlation matrix

Expression levels of hsa-miR-19b-3p, hsa-miR-
101-3p and their respective target genes in
prostate tumors from patients were obtained
from TCGA PRAD data available in UCSC Xena.
For miRNA mature strand and gene expression,
the miRNA-Seq (llluminaHiSeq_miRNASeq) and
RNAseq (llluminaHiSeq) data was downloaded
as log2 (RPM+1) values. Only PCa samples
(close to 500 patients) were included in the
present analysis. Using the Hmisc R package,
we generated a correlation matrix for each
miRNA, applying the Spearman correlation
coefficient. For hsa-miR-19b-3p, target genes
that showed a negative correlation with the
miRNA and correlation coefficient rho < -0.4
plus p-value < 0.05 were selected for further
analysis. In addition, target genes that nega-
tively correlated with hsa-miR-101-3p with a
correlation coefficient rho < -0.2 and a p-value
< 0.05 were selected. These target genes were
entered into DAVID database to explore their
functional role and identify the regulated path-
ways (See Functional enrichment analysis).

Clustering and STRING database

To study the relationship between selected tar-
get genes of hsa-miR-19b-3p and miR-101-3p,
a hierarchical cluster analysis with “average”
as an agglomeration method was performed
using the R package. Additionally, a gene inter-
action analysis was performed using the
STRING database (https://string-db.org/).

Statistical analysis

For the in vivo (N = 6 per group) experiments
results are given as mean and standard devia-
tion (SD). Student’s t-Test was performed.
Shapiro-Wilk and Levene tests were used to
assess normality and homogeneity of varianc-
es. *P < 0.05; **P < 0.01; ***P < 0.001.

Results

HFD induces miRNA expression in PC3 xeno-
graft

Previously, we reported different mice models
of PCa and MeS [8, 9, 17]. Here, NSG mice
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chronically fed with a HFD or control diet (CD)
were subcutaneously inoculated with androgen
insensitive PC3 cells. Seven weeks after cell
inoculation, mice were sacrificed, plasma was
collected and tumor excised for RNA isolation.
As we previously described [8], no differences
were observed regarding tumor growth and
body weight, between treatments (Data not
shown).

A miRNA set was selected from literature and
our previous work [8, 17] and assessed by
stem-loop RT-qPCR. As shown in Figure 1A,
PC3 xenograft from HFD-fed mice showed sig-
nificantly increased the expression of 7 miR-
NAs that we named “candidates” hsa-miR-
19b-3p, miR-320a-5p, miR-101-3p, miR-3613-
3p, miR-1207-5p, miR-5095 and miR-2277-5p,
compared to CD-fed mice. No changes were
detected in hsa-miR-4497, miR-320e, miR-
4532, miR-4668-5p, miR-30b-5p, miR-221-3p,
miR-195-5p, miR-21-5p and miR-16-5p (Figure
1A).

Additionally, we determined the expression pro-
file of the candidate miRNAs in mice blood-
stream. As shown in Figure 1B, we detected
hsa-miR-19b-3p, miR-101-3p, miR-3613-3p,
miR-1207-5p, miR-2277-5p, miR-4532, miR-
4668-5p, miR-221-3p and miR-21-5p. Inter-
estingly, hsa-miR-2277-5p and miR-21-5p were
significantly down-regulated in plasma from
HFD mice compared to control animals (Figure
1B). Hsa-miR-320a-5p, miR-5095, miR-4497
and miR-320e were undetectable in mice
plasma.

Candidate miRNAs modulate specific meta-
bolic and cancer related pathways

To investigate the functional mechanisms of
the 7 candidate miRNAs, we used the DIANA-
miRPath v3 tool. Since not all the target genes
predicted by the bioinformatics algorithms
finally turn out to be true targets, we used the
DIANA-TarBase v7 of the miRPath bioinformat-
ics tool, which has the information of the target
genes experimentally validated for each miRNA.
Five of the 7 candidate miRNAs showed vali-
dated target genes, while hsa-miR-5095 had
no targets and miR-320a-5p was not found in
DIANA-miRPath v3 tool and was not considered
in further analyses (Figure 2A). hsa-miR-19b-
3p and miR-101-3p miRNAs were the miRNAs
that showed the highest number of target
genes, with more than 1,100 validated targets
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(Figure 2A). Then, with all the validated target
genes, we performed a KEGG pathway enrich-
ment analysis using a p-value < 0.01. This anal-
ysis revealed that target genes of candidate
miRNAs were associated with processes such
as Fatty acid biosynthesis, Proteoglycans in
cancer, Viral carcinogenesis, Adherens junc-
tion, pb53 signaling pathway, Central carbon
metabolism in cancer, Transcriptional misregu-
lation in cancer and PCa, among others (Figure
2B). In particular, hsa-miR-19b-3p target genes
were mostly involved in proteoglycans in can-
cer, while miR-101-3p target genes were
involved in fatty acid biosynthesis. To a lesser
extent, hsa-miR-3613-3p target genes were
mostly associated with Huntington’s disease
and miR-1207-5p and miR-2277-5p shared
adherens junction KEGG pathway (Figure 2C).

Furthermore, using DIANA-miRPath v3, a GO
analysis was performed at three levels: biologi-
cal processes, cellular components and molec-
ular function. The top 25 of the statistically sig-
nificant terms (p-value < 0.01) were shown in
Figure 2D. Target genes of miRNAs up-regulat-
ed by HFD were enriched in processes associ-
ated with Gene expression, Mitotic cell cycle
and Response to stress (Figure 2D). Inter-
estingly, hsa-miR-19b-3p and miR-101-3p were
the most involved miRNAs in these terms in
addition to the cell death term (Figure 2E).

In summary, up-regulated miRNAs by HFD mod-
ulated specific metabolic and cancer related
pathways.

Hsa-miR-19b-3p, miR-101-3p, miR-1207-5p
and miR-5095 are increased in the blood-
stream of PCa patients

To determine the use of the candidate miRNAs
as potential biomarkers for PCa diagnosis or
prognostic, we explored expression data avail-
able in GEO dataset. Urabe and Matsuzaki
group, using microarray technologies, per-
formed a serum miRNA profile of 1591 male
samples, including 809 PCa, 241 negative PCa
patients, 41 non-cancer controls and 500 other
solid cancers (GSE112264) [18]. Hence, we
used these microarrays results to investigate
the levels of the 7 candidate miRNAs in serum
samples of a cohort of 809 PCa and 282 non-
cancer patients (negative PCa patients + non-
cancer controls). As shown in Figure 3A, hsa-
miR-19b-3p, miR-101-3p, miR-1207-5p and
miR-5095 were increased in the bloodstream

Am J Cancer Res 2021;11(6):2802-2820
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Figure 1. HFD modulates the expression of miRNAs in androgen-insensitive prostate tumors and serum from mice. A. Stem-loop RT-gPCR from PC3 xenografts ob-
tained from CD- or HFD-fed NSG mice using specific primers for the indicated miRNAs is shown. Data were normalized to hsa-miR-103a-3p and control. Statistical
analysis was performed using t-test. B. Mice plasma samples were analyzed by stem-loop RT-gPCR for the indicated miRNAs and normalized to spike-in cel-miR-39
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Figure 2. Functional enrichment analysis of candidate miRNAs. A. Number of validated target genes of candidate
miRNAs. B. Barplot representation of the top significant KEGG pathways associated to the target genes of candidate
miRNAs. C. Heat map of miRNAs and their related pathways. Arrows indicate the 2 miRNAs with the highest number
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of validated target genes and the pathways where they are most involved. D. Barplot representation of the top 25
significant GO terms associated with the target genes of candidate miRNAs. E. Heat map of miRNAs and their re-
lated GO terms. Arrows indicate the 2 miRNAs with the highest number of validated target genes and the GO terms

where they are most involved.

of PCa patients compared to non-PCa patients.
No differences were found in circulating levels
of hsa-miR-3613-3p and miR-2277-5p, while
hsa-miR-320a-5p was not detected in this
cohort of patients (Figure 3A).

Hsa-miR-19b-3p and miR-101-3p are up-
regulated in prostate tumors from patients and
increased in metastatic PCa tumors

To analyze the expression profile of the candi-
date miRNAs in prostate tumors from patients,
we employed the TCGA PRAD cohort available
in the UCSC Xena bioinformatics tool [19]. This
data set has the information of the mature miR-
NAs expression from tumor tissue and NAT,
obtained by RNAseq. We found that hsa-miR-
19b-3p and miR-101-3p were significantly
increased in prostate tumor compared to NAT
(Figure 3B). No significant differences were
found regarding the expression of hsa-miR-
3613-3p and miR-2277-5p, while no expres-
sion data were found for hsa-miR-320a-5p,
miR-1207-5p and miR-5095 (Figure 3B).

We explored the next generation whole miR-
Nome sequencing results from Nam’s work
available from GEO dataset (GSE117674) [20].
Nam’s group analyzed the expression profile of
miRNAs in prostate tumors of patients who had
a radical prostatectomy. They identified those
patients who had been diagnosed with metas-
tases after surgery (n = 19) and compared their
expression levels with those patients who did
not show evidence of disease recurrence (n =
19). Within this data set, we analyzed the can-
didate miRNAs. As shown in Figure 3C, hsa-
miR-19b-3p and miR-101-3p were increased in
tumors of metastatic patients (after surgery)
compared to tumors of non-metastatic pa-
tients. There were no differences in the ex-
pression of hsa-miR-3613-3p and miR-5095
(Figure 3C). Furthermore, hsa-miR-320a-5p,
miR-1207-5p, miR-2277-5p were not detected
in this cohort of patients.

Hsa-miR-19b-3p and miR-101-3p are good
biomarkers in tissue but not in serum to distin-
guish between PCa from non-PCa patients

To assess whether hsa-miR-19b-3p and miR-
101-3p are good diagnosis biomarkers to dis-
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tinguish between PCa patients from non-PCa,
we performed a ROC analysis. As shown in
Figure 4A, poor predictive power to discrimi-
nate between PCa and non-PCa patients was
obtained when we calculated the area under
the curve (AUC) for hsa-miR-19b-3p and hsa-
miR-101-3p in serum (0.5563 and 0.5886,
respectively). Regarding tumor tissue, AUC for
hsa-miR-19b-3p and hsa-miR-101-3p were
0.861 and 0.6307, respectively (Figure 4B),
which shows that both miRNAs are useful to
distinguish between tumor tissue and NAT.
Additionally, we found that both, hsa-miR-19b-
3p and hsa-miR-101-3p, were able to differenti-
ate between metastatic and non-metastatic
PCa disease due to AUC were 0.7008 and
0.7590, respectively (Figure 4C). In particular,
hsa-miR-19b-3p showed the best score to dis-
criminate between tumor tissue and NAT, while
hsa-miR-101-3p was more useful to differenti-
ate between metastatic and non-metastatic
PCa patients.

Hsa-miR-101-3p is increased in exosomes
isolated from blood of PCa patients

As miRNAs can be released into the blood-
stream associated to proteins, HDL or wrapped
into exosomes, we analyzed the presence of
hsa-miR-19b-3p and miR-101-3p in exosomes
from blood samples of PCa patients (n = 23)
and HD (n = 58), using EVmMiRNA database [21].
As shown in Figure 5, hsa-miR-101-3p was
increased in exosomes of PCa patients com-
pared to HD. Hsa-miR-19b-3p was not found in
this dataset.

These results suggest that hsa-miR-101-3p is
released into the bloodstream of PCa patients
through exosomes, disseminating to other
organs which reinforce the miRNA role in
metastasis.

Hsa-miR-19b-3p is involved in proteoglycans in
cancer and focal adhesion pathways

As we previously mentioned, we found that
hsa-miR-19b-3p showed 1,326 validated tar-
get genes (Figure 2A). MiRNAs regulate gene
expression at the post-transcriptional level
mostly by decreasing the expression of their
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Figure 3. Candidate miRNAs expression in tumor tissue and circulation of PCa patients. A. Circulating miRNA expres-
sion levels of hsa-miR-19b-3p, miR-101-3p, MiR-3613-3p, MmiR-1207-5p, miR-5095 and miR-2277-5p in plasma of
PCa and non-PCa (NC) patient samples. Normalized signal intensity values are plotted. B. Expression levels of hsa-
miR-19b-3p, miR-101-3p, MiR-3613-3p and miR-2277-5p in prostate primary solid tumor and NAT. Log2 (RPM+1)
are graphed. C. Expression levels of hsa-miR-19b-3p, miR-101-3p, miR-3613-3p and miR-5095 in nonmetastatic
PCa (NMPCA) and metastatic PCa (MPCA). Normalized reads count are plotted.
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Figure 4. ROC analysis in tumor and serum dataset. (A-C) ROC curve and the AUC were plotted and calculated for
hsa-miR-19b-3p and miR-101-3p in serum (A), primary prostate tumors (B) and metastatic prostate tumors (C).
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was not found in this dataset. B. Box plot of hsa-miR-101-3p expression.

target gene. In order to found relevant target
genes for hsa-miR-19b-3p, we selected targets
that negatively correlated with the expression
of hsa-miR-19b-3p. A correlation matrix with R
packages was performed, using the expression
data of hsa-miR-19b-3p and its target genes in
the tumors of PCa patients available in TCGA
PRAD data present in UCSC Xena. We selected
target genes that showed a negative correla-
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tion with hsa-miR-19b-3p, and correlation coef-
ficient rho < -0.4 plus p-value < 0.05 for subse-
quently analysis (Data not shown). To explore
the functional role of these 160 selected target
genes and to identify the regulated pathways, a
KEGG pathway enrichment analysis was per-
formed using the DAVID bioinformatics tool.
The significantly enriched terms (p-value <
0.05) were plotted and listed in Figure 6A and
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6B, respectively. The most significant enriched
KEGG terms were Proteoglycans in cancer and
Focal adhesion (Figure 6A, 6B). Seven of the
selected target genes (MAPK1, HIF1A, RDX,
ARHGEF12, ITGB1, FRS2, ITPR1) were involved
in Proteoglycans in cancer, while another 7
(MAPK1, TLN1, ARHGAP5, ITGA6, ITGBS,
LAMC1, ITGB1) were involved in Focal adhesion
(Figure 6B). Both pathways share only two
genes: MAPK1 and ITGB1.

To analyze the relationship and interaction
between the genes belonging to these two
pathways selected in Figure 6B, a clustering
analysis with R packages was performed.
Genes that were enriched in the Proteoglycan
in cancer pathway are all grouped in the same
cluster except FRS2 (Data not shown). Add-
itionally, genes enriched in the Focal adhesion
pathway were found in the same cluster except
ITGBS8 (Data not shown). These results suggest
that the genes belonging to each pathway are
related to each other. Using the STRING data-
base, an interaction analysis between the
genes belonging to each pathway was per-
formed. Only 4 of the genes involved in proteo-
glycans in cancer interact with each other
(Figure 6C), while in focal adhesion, the interac-
tion occurs between all the genes involved
(Figure 6E).

Using gene expression data available in TCGA
PRAD cohort present in Xena, we found that 3
of the genes involved in proteoglycans in can-
cer pathway (RDX, ITGB1, and ITPR1) were
down-regulated in tumors compared to NAT
(Figure 6D). Furthermore, 4 of the genes
involved in focal adhesion (ITGB8, TLN1, ITGA6
and ITGB1) showed a decreased expression in
tumors relative to NAT (Figure 6F). These
results suggest that hsa-miR-19b-3p might
function on proteoglycan in cancer and focal
adhesion pathways in PCa by regulating the
expression of these target genes.

Analysis of hsa-miR-101-3p validated target
genes and pathways with TarBase v7 showed
1,137 validated target genes (Figure 2A). We
next performed the correlation matrix between
hsa-miR-101-3p expression data and its vali-
dated target genes available in TCGA PRAD
cohort present in UCSC Xena. Target genes that
negatively correlated with hsa-miR-101-3p with
a correlation coefficient rho < -0.2 and a p-val-
ue < 0.05 were selected (Data not shown).
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Using DAVID bioinformatics tool, KEGG pathway
enrichment analysis of six target genes select-
ed was performed. The results showed only
one significant term (p-value < 0.05):
Proteasome with two target genes: PSMD1 and
POMP (Data not shown). A clustering analysis
revealed that both genes were related in a
small cluster (Data not shown). Furthermore,
through an analysis with the STRING database,
we have found that both genes interact with
each other (Data not shown).

Finally, using TCGA PRAD project present in
Xena, no significant differences were found in
PSMD1 and POMP expression levels between
prostate tumors and NAT (Data not shown).

Discussion

In this work we provide evidence for hsa-miR-
19b-3p and hsa-miR-101-3p as biomarkers for
the diagnosis and prognosis of PCa associated
with HFD. We found that HFD increases the
expression of 7 miRNAs (hsa-miR-19b-3p, miR-
320a-5p, miR-101-3p, MmiR-3613-3p MiR-1207-
5p, miR-5095 and miR-2277-5p) in PCa xeno-
grafts, which are involved in metabolic and
cancer related pathways. Only 4 of these miR-
NAs (hsa-miR-19b-3p, miR-101-3p, miR-1207-
5p and miR-5095) were increased in the blood-
stream of PCa patients compared to non-PCa
patients. Moreover, we found that hsa-miR-
19b-3p and miR-101-3p were significantly
increased in prostate tumors of metastatic
patients compared to tumors of non-metastatic
patients. In addition, ROC analysis showed that
both miRNAs are promising biomarker candi-
dates to distinguish between PCa and NAT, and
metastatic and non-metastatic patients; how-
ever, the level of these miRNAs at serum level
seems to be useless as PCa biomarkers.

Osip’yants et al. performed a classification of
PCa patients using plasma samples from non-
metastatic and metastatic PCa based on miR-
NAs [22]. They found that metastatic PCa
patients showed higher plasma levels of hsa-
miR-19b-3p paired with miR-297 compared to
non-metastatic patients [22]. Another study
showed that hsa-miR-19b-3p (also called hsa-
miR-19b) was up-regulated in BPH-1, PC3 and
22Rv1 PCa cell lines, and down-regulated in
DU-145 cells, compared to the normal prostate
epithelial cell line PNT1B [23]. The same group
demonstrated that hsa-miR-19b along with 3
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A Pathway analysis
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Figure 6. Functional enrichment analysis of selected target genes of hsa-miR-19b-3p. A. Barplot representation of
the top significant KEGG pathways associated to the selected target genes of hsa-miR-19b-3p. B. Top significant
KEGG pathways and the target genes involved in each of them. C. Interactional network of the 7 genes involved in
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other miRNAs promoted cell proliferation of
PCa in vitro by targeting regulation of PTEN
and its downstream signals, PI3K/Akt and
cyclin D1 [23]. The hsa-miR-19b-3p belongs to
the miR-17-92 cluster, which possesses onco-
genic properties due to its participation in the
regulation of cell survival, proliferation, differ-
entiation and the cell cycle. Stimulation of the
hyperexpression of this cluster in DU-145 cells
leads to an increase in proliferative, migratory
and invasive activities [24]. MiR-19 has been
considered the key oncogenic component of
the aforementioned cluster, because miR-19
(including hsa-miR-19a and hsa-miR-19b) par-
tially suppressed PTEN expression, activating
the AKT-mTOR signaling pathway and promot-
ing cell survival [25]. Altogether, these results
strongly support hsa-miR-19b-3p as a potential
biomarker for PCa diagnosis and prognosis.

Hsa-miR-101-3p was proposed as a good bio-
marker for diagnosis, progression and therapy
response in PCa. MiR-101-3p (also called hsa-
miR-101) was found to be decreased in the
DU-145 and PC3 cells compared to the non-
tumorigenic prostate epithelial cell line PWR-
1E, while it was increased in the LNCaP cell line
[26]. Another report showed that hsa-miR-101
induced apoptosis in PCa cells through
decreased RLIP76 expression followed by con-
comitant suppressions of the PI3K/AKT/Bcl-2
pathway [27].

Recent studies, in opposition to our results,
have shown that hsa-miR-101-3p is negatively
regulated in tumors and it is less abundant in
the bloodstream of metastatic PCa compared
to non-metastatic PCa patients [28, 29]. These
results may be due to the heterogeneity of PCa,
and the different cohorts of patients analyzed.
Additionally, we found that hsa-miR-101-3p
was increased in exosomes from PCa patients
compared to exosomes from HD. Hence, hsa-
miR-101-3p might play a role in distant meta-
static sites, reassessing it as an essential
miRNA to investigate in the future in PCa
metastasis samples from patients.

Then, we decided to investigate the possible
effects of these 2 candidate miRNA biomarkers
on prostate tumors and their aggressiveness.
We established that 12 target genes that nega-
tively correlate with hsa-miR-19b-3p in pros-
tate tumor samples from patients were involved
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in Proteoglycan in cancer and Focal adhesion
pathways. We found that RDX, ITGB1, ITPR1,
ITGBS8, TLN1 and ITGA6 were down-regulated in
tumors compared to NAT. Immunhistochemical
staining of RDX (Radixin) showed a higher inten-
sity in prostatic intraepithelial neoplasia and
normal prostates, with the lowest levels of
staining in prostatic adenocarcinoma [30].
These results might support our data. However,
in vitro studies demonstrated that RDX is
required for PC3 cell migration, and that its
depletion by RNA interference increased cell
spreading area and cell-cell adhesion mediated
by adherens junctions [31].

Knockdown of ITGB1 significantly inhibited
cancer cell migration and invasion in PCa cells
by regulating downstream signaling [32].
Moreover, ITGB1 was highly expressed in pros-
tate tumors [32] and exosomes derived from
urine of metastatic PCa patients [33].

On the other hand, little is known about the
involvement of ITPR1 (also called IP3R1) in
PCa. It was found that DU-145 cells contain
about 10% ITPR1 and 90% ITPR3 [34]. ITPR1
depletion prevented apoptosis induction in
colorectal cancer DLD1 cells, ovarian cancer
A2780 cells, and clear cell renal cell carcinoma
RCC4 cells, compared to apoptosis in cells
treated with scrambled siRNA [35]. Moreover,
ITPR1 is involved in SFN (sulforaphane)-induced
apoptosis through the depletion of reticular cal-
cium and modulation of transcription factors
through nuclear calcium up-regulation [36].
Altogether, these results indicate that ITPR1
has a pro-apoptotic effect.

ITGB8 was highly expressed in prostatic
intraepithelial neoplasia in a in silico analysis of
a PCa progression microarray available in
Oncomine. Furthermore, ITGB8 knockdown
decreased PC3 and 22Rv1 cell migration and
invasion [37]. However, similar to our findings,
He et al. demonstrated that ITGB8 was down-
regulated in PCa compared with matched para-
cancerous tissue [38].

It was reported that TLN1 overexpression
enhanced PCa cell adhesion, migration and
invasion by activating survival signals and con-
ferring resistance to anoikis, and shRNA-medi-
ated TLN1 loss led to significant inhibition of
PCa metastasis in vivo [39]. Also, TLN1 protein
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was up-regulated in PCa tissues compared with
benign prostatic hyperplasia tissue, and it was
an independent predictor for lymph node
metastasis and biochemical recurrence of PCa
[40]. Furthermore, the cytoplasmic expression
of TLN1 was higher in metastatic tissue com-
pared to primary prostate tumors [39].
Nevertheless, Betts et al. revealed that TLN1
MRNA expression decreased in primary pros-
tatic stromal cells in response to the exposure
of conditioned medium from androgen treated
epithelial cells [41]. In this sense, the authors
suggest that this reduction in the expression of
TLN1 could be part of a mechanism that leads
to the loss of cell adhesion in epithelial cells
mediated by the action of androgens. Their
studies showed that TLN1 is expressed in the
stroma of prostate tissue sections and at high-
er levels in epithelial cells. Therefore, they sug-
gest that the expression of TLN1 in epithelial
cells may also play an important role in the
regulation of cell adhesion in both, benign and
malignant prostates [41]. Thus, TLN1 expres-
sion in patient tumors may be affected by
androgen levels, being higher in androgen-
insensitive PCa.

Finally, ITGA6 showed a marked decrease in its
expression in malignant WPE-NB26 cells grown
in Matrigel compared to immortalized non-
malignant RWPE-1 cells [42]. Furthermore, PC3
cells exhibited a down regulation of ITGA6 com-
pared to the RWPE cell line [43]. Moreover, low
Gleason score correlated with increased ITGA6
expression, while high Gleason score with low
and negative ITGAG expression [44].

Although we found that 6 (RDX, ITGB1, ITPR1,
ITGB8, TLN1 and ITGAG) of the 12 targeted
genes by hsa-miR-19b-3p were downregulated
in tumors from PCa patients compared to NAT,
the expression of some of them (ITGB1, TLN1)
was positively correlated with tumor metasta-
sis. This contradicts the results indicating that
hsa-miR-19b-3p was found to be up-regulated
in metastatic PCa. This conflict may be due to
several reasons; including that the analysis of
the target genes has been performed in-silico,
that target genes of miRNAs can differ accord-
ing to the tissue, and also not all the target
genes have been studied and validated experi-
mentally in most tissues. Thus, to carry out a
more exhaustive analysis, we selected those
target genes that have been experimentally
validated in at least one tissue. None of the
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hsa-miR-19b-3p target genes has been experi-
mentally validated in prostate tissue or PCa cell
lines. Thus, those genes which are negatively
correlated with hsa-miR-19b-3p and whose
expression in PCa tumors is contradictory to
the literature are not direct targets of the afore-
mentioned MiRNA in prostate tissue and are
being targeted by one or more other miRNAs.
Further in vitro experiment, such as a luciferase
assay in PCa cells, is needed to confirm wheth-
er these genes are indeed targets for hsa-miR-
19b-3p in prostate tissue.

No significant changes in the expression of
hsa-miR-101-3p target genes were found in
tumor samples compared with NAT. Therefore,
we believe that hsa-miR-101-3p might play a
relevant role in the metastatic niches but not in
the primary tumor.

Our results propose hsa-miR-19b-3p and hsa-
miR-101-3p as oncomiRs at tumor and meta-
static site level, respectively. Furthermore,
these miRNAs were increased by HFD in our
murine model. Labbé et al., 2019 showed that
HFD exacerbates the MYC transcriptional pro-
gram by MYC overexpression in murine pros-
tate [45]. Thus, we performed a correlation
matrix with R packages between the expres-
sion data of hsa-miR-19b-3p and miR-101-3p
and selected genes from tumors of PCa
patients (TCGA PRAD data present at UCSC
Xena). We found that there is no direct correla-
tion between candidate miRNAs and the MYC
transcriptional program, suggesting that HFD
exacerbates the MYC transcriptional program
by MYC overexpression in normal prostate and
induces the expression of hsa-miR-19b-3p and
miR-101-3p in PCa, by independent mecha-
nisms. Therefore, patients under HFD condi-
tions could have a more aggressive PCa due to
increased expression of hsa-miR-19b-3p, hsa-
miR-101-3p and the MYC transcriptional
program.

Taken together, we identified 2 miRNAs (miR-
19b-3p and miR-101-3p) with high potential for
diagnosis and prognosis to distinguish between
PCa and NAT, and between metastatic from
non-metastatic patients (see hypothetical
model in Figure 7). However, these miRNAs
might be useful at tumor level but not in the
serum of patients. More detailed functional
exploration and validation of the molecular
mechanisms associated with these miRNAs

Am J Cancer Res 2021;11(6):2802-2820



mMiRNAs biomarkers for prostate cancer

hsa-miR-19b-3p
hsa-miR-101-3p

RDX
ITPR1

Normal adjacent lissue cells (NAT)

. Metastatic prostate tumor cells
. Non-metastatic prostate tumor cells
. Focal adhesion

Proteoglycans in cancer

Figure 7. Hypothetical model. Hsa-miR-19b-3p and hsa-miR-101-3p are induced in prostate tumors from patients
compared to NAT, and in tumors of metastatic patients versus tumors of non-metastatic patients. Both miRNAs
are increased in the bloodstream of PCa patients compared to those without cancer. Hsa-miR-19b-3p negatively
regulates the expression of genes involved in the proteoglycan in cancer and focal adhesion pathways, which could

contribute to a more aggressive tumor phenotype.

are indispensable, but our findings might fur-
nish some meaningful insights into diagnosis
and prognosis of PCa patients.
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