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Abstract: Prostate cancer (PCa) is a common malignancy in men, necessitating accurate
diagnosis and monitoring to ensure effective treatment and prevent early relapse. Radiation
therapy (RT) is a standard treatment for localized PCa, effectively targeting cancer cells.
However, predictive markers are required to optimize efficacy and long-term monitoring to
mitigate the risks of tumor regrowth and metastasis. This study investigated the levels of 14
miRNAs in urinary extracellular vesicles, comparing healthy individuals (HI) to PCa
patients, as well as the dynamics of these miRNA levels 1 month and 3 months post-RT. A
high diagnostic potential was detected in 42 miRNA ratios that showed significant
differences between HI and PCa patients. Additionally, 43 miRNA ratios exhibited
significant changes before RT and at 1 and 3 months post-RT. Aberrant miRNA expression
was observed, suggesting their utility as biomarkers for diagnosis and prognosis. Dynamic
changes in miRNA expression following RT highlight their potential in assessing treatment
efficacy and predicting disease progression. However, evaluating the prognostic value of RT-
influenced miRNAs requires long-term patient follow-up and retrospective data analysis.
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1. Introduction

Recent statistics indicate that cancer remains one of the leading causes of death worldwide,
accounting for nearly 10 million deaths in 2020 [1]. Among all cancers, prostate cancer (PCa)
is one of the most prevalent in men, ranking second only to lung cancer [2]. Efficient primary
diagnosis of PCa, optimized treatment methods, and close monitoring of treatment efficacy—
combined with early suppression of metastasis—are essential for effective patient
management. Despite significant advancements in molecular biology and imaging, the gold
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standard for PCa screening continues to include rectal examination, prostate-specific antigen
(PSA) blood tests, and multiparametric magnetic resonance imaging (mpMRI) for local staging [3].

PSA testing fails to determine tumor aggressivity and can result in overdiagnosis, i.e.,
certain PCa discovered with early detection may develop slowly and may never be life-
threatening to the patient. Between 20% and 50% of PCa cases are thought to be
overdiagnosed [4]. Despite not being recommended for prostate cancer diagnosis by the U.S.
Preventive Services Task Force since 2012 due to issues with overdiagnosis, PSA testing
remains in use, particularly for monitoring the recurrence of prostate cancer [5].

Several curative treatment options are available for localized prostate cancer, including
radical prostatectomy, radiation therapy (RT), and other ablative procedures [6,7]. RT, also
known as radiotherapy, is a crucial component of cancer treatment that utilizes high-energy
radiation to eradicate cancer cells and reduce the size of tumors. This treatment modality is
employed in various scenarios, including as a primary treatment for cancer and as an adjuvant
therapy to eliminate any remaining cancer cells post-surgery [6]. Its precision in targeting
cancer cells while minimizing harm to adjacent healthy tissues is a notable strength, making
it an effective tool in the fight against cancer [8]. Moreover, radiotherapy's versatility allows
it to be utilized in the treatment of a wide spectrum of cancers, ranging from localized tumors
to widespread disease [9].

Despite these advantages, radiotherapy has certain limitations. Patients undergoing
radiotherapy may experience side effects such as fatigue, skin changes, and potential damage
to nearby organs (e.g., the bowels and urinary tract), which can affect their quality of life
during treatment [10]. Additionally, there is a risk of long-term effects on healthy tissues,
and not all cancer types respond to radiotherapy. Furthermore, some tumors may develop
resistance to radiation over time, necessitating alternative treatment strategies [11]. As a result of
these processes, 30%-50% of PCa patients treated with RT experience biochemical recurrence
(BCR, defined as a PSA level of 0.2 ng/mL or higher) within 10 years post-therapy [12,13].

As aresult, patients must undergo a follow-up procedure after treatment, which typically
includes regular check-ups and PSA testing every 3—6 months for the first 5 years, followed
by annual tests thereafter [14,15]. Therefore, early detection of cancer relapses and tumor
growth, along with treatment strategies that prevent metastasis, is crucial for extending
patient life and improving quality of life.

In light of the points discussed, it is crucial to identify diagnostic methods for prostate
cancer that are less invasive and less painful, yet more accurate than conventional
approaches, in order to determine how the cancer will respond to specific treatments.

Extracellular vesicles (EVs), which have garnered significant attention, are a class of
membrane vesicles that can be released by any cell type [16,17]. Initially thought of as
cellular waste, EVs are now recognized as important mediators of intercellular
communication. They play roles in normal physiological processes and contribute to the
development of diseases [18,19].

EVs transport several materials from donor to recipient cells, including lipids, RNA
species (such as miRNAs, mRNAs, and long non-coding RNAS), oncoproteins,
oncopeptides, and DNA fragments. According to newly available data, EVs play critical roles
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in the development of cancer. These roles include forming metastasis and creating pre-
metastatic niches. It is currently known that cancer cells secrete more EVs than non-
cancerous cells. These particles can be extracted from various physiological fluids such as
blood, urine, bile, synovial fluid, lacrimal fluid, seminal fluid, ascites, and bronchoalveolar
lavage fluids [20,21].

Given that these vesicles are found in urine, which is now widely considered a non-
invasive liquid sample (liquid biopsy), urine is increasingly utilized in clinical diagnostics,
making it the second most commonly used biofluid after blood [22].

Among the molecules packed into EVs, miRNA holds a prominent position due to its
higher prevalence in molar ratio compared to other nucleic acids. It is known for its biological
effects and stability, resisting degradation by endogenous RNases [23-25].

miRNAs packed in EVs have been shown to play a role in all key stages of tumor growth,
including cell cycle control, apoptosis, angiogenesis, epithelial-mesenchymal transition,
invasion, adhesion, DNA repair, metastasis, and others. As a result, their levels vary not only
between healthy individuals and patients but also during the development of the disease and
during treatment [26,27].
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Figure 1. The involvement of the examined microRNAs in different critical biological
functions, some of which are disrupted during the course of prostate cancer.

As known, miRNAs play a crucial role in cancer-related processes and are therefore
considered important cancer biomarkers [28]. Numerous studies have focused on identifying
MIRNAs associated with various cancer types [29]. It has been discovered that only 2-8
nucleotides in a miRNA are responsible for binding to the target gene; thus, each miRNA
can be able to regulate multiple different genes [30]. However, using miRNAs as biomarkers
presents certain challenges, including the need for a reverse transcription step, which requires
normalization of expression levels [31]. Initial studies using single miRNAs as unique
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markers found that they did not provide sufficient diagnostic value. Instead, it has been shown
that sets of miRNAs are more effective for diagnostic purposes [32].

In this study, we aim to investigate the dynamics of 14 miRNA levels in urinary
extracellular vesicles (EVs) 1 month and 3 months after RT of PCa patients and to compare
them with those in HI.

These microRNAs were selected based on our previously obtained data [33] and taking
into account their role in biological processes that are disrupted during the development of
prostate cancer (Figure 1).

2. Materials and methods
2.1. Sample collection

The E. N. Meshalkin National Medical Research Center of the Ministry of Health of the
Russian Federation (Novosibirsk, Russia) provided urine samples from 17 healthy male
individuals (HI) and 17 PCa patients before radiotherapy and after 1 and 3 months post-
radiotherapy in accordance with the specific post-therapy follow-up timeline employed at the
E. N. Meshalkin National Medical Research Center of the Ministry of Health of the Russian
Federation. Table 1 displays the study population’s age distribution and mean age, blood PSA
levels, disease stage, and Gleason score (for PCa patients). The ICBFM SB RAS ethical
committee gave the study its seal of approval (No. 10, 22.12.2008). It is important to mention
that all the participants in this study provided a written informed consent.

Table 1. The study populations parameters.

HI PCa patients
Age, years Mean =standard deviation 54 +3.7 62 £5.5
’ Range 50-60 54-77
Blood PSA, ng/mL Mean =standard deviation 0.85+0.1 8.5 +0.98
Disease stage TLNOMO - 21%
T2NOMO 73%
5 9%
Gleason score 6 - 27%
7 64%

In sterile containers, fresh urine samples were collected. To extract urine supernatant,
urogenital tract cells and debris were removed by centrifugation at 400 g for 20 min at room
temperature and cleared at 17,000 g for 20 min at 24 <C.

2.2. Isolation of urinary EVs

The isolation of the EVs was carried out according to the protocol presented by Konoshenko
et al. [34]. “30 mL of urine supernatant, obtained after centrifugation at 17,000 g, were mixed
with 1.25 mL of 1M NacCl, 0.377 mL of PBS, 0.124 mL of 1M Tris-HCI (pH 7.0), 0.1 mL of
DEXB (0.1 mg/mL), and 150 mL of PEG solution (25% PEG 20000 in PBS) through
repeated pipetting and then incubated for 30 to 40 minutes at 4<C.” [34]. “The samples were
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then centrifuged for 20 minutes at 17,000 g. The supernatant was discarded, and the pellet
was resuspended in 3 mL of PBS-like EV fraction, frozen in aliquots in liquid nitrogen, and
stored at —80<C for later miRNA isolation.” [34].

2.3. Isolation of miRNA by Gu/OcA protocol

The isolation of mMIRNA from urinary EVs was done as recommended by Lekchnov et al. [35].
“EV samples were thawed and gently mixed prior to miRNA isolation. Gu/OcA miRNA
isolation from urine. Synthetic cel-miR-39-3p was spiked into the samples at a rate of 5 <10’
copies per isolation after the addition of denaturation buffer. After isolation, each tube
received 1.5 pL of glycogen (20 mg/mL, Fermentas) to stabilize the miRNA. 30 L of RNase-
free water were used to dissolve air-dried miRNA pellets.” [35].

2.4. Reverse transcription and quantitative RT-PCR

Reverse transcription (RT) on miRNA templates was carried out as described by Chen et al. [36].
Medicinal Chemistry Laboratory (ICBFM SB RAS, Novosibirsk) provided the primers and
TagMan probes (see Supplementary Materials, Table S1) for reverse transcription and qPCR.
Each RT reaction was performed in a total volume of 10 i and contained the following
ingredients: 2.5 L of RNA, 25 nM each of miRNA-specific primers (see Table 2), 50 units
of M-MuLV-RH reverse transcriptase (Biolabmix, Novosibirsk, Russia), 2 L of 5<MMLV
buffer [250 mM Tris-HCI (pH 8.3 at 25 <C), 250 mM KCI, 20 mM MgClz, 50 mM DTT],
and 125 mM of each dNTP. The reaction conditions were as follows: 16 <C for 30 min, 42 <C
for 30 min, and 70 <C for 10 min. Samples without RNA templates were used as negative controls.

Real-time PCR was carried out using the CFX 96™ Real-Time System from Bio-Rad
(USA). A total volume of 24 uL was used for each reaction, which was performed in
duplicate. Each reaction contained 4 pL of RT product, 1 unit of Taqg DNA polymerase
(BiolabMix, Russia), 2.4 L of 10<PCR buffer (BiolabMix, Russia), 480 nM miRNA-specific
forward primer, 640 nM universal reverse primer, and 240 nM specific TagMan probe (see
Supplementary Materials, Table s1). The reactions were conducted for 50 cycles at 95 <C for
15 seconds and 60 T for 45 seconds, following an initial denaturation step (95 <C for 3 min).

The miRNA expression was evaluated in 2 sets: (mMiRNA-30e, -19b, -222, -378a, -425,
-144, -22, -125b, and cel-miR-39) and (miRNA-30g, -125b, -205, -200b, -375, -19b, -9243, -
31, and -660).

2.5. Data analysis and statistical processing

As previously noted, miRNA expression was evaluated in two sets; hence, normalization was
only applied within each set (group of miRNAs). Thus, we conducted an examination of 14
MIRNAS, resulting in the creation of 61 miRNA ratios (pairs).

Each ratio represents the comparison between two specific miRNAs. To quantify these
comparisons, we calculated the Ct difference (dCt) values for each pair of miRNAs as
previously stated in the research conducted by Boeri et al. and Landoni et al. [37,38].
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Furthermore, we calculated the dCt difference values (ddCt) between the studied miRNA
pairs for both patients after therapy and HI. The ddCt values serve as a measure of the relative
expression levels between the miRNA pairs, providing valuable insights into the differences
observed between PCa patients and HI.

The statistical analysis was performed using the package provided by GraphPad Prism
8.0. Ratio-based normalization was carried out using Ct values, which evaluated the relative
expression of all conceivable combinations of each two miRNAs in the sample.

Depending on the outcome of a normality test, the comparison between groups was made
using a one-way ANOVA test or a non-parametric statistical analysis, while a repeated
measures statistical test was used to follow the miRNA levels in a single patient.

Receiver operating characteristic (ROC) curves were used to evaluate the analytical
system'’s specificity and sensitivity. The diagnostic efficacy of miRNA ratios was assessed
using the area under ROC curves (AUC).

3. Results

It was shown that the assays performed for all mIRNAs had a functional range between 24-38
Ct of PCR. RNA samples that produced Ct values within the system'’s operating range were
used to get all of the reported results. It is important to note as well that the spike-in control
(cel-miR-39) was detected in all samples at 25 +1 Ct.

3.1. The diagnostic characteristics of the studied miRNAs

The expression of 42 miRNA ratios in urinary EVs differed between PCa patients and HI.
Table 2 presents the results of comparative expression analysis for miRNA ratios in urinary
EVs between PCa patients and HI. Only statistically significant differences are shown. Figure
S1 demonstrates the box plots and ROC curves of these 42 miRNA ratios.

Table 2. Differentially expressed miRNA pairs between PCa patients and HI.

Line MiRNA ratios ddcCt p-value Line MiRNA ratios ddCt  p-value
1 19h/30e -1.9 * 22 92a/375 -2.4 faladed
2 19h/31 1.7 * 23 125hb/200b 1.7 falaied
3 19b/125b -1.0 * 24 125b/205 1.0 fala
4 19b/375 -1.8 * 25 125h/660 0.6 fola
5 19b/144 —2.8 ok 26 200b/660 -1.1 il
6 19b/222 1.6 fala 27 200b/375 -2.5 il
7 19b/378a 1.5 fala 28 205/375 -1.8 fola
8 19b/425 1.7 ok 29 22/144 -4.7 faladed
9 30e/31 1.4 ok 30 22/30e -2.4 fola
10 30e/92a 2.6 ok 31 22/125b -14 fola
11 30e/200b 2.6 ok 32 144/222 4.5 faladed
12 30e/205 1.9 ok 33 144/378a 5.0 faladed
13 30e/660 1.5 bl 34 144/425 5.2 faladed
14 31/92a 1.1 ok 35 144/30e 2.3 *
15 31/125b -2.8 ok 36 144/125b 2.7 faladed
16 31/200b -1.1 ok 37 222/30e -2.8 folaied
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Table 2. Cont.
Line MiRNA ratios ddCt p-value Line MiRNA ratios ddCt  p-value
17 31/205 -1.7 Fokk 38 222/125b -1.8 falaied
18 31/660 -2.2 Hokek 39 378a/30e —2.7 fal
19 31/375 -3.5 Fokk 40 378a/125h -1.7 falaied
20 92a/125h =17 el 41 425/30e -2.9 Fkk
21 92a/660 -1.1 ok 42 425/125h -1.9 Fkk

Aberrant miRNA expression is shown as differences between mean dCt of PCa patients and HI
(ddCt); *** p < 0.001; ** p < 0.01; * p < 0.05; t-student test.

A correlation analysis using Pearson’s criteria was made to reveal a possible correlation
between miRNA ratios and the clinicopathological characteristics of the studied donor groups
(Table 3). Only weak (|k|=0.1-0.5) and moderate (|k|=0.5-0.7) correlations with age and PSA
were found according to the Cheddok scale. The Pearson correlation coefficient between age
and PSA was 0.67 (p < 0.001).

Table 3. The results of Pearson correlation analysis between miRNA ratios and
clinical-pathological characteristics of studied donors.

Age PSA
MiRNA ratio CE:;S%TK p-value mMiRNA ratio cci):f?‘:rcsic:; t p-value
19b/31 0.36 * 19b/31 0.37 *
19b/375 —-0.36 * 19b/375 -0.34 *
30e/31 0.51 falaled 30e/31 0.67 **
30e/92a 0.4 * 30e/92a 0.51 il
30e/200b 0.49 Fkk 30e/200b 0.55 il
30e/205 0.32 * 30e/205 0.44 *
30e/660 0.3 * 30e/660 0.37 *
31/92a -0.39 * 31/92a —-0.59 falaied
31/125b —0.55 ek 31/125b —0.66 falale
31/205 —-0.45 il 31/200b —0.53 fala
31/660 —-0.37 * 31/205 -0.54 fala
31/375 —0.55 Fokk 31/660 -0.51 faled
92a/125b -0.37 * 31/375 —-0.63 falaied
92a/375 —0.52 ok 92a/125b -0.57 falale
125b/200b 0.47 ol 92a/375 -0.54 fala
125b/375 -0.32 * 125b/200b 0.62 Fkk
200b/660 -0.34 * 125b/205 0.41 *
200b/375 -0.5 Fkk 125b/660 0.51 faled
205/375 -0.39 * 200b/375 —0.52 fala
660/375 -0.38 205/375 -0.44 *
19b/22 0.32 660/375 -0.39 *
19b/144 —-0.36 19b/144 -0.52 el
19b/222 0.45 ol 19b/222 0.46 *
19b/425 0.56 Fkk 19b/425 0.57 il
22/144 —0.59 ok 22/144 -0.6 falale
22/30e —-0.36 * 22/125b -0.36 *
22/125h —-0.42 fala 144/222 0.67 Fkx
144/222 0.66 Fkk 144/378a 0.62 Fkx
144/378a 0.45 fala 144/425 0.68 Fkx
19b/425 0.56 Fkk 19b/425 0.57 Fkx
22/144 —0.59 ok 22/144 -0.6 falake
22/30e —0.36 * 22/125h —-0.36 *
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Table 3. Cont.
Age PSA
MiRNA ratio ng;:g%?lt p-value mMiRNA ratio CE:;:E;:;] t p-value
22/125h —0.42 ok 144/222 0.67 falaled
1447222 0.66 el 144/378a 0.62 faleied
144/378a 0.45 fal 144/425 0.68 falaled
144/425 0.64 Fokk 144/30e 0.42 *
144/30e 0.33 * 144/125b 0.56 falaled
144/125b 0.38 * 222/30e —-0.52 bl
222/378a -0.3 * 222/125b —0.62 falaked
222/30e —0.58 Fkk 378a/30e -0.4 *
222/125b —0.51 whx 378a/125h —-0.45 *
378a/425 0.3 * 425/30e —0.55 ol
378a/125b -0.3 * 425/125b —0.58 el
425/30e —0.57 foie
425/125b —0.64 okk

Moderate correlations are highlighted in bold.
3.2. The dynamics of miRNA expression in urine EVs after RT

In our work, miRNA expre ssion levels in urine EVs from PCa patients before radiotherapy,
as well as 1 and 3 months post-radiotherapy, were studied and compared with miRNA
expression in urine EVs from healthy individuals. After analyzing the data among 61 ratios,
43 miRNA ratios demonstrated significant changes in the studied timeline.

1 month after RT, miRNA levels differed compared to their levels before RT, and we
noticed the formation of three miRNA ratio groups according to the direction of change
regarding the normal state (healthy individuals).

The first group (Figure 2A,B) includes 27 miRNA ratios with dCt values that
significantly changed 1 month later after radiation towards the bulk of the normal state:
30e/200b, 125hb/31, 30e/31, 30e/92a, 30e/378a, 30e/425, 30e/205, 30e/222, 30e/19b, 30e/660,
30e/144, 125b/92a, 200b/660, 425/144, 125b/200b, 222/144, 222/125b, 19b/222, 425/125b,
378a/144, 144/125b, 378a/125b, 19b/378a, 19b/144, 31/660, 205/31, 92a/660. Most of the
studied miRNAs (except miR-22 and miR-375) took part in the ratios in this group.

Another group (Figure 2C,D) includes 7 miRNA ratios that did not significantly change
1 month after RT, although significant differences were observed after 3 months (Table 4):
19b/425, 125b/205, 125b/375, 200b/19b, 375/19b, 375/660, and 19b/92a.

The third group (Figure 2E,F) contains 3 miRNA ratios whose ACt values after 1 month
significantly changed in the opposite direction compared to the healthy donors: 30e/375,
378a/425, and 425/222.

We could not assign six pairs of miRNAs, four of which included miRNA-22, to any of
the above groups (Figure 3).



ExXRNA Article

MicroRNA-30e/200b MicroRNA-425/125b
Sk Hkk
69 4m Hkk
Hx
*
Patients . Patients
] & pcal 1 v ] . ® peal
® Pz ® Pcaz
v poaa v — & - o
¥ @ PCad v * o poas
v © PCas ¥ = | ® PCas
~ ; o pcas g ¥ & PCa7
82 ¥ ® pca7 : & PCa8
v % ® Pcag & PCao
¥ * @ PCas v " PCal0
v PCal0 ¥ % ® Pcail
M ® peail ® pcarz
‘® Pca12 24 PCa13
PCal3 PCal4
| PCald PCals
v PCals — ® Pcals
& Pcalé ® Pcal7
— ® pcal7
Healthy P‘;:‘z“f;;’:f:er 1 month post 3 months post 4 Healthy 3 months post
24 donors Defore therapy Radiotherapy Radiotherapy donors Radiotherapy Radiotherapy
MicroRNA-125b/375 MicroRNA-200b/19b
10m
Hx
Patients 2 Patients
s - pcal & PCal
v * Pcaz v & pca2
v PCa3 v PCa3
¥ ® PCas N M . @ PCas
v & PCsS v i ® PCas
1] @ PCas ; @ PCa6
S o ¥ e pcar @ Pca?
v ® Pcas v & PCa3
* PCad o ¥ ® PCay
PCal0 PCa10
® pcall & PCall
® Pca12 & PCal2
54 PCal3 v PCal3
PCald -8 v PCald
pCals PCals
@ Pcalé v “® PCal6
& PCal? v L4 - Pcal?
20 eathy 1 month post 3months post 107 Heslthy Lot 1 month post 3 months post
aaaaaa Radiotherapy Raciotherapy fonors st Radiotherapy Radiotherapy
MicroRNA-30e/375 MicroRNA-3782/425
- ok .
% Hokk
Hk
v
v
.
24 Patients ./.\' Patients
- pcal # Pcal
v ® PCaz - Pcaz
¥ PCa3 2 v PCa3
- Pcas v ® Pcad
v @ PCas ; . @ pcas
® PCas ¥ 7\'\ @ PCab
o ¥ * Pt g 3 e & PCa7
v - PCas @ PCas
24 v ® PCad ¥ :'_' ® PCag
v PCal0 v PCal0
v - PCail N - PCail
v - Pca12 & Pcal2
PCa13 PCal3
. . pcats pCal4
PCals 4 PCais
® Pcals & Pecats
* pcal? v & pcal?
B~ Healthy patients with 1 month post 3 months post 67 Healthy patients with 1 month post 3 months post
donors. Before therapy Radiotherapy Radiotherapy donors b;‘(’;::‘:h:ar::;' Radiotherapy Radiotherapy

Figure 2. Dynamics of the pairs of prognostic ratio expression (dCt) in urine
microvesicles of PCa patients: (A, B)—miRNA-30e/200b and 425/125b, an example
of the 1st group miRNAs (significantly changed 1 month later after radiation towards
the normal state); (C, D)—mIiRNA-125b/375 and 200b/19b, an example of the 2nd
group miRNAs (expressions did not significantly change 1 month after RT (but,
looking ahead, there were significant differences after 3 months)); (E, F)—miRNA-
30e/375 and 378a/425, an example of the 3rd group miRNAs (significantly changed
after 1 month in the opposite direction in comparison with the healthy donors). <«&>»—
p <0.05, <&*>»—p<0.01, **>»—p<0.001.
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Figure 3. Dynamics of the pairs of prognostic ratio expression (dCt) in urine
microvesicles of PCa patients not included in any of the described groups (19b/22,
425/22, 30e/125b, 200b/205, 378a/22, 222/22). «&>»>—p < 0.05, «&*>>—p < 0.01.

Table 4. ddCt mean values for differentially expressed miRNA pairs before and after

1 and 3 months post-radiotherapy.

Line

miRNA ratios

After 1 month post

radiotherapy

After 3 months

post

radiotherapy

ddCt

p-value

ddCt

p-value

OO N R

30e/125b
30e/200b
30e/205
30e/375

-1.5
-3.0
-1.8
-2.5

*

**k*

**

*k*

0.04
2.7
-1.7
—2.8

**kx

**

**kx
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Table 4. Cont.
After 1 month post After 3 months post
Line mMiRNA ratios radiotherapy radiotherapy
ddCt p-value ddCt p-value

5 30e/19b -2.1 ok -0.9 -
6 30e/92a -2.4 faleied -2.2 falakel
7 30e/31 -2.8 ok -1.9 falaied
8 30e/660 -14 ok -0.7 -
9 125b/200b -1.3 *k -2.5 falaied
10 125b/205 -0.2 - -1.7 el
11 125b/375 -1.0 - -2.8 falaied
12 125b/92a -0.8 * -2.3 falaied
13 125b/31 -1.3 *k -2.0 falaied
14 200b/205 1.1 *k 0.7 -
15 200b/19b 0.7 - 1.6 *x
16 200b/660 1.4 faleied 1.7 falakel
17 205/31 -1.0 * -0.3 -
18 375/19b 0.4 - 1.9 fal
19 375/660 1.1 - 2.0 fal
20 19b/92a -0.3 - -1.3 fal
21 92a/660 0.9 * 15 falaied
22 31/660 1.4 ol 1.2 *
23 30e/378a -3.2 ek -1.7 *x
24 30e/425 -2.3 falaied -1.9 il
25 30e/222 -35 falaied -2.1 **
26 30e/144 3.2 fale 2.0 -
27 19hb/378a -15 fale -1.4 **
28 19b/425 -1.6 - -3.8 **
29 19b/222 -1.8 fale -1.8 **
30 19b/144 4.8 falaied 2.3 **
31 19h/22 8.6 * -2.9 -
32 378a/425 0.9 il -0.2 -
33 378a/144 6.4 faleied 3.9 il
34 378a/22 10.3 * -1.4 -
35 378a/125b 2.2 faleied 2.1 il
36 425/222 -1.2 il -0.2 -
37 425/144 5.4 falaied 4.0 il
38 425/125b 1.3 il 2.3 il
39 425/22 9.2 * -1.6 -
40 222/144 6.7 Fkk 4.3 Fkk
41 222/22 10.4 * -0.9 -
42 222/125b 25 Fkk 2.5 Fkk
43 144/125b —4.3 Fkk -1.7 -

miRNA expression dynamics is shown as differences between mean dCt before RT and after 1, 3 months of
RT, ***p<0.001; ** p<0.01; * p<0.05; ANOVA repeated measures with “Bonferroni's Multiple Comparison
Test”.

3 months after RT (Table 4), the miRNA ratios mostly maintained the same general
dynamics, but with some difference: miRNA-30e/19b, 125b/375, 205/31, 375/19b, 375/660
and 19b/144 joined the third group and started moving opposite to HI; miRNA ratios
125b/205, 200b/19b and 19b/425 joined the first group and started moving towards HI;
miRNA ratios 19b/92a, 30e/378, 30e/222, 30e/144, 30e/660, 222/144, 425/144, 378a/144,
378a/425, 144/125b and 425/222 were divided into two subgroups in different directions
relative to the 1 month point, but all values still remained “within the HI group”; and miRNA
ratios 30e/125b, 200b/205, 378a/22, 425/22, 19b/22, 222/22 have lost their prognostic properties.
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In Table 5, we summarize what we mentioned above and show the final sorting of the
mIRNA pairs according to their dynamics after 3 months post-RT.

Table 5. The changes in miRNA expression profile after 3 months’ post-radiotherapy.

Groups according to the direction of change

regarding the normal state MicroRNA ratios

Group 1: 30e/200b, 30e/205, 30e/92a, 30e/31, 125b/200b,
19 miRNA ratios that significantly changed 3 125b/205, 125b/92a, 125b/31, 200b/19bh, 200b/660,
months later after RT towards the normal state 92a/660, 31/660, 30e/425, 19b/378a, 19b/222,
(Figure 1B) 378a/125h, 425/125b, 222/125h, 19b/425
Group 2:
7 miRNA ratios that changed in the opposite 30e/375, 30e/19b, 125b/375, 205/31, 375/19b,
direction in comparison with the healthy 375/660, 19b/144
individuals
Group 3:
11 miRNA ratios that divided into two subgroups 30e/660, 19b/92a, 30e/378a, 30e/222, 30e/144,
in different directions relative to the 1-month 378a/425, 378a/144, 425/222, 425/144, 222/144,
point, but all values still remained “within the HI 144/125b

group” (Figure 2A)

4. Discussion

MiIRNAs are associated with proliferation, apoptosis, and the regulation of cell fate. In
addition to these essential functions, miRNAs are connected to a variety of physiological
processes, including immunological responses [39]. Thus, the profiling of miIRNA expression
in cancer has been useful in determining the etiological significance of particular miRNAs
related to cancer initiation, development, and/or metastasis, as well as in identifying
differentially expressed miRNAs that may have diagnostic, prognostic, and/or predictive
potential [40-42].

Building on the findings mentioned above, this article investigates the expression levels
of 14 miRNAs, arranged into 61 ratios, in urine EVs obtained from healthy males and PCa
patients (both before and after radiotherapy).

Our analysis identified notable differences in the expression levels of 42 miRNA pairs
between healthy individuals and PCa patients. Based on the results of correlation analysis
with clinicopathological characteristics (Table 3), we can conclude that our proposed analysis
of these 14 miRNAs demonstrates potential for universal applicability. 14 of these ratios
(Table 6) exhibited the highest levels of sensitivity and specificity with the highest diagnostic
potential (AUC > 0.9). Notably, the miRNA-30e/31 ratio achieved the highest AUC value,
amounting to 1.000.

Table 6. miRNA ratios with the best diagnostic performance.

Line mMiRNA ratios AUC Line mMiRNA ratios AUC
1 30e/31 1.000 8 425/125b 0.912
2 30e/92a 0.935 9 125b/200b 0.971
3 30e/200b 0.951 10 19b/425 0.905
4 222/125b 0.954 11 22/144 0.928
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Table 6. Cont.
Line miRNA ratios AUC Line miRNA ratios AUC
5 31/125b 0.964 12 144/222 0.967
6 92a/125b 0.940 13 144/378a 0.931
7 425/30e 0.913 14 144/425 0.984

The obtained results are consistent with known literature databases and agree with what’s
mentioned in them. For example, two miRNA pairs (200b/30e, 30e/31) from the ones that
demonstrated the highest levels of sensitivity and specificity above were also mentioned in a
previous study [43].

It was shown that the chosen miIRNAs take a role in the occurrence and progression of
prostate cancer. For example, studies have reported that the levels of mMiRNA-125b [44,45]
and miRNA-222 [46,47] differ between prostate cancer patients and healthy donors [48], as
do the levels of miIRNA-19b [49], mIRNA-92a [50], miIRNA-200b [33], and miRNA-31 [51].
These findings highlight the potential of these miIRNAs as biomarkers for the diagnosis and
prognosis of prostate cancer. Therefore, we decided to continue monitoring these miRNAS
in the same patient group at 1 and 3 months after radiotherapy.

Radiotherapy has long been recognized for its benefits in treating cancer. However,
radiation-induced damage to nearby normal tissues due to direct radiation exposure, or the
so-called “bystander effect”, which refers to biological consequences in non-irradiated cells
brought on by signals from irradiated cells, remains a concern [52]. Individual chemical
bonds are broken when high-energy ionizing radiation particles enter the body and release
electrons from atoms and molecules. This produces very reactive ions and ion pairs that are
often referred to as reactive oxygen species (ROS). It has been suggested that most RT-induced
cellular genetic damage is caused by ROS [53].

The phenomenon known as the “radiation-induced bystander effect” describes how
signals from neighboring irradiated cells cause non-irradiated cells to exhibit effects at
varying levels. Non-irradiated cells may respond by altering processes such as gene
expression, translation, cell proliferation, apoptosis, and cell death [54]. In other words,
radiotherapy affects the expression of miRNA in addition to the release of extracellular
vesicles, thus the miRNA levels.

All the complications mentioned above affect the miRNA profile. These complications
can be acute (cell deaths and inflammation). This is why we decided to test at the one-month
point after radiotherapy to give the organism a chance to heal because the necrosis or
apoptosis of cells will introduce noise, which will affect our results and make them hard to
explain. Complications can also last for a long time, like fibrosis, for example, which is
believed to be a long-term complication of radiotherapy [55].

Determining the impact of radiotherapy on the expression of the 14 studied miRNAs was
the primary goal of the current study. Radiotherapy is known to generate multidirectional
changes in miRNA relative expression levels and to have a substantial impact on their
expression [56-58]. Nevertheless, the literature has only a small number of studies examining
modifications in miIRNA expression following radiation, particularly in dynamics [59]. Most
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studies focus on analyzing the effect of radiotherapy on one point only, whereas we provided
the miRNA expression dynamics before and 1 and 3 months’ after RT.

According to the obtained results, 43 miRNA ratios demonstrated significant changes in
the studied timeline; 19 of them included the miRNAs, whose dynamics either returned to
normal (compared to healthy donors) or shifted toward the normal profile (see Figure 1A,
Table 4). These miRNA ratios show high potential in terms of assessing the efficacy of
radiotherapy and evaluating and predicting illness progression.

The second group, whose dynamics changed in the opposite direction compared to
healthy donors (see Figure 2C, E), may be associated with the side effects of radiotherapy
since it is known that radiotherapy can cause several side effects like fibrosis, inflammation,
and acute toxicity (gastrointestinal and genitourinary), in addition to the fact that the cell
response for such therapy includes different events like oxidative stress, hypoxia, DNA repair,
and apoptosis [56,60], and miRNAs are key regulators in all of these events [61,62].

There was a group of miRNA ratios whose dynamics showed minimal change after 1
and 3 months, remaining at the same level with the patients (Figure 2). It is too early to
provide a clear explanation for this group. Further monitoring and research will be crucial to
giving a better understanding, as their profile may change after 6 months or 1 year, potentially
aligning with the first or third group.

It is important to take into account that patients after treatment could not be considered
healthy individuals. Thus, some markers can remain dysregulated even after treatment as well
as during remission [14,15,56,57].

As for group 2, it is important to note that although we are discussing the direction of
ddCt values in an opposite direction to HI, attention should be given to the initial absence of
significant differences between HI and the point before RT; therefore, the direction of this
group will always be opposite to HI (Figure 1 C-E).

It should be highlighted that there were differences between miRNA pairs with high
diagnostic potential and those with the highest prognostic potential. This suggests that the
investigated mMiRNAs have varying potential for diagnosis, prognosis, and relapse prediction
and, thus, varied areas of use.

For example, based on the data in Table 3, good prognostic indicators (ddCt values > |2|
and p < 0.001) 3 months after RT were demonstrated by 18 pairs of miRNAs (consisting of
12 miRNAs: -30e, -200b, -375, -92a, -125b, -660, -222, -19b, -425, -144, -378a, and -22),
with miRNA-30e, 222, and -144 occurring in four pairs and miRNA-125b in six pairs. These
miRNAs may be considered prognostic as soon as their relative expression alters towards HI,
whereas no donors with relapse (at the 3-month point) were detected. However, to confirm
this conclusion, a longer period of observation is necessary.

Based on the sign of the ddCt values (+ or —, Table 3) and the direction of changes
relative to HI (Table 4), we can conclude that miRNA-30g, -125b, and -144 play a tumor-
suppressor role, while miRNA-222 appears to have an oncogenic role.

MiRNA-30e is a member of the miRNA-30 cluster. This cluster is consisted of 6
MIRNAs (miR-30a, miR-30b, miR-30c, miR-30d, and miR-30e) [63]. The miR-30 cluster is
associated with cell differentiation, cellular senescence, and apoptosis. It is also involved in
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the pathogenesis of tumors and other disorders of the nervous, genital, circulatory,
alimentary, and respiratory systems. [63]. MiRNA-30e is considered a tumor suppressor in
different tumors, including PCa. In PCa, miRNA-30e levels are downregulated. If restored,
it reduces expression of several MRNAs like androgen receptor, F-Box Protein 45 (FBX045),
Serine and Arginine Rich Splicing Factor 7 (SRSF7), MYB proto-oncogene like 2 (MYBL2),
and HELLP-Associated Long Non-Coding RNA (HELLPAR), which play a key role in
apoptosis, cell cycle, and ubiquitination [64—66].

MiIRNA-125b was mentioned in different studies as a tumor suppressor; thus, it was
shown that this particular miRNA plays a crucial role in modulating various signaling
pathways, including NF-kB, p53, PI3K/Akt/mTOR, ErbB2, and Wnt. Through these
pathways, it can influence processes such as cell proliferation, differentiation, metabolism,
apoptosis, drug resistance, and tumor immunity [67,68]. Its expression level was
downregulated in various tumors since the low expression of miR-125b promotes cell
proliferation, migration, and invasion [69]. In PCa, this miRNA functions as a tumor
suppressor. Studies have shown that miRNA-125b levels are markedly reduced in tumor
tissues compared to benign prostate tissues in patients [67].

A similar observation was made with microRNA-144. It was downregulated in patients
compared to healthy individuals, and since it is known that this microRNA acts as a tumor
suppressor, its expression was downregulated in several tumors like lung cancer [70],
esophageal squamous cell carcinoma (ESCC) [71], gastric cancer (GC) [72], and also prostate
cancer [73,74].

In support of our data, microRNA-222 is a widely studied oncogenic miRNA commonly
overexpressed in various human cancers, including esophageal adenocarcinoma, gastric
adenocarcinoma, colorectal adenocarcinoma, hepatocellular carcinoma, pancreatic ductal
adenocarcinoma [75-77], and prostate cancer [78].

We also mentioned the observation of subgroup formation in some miRNA pairs (for
example, 19b/425 and 425/125b at the 1-month point, and 92a/30e, 30e/200b, 31/30e,
378a/30e, and 30e/222 at the 3-month point) (Figure 2). These can be due to various factors;
one suggestion can be the radiosensitivity or radiation resistance of the tumor, which can
affect the miRNA profile between patients. The largest percentages of microRNAs included
in these pairs are miR-30e and 425. In the literature, there is data on changes in miR-425 in
the blood plasma of patients with head and neck squamous cell carcinoma (HNSCC) [79]
and miR-30e in glioma cells after they received RT [80], but such data could not be found in
PCa diseases.

Moreover, several studies have shown that miRNAs (222 [81,82], 31 [83], and
19b [84,85]) are also highly responsible for the radiosensitivity and radiation resistance in
different tumors.

Naturally, there are several reasons why it isn't always possible to definitively and
properly identify the roles that certain miRNAs play in the development of cancer or before
or after therapy. First off, there is the intricate network of interactions between mRNA and
MIRNA molecules that control their expression. The expression of miRNAs varies in
response to a wide range of stimuli since a single miRNA might be engaged in numerous
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cascades and processes [86]. Second, there are numerous individual characteristics that might
impact the dynamics of the relative expression of any miRNA in a single donor. These
include the presence of concomitant disorders (acute and chronic), complications during
radiotherapy, drug use, and more. Thirdly, the particulars of the experiment's design, like the
type of biomaterial chosen, how it was prepared, and how miRNA expression was assessed,
also influence the analysis's findings [87].

5. Conclusion

In conclusion, our investigation into the expression levels of 14 miRNAs in urine EVs from
HI and PCa patients, both before and after radiotherapy, has yielded significant insights.
Distinct differences in the miRNA expression levels between healthy donors and PCa patients
were observed.

The miRNAs examined in this study can be categorized into mostly oncogenic, mostly
tumor suppressive, and of unclear function groups. Our findings align with previous studies,
indicating the potential of these miRNAs as biomarkers for the diagnosis and prognosis of
prostate cancer.

Furthermore, our study tracked the changes in miRNA expression dynamics before
radiotherapy and at 1 and 3 months post-radiotherapy. We identified two main groups of
mMiRNA pairs based on their dynamic profiles. In our view, the most promising miRNA pairs
for assessing the effectiveness of radiotherapy are 19 pairs consisting of 11 miRNAs (30e,
200b, 205, 92a, 31, 125b, 19b, 660, 425, 378a, and 222).

Our study sheds light on the intricate and multifaceted interplay between miRNA
expression and radiotherapy, emphasizing the potential of miRNAs as biomarkers for
assessing treatment response and disease progression in prostate cancer. Nonetheless, the
complexities of MIRNA expression dynamics and the influence of various factors necessitate
continued research to fully elucidate their roles in cancer development and therapy response,
particularly in the context of long-term outcomes and potential relapse or metastasis.
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