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ORIGINAL ARTICLE

Genetic and epigenetic bases of prostate tumor 
cell radioresistance

Genetické a epigenetické základy radiorezistence nádorových 
buněk prostaty

Kutilin D.
National Medical Research Oncology Center, Rostov-on-Don, Russian Federation

Summary
Background: Radiation therapy plays a leading role in the treatment of prostate cancer, but 
the emergence of radioresistant forms of this disease dictates the need for a personalized ap­
proach based on the data from genetic and epigenetic markers. Such markers include the copy 
number variation as well as gene and microRNA expression. Purpose: The aim of the study was 
to validate the list of potential predictors of radioresistance of prostate tumor cells in a model 
experiment based on the determination of gene copy number variation, gene transcriptio­
nal activity and microRNA expression. Material and methods: The study used a PC-3 prostate 
cancer cell culture. The determination of the relative copy number variation and expression of 
32 genes (BRCA1, BRCA2, PTEN, CASP3, CASP8, BAX, BCL2, CASP9, P53, MDM2, AKT1, ATM, BRIP1, 
CDK1, CDKN1B, CCND1, CCND3, FGFR2, KU70, RAD50, RAP80, Rif1, RNF168, TopBP1, HIST, H2AX, 
EXO1, XRCC4, RBBP8, EP300, LIG4, C-FLIP), as well as 15 microRNAs (let-7, miR15a/ 16, miR-17, 
miR-18a, miR-21, miR-24, miR-26b, miR-99a, miR-100, miR-101, miR-106a, miR-663a, miR-143, 
miR-145) was performed using the real-time quantitative polymerase chain reaction method. 
It was found that daily irradiation of PC-3 cells on a Novalis TX linear accelerator at doses of 
6 and 7 Gy for 5 days leads to a significant decrease in the total number of cells and the num­
ber of viable cells. Nevertheless, after 5 days of irradiation, about 15% of the initial number of 
prostate tumor cells retained their viability, which is due to their special genetic and epigenetic 
characteristics: increased copy number and expression of genes BRCA2, CDK1, CDKN1B, H2AX, 
RAD50, XRCC4, RBBP8 and EP300 and reduced copy number and expression of CCND3, TP53, and 
BCL2 genes, as well as differential expression of six microRNAs (hsa-miR-18a-5p, hsa-miR-24-5p, 
hsa-miR-99a-5p, hsa-miR-100-5p, hsa-miR-145-5p, hsa-let-7a-3p). Conclusion: This study ena­
bled to identify genetic and epigenetic markers of prostate tumor cells resistance to radiation 
therapy.
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Background 
Prostate cancer ranks second in the 
structure of cancer incidence in men of 
all age groups. The increase in the inci­
dence over the past 10  years is 143%, 
which is the highest rate among all on­
cological pathologies [1].

Radical prostatectomy and radiation 
therapy are the main therapeutic ap­
proaches for prostate cancer  [2]. RT in 
the independent embodiment, and in 
combination with other methods, plays 
a  leading role in the treatment of this 
pathology [3], but the appearance of ra­
dioresistant forms necessitates person­
alized approach based on the data of 
molecular genetic markers [1].

The reasons for radioresistance are 
being actively studied. One of them may 
be hyperactivation of DNA repair mech­
anisms in tumor cells [4]. It is known that 
the balance between the mechanisms 
of DNA damage and DNA repair deter­
mines the cells viability after exposure 
to ionizing radiation [5]. An equally im­
portant factor affecting the sensitivity 
to RT is hypoxia, taking into account the 
important role of oxygen in the reaction 
of reactive oxygen species formation in­
duced by RT [6].

Despite the evolution of RT methods, 
and despite the fact that the main mech­
anisms of radioresistance formation are 
currently known, the oncologist is una­
ble to determine predictors of RT sen­
sitivity with a  high level of reliability. 
Therefore, the problem of predicting ra­

dioresistance remains relevant. To solve 
it, model experiments on appropriate 
cell cultures are needed, the first stage 
of which is to assess the effect of RT on 
the tumor cells survival.

The second stage of such experiments 
involves molecular markers of radiore­
sistance identification. Such markers in­
clude the copy number variation (CNV), 
a type of genetic polymorphism that can 
result in a  decrease or increase in the 
copy number of a particular gene, and, as 
a consequence, decreased or increased 
expression of a gene product – a protein 
or non-coding RNA (including micro-
RNA) [7]. Accordingly, the expression in­
dices of these genes and microRNAs also 
have a certain potential as markers. 

A meta-analysis carried out on the 
basis of data published in the years 
2000–2020, summarizing the expe­
rience of radiation therapy for patients 
with localized prostate cancer and data 
on gene copy numbers, gene expression 
and micro-RNA, allowed us to form a list 
of potential molecular markers, consist­
ing of 32 genetic loci – components of 
signaling cascades involved in DNA re­
pair, cell cycle regulation and apopto­
sis – as well as a list of 15 microRNAs [8].

Therefore, the study aim was to val­
idate the list of potential predictors of 
prostate tumor cells radioresistance in 
a model experiment based on the deter­
mination of genes copy number, genes 
transcriptional activity and microRNA 
expression.

Materials and methods
The study used a human prostate can­
cer cells culture – PC-3. Cells genotyp­
ing was carried out using the COrDIS 
Sprint kit (Gordiz, Russia), the com­
pliance with the standard genotype and 
absence of contamination of the given 
cell line was checked (comparison with 
the ATCC database) [9]. Cultivation was 
carried out in sterile flat-bottomed flasks 
in RPMI-1640  medium with 10% fetal 
bovine serum and 50 μg/ mL gentamicin 
concentration under conditions of 5% 
CO2 and 95% humidity at 37 ºC [10].

For the model experiment, doses of 
6  and 7  Gy were used (irradiation was 
performed 5  times every 24  hours on 
a  Novalis TX linear accelerator). The 
cells were counted in a Goryaev cham­
ber (0.4% trypan blue solution). On 
the 5th day of irradiation, PC-3  cells 
were removed from the substrate with 
trypsin/ versene solution. The estimation 
of the number of cells in different stages 
of apoptosis was carried out on a Facs­
CantoII flow cytometer (BD, USA) using 
the Annexin V-FITC Apoptosis Detection 
Kit (BD Pharminogen, USA) [10].

Nucleic acids isolation
The cell mass (PC-3  cell culture) was 
washed from the medium with Dulbec­
co’s phosphate buffered saline (Biolot, 
Russia), divided into two tubes, and pre­
cipitated by centrifugation. A  total of 
900 μL of QIAzol reagent (QIAGEN) was 
added to the pellets of tube 1. Further 

Souhrn
Východiska: Radiační terapie hraje hlavní roli v léčbě karcinomu prostaty, ale výskyt radiorezistentních forem tohoto onemocnění diktuje po­
třebu personalizovaného přístupu založeného na údajích z genetických a epigenetických markerů. Takové markery zahrnují změnu počtu kopií, 
expresi genů a mikroRNA. Cíl: Cílem studie bylo ověřit seznam potenciálních prediktorů radiorezistence nádorových buněk prostaty v modelo­
vém experimentu založeném na stanovení variací počtu genových kopií, genové transkripční aktivity a exprese mikroRNA. Materiál a metody: Ve 
studii byla použita buněčná kultura karcinomu prostaty PC-3. Stanovení relativního počtu kopií a exprese 32 genů (BRCA1, BRCA2, PTEN, CASP3, 
CASP8, BAX, BCL2, CASP9, P53, MDM2, AKT1, ATM, BRIP1, CDK1, CDKN1B, CCND1, CCND3, FGFRAD250, RUAP80, Rif1, RNF168, TopBP1, HIST, H2AX, 
EXO1, XRCC4, RBBP8, EP300, LIG4, C-FLIP) a 15 mikroRNA (let-7, miR-7, miR15a/16, miR-17-92, miR-18a, miR-21, miR-24, miR-26b, miR-34s, miR-99a, 
miR-100, miR-101, miR-106, miR-663) bylo provedeno pomocí metody kvantitativní polymerázové řetězové reakce v reálném čase. Bylo zjištěno, 
že denní ozáření buněk PC-3 na lineárním urychlovači Novalis TX při dávkách 6 a 7 Gy po dobu 5 dnů vede k významnému snížení celkového 
počtu buněk a počtu životaschopných buněk. Nicméně po 5 dnech ozáření si asi 15 % původního počtu nádorových buněk prostaty zachovalo 
svou životaschopnost, což je způsobeno jejich zvláštními genetickými a epigenetickými vlastnostmi: zvýšený počet kopií a exprese BRCA2, CDK1, 
CDKN1B, H2AX, RAD50, XRCC4, RBBP8 a EP300 a snížený počet kopií a exprese genů CCND3, TP53 a BCL2, jakož i diferenciální exprese šesti mi­
kroRNA (hsa-miR-18a-5p, hsa-miR-24-1-5p, hsa-miR- 99a-5p, hsa-miR-100-5p, hsa-miR-145-5p3, hsa-let-7a-2-3p). Závěr: Tato studie umožnila 
identifikovat genetické a epigenetické markery rezistence nádorových buněk prostaty na radiační terapii.
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using the reference sequences of the 
NCBI GenBank and the Primer-BLAST 
program. The primer sequence is shown 
in Tab. 2.

Each locus was positioned in three 
technical repetitions (as well as for CNV 
determination). The reaction mix con­
taining 1× PCR buffer, 0.2 mM dNTP mix, 
2.0 mM MgCl2, 500 nM primers, 0.05 U/ μL 
Taq polymerase (Synthol) and 10 ng DNA 
was used for amplification. The resulting 
mixture was incubated at RT-thermo­
cycler CFX 96 (Bio-Rad, USA) in accord­
ance with temperature conditions: initial 
denaturation t = 95 °C for 240 s, 40 cy­
cles: t = 95 °C for 10 s, t = 58 °C for 30 s, 
t = 72 °C for 30 s.

Relative expression (RE) was calcu­
lated using the formula RE = E-DDCt. The 
results were normalized for three ref­
erence genes GAPDH, ACTB and B2M, 
and the level of corresponding target 
genes expression in intact cell samples, 
sequentially according to the scheme 
below:
1. �normalization by the geometric mean 

of the reference genes: DC (t) = gC (t) 
target – gC (t) reference;

2. �calculation of the median DC (t) for 
each gene for the control (intact cells) 
and experimental (irradiated) groups;

3. �normalization for the control group 
and the final result (fold difference): 
E-DDC (t) (DDC (t) = DC (t) median of the 
experimental group – DC (t) median of 
the control group) [14]. E is the ampli­
fication efficiency calculated by the 
formula E = 10-1/ k, where k is the coeffi­
cient from the equation of the straight 
line C(T) = k × logP0 + b, obtained by 
linear approximation of the experi­
mental data (Eav = 1.94).

The relative copy number (rC) was cal­
culated by the formula [12]: 

rC = rCir/ rCc =  
= E-DCt(irradiated cells)/ E-DCt(intact cells (control))

where E is the amplification efficiency 
calculated by the formula E = 10-1/ k where 
k  is the coefficient from the equation 
of the straight line C(T) = k × logP0+b, 
obtained by linear approximation of 
the experimental data (Eav  =  1.914), 
and DCt  =  geometric mean of Ct (test 
gene) − geometric mean of Ct (reference 
gene) [12].

A reaction mixture containing 5  μM 
random primers, 1× RT buffer, 0.5  mM 
dNTP mix, 0.5  U/ μL RNase Inhibitor 
(Thermo scientific), 5  U/ μL Reverse­
Transcriptase ММLV (Syntol) was pre­
pared for cDNA production. The result­
ing mix was gently mixed, incubated in 
a thermostat at 44 °C for 1 hour, then re­
verse transcriptase was inactivated for 
10 minutes at 92 °C. The resulting prepa­
rations were subjected to concentration 
measurement and stored at −80 °C until 
RT-qPCR.

RT-qPCR was used to determine the 
relative expression values of 32 genetic 
loci (BRCA1, BRCA2, PTEN, CASP3, CASP8, 
BAX, BCL2, CASP9, P53, MDM2, AKT1, ATM, 
BRIP1, CDK1, CDKN1B, CCND1  CCND3, 
FGFR2, KU70, RAD50, RAP80, Rif1, RNF168, 
TopBP1, HIST, H2AX, EXO1, XRCC4, RBBP8, 
EP300, LIG4, C-FLIP). After a series of pre­
liminary experiments, GAPDH, ACTB and 
B2M were used as reference genes. Ex­
pression stability for reference genes se­
lection was assessed using the geNorm 
program [13]. The design of specific ol­
igonucleotide primers was carried out 

isolation and purification of total RNA 
fraction was performed using the RNeasy 
Plus Universal Kits (QIAGEN) according to 
the manufacturer’s protocol. If necessary, 
prepared RNA samples were treated with 
DNase I to eliminate genomic DNA traces 
according to enzyme manufacturer’s pro­
tocol. RNazine was added to prepared 
total RNA to solution final concentra­
tion of 1  U/ μL. For long-term storage, 
the RNA samples were precipitated with 
80% ethanol, transferred into Eppendorf 
tubes, placed in cryoboxes and stored in 
a low-temperature vertical freezer MDF-
U500VX (temperature mode −80 °C).

The obtained RNA quality was 
checked by electrophoretic method in 
agarose gel according to the ratio of the 
intensity of 28S and 18S rRNA bands lu­
minescence (Fig. 1)

Assessment of gene copy number
DNA extraction was carried out from 
the sediment in tube 2 using the phe­
nol-chloroform method according to 
the protocol described by Kit O.I. and 
coauthors [11]. To determine the relative 
copy number of genes using the NCBI 
GenBank database, we developed se­
quences of 32 pairs of synthetic oligonu­
cleotides (AKT, ATM, BRIP, BRCA1, BRCA2, 
CDK1, CDKN1B, CCND1, CCND3, EXO1, 
FGFR2, HIST1, H2AX, KU70, PTEN, RAD50, 
RAP80, RIF1, RNF168, TOPB1, TP53, XRCC4, 
BAX, CASP8, CASP3, CASP9, MDM2, BCL2, 
RBBP8, EP300, LIG4, C-FLIP) and 3  pairs 
for reference loci (ACTB, B2M, GAPDH) 
(Tab.  1). Determination of the relative 
copy number of genetic loci was per­
formed using the real-time quantitative 
polymerase chain reaction (RT-qPCR) 
method.

RT-qPCR amplification was performed 
using the CFX96 thermal cycler (Bio-Rad, 
USA). A reaction mix containing 1× PCR 
buffer, 0.2  mM dNTP mix, 1.5–2.0  mM 
MgCl2, 400 nM primers, 0.1 U/ μL Taq pol­
ymerase (Synthol) and 10 ng DNA was 
used for amplification. EvaGreen® Dye 
(Biotium, USA) was used as an intercalat­
ing dye. The amplification of each sam­
ple was carried out in triplicate. The av­
eraged data for each genetic locus were 
normalized according to the averaged 
index of reference genes to obtain the 
DCt-value. 

Fig.1. Electropherogram of RNA isolated from PC-3 cell mass. The system of gel docu-
mentation Gel Doc XR PLUS (BioRad, USA) was used for visualization.
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miR-126-5p and hsa-miR-7-5p were 
used as reference. Expression stability 
for the selection of reference microRNAs 
was also assessed using the geNorm 

let-7, miR15a /  16, miR-17, miR-18a, 
miR-21, miR-24, miR -26b, miR-99a, 
miR-100, miR-101, miR-106a, miR-663a, 
miR-143  and miR-145. MicroRNAs hsa-

Using the MirTarBase, miRDB, and Tar­
getScan databases, 15  microRNAs as­
sociated with the sensitivity of tumor 
cells to radiation therapy were selected:  

Tab. 1. Panel of primers for determining the copy number of genes.

No. Primer Primer sequence Primer Primer sequence

1 AKT1_F ATGGACAGGGAGAGCAAACG AKT1_R TGATGCACCAGCTGACAGG

2 ATM_F GCAAAACCAAATGTATCAGCCTCA ATM_R GACCAAACTACTGATTTCCTGCAT

3 BRIP1_F GAAGAACTTGTCAGCCTGGGG BRIP1_R TCTTGTATTAGTTCTCGGGCTGTG

4 BRCA1_F GTAGCCCCTTGGTTTCCGTG BRCA1_R CCCTTTCCCGGGACTCTACT

5 BRCA2_F TGCATCCCTGTGTAAGTGCAT BRCA2_R ACGTACTGGGTTTTTAGCAAGC

6 CDK1_F CAGGGGATTGTGTTTTGTCACT CDK1_R ACCACTATTCCACTTGCCTCAT

7 CDKN1B_F TCGGGGTCTGTGTCTTTTGG CDKN1B_R CTCCCGTTAGACACTCGCAC

8 CCND1_F GGTGAACAAGCTCAAGTGGAAC CCND1_R CCGGCCAGGGTCACCTAA

9 CCND3_F TTCCACGGTTGCTACATCGT CCND3_R ACACAGCAGCTCCATACTCG

10 EXO1_F GTTACCCGTGTTCTGCGTTG EXO1_R GAACCCACCCATTAGCCTCC

11 FGFR2_F CAAGGACCACTCTTCTGCGT FGFR2_R CTTGAATGGCAACGCTCCTC

12 HIST1H2_F CGTGCTACTGCCCAAGAAGA HIST1H2_R AGCCTTTGGTTCCTTTGGGAT

13 H2AX_F AGGCCTCCCAGGAGTACTAA H2AX_R CTGAAGCGGCTCAGCTCTTT

14 KU70_F AAGATCATAAGCAGTGATCGAGA KU70_R TCCAGCTCCTGTAAGACGTA

15 PTEN_F GTCCAGAGCCATTTCCATCCT PTEN_R TGTCATGTCTGGGAGCCTGT

16 RAD50_F TGGCTGGCAGGATCTTTTGG RAD50_R GCTTAACTGAGGCCGAAGCA

17 RAP80_F CAGATGTACTGGCCACTCGG RAP80_R CAGTGCCTAGATGTGTCCCC

18 Rif1_F GGCTGTTTCCATCGGTCACT Rif1_R TCCAAAGTCTCCAACAGCGG

19 RNF168_F TGAGGGGAGGAGAGGACTTG RNF168_R AGGCAAACAGGAATACCCCG

20 TopBP1_F TGGGCGGACGAGTATACAGA TopBP1_R AGGTTTCTTCAGGTTTGCAGC

21 TP53_F GGTCGGTGGGTTGGTAGTTT TP53_R GTGTGGGATGGGGTGAGATT

22 XRCC4_F CAGACTTGGTTCCTTCAACCT XRCC4_R TCTGCAGGTGCTCATTTTTGG

23 BAX_F GCCTCCTCTCCTACTTTGGG BAX_R AAACACAGTCCAAGGCAGC

24 CASP8_F TCTTTATGATATTGGGGAACAACTG CASP8_R GTTCTTGCTTCCTTTGCGGA

25 CASP3_F ATGCAGCAAACCTCAGGGAA CASP3_R TTCACCATGGCTCAGAAGCA

26 CASP9_F CTCCACTTCCCCTGAAGACG CASP9_R CTGGGTGTGGGCAAACTAGA

27 MDM2_F TCTTTGGGACCCATCTACCCT MDM2_R AGAATGCTTTAGTCCACCTAACCTT

28 BCL2_F GAGTGGGATGCGGGAGATG BCL2_R GGTGAAGGGCGTCAGGTG

29 RBBP8_F ACCGAGGATTTGGCACTCTG RBBP8_R TCCGAGATTGCCTCGGGATT

30 EP300_F TCGGCGAATTTGTGCTCTTG EP300_R CCTTTTTCTCTTCGCCGGGT

31 LIG4_F GGGTAAAGGATCACGGGGTG LIG4_R CCAGACCCAACACGAGAGAG

32 C-FLIP_F GGCTCCCAGAGTGTGTATGG C-FLIP_R GGCCCTCTGACACCACATAG

33 GAPDH_F GCTGAACGGGAAGCTCACT GAPDH_R GCAGGTTTTTCTAGACGGCAG

34 ACTB_F CACCCTGAAGTACCCCATCG ACTB_R TGTAGAAGGTGTGGTGCCAG

35 B2M_F TGAGTGCTGTCTCCATGTTTGA B2M_R ATTCTCTGCTCCCCACCTCT

F – forward primer, R – reverse primer
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The microRNA relative expression 
changing was evaluated by RT-qPCR. 
Amplification was carried out in 20  μL 
PCR mixture containing 1× PCR buffer, 

verse transcription reaction, which 
was carried out simultaneously with 
RNA polyadenylation, using specific  
RT primers [15].

program [13]. The design of specific ol­
igonucleotide primers was carried out 
using the Balcells I. algorithm (Tab.  3). 
The isolated total RNA was used in a re­

Tab. 2. Primer panel for determining relative gene expression.

No. Gene Sequences of F-primers Sequences of R-primers 

1 BRCA1 ACCTGTCTCCACAAAGTGTGA ACACTGTGAAGGCCCTTTCT

2 BRCA2 AGTTGGCTGATGGTGGATGG GGATCCACACCTGGAGTGTC

3 PTEN GGCACAAGAGGCCCTAGATT CATAGCGCCTCTGACTGGG

4 CASP3 CTGGAATATCCCTGGACAACAGT TCGACATCTGTACCAGACCGA

5 CASP8 CTGAAGCAAACAGCCAGTGC GACCTCAATTCTGATCTGCTCAC

6 GAPDH GTCAAGGCTGAGAACGGGAA TCGCCCCACTTGATTTTGGA

7 B2M AGATGAGTATGCCTGCCGTG CCATGATGCTGCTTACATGTCTC

8 ACTB AACCGCGAGAAGATGACCC AGCACAGCCTGGTAGCAAC

9 BAX GGGACGAACTGGACAGTAACA GCTGCCACTCGGAAAAAGAC

10 BCL2 GGATCCAGGATAACGGAGGC GAAATCAAACAGAGGCCGCA

11 CASP9 TGAGACCCTGGACGACATCT TCCCTTTCACCGAAACAGCA

12 P53 TTGGAACTCAAGGATGCCCA CGGGAGGTAGACTGACCC

13 MDM2 TAGGAGATTTGTTTGGCGTGC CCTGCTGATTGACTACTACCAA

14 AKT1 AGCTGGTGCATCAGAGGCTG TGTAGCCAATGAAGGTGCCA

15 ATM TGCGTGGCTAACGGAGAAAA ATCACTGTCACTGCACTCGG

16 H2AX GGCCTCCCAGGAGTACTAAGA CTCTTTCCATGAGGGCGGTG

17 BRIP1 TTACCCGTCACAGCTTGCTA CTCATCTGCTGGTTTCCCACT

18 CDK1 AAGCCGGGATCTACCATACC CATGGCTACCACTTGACCTGT

19 CDKN1B TAATTGGGGCTCCGGCTAAC GAAGAATCGTCGGTTGCAGGT

20 CCND1 GATCAAGTGTGACCCGGACT CTTGGGGTCCATGTTCTGCT

21 CCND3 GTGGAGACTGGCTCTGTTCG TCACATACCTCCTCGTCAGGT

22 FGFR2 AACAGTCATCCTGTGCCGAA TGGACTCAGCCGAAACTGTTA

23 KU70 ACGTAGAGGGCGTTGATTGG TGGCTACTGCTCACTTTGGC

24 RAD50 GCGTGCGGAGTTTTGGAATAG TTGAGCAACCTTGGGATCGT

25 RAP80 GAGTGAGCAGGAAGCTAGGG AGAAGGCCGGCAACTATTCA

26 EXO1 GAACAAGCCGGGGTTACAGA AGGAGGAAGCTTTTCAGAATTTTT

27 Rif1 GGCTGTTTCCATCGGTCACT CATACGACTGGTCAGAGTCAGG

28 RNF168 GCCAGTTCGTCTGCTCAGTA CTGCCGCCACCTTGCTTAT

29 HIST1 AAGAGCCTGGTAAGCAAGGG TGCACCCGTTGCCTTAGTTT

30 TopBP1 CCAACGAGTTCAGAAATGTCCAG AACGCCACTAAAAGGGTCACA

31 XRCC4 TTGATCTGTGAAAGCGGGCG TTGATCTGTGAAAGCGGGCG

32 EP300 GCCCTCTACCTGACCCAAGT ATAGCCCATAGGCGGGTTG

33 LIG4 GGCTTGACGTCAGGAAACCAT GAAGTTTGTGAGGCAGCCAT

34 C-FLIP GTGACAGCTGAGACAACAAGG TGGGGGAGTTCGTCCTGT

35 RBBP8 CGAGGATTTGGCACTCTGGT ACAGGTCAAATACCGCCTCC

F – forward primer, R – reverse primer
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the functional module detection (FMD) 
algorithm. The Q value of each term asso­
ciated with functional modules is calcu­
lated using the one-tailed Fisher’s exact 
test and the Benjamini-Hochberg cor­
rection to correct for multiple compari­
sons [16]. The online service GIANT (ge­
nome-scale integrated analysis of gene 
networks in tissues) [17,18] was used to 
build a  network of tissue-specific func­
tional interactions of genes by combining 
the data from full-genome experiments.

Statistical analysis
Statistical analysis was performed using 
the one-way analysis of variance (one-
way ANOVA). To carry out cluster analy­
sis (hierarchical clustering, euclidean dis­
tance) and build heat maps, we used our 
own scripts in the R language (R-Studio 
8.10.173.987). To construct the Edwards-
Venn diagrams, we used an algorithm for 
comparing a larger number of sets imple­
mented in JavaScript. The clustering of 
genes by function was performed using 

0.25 mM dNTPs, 2.5 mM MgCl2, 1 U/  μL 
Taq-DNA polymerase, 0.6  μM forward 
and reverse primers. RT-qPCR of each 
sample was performed in triplicate. The 
resulting mixtures were incubated in 
CFX 96  RT-amplifier according to the 
following program: 5 minutes at 95 °C, 
40 cycles: 15, 30 and 30 s at 95, 64 and 
72 °C, respectively. The calculation of the 
relative expression of microRNA was car­
ried out in the manner of the calculation 
for mRNA described above.

Tab. 3. Sequences of micro-RNA primers.

No. micro-RNA F-primer sequence R-primer sequence RT-primer sequence

1 hsa-let-7a GCAGTGAGGTAGTAGGTTGT GGTCCAGTTTTTTTTTT 
TTTTTAACTATAC

CAGGTCCAGTTTTTTTTTT 
TTTTTAA

2 hsa-miR-7-5p GCAGTGGAAGACTAGTGATTTTT GTCCAGTTTTTTTTTT 
TTTTTAACAAC

CAGGTCCAGTTTTTTTTTT 
TTTTTAA

3 hsa-miR-15a-5p CGCAGTAGCAGCACATAATG TCCAGTTTTTTTTTT 
TTTTTCACAAAC

CAGGTCCAGTTTTTTTTTT 
TTTTTCA

4 hsa-miR-21-5p TCAGTAGCTTATCAGACTGATG CGTCCAGTTTTTTTTTT 
TTTTTCAAC

CAGGTCCAGTTTTTTTTTT 
TTTTTCA

5 hsa-miR-99a-5p AGAACCCGTAGATCCGATCT GGTCCAGTTTTTTTTTT 
TTTTTCACA

CAGGTCCAGTTTTTTTTTT 
TTTTTCA

6 hsa-miR-100-5p CAGAACCCGTAGATCCGAA TCCAGTTTTTTTTTT 
TTTTTCACAAC

CAGGTCCAGTTTTTTTTTT 
TTTTTCA

7 hsa-miR-16-5p CGCAGTAGCAGCACGTAAAT TCCAGTTTTTTTTTT 
TTTTTCGCCAA

CAGGTCCAGTTTTTTTTTT 
TTTTTCG

8 hsa-miR-17-3p AGACTGCAGTGAAGGCACTT GGTCCAGTTTTTTTTTT 
TTTTTCTAC

CAGGTCCAGTTTTTTTTTT 
TTTTTCT

9 hsa-miR-18a-5p CGCAGTAAGGTGCATCTAGT GTCCAGTTTTTTTTTT 
TTTTTCTATCT

CAGGTCCAGTTTTTTTTTT 
TTTTTCT

10 hsa-miR-24-1-5p TGCCTACTGAGCTGATAT GGTCCAGTTTTTTTTTT 
TTTTTACTG

CAGGTCCAGTTTTTTTTTT 
TTTTTAC

11 hsa-miR-26b-5p CGCAGTTCAAGTAATTCAGGAT GGTCCAGTTTTTTTTTT 
TTTTTACCT

CAGGTCCAGTTTTTTTTTT 
TTTTTAC

12 hsa-miR-101-5p CAGCAGTTATCACAGTGCTG GGTCCAGTTTTTTTTTT 
TTTTTAGCAT

CAGGTCCAGTTTTTTTTTT 
TTTTTAG

13 hsa-miR-106a-5p GCAGAAAAGTGCTTACAGTGC GTCCAGTTTTTTTTTT 
TTTTTCTACCT

CAGGTCCAGTTTTTTTTTT 
TTTTTGC

14 hsa-miR-663a AGGCGGGGCGCCGC TCCAGTTTTTTTTTT 
TTTTTGCGGT

CAGGTCCAGTTTTTTTTTT 
TTTTTGC

15 hsa-miR-143-5p GCAGCAGTGCTGCATCTC GTCCAGTTTTTTTTTT 
TTTTTAGATG

CAGGTCCAGTTTTTTTTTT 
TTTTTAG

16 hsa-miR-145-5p AGGTCCAGTTTTCCCAGGAA GTCCAGTTTTTTTTTT 
TTTTTAGGGA

CAGGTCCAGTTTTTTTTTT 
TTTTTAG

17 hsa-miR-126-5p CGCAGCATTATTACTTTTGGTAC GTCCAG15(T)GCGTA CAGGTCCAGTTTTTTTTTT 
TTTTTCG

F – forward primer, R – reverse primer, RT – primer for reverse transcription reaction
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Daily irradiation of PC-3 cell culture on 
a Novalis TX linear accelerator at doses 
of 6 and 7 Gy for 5 days led to a signif­
icant decrease in the total number of 
cells by 71.6  and 71.4%, respectively 
(P < 0.05) (Fig 2).

Tab.  4  and Fig. 3  show the data, ob­
tained on a flow cytometer, on the dis­
tribution of PC-3 cells at different stages 
of apoptosis.

In Fig. 3  (from left to right), the first 
graph shows cells according to their size 
and granularity, unstained. In the second 
graph, the tumor cells are highlighted, ex­
cluding debris (non-living cells). The third 
graph shows the location of tumor cells 
stained with propidium and annexin.
•	 Q1 – cells stained with propidium only, 

dead cells.
•	 Q2  – cells stained with propidium 

and annexin, this is late apoptosis /  
necrosis.

•	 Q3 – living cells, neither annexin nor 
propidium sits on them.

•	 Q4 – cells stained with annexin only, 
early apoptosis.

7  Gy on the second day of irradiation, 
12.0  and 7.3  times at doses of 6  and 
7 Gy on the third day, respectively, and 
4.0 and 7.0 times at doses of 6 and 7 Gy 
on the fourth day, respectively. It should 
be noted that the number of dead cells 
in control flasks with culture medium 
did not change during the experiment. 
At the same time, a  statistically signif­
icant (P  <  0.05) decrease (1.4  times) in 
the number of dead cells was recorded 
at a dose of 6 Gy on the second day of ir­
radiation; an increase (2.4 times) in the 
number of dead cells was recorded at 
doses of 6 and 7 Gy on the third day, re­
spectively; and an increase (2.3  times) 
was recorded at a dose of 7 Gy on the 
fourth day relative to the first day of the 
experiment. This significant effect of irra­
diation on PC-3 cells appears at doses of 
7 and 6 Gy on the second and third day 
of irradiation, respectively.

The study results of the influence of 
selected irradiation modes on PC-3 cell 
culture after 5-day irradiation are shown 
in Fig. 2 and Graph 1.

The target gene search was per­
formed using the TarPmiR algorithm 
with TargetScan, mirDB and miRTar­
Base databases. To predict a  target  
microRNA site, the TarPmiR uses a “ran­
dom forest” approach – a machine learn­
ing an algorithm that uses a set of decision 
trees (combines the random subspace 
and Breiman bagging methods). The re­
sult of the “random forest” model is pre­
dicted probability that the candidate tar­
get site is a true target site [19].

The analysis of the overrepresentation 
of miRNAs in signaling pathways (over-
representation analysis – ORA) was also 
performed. This method measures the 
percentage of microRNAs in the signaling 
pathway that are differentially expressed. 
The goal of ORA is to obtain a list of the 
most important signaling pathways, or­
dered by P-value. The statistical signifi­
cance of the overlap between the genes 
from the signaling pathway and the list 
of differentially expressed genes is calcu­
lated using the Fisher’s exact test [20].

Results 
In the course of a 5-day experiment with 
irradiation of prostate gland tumor cells, 
there were obtained data characteriz­
ing the potential of external beam radia­
tion therapy and stereotactic radiation 
therapy.

Regardless the dose, no statistically 
significant differences were found in the 
number of dead cells in the nutrient me­
dium on the first day of irradiation. Rela­
tive to the control, the number of dead 
cells increased 7.0  times at a  dose of 

Fig. 2. Cell monolayer micrograph after 5-day irradiation (from left to right: control and doses of 6 and 7 Gy, respectively).
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Graph 1.  Total number of cells. 
* statistically significant differences (P < 0.05) relative to control
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Compared with the control, the number 
of living cells decreased 2 times (P < 0.05) 
and reached 46.2 ± 10.8%, which is also 
1.2  times lower (P  <  0.05) than the val­
ues after irradiation at a  dose of 6  Gy. 
The percentage of cells in the stage of 
early apoptosis exceeded the control val­
ues 6.4 times (P < 0.05) and reached val­
ues of 4.47 ± 1.25%, which is also 1.4 times 
higher in comparison with an irradiation 
level of 6 Gy (P < 0.05). The proportion of 
cells in the late stages of apoptosis (ne­
crosis) and dead cells after irradiation of 
the cells of this culture reached the values 

in the control (P = 0.0008). At the same 
time, the proportion of cells in early ap­
optosis increased to 3.2 ± 0.6%, which 
is 4.5 times higher than the control val­
ues (P = 0.002), see Tab. 4. The propor­
tion of cells in the late apoptosis stages 
(necrosis) and dead cells after irradia­
tion reached values of 37.57  ±  5.32% 
and 1.67  ±  0.67%, which is 5.3  times 
(P  =  0.001) and 16.7  times (P  =  0.02) 
higher than the control, respectively.

An increase in the radiation dose to 7 Gy 
led to even greater changes in the ratio 
of cells at different stages of apoptosis. 

From the results presented in Tab. 4, 
it can be seen that the proportion of liv­
ing cells in the control was −92.4 ± 0.4%, 
at the same time, there were also cells at 
different stages of death in these sam­
ples – early apoptosis (0.7 ± 0.17%), late 
apoptosis /  necrosis (7.1 ± 0.44%), and 
dead cells (0.1 ± 0.0%).

After РС-3 culture irradiation at a dose 
of 6 Gy, changes in the ratios of cells at 
different stages of apoptosis were ob­
served. Naturally, a decrease in the per­
centage of living cells to 57.6 ± 6.5% was 
observed, which is 1.6  times less than 

Tab. 4. Assessment of the level of apoptosis in cell culture PC-3 after different modes of irradiation for 5 days (percentage of cells 
of different functional states).

Living cells 
Ann V− PI−

Early apoptosis 
Ann V+ PI−

Late apoptosis / 
necrosis 

Ann V+ PI+

Dead cells
Ann V− PI+

Dead cells by 
7AAD

control 92.4 ± 0.4 0.7 ± 0.17 7.1 ± 0.44 0.1 ± 0.0 7.4 ± 0.36

6 Gy 57.6 ± 6.5 3.2 ± 0.6 37.57 ± 5.32 1.67 ± 0.67 33.67 ± 1.25

% difference  
from control

−38 +357 +429 +1570 +355

Р = 0.0008 Р = 0.002 Р = 0.001 Р = 0.02 Р = 0.00004

7 Gy 46.2 ± 10,8 4.47 ± 1.25 45.6 ± 9.92 3.67 ± 2.1 41.7 ± 10.13

% difference  
from control

−50 +539 +542 +3570 +464

Р = 0.0018 Р = 0.0067 Р = 0.003 Р = 0.04 Р = 0.004

% difference from 
6 Gy

−26 +40 +21 +120 +24

− negative, + positive, 7AAD – 7-aminoactinomycin D, Ann V – annexin V, PI – propidium

Fig. 4. Heatmap and cluster analysis of the differential in the copy number variation of 32 genes in intact (control) and irradiated 
PC-3 cells.
C – control, 6Y– dose of 6 Gy; 7Y – dose of 7 Gy
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copy numbers of genes CDK1, CDKN1B, 
PTEN, XRCC4, EP300 and RBBP8 were sta­
tistically significantly increased 1.8, 2.6, 
1.7, 1.7, 2.0 and 1.7 times (P < 0.05), while 
the copy numbers of CCND3, TP53  and 
BCL2  genes were reduced 2.6, 1.8  and 
2.4 times (P < 0.05), respectively (Graph 3).

Similar data were obtained for the ex­
pression of 32 genes in intact and irra­
diated samples (Graph 4). There was 
a statistically significant (P < 0.05–0.005) 
overexpression of BRCA2, CDK1, CD-

ones, there were obtained data shown in 
Graph 2. Relative to control group cells, 
in PC-3 cells exposed to 6 Gy irradiation, 
the copy numbers of CDK1, CDKN1B, 
H2AX, PTEN, XRCC4  and RBBP8  genes 
were significantly increased 1.9, 2.5, 1.9, 
1.7, 1.5 and 2.0 times (P < 0.05), and the 
copy numbers of genes BCL2, CCND3, 
TP53  and BAX were reduced 2.6, 2.4, 
1.9 and 1.8 times (P < 0.05), respectively. 

Relative to control group cells, in 
PC-3 cells exposed to 7 Gy irradiation, the 

45.6  ±  9.92% (6.4  times more (P  <  0.05) 
than the control values and 1,2 times more 
(P < 0.05) than the proportion after expo­
sure to 6 Gy) and 3.67 ± 2.1% (36.7 times 
more (P  <  0.05) than the control values 
and 2.2 times more (P < 0.05) than the pro­
portion after exposure to 6  Gy), respec­
tively (Tab. 4).

The study enabled to establish that 
daily irradiation of PC-3 cells on a Novalis 
TX linear accelerator at doses 6 and 7 Gy 
for 5 days led to a significant decrease 
in both the total number of cells and 
the number of viable cells. In this case, 
the irradiation effect at a dose of 7 Gy 
manifested itself earlier and, ultimately, 
after 5 days of irradiation was more pro­
nounced than from irradiation at a dose 
of 6 Gy. Nevertheless, after 5 days of ir­
radiation, about 15% of the initial num­
ber of prostate tumor cells retained their 
viability, which may be associated with 
the development or initial presence of 
radioresistance in some cells.

After a 5-day experiment on PC-3 cells ir­
radiation, there were obtained data on the 
differential copy number of 32 genes in in­
tact (control) and irradiated cells (Fig. 4).

According to the features of copy num­
bers in intact and irradiated samples, four 
main gene clusters were identified: 
1. �BRCA1, BRCA2, BRIP, RNF168, C-FLIP, 

EXO1, LIG4;
2. �ATM, CDKN1B, HIST1, CASP8, TP53, RIF1, 

BAX;
3. �AKT, CCND3, H2AX, CCND1, RAD50, 

FGFR2, RBBP8, EP300, RAP80, BCL2;
4. �PTEN, KU70, TOPB1, MDM2, XRCC4, 

CASP3.

At the same time, the intact and ir­
radiated samples themselves are com­
bined into clusters according to the sim­
ilarity of gene CNV (Fig. 4). The similarity 
in the copy number of some genes in 
intact and irradiated samples at differ­
ent clustering levels (Fig. 4, 5 and Tab. 5) 
can be explained by initial presence in 
PC-3 line cell subpopulation with a cer­
tain copy number of genes.

Obviously, decreased or increased copy 
numbers of genes (mentioned above) 
under the conditions of RT can ensure 
the survival of these cells subpopulation. 

After copy number normalization 
in the irradiated cells relative to intact 

Tab. 5. Similarities and differences in the copy number of genes between clusters.

Gene Number of compared 
groups in which the gene 
copy number is increased

Groups in which the copy number  
of genes is increased

ATM 9 C1, C2, C3, 6Y1, 6Y2, 6Y3, 7Y1, 7Y2, 7Y3

BRIP 6 6Y1, 6Y2, 6Y3, 7Y1, 7Y2, 7Y3

CDK1 6 6Y1, 6Y2, 6Y3, 7Y1, 7Y2, 7Y3

MDM2 6 C1, C2, C3, 6Y1, 7Y2, 7Y3

PTEN 6 6Y1, 6Y2, 6Y3, 7Y1, 7Y2, 7Y3

RBBP8 6 6Y1, 6Y2, 6Y3, 7Y1, 7Y2, 7Y3

TOPB1 6 6Y1, 6Y2, 6Y3, 7Y1, 7Y2, 7Y3

XRCC4 6 6Y1, 6Y2, 6Y3, 7Y1, 7Y2, 7Y3

BRCA2 5 C1, 6Y2, 6Y3, 7Y1, 7Y3

CCND1 5 C1, C2, 6Y1, 7Y1, 7Y3

CDKN1B 5 6Y2, 6Y3, 7Y1, 7Y2, 7Y3

FGFR1 5 6Y1, 6Y2, 6Y3, 7Y1, 7Y2

KU70 5 C1, C2, 6Y1, 6Y3, 7Y1

RNF168 5 C1, C2, C3, 6Y1, 6Y2

CASP3 4 C1, 6Y1, 6Y2, 7Y3

CASP8 4 C1, C2, 6Y2, 7Y3

RAD50 4 C1, C2, 6Y1, 6Y2

BAX 3 C1, C2, C3

C-FLIP 3 C1, C2, 6Y1

CASP9 3 C1, C2, C3

EXO1 3 6Y1, 6Y2, 7Y3

RAP80 3 C1, C2, 7Y1

RIF1 3 6Y1, 6Y2, 7Y3

TP53 3 C1, C2, C3

AKT 2 6Y3, 7Y1

BCL2 2 C1, C2

BRCA1 2 C1, C2

HIST1 2 6Y2, 7Y2

LIG4 2 6Y1, 7Y2

C – control, 6Y – dose of 6 Gy, 7Y – dose of 7 Gy
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The analysis of the signaling pathways 
that involve genes AKT, ATM, BRIP, BRCA1, 
BRCA2, CDK1, CDKN1B, CCND1, CCND3, 
EXO1, FGFR2, HIST1, H2AX, KU70, PTEN, 
RAD50, RAP80, RIF1, RNF168, TOPB1, 
TP53, XRCC4, BAX, CASP8, CASP3, CASP9, 
MDM2, BCL2, RBBP8, EP300, LIG4 and C-
FLIP using the FMD algorithm enabled 
to identify six functional modules, which 
are visually presented in Fig. 6.

We also analyzed the interaction net­
work and the relationship index of genes 

found, indicating that the change in the 
expression of these genes after irradiation 
at doses of 6 and 7 Gy is not associated 
with their copy number variation, but is 
probably regulated by other mechanisms.

Using Gene Set Enrichment Analysis, 
the participation of genes BRCA2, CDK1, 
CDKN1B, H2AX, RAD50, XRCC4, RBBP8, 
EP300, CCND3, TP53 and BCL2  in 10 sig-
naling pathways was shown according 
to the Kyoto Encyclopedia of Genes and 
Genomes database (Tab. 6).

KN1B, H2AX, RAD50, XRCC4, RBBP8  and 
EP300  genes, and hypoexpression of 
CCND3, TP53 and BCL2 genes. A strong 
positive correlation was observed be­
tween the copy number and expres­
sion of these genes: r = 0.906, 0.889 and 
0.803  for control group cells, cells irra­
diated at a dose of 6 Gy and cells irra­
diated at a dose of 7 Gy, respectively.

However, significant differences be­
tween expression and copy number varia­
tion of BRCA2  and RAD50  genes were 
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Graph 2. Relative copy number of genes in PC-3 cells with increased radioresistance (after 5-day irradiation at a dose of 6 Gy). 
* statistically significant differences relative to intact (control) cells (P < 0.05)
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Graph 3. Relative copy number of genes in PC-3 cells with increased radioresistance (after 5-day irradiation at doses of 7 Gy). 
* statistically significant differences relative to intact (control) cells (P < 0.05)
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PC-3 cells showed statistically significant 
(P < 0.05) changes in the expression of 
six microRNA: relative to intact cells, the 
expression of hsa-miR-18a-5p increased 
64 times under irradiation doses of 6 and 
7  Gy, the expression of hsa-miR-24-
1-5p decreased 16 times under irradia­
tion doses of 6 and 7 Gy, the expression 
of hsa-miR-99a-5p increased 16  times 
under irradiation doses of 6 and 7 Gy, the 
expression of hsa -miR-100-5p increased 
32 and 64 times under irradiation doses 
of 6 and 7 Gy, the expression of hsa-miR-
145-5p decreased 32 and 64 times under 
irradiation doses of 6 and 7 Gy, and the 
expression of hsa-let-7a-2 -3p increased 

minant value) to each node-point of the 
constructed network. This score reflects 
the calculated bond strength (Fig. 8). 

Thus, BRCA2, CDK1, CDKN1B, H2AX, 
RAD50, XRCC4, RBBP8, EP300, CCND3, 
TP53 and BCL2 genes are components of 
various signaling cascades of normal and 
tumor cells, and their expression changes 
mediated by copy number changes 
lead to the changes in the expression of 
a number of other genes (Fig. 7, 8) [22].

The analysis of 15 microRNAs expres­
sion (let-7, miR15a/16, miR-17, miR-18a, 
miR-21, miR-24, miR-26b, miR-99a, miR-
100, miR-101, miR-106a , miR-663a, miR-
143, miR-145) in intact and irradiated 

changing their expression and CNV – 
BRCA2, CDK1, CDKN1B, H2AX, RAD50, 
XRCC4, RBBP8, EP300, CCND3, TP53, 
BCL2 (Fig. 7).

The Multi-association network inte­
gration algorithm [21] was used for es­
tablished interactions between BRCA2, 
CDK1, CDKN1B, H2AX, RAD50, XRCC4, 
RBBP8, EP300, CCND3, TP53, BCL2  and 
RNF168, RIF1, EXO1, LIG4, XRCC6, UIMC1, 
BAX, PTEN, CASP9, ATM, MDM2, CD-
KN1A, XRCC5, APAF1, XIAP, CCND2 genes 
(Fig. 7). The algorithm predicts the gene 
function in a complex network of many 
genes, using a kind of machine learning 
algorithms, assigns an estimate (discri­
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Graph 4. Relative expression of genes in PC-3 cells with increased radioresistance (after 5-day irradiation at doses of 6 and 7 Gy). 
* statistically significant differences relative to intact (control) cells (P < 0.05)

Tab. 6. Data from Gene Set Enrichment Analysis.

Name Hits Hits total List total Pop total P-value BH

hsa05215_prostate_cancer 5 97 10 7.469 0.0000 0.0000

hsa04110_cell_cyde 5 124 10 7.469 0.0000 0.0000

hsa05161_hepatitis_B 5 144 10 7.469 0.0000 0.0000

hsa05203_viral_carcinogenesis 5 201 10 7.469 0.0000 0.0000

hsa04115_p53_signaling_pathway 5 72 10 7.469 0,0000 0.0000

hsa05169_Epstein-Barr_virus_infection 5 200 10 7.469 0,0000 0.0000

hsa0S200_pathways_in_cancer 7 526 10 7.469 0.0001 0.0001

hsa05206_microRNAs_in_cancer 5 299 10 7.469 0.0002 0.0002

hsa0516S_human_papillomavirus_infection 5 339 10 7.469 0.0003 0.0003

BH – Benjamin-Hochberg amendment
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the cell cycle in G2/ M phase with a max­
imum effect approx. 16  hours after ir­
radiation [24]. However, tumor cells are 
able to use DSB repair systems to over­
come radiation-induced cytotoxic­
ity [25], which is counterproductive for 
therapy. As a result, radioresistance may 
develop.

Other signaling pathways that are not 
part of the cell’s repair systems can also 
influence the radiation response of pros­
tate tumor cells [26]. In our experiment, 

Discussion
In the course of the study, it was demon­
strated that the effect of various doses 
of ionizing radiation on in vitro pros­
tate tumor cells leads to their significant 
elimination. The fundamental mecha­
nism by which ionizing radiation has 
a therapeutic effect is DNA damage in­
itiation in tumor cells, especially dou­
ble strand breaks (DSBs) [23]. It is known 
from the literature that single irradiation 
doses 4–8 Gy cause a short-term delay in 

4 times at irradiation doses of 6 and 7 Gy, 
respectively (Graph 5).

For differentially expressed micro-
RNAs, a search for target genes was car­
ried out using the TarPmiR algorithm. 
For six microRNAs that alter the ex­
pression of PC-3 cells upon irradiation, 
6,129 target genes were found, includ­
ing 7 genetic loci, expression of which 
was observed in this study: TP53, CDK1, 
BRCA2, BCL2, PTEN, XRCC4  and CCND3   
(Tab. 7)

Tab. 7. Micro-RNAs that altered expression in irradiated cells and their target genes.

Micro-RNAs Target gene Changes in micro-RNA 
expression

Change in target gene expression

hsa-miR-18a-5p TP53 increase decrease

hsa-miR-24-1-5p CDK1 
BRCA2
TP53

decrease CDK1 – increase, 
BRCA2 – increase,
TP53 – decrease

hsa-miR-99a-5p BCL2 increase decrease

hsa-miR-100-5p PTEN, BCL2 increase PTEN – did not change, BCL2 – decrease

hsa-miR-145-5p XRCC4, CCND3 decrease XRCC4 – increase, CCND3 – decrease

hsa-let-7a-2-3p BCL2 increase decrease
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Graph 5. Changes in micro-RNA expression upon irradiation of PC-3 cells at doses of 6 and 7 Gy. 
* statistically significant differences relative to intact (control) cells (P < 0.05)
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The BRCA2 gene product is required for 
the repair of damaged DNA; it binds sin­
gle-stranded DNA and directly interacts 
with the RAD51 recombinase to stimulate 
an important step in homologous recom­
bination [30]. The movement of RAD51 to 
a  double-stranded DNA break requires 
the BRCA1-PALB2-BRCA2 complex forma­
tion [31]. BRCA2 also plays an important 
role in protection against Mre11-depen­
dent nucleolytic degradation of reversed 
replication forks, which are formed when 
the DNA replication fork is stopped by 
mutation, intercalating substance, or ra­
diation  [32]. RBBP8  encodes a  protein 
that regulates cell proliferation. This pro­
tein forms complexes with the transcrip­
tional co-repressor of C-terminal binding 

encodes a  histone protein from the 
H2A family. In response to DSBs in DNA 
caused by ionizing radiation, H2AX be­
comes phosphorylated (gH2AX). Due 
to this modification, DNA becomes less 
condensed, freeing up space for the at­
tachment of protein complexes nec­
essary during the repair. Then gH2AX 
binds to MDC1, and ubiquitin ligases 
RNF8  and RNF168  are attached to the 
gH2AX/ MDC1  complex, ubiquitinating 
other chromatin components. This al­
lows BRCA1  bind to chromatin modi­
fied by gH2AX/ MDC1 [28]. At the site of 
gH2AX-modified chromatin, the MRN 
complex (a  protein complex consist­
ing of Mre11, Rad50, and Nbs1) is also 
assembled [29].

about 50% of the remaining tumor cells 
(15% of the initial number) still remained 
viable after 5 days of irradiation. This is 
caused by the development of radiore­
sistance due to certain molecular genetic 
and epigenetic features of these cells.

Thus, the changes in the transcrip­
tional activity and copy number of 
BRCA2, CDK1, CDKN1B, H2AX, RAD50, 
XRCC4, RBBP8, EP300, CCND3, TP53  and 
BCL2 genes are likely to provide an in­
creased survival of prostate tumor cells 
under radiation therapy, due to the 
changes in the work of key signaling 
pathways providing DNA repair, apo­
ptosis and cell cycle regulation. For DNA 
repair after irradiation, chromatin must 
be decondensed  [27]. The H2AX gene 

Scheme 1. Scheme of genetic and epigenetic changes in tumor cells under irradiation at doses of 6 and 7 Gy.
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coprotein that negatively regulates the 
PI3K/ AKT/ mTOR signaling pathway [40]. 
At the same time, the transcriptional ac­
tivity of this gene is not statistically signif­
icantly increased. Based on the obtained 
data, it means that the prostate tumor 
cells that survived after irradiation could 
have increased the expression of PTEN 
gene and anti-oncoprotein due to the in­
creased number of corresponding gene 
copies. However, other mechanisms ob­
viously affect PTEN gene expression. Inter­
action with microRNA may be one of these  
mechanisms.

MicroRNAs are short non-coding RNAs 
that regulate gene expression either by 
catalyzing the destruction of mRNA or 
by inhibiting the translation of mRNA 
into protein [41]. Mature miRNA is a sin­
gle-stranded RNA of about 22  nucleo­
tides in length, sequentially derived from 
the primary transcript (pri-miRNA) [42]. 
miRNAs are epigenetic regulators. Many 
microRNAs are tissue specific and modu­
late gene expression by interacting with 
complementary nucleotide sequences 
of target mRNAs [43].

The obtained data on CNV, gene and 
micro-RNA expression enabled to form 
a  scheme of genetic and epigenetic 
changes in tumor cells that survived 
after irradiation at doses of 6 and 7 Gy 
(Scheme 1).

According to this scheme and Tab. 7, 
BRCA2, CDK1, CDKN1B, H2AX, RAD50, 
XRCC4, RBBP8  and EP300  gene overex­
pression is associated with an increase 
in the copy number of CDK1, CDKN1B, 
H2AX, XRCC4, RBBP8 and EP300 genes, as 
well as with decrease in hsa-miR-24-1-5p 
and hsa-miR-145-5p expression. At the 
same time, hypoexpression of CCND3, 
TP53, BCL2 and the absence of changes 
in the expression of PTEN gene (with an 
increased copy number of this) are asso­
ciated with a decrease in the copy num­
ber of the corresponding genes (CCND3, 
TP53, BCL2), as well as with an increase 
in the expression of hsa-miR-18a-5p (for 
TP53), hsa-miR-99a-5p (for BCL2), hsa-
miR-100-5p (for BCL2 and PTEN) and hsa-
let-7a-2-3p (for BCL2).

Conclusion
Thereby, the study enabled to establish 
that daily irradiation of PC-3 cells on a No­

It can be suggested that the surviving 
clones of the cell line could initially have 
a more powerful DNA repair system, as 
well as a more efficient apoptosis regu­
lation system.

Interestingly, an increase in CNV and 
expression of two genes, CDK1 and CD-
KN1B, in PC-3 cells was found. Cyclin-de­
pendent kinase 1 (CDK1) is a highly con­
served protein that plays a  key role in 
cell cycle regulation [37]. When it binds 
to cyclin, the cell cycle progresses. Bind­
ing to cyclin alters access to the active 
center of CDK1, ensuring its activity; in 
addition, cyclins can target CDK1 to cer­
tain subcellular locations [37]. The prod­
uct of CDKN1B gene, p27 protein, is an 
inhibitor of cyclin-dependent kinase 1, 
regulates the cell cycle, being respon­
sible for its arrest in G1  phase. Protein 
p27 inhibits the activity of cyclin (A, E, or 
D)/ cyclin-dependent kinase complexes, 
while the positive or negative regulation 
of activity depends on the phosphory­
lation status of the corresponding com­
plex  [38]. At the same time, the copy 
number of the gene that starts the cell 
cycle and that of the gene that stops it 
increases. The biological effect of this 
phenomenon and its role in the for­
mation of the radioresistance of tumor 
cells have yet to be clarified. The pro­
tein encoded by CCND3 gene belongs to 
a highly conserved cyclin family, whose 
members also function as regulators of 
cyclin-dependent kinases. Different cy­
clins show different patterns of expres­
sion and degradation that facilitate the 
temporal coordination of each mitotic 
event [39]. Apparently, the special pat­
terns of the expression of these genes 
ensure the survival of cells under the 
conditions of radiation therapy.

Another interesting molecular genetic 
change concerns the increased copy 
number of PTEN genetic locus encoding 
the enzyme phosphatase, which can be 
substituted by proteins and phosphati­
dylinositol-3-phosphates. The phosphate 
group cleavage from phosphatidylino­
sitol-3-phosphates, catalyzed by phos­
phatase and tensin homologue deleted 
on chromosome 10  (PTEN), deprives 
functions of secondary messengers 
these compounds in cellular signaling 
cascades. Moreover, PTEN is an anti-on­

protein and modulates the functions of 
BRCA1 in the regulation of DNA transcrip­
tion and repair [33].

Two more genes, the expression and 
copy number of which are increased in ra­
dioresistant prostate cells are XRCC4 and 
EP300. Together with DNA ligase IV and 
DNA-dependent protein kinase, the pro­
tein encoded by XRCC4 gene participates 
in the repair of DNA double-strand breaks 
(non-homologous recombination)  [34]. 
Histone acetyltransferase p300 is an en­
zyme that is encoded by EP300 gene in 
humans. This enzyme regulates gene 
transcription through chromatin re­
modeling and plays an important role 
in the regulation of cell growth and divi­
sion, causing cells to take on specialized 
functions (to differentiate). EP300 is also 
a co-activator of hypoxia-inducible fac­
tor 1-alpha and plays a role in the stim­
ulation of hypoxia-induced genes such 
as VEGF. Mutations in EP300 gene have 
been identified in some types of cancer. 
Somatic mutations in EP300 gene have 
been found in a small number of solid tu­
mors, including cancer of the colon and 
rectum, stomach, breast, and prostate. In 
tumor cells, mutations in EP300 gene do 
not allow functional protein production, 
without which cells cannot effectively in­
hibit growth and division [35]. The likely 
increased copy number of XRCC4, as 
well as RBBP8, provides effective DNA 
repair after irradiation. Today, the role 
of EP300 gene in radioresistance is diffi­
cult to determine, perhaps its copy num­
ber simply reflects the molecular genetic 
characteristics of the surviving clones of 
PC-3 cells and is not associated with CNV 
sensitivity to radiation.

Respectively, increased CNV and ex­
pression of BRCA2, XRCC4, RAD50, H2AX, 
and RBBP8 genes in individual clones of 
PC-3 cell line gives them the advantage 
of a  more efficient DNA repair system 
and ensures survival when exposed to 
radiation therapy.

The BCL2 gene product is involved in 
apoptosis regulation. BCL2  suppresses 
apoptosis in many cell systems by con­
trolling the permeability of mitochon­
drial membrane, inhibits caspases by 
preventing the release of cytochrome C 
from mitochondria and by binding the 
apoptosis-activating factor APAF1 [36]. 
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valis TX linear accelerator at doses of 6 and 
7 Gy for 5 days led to a significant decrease 
in both the total number of cells and the 
number of viable cells. In this case, the ef­
fect of irradiation at a dose of 7 Gy was 
manifested earlier and, ultimately, was 
more pronounced after 5 days of irradia­
tion than after irradiation at a dose of 6 Gy. 
Nevertheless, after 5  days of irradiation, 
about 15% of the initial number of pros­
tate tumor cells of PC-3 line retained their 
viability, which is associated with the ini­
tial presence of radioresistance in some 
cells. It was found that PC-3 cells that re­
tained their viability after 5  days of ra­
diation therapy have special genetic and 
epigenetic characteristics ensuring their 
survival: increased copy number and ex­
pression of BRCA2, CDK1, CDKN1B, H2AX, 
RAD50, XRCC4, RBBP8  and EP300  genes 
and reduced copy number and expression 
of CCND3, TP53 and BCL2 genes, as well as 
differential expression of six microRNAs 
(hsa-miR-18a-5p, hsa-miR-24-1-5p, hsa-
miR-99a-5p, hsa -miR-100-5p, hsa-miR-
145-5p3, hsa-let-7a-2-3p).

Acknowledgments
We express our gratitude to Potemkin 
DS and Vasilchenko NG (staff of National 
Medical Research Oncology Center, lab­
oratory of molecular oncology) for their 
help with the cell culture, and to Sa­
gakyants AB and Bondarenko ES (staff 
of National Medical Research Oncology 
Center, laboratory of immunophenotyp­
ing of tumors) for their help in conduct­
ing studies on a flow cytometer.

For Fig. 3, 5, 6, 7, and 8, see an online version of this ar-
ticle at https://www.linkos.cz/english-summary/klinicka-
onkologie-journal/archive/#search=1

References
1. Zinkovich MS, Maksimov AY, Rozenko LY et al. Radiore-
sistance as a factor of evolution of radiation therapy for 
prostate cancer. [online]. Available from: http://science-
education.ru/ru/article/view?id=28627.
2. Chaiswing L, Weiss HL, Jayswal RD. Profiles of radio
resistance mechanisms in prostate cancer. Crit Rev 
Oncog 2018; 23(1–2): 39–67. doi: 10.1615/CritRevOn-
cog.2018025946.
3. Mottet N, Bellmunt J, Bolla M. EAU-ESTRO-SIOG Guide-
lines on prostate cancer. Part 1: Screening, diagnosis, and 
local treatment with curative intent. Eur Urol 2017; 71(4): 
618–629. doi: 10.1016/j.eururo.2016.08.003. 
4. Negre-Salvayre A, Coatrieux C, Ingueneau C et al. Ad-
vanced lipid peroxidation end products in oxidative dam-
age to proteins. Potential role in diseases and therapeutic 


