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Introduction: Disease recurrence is a major concern in patients with localized prostate
cancer (PCa) following treatment with radiotherapy (RT), and few studies have evaluated the
clinical relevance of microRNAs (miRNAs) prior and post-RT.

Purpose: We aimed to investigate the significance of miRNAs in the outcomes of prostate
cancer patients undergoing radiotherapy and to identify the related pathways through bioin-
formatics analysis.

Materials and Methods: The expression levels of miR-21, miR-106b, miR-141 and miR-
375 involved in the response to radiotherapy were assessed by RT-qPCR in the serum of PCa
patients (n=56) prior- and post-RT.

Results: Low expression levels of miR-106b prior-RT were associated with extracapsular
extension and seminal vesicles invasion by the tumor (p=0.031 and 0.044, respectively). In
the high-risk subgroup (n=47), post-RT expression levels of miR-21 were higher in patients
with biochemical relapse (BR) compared to non-relapse (p=0.043). Also, in the salvage
treatment subgroup (post-operative BR; n=20), post-RT expression levels of miR-21 and
miR-106b were higher in patients with BR compared to non-relapse (p=0.043 and p=0.032,
respectively). In the whole group of patients, high expression levels of miR-21 prior-RT and
of miR-106b post-RT were associated with significantly shorter overall survival (OS;
p=0.049 and p=0.050, respectively). No associations were observed among miR-141 and
miR-375 expression levels with clinicopathological features or treatment outcome.
Bioinformatics analysis revealed significant enrichment in DNA damage response pathways.
Conclusion: Circulating miRNAs prior or post-RT may hold prognostic implications in
patients with PCa.

Keywords: prostate cancer, radiotherapy, salvage radiotherapy, circulating microRNAs, high
risk, biochemical relapse

Introduction

Prostate cancer is the most commonly diagnosed cancer and a leading cause of cancer-
related death in men worldwide.' RT is a standard treatment option along with surgery,
hormone therapy and chemotherapy.” However, the efficacy of RT is impeded by
inherent resistance of tumor cells.’

RT utilizes targeted ionizing radiation to induce DNA damage either directly or
indirectly through reactive oxygen species (ROS).* DNA damage response (DDR)
pathways are activated to repair the damage or to induce arrest of cell-cycle progression
or apoptotic cell death.” Radioresistance mechanisms to RT-induced cell death or
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apoptosis include DNA repair,® impaired apoptotic signaling
after DNA damage,’” elevation of antioxidant enzymes,®
impaired intracellular signaling pathways such as Heat
Shock Protein 90 (HSP90)’ and activation of epithelial to
mesenchymal transition (EMT) pathways. '’

Despite the progress in emerging biomarkers, such as
PCA3 score and Prostate Health Index'' that improve the
specificity of prostate-specific antigen (PSA) and provide
useful information about disease aggressiveness, the
results are otherwise inconclusive.'? In addition, there is
a paucity of molecular biomarkers for the prediction of
relapse in patients with localized prostate cancer receiving
definitive RT as a single treatment modality or in the
salvage setting.

MicroRNAs (miRNAs) are small non-coding RNAs (18—
23nt) that regulate a plethora of physiological and patholo-
gical procedures.> MiRNAs exert their function by regulat-
ing gene expression at post-transcriptional level.'* MiRNAs’
expression is deregulated in human malignancies and could
either act as oncomirs or tumor suppressors, depending on
the context.'> MiRNAs are significantly stable in tissues and
in biological fluids such as serum and plasma.'® In the last
few years, miRNAs have been proposed as promising bio-
markers for cancer diagnosis, prognosis, and prediction of
treatment outcome'’ and have been recognized as liquid
biopsy biomarkers.

Mounting evidence suggests that miRNAs expression
is modulated after irradiation.'® Consequently, miRNAs
regulate components involved in DDR machinery.'® MiR-
21, miR-106b, miR-141 and miR-375, among others,
have been shown to associate with the pathogenesis and
prognosis of prostate cancer.'®*? Moreover, their expres-
sion is modulated post irradiation in prostate cancer
cells.”® In addition, miR-141 and miR-106b have been
proposed as potential prognostic biomarkers as they are
differentially expressed in prostate cancer cell lines of
different radiosensitivity.”* Mir-21 has also been demon-
strated to mediate radioresistance” as well as it was
overexpressed in hypoxic conditions in prostate cancer
cells,”® leading to more increased aggressiveness.
However, the results from miRNA profiling studies inves-
tigating the prediction of biochemical recurrence after
radical prostatectomy in patients with PCa, vary among
studies.?” Furthermore, there are limited results regarding
the role of miRNAs in the prediction of post-surgery RT
outcomes®’ or development of distant metastasis.*®

In the present study, we investigated the role of circu-
lating miRNAs as possible non-invasive biomarkers for

monitoring patients undergoing RT. We assessed the
serum miR-21, miR-106b, miR-141 and miR-375 expres-
sion levels prior- and post-RT in PCa patients undergoing
RT and evaluated their significance in patients’ outcomes.
We also performed a bioinformatic analysis to identify the
key mRNA targets as well as the molecular pathways
involved by the miRs of our study.

Materials and Methods

Patients and Sample Collection

In the current study, clinical and molecular data from 56
patients with histologically confirmed localized prostate
adenocarcinoma who received definitive curative RT in
the University Hospital of Heraklion, from January 2013
until July 2016, were prospectively collected. Patients
were treated with 3-D conformal RT, which was the stan-
dard approach during that period in our department. RT
was given as primary, adjuvant or salvage treatment.
Radiation doses ranged from 64.8 Gy to 71 Gy, persona-
lized per patient. Post radical prostatectomy (RP) bio-
chemical relapse (BR) was defined as two consecutive
rising PSA values >0.2 ng/mL.%* The BR post definitive
RT was defined as a rise in PSA levels >2 ng/mL com-
pared to its nadir value.’® In addition, patients were cate-
gorized based on their risk of relapse for localized prostate
cancer according to ESMO guidelines®' and by D’Amico
et al.*> More specifically, patients were categorized into
three prognostic subgroups based on the following char-
acteristics: 1) low risk: Tla-T2a, Gleason score=6,
PSA<10 ng/mL; 2) intermediate risk: T2b-T2c, Gleason
score=7, PSA=10-20 ng/mL; and 3) high risk: T>T3a or
Gleason score=8—10 or PSA>20 ng/mL.

Relapse-free survival (RFS) was defined as the time
duration from the start of RT until BR or death. Overall
survival (OS) was defined as the time duration from the
start of RT until the time of death. Patients who had not
progressed or they were alive at the time of data collection
were censored for RFS or OS at the time of last follow-up,
respectively.

Two peripheral whole blood samples of 3 mL each
were collected from each patient by experienced nurses,
with all precautions to avoid hemolysis. The first sample
was taken just before the first and the second sample just
after the last RT session, into tubes without anticoagulant.
Coagulated samples were centrifuged at 3000 rpm for 10
min. Serum was carefully collected in 1.5 mL RNase-free
tubes and immediately stored at —80°C until further
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process. Thawed frozen sera were centrifuged for 3 min at
11,000 g to remove residual cells and debris.

Approval Committee

This study was conducted in accordance with the
Declaration of Helsinki. The study protocol was approved
by the Human Ethics Committee of the University
Hospital of Heraklion (ID: 16363). Written informed con-
sent was obtained from all participants.

RNA Isolation

Serum samples were subsequently spiked-in with known
quantity of Caenorhabditis elegans microRNA, cel-mir-39
(miRNeasy Serum/Plasma spike-in control, Qiagen) as
a control of extraction and amplification procedures.
Specifically, serum samples of 300uL were spiked with
8.8x10% copies of cel-mir-39 microRNA and small RNAs
were isolated by the NucleoSpin® miRNA Plasma Kit
(Macherey-Nagel)
instructions.

according to manufacturer’s

Quantitative Real-Time PCR Analysis and

miRNA Expression

TagMan technology (Applied Biosystems) was used for
reverse transcription and quantitative real-time polymerase
chain reaction (RT-qPCR) reactions, according to manu-
facturer’s instructions. In brief, 2 uL of RNA input were
used for cDNA synthesis in 10 pL reactions, including 2
pL of stem loop-specific primer for each miRNA, 0.1 puL
dNTPs, 0.75uL reverse transcriptase, 1 pL 10x reaction
buffer, 0.13 pL RNase inhibitor and 4.02 pL ddH,
0. cDNAs were subsequently diluted threefold and 2 uL
of diluted cDNA were used in 10 pL. RT-qPCRusing
TagMan Universal Master mix I.no UNG including 0.5
pL primer, 5 pL 2x reaction mix and 2.5 pL. ddH,0. All
the assays were performed in triplicates. Appropriate nega-
tive controls were used in both cDNA synthesis and RT-
qPCRs, where RNA input was replaced by H,O and no
template control was used, respectively. TagMan™™ Assay
Ids of the examined microRNAs are depicted in Table S1.
Relative changes in miRNA abundance in samples after
RT were calculated using 2~ **“* method using as reference
cel-mir-39, using the following equation:

Relative change :2—[(CtﬁmiR#—Cticel—mirf3 9)before-(Ct_miR#-

Ct_cel-mir—39)after]33

For the purposes of our analysis, patients were divided
into two groups: 1) patients with relative change values of >1
are characterized by higher expression of each miRNA prior
RT and 2) patients with relative change values of <1 are
characterized by higher expression of each miRNA post RT.

Statistical Analysis

The statistical analysis was performed using the SPSS
software package, version 22.0 (SPSS Inc. Chicago, IL).
Descriptive statistics were applied to define and describe
nominal and categorical values. Correlations of expression
between the different miRNAs and were performed by
Spearmans’ test. Spearmans’ correlation coefficiency was
also applied to examine any potential correlation with
miRNA levels expression levels before RT with PSA
levels prior to RT. The chi-squared test was used to esti-
mate potential associations between miRNA expression
and clinicopathological characteristics. Mann—Whitney
U-test was applied to examine the miRNA levels as con-
tinuous variables with the rates of biochemical recurrence
post-RT and clinicopathological features. The associations
between circulating miRNA expression levels and RFS or
OS were assessed by Kaplan—Meier method, log rank test
(Mantel-Cox) and Cox proportional hazard regression
models. Patients were divided into high and low expres-
sion according to the median value for each miRNA
expression. Patients with miRNA expression above or
equal to the median values were characterized as having
high, whereas patients with miRNA expression below the
median as having low expression. Statistical significance
was set at p<0.05.

miRNA Gene Target and Pathway

Enrichment Analysis

TarBase was used to retrieve the protein coding gene targets
for each of the investigated miRNA.** For each miRNA, we
obtained the full set of human protein coding genes that
were found associated in cancerous tissues. For all the four
miRNAs, we were able to identify more than 1000 protein
coding gene targets. Much smaller numbers of protein cod-
ing targets were found associated with prostate cancer tis-
sues (181 targets for hsa-miR-106b-5p; 0 targets for hsa-miR
-141-3p; 1 target for hsa-miR-21-3p and 1 target for hsa-miR
-375) an effect probably associated with the lack of datasets
from prostate cancer biopsies. Therefore, we decided to
proceed with the larger number of genes associated with
cancerous tissues, as mentioned above. Most of the targets
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were miRNA-specific; however, 628 out of 3048 targets
(approximately 20%) were shared by at least two miRNAs
(Figure 1). Gene and gene target overlaps were assessed
with the use of the Jaccard similarity coefficient, which is
given by the ratio of the two sets’ intersection over their
union. We then analyzed the subset of 628 genes for parti-
cular functional enrichments. gProfiler’> was used to calcu-
late the enrichment significance for Gene Ontology (GO)
and for Biological Pathways (BP) as compiled by the Kyoto
Encyclopedia of Genes and Genomes (KEGG). Protein—
protein interaction (PPI) analysis was performed with the
STRING database (STRING-DB; https:/string-db.org/).>®
Clustering was performed with Markov cluster (MCL) as
implemented by STRING-DB.

Results
Study Design and Patients’

Characteristics

The flow chart of the study and patients’ characteristics are
shown in Figure 2 and Table 1, respectively. A total of 56
patients were included in the study. The median age was
71 years (range 51-86 years), median PSA before RT was
0.5 (range 0-45.56), whereas 48.1% of the patients had
a Gleason score 8—10 (Table 1). The median biochemical

hsamir141

hsamir106b
hsamir21

764

hsamir375

relapse-free survival (RFS) and overall survival (OS) have
not yet been reached. After a median follow-up time of 4.8
years, 15 patients (26.8%) developed biochemical relapse
(BR) and 9 (16.1%) patients died. PSA values distribution
prior RT was significantly higher in patients who experi-
enced biochemical relapse compared to those without
relapse (Figure S1; Mann—Whitney U-test, p=0.011).

miRNA Expression and Statistical

Correlations

No correlations were observed among miRNAs expression
and PSA levels prior RT administration (Figure S2). Low
expression levels of miR-106b prior-RT were correlated
with extracapsular extension and seminal vesicles invasion
(Mann—Whitney U-test, p=0.031 and p=0.044, respec-
tively; Table 2 and Figure 3). No other significant correla-
tions were observed among miRNAs expression prior-RT
and clinicopathological characteristics (Mann—Whitney
U-test, p>0.05). Wilcoxon test revealed no significant dif-
ferences among miRNAs expression prior and post-RT

(Figure S3). However,

observed between expression levels of the different

significant correlations were

miRNAs prior and post-RT (Table 3). A strong correlation
was observed between miR-21 expression and miR-141

>\
357

Figure | Venn diagram depicting common and specific protein-coding targets of the four analyzed miRNAs.
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Patients with
available serum
n=94

Excluded, n=27

Hemolysed serum, n=12
Lost to follow-up, n=11
Not matched second sample, n=4

Serum samples
analyzed
n=67

Excluded from the statistical analysis, n=11

e Target miRNAs with undetermined Ct, n=9
e Death not related to the desease, n=2

Patients included in
the statistical analysis
n=56

Figure 2 Flow chart of the study.

and miR-375 before RT (Spearman’s p, 0.764; p<0.001
and Spearman’s p, 0.699; p<0.001, respectively) and post-
RT (Spearman’s p, 0.752; p<0.001 and Spearman’s p,
0.690; p<0.001, respectively). Furthermore, a strong cor-
relation was observed between miR-141 and miR-375
before RT (Spearman’s p, 0.807; p<0.001) and post-RT
(Spearman’s p, 0.844; p<0.001) (Table 3).

miRNA Expression Levels and Clinical

Outcome

No significant differences were observed between expres-
sion levels of the examined miRNAs prior and post-RT
and BR in the whole patients’ group. However, in the
high-risk subgroup (n=47), patients who experienced BR
after RT, had higher post-RT miR-21 expression levels
compared to patients without relapse (p=0.043) (Table 4
and Figure 4A). Also, in the subgroup of patients who
received RT as salvage treatment (n=20) higher post-RT
miR-21 and miR-106 expression levels were observed in
patients who experienced BR compared to those without
relapse (p=0.043 and p=0.032, respectively) (Table 4 and
Figure 4B and C). No associations were observed between

miRNA expression and RFS. However, increased expres-
sion levels of miR-21 prior-RT and miR-106 post-RT were
associated with significantly shorter OS (p=0.049 and
p=0.050, respectively; Figure 5). No correlations were
observed between the remaining two miRNAs and OS.

mRNA Target and Pathway Enrichment
Analysis

KEGG pathway analysis from 628 genes that are common
targets for at least two miRNAs revealed strong functional
association with a number of cancer types including pros-
tate cancer, as well as for general miRNA deregulation in
cancers. The top 19 most enriched, non-redundant biolo-
gical processes ranked according to an adjusted p-value
are shown in Table 5 and Figure 6. Interestingly, pathways
related to DNA repair such as FoxO, p53 and Hippo
signaling were significantly enriched (Table 5 and
Figure 6). In an attempt to visualize the relationships
between the protein coding genes targeted by the different
miRNAs, we obtained the subset of genes that were
enriched in at least one KEGG pathway (Table 5) and
created their protein—protein interaction network with the
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Table | Patients’ Characteristics

All Patients
Characteristics N %
Number of patients 56
Age (years)
Median (range) 71 (51-86)
PSA before RT
Median (range) 0.5 (0—45.56)
Gleason score
6 2 3.6
7 27 48.2
8-10 27 48.2
RT dosage (Gy)
Mean (range) 69 (63-72)
Risk groups
Low 0 0
Intermediate 9 16.1
High 47 83.9
Radical prostatectomy
No 17 30.4
Yes 39 69.6
Resection
RO 18 46.1
R1 21 53.8
R2 0 0
Biochemical relapse post-
radical prostatectomy
No 19 48.7
Yes 20 51.3
Reason for RT administration
Adjuvant post RI resections 19 339
Definitive treatment as single modality | 17 30.4
Salvage treatment for rising PSA | 20 357
after surgery
Anti-androgen treatment
during RT
Yes 37 66.1
No 19 339
Extra-prostatic extension
Yes 31 553
No 13 232
No data 12 21.4
Perineural invasion
Yes 24 428
No 15 26.7
No available data 17 30.3
(Continued)

Table | (Continued).

All Patients

Characteristics N %
Seminal vesicles invasion

Yes 18 322

No 25 44.6

No available data 13 23.2
Lymph node infiltration

Yes 6 10.7

No 36 64.3

No available data 14 25.0
Biochemical relapse post-RT

Yes 15 26.8

No 4| 732
Death

Yes 9 16.1

No 47 83.9

Abbreviations: Low risk, Tla-T2a, Gleason=6, PSA<I0 ng/mL; intermediate risk,
T2b-T2c, Gleason=7, PSA 10-20 ng/mL; high risk, T2T3a or Gleason score=8-10
or PSA>20 ng/mL; Gy, Gray.

use of STRING-DB. The network consisted of 90 genes is
shown in Figure 7. Slight tendency for common occur-
rence of targets of hsa-miR-21 and hsa-miR-106b (blue-
orange connecting edges, respectively; Figure 7) is visible
in the network and also quantified in an increased Jaccard
similarity for this particular combination (Table 6).

Discussion
In the present study, we assessed the expression levels of
four miRNAs in serum prior- and post-RT and evaluated
their prognostic significance in PCa patients. We found
that low expression levels of miR-106b prior-RT were
correlated with extraprostatic extension and seminal vesi-
cles invasion. In addition, patients in the high-risk sub-
group who experienced BR had significantly higher
distributions of post-RT levels of miR-21. Furthermore,
in the salvage RT-treated subgroup, patients who experi-
enced BR had significantly higher post RT mir21 and
mirl06b distribution levels compared to those without
recurrent disease. Most importantly, high expression levels
of miR-21 prior and of miR-106b post-RT were associated
with shorter OS. Finally, bioinformatics analysis of mRNA
targets revealed interesting associations related to DNA
repair pathways regulated by the examined miRNAs.
MiR-21 is a well-known oncomir with regulatory roles in
cell  proliferation,

apoptosis,  epithelial-mesenchymal
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Table 2 Correlation of miRNA Expression Levels with Clinical Parameters Prior-RT (p Values are Shown)

Variable miR-21 miR-106b miR-141 miR-375
Extraprostatic extension 0.969 0.031* 0.122 0.837
PNI 0.194 0.484 0.899 0.470
N 0.228 0.044%* 0.558 0.318
LN infiltration 0.746 0.175 0.983 0.834
BR prior-RT 0.182 0.848 0.960 0.279
BR post-RT 0.554 0.937 0.816 0.449

Notes: Mann—Whitney U-test, *p<0.05.

Abbreviations: SVI, seminal vesicle invasion; PNI, perineural invasion; LN, lymph node; BR, biochemical relapse.

transition (EMT) and chemoresistance.>” MiR-21 mediates
androgen-induced prostate cancer cell proliferation and is
sufficient for androgen-dependent tumors to overcome cas-
tration-mediated growth arrest.>®** Also, miR-21 promotes
prostate cancer cell proliferation by targeting PTEN*
whereas, by regulating MARCKS it promotes apoptosis
resistance and invasion in prostate cancer cells.*’

MiR-21 is commonly up-regulated in cancer tissue in
several types of malignancies, including PCa,** thus it has
been proposed as a potential biomarker in the prognosis of
PCa patients.’” Specifically, deregulated circulating miR-21
has been shown to distinguish PCa patients from healthy
adults and local from metastatic disease.*® It has also been
proposed as predictor of chemotherapy efficacy in metastatic
hormone refractory disease.** In addition, up-regulated
expression of tissue miR-21 is an independent predictor of
5-yr biochemical recurrence.* This is in accordance with our
results that higher circulating levels of miR-21 prior-RT were
associated with increased rates of BR in the subgroup of

A
p=0.031

2+

Log10mir106b prior RT
Log10mir106b prior RT

0=

42
°

high-risk patients and those receiving salvage RT.
Furthermore, we showed for the first time in this study that
high expression levels of circulating miR-21 prior-RT are
associated with shorter OS.

MiR-106b is a member of the miR-106b-25 cluster,
which is frequently deregulated in several types of cancer,
including PCa and has been associated with cancer
progression.*° It has been found to play dual role in cancer
development, acting either as oncomir or as tumor
suppressor.*’ MiR-106b has been shown to regulate apop-
tosis and focal adhesion-related pathways.*® Also, miR-
106b promotes cell proliferation and invasion* and in
another study was shown that its hypoxia-induced over-
expression results in a more aggressive phenotype.*® It has
also been shown that miR-106b is highly expressed in
metastatic tissues compared to normal and is correlated
with bone metastasis.”' In contrast, we herein found that
lower expression levels of miR-106b before RT were cor-

related with locally advanced disease.

3

p=0.044

0

.40
o2

T T
Disease confined in the prostate Extraprostatic extension

1
SVI

T
NO svI

Figure 3 Fold change of serum miR-106b expression levels prior-RT, according to (A) extraprostatic extension and (B) seminal vesicles invasion (SVI). Mann—Whitney
U-test was used to determine statistically significant differences, and the results are displayed on box plots. Horizontal line depicts median, whereas the length of the boxes is
the interquartile range that represents values between the 75th and 25th percentiles of individual fold change expression values. p Values are shown.
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Table 3 Correlation Coefficients Among the Four miRNAs

Prior-RT
miR-21 miR-106 miR-141 miR-375
miR-21 |
miR-106 0.414* |
miR-141 0.764%* 0.518%* |
miR-375 0.699%* 0.404* 0.807** |
Post-RT
miR-21 |
miR-106 0.373* |
miR-141 0.752%* 0.414* |
miR-375 0.690°** 0.397% 0.844** |

Notes: *p<0.01, *p<0.00I.

In irradiated prostate cancer cells, miR-106b increases
radioresistance by overriding p2l-activated cell cycle
arrest.’® In addition, similar results were obtained for
colorectal’’ and cervical cancer cells.”® Over-expression
of miR-106b was also correlated with increased risk of
early recurrence.”’ In accordance with the above results,
we observed that higher post-RT levels of miR-106b were
associated with increased rates of BR in the subgroup of
patients receiving salvage RT. Moreover, we found that
higher post-RT levels are associated with shorter OS. As it
is noted, limited data exist regarding miR-106b role in
clinical samples, and therefore its prognostic significance
shown for the first time in our study, merits further evalua-
tion in PCa.

MiR-141 also plays a major role in PCa, targeting
genes that regulate apoptosis, cell proliferation and EMT
transition.”® It was one of the first circulating miRNAs

associated with PCa pathogenesis and poor prognosis.>
MiR-375 is involved in cell proliferation and EMT transi-
tion in PCa.>* It also stimulates cell growth and invasion
and impairs apoptosis.>* Higher expression levels of miR-
375 and miR-141 are associated with worse prognosis,
high Gleason scores, positive lymph nodes, castration
resistance and metastatic disease.”> Although their expres-
sion prior and post-RT was strongly correlated with that of
miR-21, probably due to underlying common mechanisms
of regulation, we did not find significant associations with
pathological features or with patients’ outcome.

KEGG pathway enrichment analysis revealed 19 sig-
nificantly enriched pathways mostly related to cancer.
Among these, p53, FoxO and Hippo signaling are widely
reported to be correlated with the DDR.’*** Interestingly,
major regulatory components of the above pathways such
as MDM2, FOXO3 and YAP1 were included in the 90
genes that were enriched in at least one KEGG pathway.
Furthermore, the increased Jaccard similarity for common
occurrence of targets of miR-21 and miR-106b suggest
a functional link between these two miRNAs related
to DDR.

Most of our knowledge about the role of miRNAs in
radiation response comes from in vitro studies. Among others,
mir-21 was upregulated during RT in breast cancer stem cell
cultures and was associated with negative prognostic factors
such as ki-67 and triple-negative phenotype in breast cancer
patients.> In non-small cell lung cancer (NSCLC) cells, mir-
21 increased radioresistance either by upregulating hypoxia-
inducible factor 1a°° or by downregulating PTEN, SNX1, and
SGPP1 expression and increasing Akt phosphorylation®' or
even by inhibiting programmed cell death.®® Inhibition of mir-
21 decreased radioresistance in esophageal cancer cells
through activation of PTEN®® and in malignant glioma cells
through inhibition of PI3k/AKT pathway® or increased

Table 4 Association of miRNAs Expression Levels with Post-RT Biochemical Relapse in the Subgroups of High-Risk (n=47) and

Salvage Treatment (n=20) Groups of Patients

miR-21 miR-106b miR-141 miR-375
Before RT Post-RT Before RT Post-RT Before RT Post-RT Before RT Post-RT
High-risk group (n=47)
0.334 0.043* 0.841 0.444 0.678 0.119 0.279 0.147
Salvage treatment group (n=20)
0.866 0.045* 0.526 0.033* 0.928 0.190 0.499 0.128

Notes: Mann—Whitney U-test, *p<0.05.
Abbreviations: High risk, T2T3a or Gleason score=8-10 or PSA>20 ng/mL; RT, radiotherapy.
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Figure 4 Mann-Whitney U-test demonstrating the differences in the distributions of (A) miR-21 fold change of expression post RT, in the high risk subgroup among those
who experienced relapse and those without relapse, (B) mir2| and (C) miR-106b fold change of expression post RT, in the subgroup of salvage-treated among those who

experienced biochemical relapse compared to those without relapse.
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Figure 5 Kaplan—Meier analysis for overall survival (OS) according to miRNA expression in the serum of prostate cancer patients (n = 56). Patients were classified into high
and low expression groups according to the median value of each miRNA. OS in patients with high or low expression of (A) miR-21 prior-RT and (B) miR-106 post-RT.
Curves were compared using the log rank test. p Values are shown; RT, radiotherapy.

expression of PDCD4 and hMSH2.% It is also linked to radio-
resistance due to DNA double-strand breaks repair.”>°® Over-
expression of mir-106b in cervical cancer cells resulted in
decreased radiosensitivity by negatively regulating
Immediate Early Response 3 (IER3) gene.’” In the same
study, Growth Arrest-Specific 5 (GASS) noncoding RNA
“sponged” mir-106b, resulting in increased radiosensitivity.
To the best of our knowledge, the present study is
among the first to correlate circulating miRNAs with out-
comes of PCa patients undergoing RT. Limitations of the
current study include the small cohort of patients with
limited statistical power and the lack of validation in an

independent patient group. Also, due to the small number
of events post-RT, the associations of high miR-21 and
miR-106b expression levels with shorter OS were not
validated as independent predictors in a multivariate ana-
lysis. However, significant advantages strengthen the
power of our results such as 1) pre-analytical and analy-
tical parameters were thoroughly examined to avoid bias
in miRNAs detection and quantification,®’ 2) blood sam-
ples and clinical information were prospectively collected
and 3) follow-up time was adequate for our patient cohort.
Nevertheless, further studies in an independent cohort of
PCa patients are needed to confirm our findings.
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Table 5 KEGG Enrichment Pathways for the Set of 628 Gene Targets Derived from the Combination of at Least Two miRNAs

Pathway Enrichment | Genes
p-value
MicroRNAs in cancer 5.75e-10 TGFB2,ABLI,CRKLMAPKI,DICERI,MMP9,CCND | ,E2F3,VEGFA, CCNGI, GLS, CCND2, CDKNIA,
MDM2, MYC, THBSI, CYPIBI, MCLI, BCL2LI I, CDC25A, CRK, DDIT4, STAT3, IRSI, BCL2,
PTEN, BMPR2
FoxO signaling pathway 4.24e-05 TGFB2, MAPKI, TGFBRI, CCNDI, FOXO3, CCND2, CDKNIA, PRKAB2, MDM2, IL6, IGFIR,

SETD7, PIK3RI, BCL2L1 I, TGFBR2, STAT3, IRSI, PTEN, USP7

Cellular senescence 0.000151 MREI IA, TGFB2, MAPKI, TGFBRI, CCND, E2F3, FOX03, CCND2, CDKNIA, MDM2, IL6, MYC,
PIK3R1, IGFBP3, HIPKI, TGFBR2, CDC25A, BTRC, PTEN, PPP3RI

p53 signaling pathway 0.000208 SESNI, CCNDI, CCNGI, CCND2, APAFI, TNFRSFI0B, CDKNIA, MDM2, THBS I, IGFBP3, BCL2,
RRM2, PTEN

Chronic myeloid leukemia 0.000393 TGFB2, ABLI, CRKL, MAPKI, TGFBRI, CCNDI, E2F3, CDKNIA, MDM2, MYC, PIK3RI, TGFBR2,
CRK

AGE-RAGE signaling pathway in 0.00166 EDNI, ICAMI, TGFB2, MAPKI, TGFBRI, CCNDI, VEGFA, EGRI, ILIB, IL6, PIK3RI, TGFBR2,

diabetic complications STAT3, BCL2

Bladder cancer 0.00156 MAPK 1, MMP9, CCND, E2F3, VEGFA, CDKNIA, MDM2, MYC, THBSI

HIF-1 signaling pathway 0.00209 TFRC, EDNI, MKNK2, MAPK 1, PGKI, VEGFA, CDKNIA, PDHAI, IL6, IGFIR, PIK3RI, HK2,
STAT3, BCL2

Hepatitis B 0.0024 MAVS, TGFB2, MAP3KI, MAPKI, MMP9, TGFBRI, CCNDI, E2F3, APAFI, CDKNIA, IL6, MYC,

PIK3R1, YWHAZ, STAT3, BCL2, PTEN

Focal adhesion 0.00499 BIRC3, VCL, ITGA6, CRKL, MAPK 1, ITGB8, RAPGEFI, CCNDI, VEGFA, CCND2, ROCK2, THBSI,
IGFIR, PIK3R1, CRK, CTNNBI, PTK2, BCL2, PTEN, PAK2

Thyroid cancer 0.00527 TPR, MAPK I, CCDC6, CCND I, CDKNIA, MYC, CTNNBI, NCOA4

Cell cycle 0.00548 SMCIA, TGFB2, ABLI,CCNDI, MCM3, E2F3, CCND2, CDKNIA, MDM2, MYC, CDC25A,
YWHAZ, WEEI, YWHAG, PRKDC

Pathways in cancer 0.00559 BIRC3, TPR, HSP90AAI, ITGA6, TGFB2, ABLI,CRKLMAPKI,MMP9, JAGI,TGFBRI, CCDCé,
CCNDI, E2F3, VEGFA, CCND2, GNAI3, APAFI, NCOA3, CDKNIA, ROCK2, IL6ST, MDM2, IL6,
MYC,I GFIR, PIK3RI, BCL2L1 1, GNAQ, APPLI, TGFBR2, CRK, CTNNBI, STAT3, PTK2, BCL2,

PTEN, NCOA4

Colorectal cancer 0.00768 TGFB2, MAPKI, TGFBRI, CCND I, CDKNIA, MYC, PIK3R1, BCL2LI I, APPLI, TGFBR2, CTNNBI,
BCL2

Hippo signaling pathway 0.0195 MPP5, TGFB2, SMAD7, TGFBRI, CCND I, CCND2, PARD6B, MYC,YAPI, TGFBR2, YWHAZ, BTRC,

CTNNBI, YWHAG, NF2, BMPR2

Endocrine resistance 0.0203 MAPKI, MMP9, JAGI, CCNDI, E2F3, NCOA3, CDKNIA, MDM2, IGFIR, PIK3RI, PTK2, BCL2

Prostate cancer 0.0248 HSP90AAI, MAPKI, MMP9, CCND I, E2F3, CDKNIA, MDM2, IGFIR, PIK3RI, CTNNBI, BCL2,
PTEN

Platinum drug resistance 0.0318 REV3L, BIRC3, MAPKI, APAFI, CDKNIA, TOP2A, MDM2, SLC31AI, PIK3RI, BCL2

Pancreatic cancer 0.0496 TGFB2, MAPKI, TGFBRI, CCNDI, E2F3, VEGFA, CDKNIA, PIK3RI, TGFBR2, STAT3
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Figure 6 Functional enrichment plot of the set of 628 genes targeted by at least two miRNAs. Pathways related to prostate cancer, cellular functions, miRNAs
deregulation and to DNA repair are shown to be significantly enriched. On the plot, each bubble represents a term and includes the significance of the enrichment as

-logl0 (p-value).

In summary, we herein show that serum miR-106b
expression levels assessed prior-RT were correlated
with locally advanced disease. Also, higher prior- or
post-RT serum miR-21 and miR-106b expression levels
were correlated with BR in the high risk and salvage
RT-treated subgroups and with OS in the whole group
of patients. Furthermore, using a combination of func-
tional enrichment and protein—protein interaction net-
works, we showed that these miRNAs are involved in

cancer-related biological processes and particularly in
DNA repair pathways. The above findings further con-
firm preclinical evidence for their potential role in
in PCa.
in the serum of

mechanisms of radioresistance Therefore,
miR-21 and miR-106b assessment
PCa patients during the disease time course merits
further evaluation to address their potential role as non-
invasive biomarkers for monitoring patients who could

benefit from RT.
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Figure 7 Protein—protein interaction network of 90 protein coding gene targets of at least two miRNAs with significant KEGG enrichments. Color-coding depends on the
associated miRNA (blue, hsa-miR-21; orange, hsa-miR-106b; green, hsa-miR-141 and magenta, hsa-miR-375).

Conclusion

We herein demonstrate that the expression levels of
miRNAs evaluated in the serum of patients undergoing
radiotherapy may hold significant prognostic implications
in PCa. that the

Bioinformatic analysis suggests

unfavorable prognostic role of miR-21 and miR-106b
could be related to their functional involvement in path-
ways related to DDR. Further studies are needed to inves-
tigate the potential functional role of these miRNAs
in PCa.

Table 6 Common Protein Gene Targets with Pathway Enrichment Between miRNA Calculated as Jaccard Index (2*intersection/

Union)
miR (Total Genes) hsa-miR-141 (45) hsa-miR-21 (62) hsa-miR-106b (47) hsa-miR-375 (43)
hsa-miR-141 0.633 0.479 0.529
hsa-miR-21 0.717 0.633
hsa-miR-106b 0.286
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