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TRANSCRIPTIONAL ACTIVITY OF DNA-METHYLTRANSFERASE GENES IN THE CHRONICALLY EXPOSED
RESIDENTS OF THE URAL REGION
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In addition to damaging the genetic apparatus of the cell, ionizing radiation can cause epigenetic alterations. DNA methylation that plays a vital part in regulation
of cellular processes is a common epigenetic modification. DNA methylation ensured by DNA methyltransferases occurs in the CpG-rich sequences. The study
was aimed to assess mRNA expression of genes encoding DNA methyltransferases (DNMT1, DNMT3A, DNMT3B) in the chronically exposed individuals who live
along the River Techa over a long-term period. A total of 112 people were examined more than 65 years after the beginning of chronic exposure. The average
accumulated dose to red bone marrow (RBM) was 782.0 + 82.3 mGy, and the average accumulated dose to thymus and peripheral lymphoid organs was 93.2 +
13.6 mGy. The subjects' age at the time of examination was 67.9 + 0.8 years (54-83 years). The relative mMRNA levels for the studied genes were assessed by real-
time polymerase chain reaction (real-time PCR). mRNA expression of DNMT1 correlated positively with the dose to RBM (p = 0.04), thymus and peripheral lymphoid
organs (p = 0.02), as well as with the dose rate in these organs (p = 0.05, p = 0.04, respectively) during the period of the highest levels of radiation exposure. In
individuals exposed in the high dose range (over 1000 mGy) there was a significant increase in the expression of DNMTT mRNA compared to the comparison
group (p = 0.02). The findings may indicate the DNMT1 gene involvement in epigenetic alterations that occur in the chronically exposed people in the long term.
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TPAHCKPUMNUMNOHHAA AKTUBHOCTb NrEHOB AAHK-METUNTPAHC®EPAS Y XXUTENIEN YPANIbCKOIO
PEMMOHA, NOABEPILLMXCA XPOHUYECKOMY PAOVALIMOHHOMY BO3LAENCTBUIO

B. C. Hukundpopos™ =, E. A. BrvHosa'?, A. B. Aknees'?

" YpanbCKuin Hay4HO-NPaKTUHECKNIA LIEHTP paamauMoHHOM MeauyLiHbl PefepanbHOro Meamnko-61onormieckoro areHTeTea, YensibuHek, Poccust
2 YenabuHCKNIA rocyaapCTBEHHbIN YHMBEpcUTeT, YenabuHek, Poccus

[OMVMO NOBPEXIEHNS FTEHETUHECKOTO annapata KNeTKW, NOH3NPYIOLLEE N3MyHeHne CrIOCOBHO MPMBOLUTL K AMUMEHETUHECKUM U3MEHEHNAM. PacnpocTpaHeHHO
ANUreHeTnHecKon Moandurkaumen asnaetca Mmetunanposane JHK, nrpatollee BaXKHyO posib B PErysLMnN KNETO4HbIX npoueccos. Metununposanve JHK
NPONCXOANT B NMOCNEeL0BaTENbHOCTAX, HoraTbix CpG-anHyKIeoTMaaMm, U OcyLLEEeCTBASETCSA NpK nomoLLn hepmeHToB OHK-meTunTpaHcdepas. Liensto paboTs!
6bIno 13y4nThb akcnpeccuto MPHK reHos OHK-metuntpaHcthepas (DNMTT, DNMT3A, DNMT3B) B oTaaneHHble CPOKN Y ML, NMOABEPrLUMXCS XPOHNYECKOMY
pafmnaLmoHHoMy obnydenmto Ha p. Tede. ObcnepoBaHye 112 YenoBek 6b110 MPoBeAeHO CrycTs 6onee Hem 65 NeT noce Ha4ana xpoHM4ecKoro 06yyeHns. CpeHss
HakoMNeHHast fo3a 06y4eHNs KPAaCHOro KOCTHOro Mo3ra coctasnsna 782,0 + 82,3 MIp, a cpeaHas HakomIeHHasA f03a 00yHeHVs TMyCa 1 NepuhepnHeckmnx
nnmvconaHbix opraHoB — 93,2 + 13,6 MIp. BoadpacT ntoaeit Ha Bpemsi npoBeaeHns obcnenoBaHus coctasnn 67,9 + 0,8 neT (54-83 roaa). OLeHKy OTHOCUTENBHOMO
copepkanna MPHK nccnegyembix reHOB MPOBOAWIN C UCTMONb30BaHNEM METOAA MNONMMMEPA3HO LIEMHON peakLuy B peanibHOM BpemeHu. YCTaHoBMeHa npsivast
koppenaumna mexay akcnpeccunen MPHK rena DNMT1 1 fo301 06yHeHns KpacHOro KOCTHOro moara (o = 0,04), Tumyca n neprepnHeckix IMMMOonaHbIX OpraHoB
(o = 0,02), a Takxxe MOLLHOCTBIO 403bl 0BYyHeHNs 3TUX opraHoB (o = 0,05, p = 0,04 COOTBETCTBEHHO) B NEPUOL, MaKCHMMasbHOMO pafyaLlMOHHOrO BO3AENCTBUS.
Y 0bny4eHHbIX nny, B AvanasoHe 6onblumx o3 (Gonee 1000 MIp) HabntogaeTcst 3Haummoe yeenmyeHre akenpecc MPHK reHa DNMT1 OTHOCUTENBLHO rpynbl
cpaBHeHns (o = 0,02). Mony4eHHble pesynbTaTbl MOryT CBUAETENLCTBOBATL O BOBIEYEHHOCTV reHa DNMT T B 3MEHEHME aMMreHeTUHEeCKOro cTaryca y togen,
NOABEPILUMXCHA XPOHNHECKOMY PaanaLOHHOMY BO3AEACTBUIO B OTAANIEHHbIE CPOKW.
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Genome-wide DNA methylation profile is a dynamic feature
capable of changing during ontogenetic development or
under the influence of environmental factors. Methylation that
involves enzymes DNA methyltransferases (DNMT1, DNMT3A,
DNMT3B, DNMT3L) occurs in the CpG-rich sequences
[1]. Methyltransferases DNMT3A and DNMT3B display de
novo methylation activity. Methyltransferase DNMT1 ensures
restoration and maintenance of the previously established methyl
labels. Methylation levels of each DNA segment result from two
opposing processes, methylation and demethylation, which
generally depend on the activity of DNA methyltransferases
and DNA demethylating enzymes [2].

The ionizing radiation-induced alterations in expression of
DNA methyltransferases were studied in cells cultured in vitro: in
some cases these alterations correlated with DNA methylation
levels [3]. The experiments with mice and human thymocytes
thatinvolved the use of the combined radiation regime (exposure
to an initial low dose administered prior to a subsequent higher
radiation dose) revealed the decrease in expression of DNMT2,
DNMT3B, DNMT3L in murine thymocytes and DNMT2,
DNMT3A in the exposed in vitro human thymocytes [4]. The
increased expression of DNA methyltransferases was observed
in surgeons who had been practicing interventions for more
than three years [5]. Protein p53 that binds directly to DNA is
one of methyltransferase expression regulators in response to
the ionizing radiation exposure. Direct binding of the protein
is reduced upon exposure, which results in the increased
transcritional activity of DNMT1 [6].

It is shown that radiosensitivity of cells (including stem
cells) is affected by the genome-wide DNA methylation levels
and methyltransferase activity. This is due to the fact that
methyltransferase activity and methylation of certain DNA sites
can potentially alter secretion of such factors, as TNFa, NO,
and TGFB [7]. Furthermore, the ionizing radiation-induced
methylation and methyltransferase gene expression alterations
contribute to induction of genome instability [8].

Thus, the study was aimed to assess mMRNA expression of
genes encoding DNA methyltransferases (DNMT1, DNMT3A,
DNMT3B) in the chronically exposed individuals (mostly
exposed to low-dose radiation) over a long-term period.

METHODS

The object of the study were peripheral blood samples
collected from 112 residents of the villages located along the
Techa River, who were cronically exposed after the discharge
of liquid radioactive waste from PA Mayak. Internal exposure
occurred due to radionuclides that entered the body through
consuming river water and locally manufactured food products,
and external gamma exposure resulted from radionuclide
contamination of bottom sediments and floodplain soils.
Massive discharge of radioactive waste started in 1950.
The short-lived radionuclides were the main source of exposure

Table 1. Olygonucleotide sequences of primers and probes

during the first few years. Then, as a result of protective actions
and the decay of short-lived radionuclides, external and internal
dose rate in soft tissues significantly decreased: after 1960 it
did not exceed 107 Gy/year in all people living along the river
banks. The features of red bone marrow (RBM) exposure were
slightly different, since the main contribution to the radiation
dose was made by the long-lived osteotropic radionuclide
%8Sy, which provided chronic exposure with the monotonically
decreasing dose rate that became less than 10° Gy/year by
1985 in all the exposed people [9].

Inclusion criteria: permanent residence in one of 41 villages
located along the Techa River between January 1, 1950 and
December 31, 1960; availability of reconstructed absorbed
doses to RBM, thymus and peripheral lymphoid organs,
calculated using the Techa River Dosimetry System-2016
(TRDS-2016) [10]. Exclusion criteria: autoimmune disorders;
acute or chronic (exacerbation) inflammatory diseases; taking
antibiotics, glucocorticoids or cytostatic drugs during a period
of six months prior to blood sample collection.

The study participants were divided into the following
groups based on the absorbed dose to RBM: the comparison
group (67 individuals), where the doses to RBM did not
exceed 70 mGy throughout the subjects' life, and the group
of chronically exposed people (45 individuals), whose doses
exceeded 70 mGy.

The average accumulated dose to RBM in the cronically
exposed individuals was 782.0 + 82.3 mGy (dose range:
77.8-3179.7 mGy), and the average dose rate in RBM during the
period of the highest levels of radiation exposure (years 1950-1951)
was 145.7 + 16.3 mGy/year (dose rate range: 0.1-542.6 mGy/year).
The average accumulated dose to thymus and peripheral
lymphoid organs was 93.2 + 13.6 mGy (dose range: 2.8-644.8 mGy),
while the average dose rate during the period of the highest
levels of radiation exposure was 42.8 + 6.8 mGy (dose range:
0.1-320.9 mGy/year). The average accumulated dose to RBM
in the comparison group was 20.7 + 2.7 mGy (dose range:
1.3-63.2 mQGy), and the average accumulated dose to thymus
and peripheral lymphoid organs was 8.8+1.6 mGy (dose range:
0.2-33.5 mGy).

The average age of chronically exposed individuals was
72.2 + 0.7 years (63-83 years), and the average age of people
in the comparison group was 63.7 + 1.0 years (54-79 years).
The vast majority of samples were obtained from females in
both groups. Thus, in the group of chronically exposed people
women accounted for 70.1% (47 individuals), and in the
comparison group they accounted for 68.9% (31 individuals).

To assess the relative mRNA levels of methyltransferases,
3 mL of blood were collected from the cubital vein in sterile
vacuum Tempus Blood RNA Tubes (Thermo Scientific; USA).
RNA was isolated by the column-based extraction method
using the GeneJET Stabilized and Fresh Whole Blood RNA
Kit (Thermo Scientific; USA). Qualitative and quantitative
characteristics of the isolated total RNA samples were

Gene

Olygonucleotide sequences

Forward: 5'-CCTTCACGTTCAACATCAAGC-3'
DNMT1

Reverse: 5'-GCTCTGGGTACAGGTCCTCATC-3'
Probe: FAM-BHQ1 - 5'-CCAGTCCCGTGAAACGCCCA-3'

Forward: 5'- GGCTCCAGATGTTCTTCGCTA-3'

DNMT3A Reverse: 5'- GGATGGGCTTCCTCTTCTCA-3'

Probe: FAM-BHQ1 - 5'-CACGACCAGGAATTTGACCCTCCA-3'

DNMT3B Reverse: 5'- CTTCATCCCCTCGGTCTTTG-3'

Forward: 5'- GAATCAAGGAAATACGAGAACAAGAC-3'

Probe: FAM-BHQ1 - 5'-CGACTCAGCCACCTCTGACTACTGCC-3'
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Table 2. Relative mRNA levels (Me) of DNA methyltransferase genes (RU) in peripheral blood cells of chronically exposed people over a long-term period

Group n DNMT1 DNMT3A DNMT3B
Comparison grou 45 1.18 0.71 078

P group (0.78-1.67) (0.58-0.82) (0.18-1.37)
Chronically exposed 67 1.43 0.71 0.46

individuals (0.99-1.67) (0.55-0.83) (0.20-1.18)

Note: in parentheses are 25"-75" percentile; n — sample size.

assessed with the NanoDrop 2000C Spectrophotometer
(Thermo Scientific; USA). Sample purity was determined based
on absorption values at wavelengths of 260 nm and 280 nm
(A260/280). The reverse transcription reaction was performed
as a separate step using the MMLV RT Kit (Evrogen; Russia).
The relative mMRNA levels were defined by real-time polymerase
chain reaction (real-time PCR) using the Real-Time CFX96
Touch system (Bio-Rad Laboratories; USA). Olygonucleotide
sequences of primers and probes were synthesized by LLC
DNA-Synthesis (Russia) (Table 1).

Real-time PCR was carried out as follows: initial denaturation
at 95 °C for 5 min, cycles of denaturation at 95 °C for 20 s,
primer annealing and elongation at 65 °C for 60 s (50 cycles).
Each sample was tested three times.

The 224t method was used to calculate relative gene
expression [11]. ACTB housekeeping gene was used as an
endogenous control. Calculations were performed with the
software installed in the Real-Time CFX96 Touch system
(BioRad; USA).

Statistical processing of the results was carried out with
the SPSS Statistics 17.0 (IBM; USA) and Graph Pad Prism
8.4.3 (GraphPad Software Inc.; USA) software packages.
Distributions of indicator values were tested for normality using
the Kolmogorov—Smirnov test. Mean values (M), standard
error of the mean (= SE), and the range of values (min-max)
were used to characterize samples with normal distribution.
The indicators with non-normal distribution were presented
as median (Me), 25"-75" percentile (Q,-Q,). Samples were
compared using the Mann-Whitney U test, since the majority
of values had non-normal distribution. Correlation analysis
for assessment of the effects of dose characteristics on the
relative mMRNA levels of methyltransferases was performed by
calculating Spearman's rank correlation coefficients (R). The
differences were considered significant at p < 0.05 in all tests.
When 0.05 < p < 0.1, the difference was considered as a trend
towards significant difference.

RESULTS
When comparing two samples, no significant differences in the

relative mRNA levels of the DNMT1, DNMT3A, and DNMT3B
methyltransferase genes were observed (Table 2).

Correlation analysis of the combined sample revealed a
weak correlation of the relative mRNA levels of DNMTT with
the accumilated dose to RBM (R = 0.19; p =0.04), thymus
and peripheral lymphoid organs (R = 0.19; p = 0.05), and the
dose rate in RBM (R = 0.21; p = 0.02), thymus and peripheral
lymphoid organs (R = 0.20; p = 0.04) during the period of the
highest levels of radiation exposure (Table 2).

The relationship between the relative mRNA levels of DNMT1
and the dose characteristics was assessed by regression
analysis of the combined sample. The analysis confirmed the
correlation between the changes in expression on the DNMT1
gene mRNA and the dose rate in RBM (R = 0.20; p = 0.03),
thymus and peripheral lymphoid organs (R = 0.19; p = 0.04)
during the period of the highest levels of radiation exposure.
No correlations were found between the relative DNMT3A and
DNMT3B mRNA levels and the dose parameters (Table 3).

In individuals with the accumulated dose to RBM exceeding
1000 mGy (1044.8-3179.7 mGy) the significant increase in the
expression of the DNMT1 gene mRNA (the average value:
1659.0 + 155.7; p = 0.02) compared to the comparison group
was observed (Fig. A).

Furthermore, it was found that relative mRNA levels of
DNMT1 were significantly higher (p = 0.04) in individuals
with accumulated doses to thymus and peripheral lymphoid
organs of 103.9-644.8 mGy (average value: 200.9 + 30.3 mGy)
compared to individuals with accumulated doses not exceeding
10.0 mGy (average value: 2.5 mGy) (Fig. B).

DISCUSSION

DNMT1 is one of the main DNA methyltransferases in
mammalian cells. It is a highly dynamic enzyme with multiple
regulatory functions that is capable of controling DNA
methylation. In particular, DNMT1 expression is necessary for
maintaining the pattern of DNA methylation during mitosis.
Furthermore, DNMT1 plays a direct role in the recovery of
epigenetic information during the DNA repair [8].

DNMTT1 gene upregulation is often associated with global
DNA hypomethylation [12]. It is worth noting that such an
effect of genome-wide hypomethylation was observed in
employees of nuclear facilities exposed to the combination of
high- and low-LET radiation. The researchers [13] noted that

Table 3. Spearman's rank correlation (R) between the relative mRNA levels of DNA methyltransferase genes and the values of dose and dose rate during the period of the

highest levels of radiation exposure

Dose rate in RBM during the period ) D in th d
. . Dose to thymus and peripheral 0se rate in tl ymus an
Dose to RBM, mGy of the highest levels of radiation lymphoid organs, mGy/year peripheral lymphoid organs
Gene exposure, mGy/year during the period of the highest
levels of radiation exposure,
R(p) mGy/year

0.19 0.21 0.19 0.20
bnmTT 0.04) 0.02) (0.05) 0.04)
-0.03 -0.07 -0.04 -0.04
DNMT3A 0.74) 0.45) 0.65) 0.65)
-0.13 -0.17 -0.14 -0.15
DNMT3B (0.17) (0.08) (0.16) 0.11)
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Relative mRNA levels of DNMTT (RU)
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Accumulated dose to RBM (mGy)

1.6 #
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Fig. Relative mRNA levels of DNMT1 (RU) in exposed individuals as a function of dose to RBM (A), thymus and peripheral lymphoid organs (B): the dotted line indicates
linear approximation (trend line); # indicates significant differences in DNMT1 gene expression between the comparison group and the group of chronically exposed
people; vertical error bar corresponds to the error of the mean of the relative mRNA levels of DNMT1; horizontal error bar corresponds to the error of the mean of the

accumulated dose to RBM (A), thymus and peripheral lymphoid organs (B)

workers whose total cumulative dose exceeded 103.14 mSy,
had significantly higher global methylation levels compared to
workers with lower doses (below 103.14 mSv), which indicated
a differential response of epigenome to the effects of exposure
to low and high doses.

The other study reported by the same authors showed
reduced total levels of 5-methylcytosine in leukocytes of
employees exposed to gamma ray and X-ray radiation [14].

DNA methyltransferase expression alterations are often
associated with the locus-specific changes in methylation of
genes responsible for maintaining cell homeostasis. The paper
[15] reports CpG island hypermethylation in promoters of some
genes (particularly, p76/INKA and GSTP1) in normal leukocytes
of individuals who were exposed to radiation long time ago.
Further examination of the PA Mayak employees with available
reconstructed absorbed doses from external exposure to
gamma ray radiation or combined exposure to external gamma-
and internal alpha-radiation performed using the extended
range of the studied loci revealed the combination of genes
p16/INKA, p53, GSTP1, SOD3, ATM, ESR1, hypermethylation
of which was associated with radiation exposure [16].

Our previously published studies revealed a positive
correlation between the promoter methylation levels of the ATM
gene and the dose to RBM, thymus and peripheral lymphoid
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