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BIJJAJIEHI TEHETUYHI TA EINITEHETUYHI ITIOPYHIEHHA
Y OITPOMIHEHMUX OCIB TA IXHIX HAIIIAJIKIB (orasm)

Ornsa NpUCBAYEHUN BiffaNeHUM reHeTUYHNUM Ta eNireHeTUYHUM NOPYLUIEHHSAM Y ONPOMiHEHMX 0Ci6 Ta TXHiX HalaaKiB —
uutoreHeTuyHum ecektam y nikeigaropis aBapii Ha YAEC Ta ixHix gitet, AHK-meTunioBaHHIO ik enireHeTUYHii Mo-
andikauii reHomy noguHu. [laHi, npefcTaBaeHi B oragi, po3wWnpOOTb YABAEHHS NPO PU3KUK NPONOHIOBAHOTO On-
POMiHEeHHS A1f CNPaBXKHiX i MabyTHiIX NOKONiHb, WO € O[Hi€I0 3 OCHOBHMX NpobieM, sKi cTaBAATb Nepep co60to dyH-
AaMeHTaNbHa pagiauiiiHa reHeTuka i pagiobionoris noguHu.
KntouoBi cnosa: aBapis Ha YAEC, uutoreHetnyHi edpektun, IHK-meTunioBaHHs.
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LONG-TERM GENETIC AND EPIGENETIC DISORDERS
IN PERSONS EXPOSED TO IONIZING RADIATION AND THEIR
DESCENDANTS (review)

The review is devoted to long-term genetic and epigenetic disorders in exposed individuals and their descendants,
namely to cytogenetic effects in the Chornobyl NPP accident clean-up workers and their children, DNA methylation
as an epigenetic modification of human genome. Data presented in review expand the understanding of risk of the
prolonged exposure for the present and future generations, which is one of key problems posed by fundamental radi-
ation genetics and human radiobiology.
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REVIEWS

BCTVYII

OaHUM i3 OCHOBHMX 3aBlIaHb BUBUEHHS BildaJeHUX
eeKTiB pamialiifHOro BIIJINBY € MOITYK MapKepiB Ie-
peHecCeHOro OINMpOMiHEHHS, SIKi MOXYTb JAaTH iHTEr-
paJibHY OLIiHKY CTaHy 3A0pOB’s MoanHu. Ha choroaHi
HaKOIMMWYEeHO MOCTaTHIM MOCBim, 11O CBIZYUTH IPO
OigBUILEHI PiBHI BiJaJeHUX T€HETUYHUX MOPYLIeHb
(abepaliii xpomocoM, MiKposiapa, TeHHI MyTallii, po3-
pusu JJHK) y comaTnyHuX KJIiTMHaX AiTel Ta 10poc-
JINX, SKi 3a3HaJIM XPOHIYHOTO/(PpaKIlioHOBAaHOTO OII-
POMiHEHHSI B MaJlUX i CepeldHiX J03aX, 30KpeMa Ha
YAEC (yyacHUKM JiKBigalii HacainkiB aBapii Ha YA-
EC (nikBimatopu) Ta MeIIKaHIIi TepUTOPii 3 pamio-
HYKJIiOHUMMU 3a6pynHeHHsIMuU) [1—6]. Illupoke BUKO-
PUCTAaHHSI ILIMTOTEHETUYHMX METOIIB Hal0 MOX-
JIUBICTh OAepKaTW NOKa3u TpaHCTeHepaliliHOi Hec-
TaOiILHOCTI T€HOMY, 110 Ma€ Micle y JiTelt JikBina-
topiB aBapii Ha HAEC [7—10]. CtaTUCTUYHO 3HaUYllle
301JIbILIEHHSI YACTOTU MiHiCaTeIiTHUX MYyTalili BUSIB-
JIEHO B XPOHIUHO ONMPOMIHIOBAHUX MOMYJIALISX, IO
HaCeJISII0Th TEPUTOPIi 3 HECTIPUSATIMBOIO padiallifHOIO
o0ctaHoBkow [11—14]. ExcriepuMeHTanbHi AOCHTiI-
KeHHS Ha J1JabopaTOpHUX TBapuHax (in vivo) mpope-
MOHCTPYBaJIM J0303aJIe3KHY iHAYKIIiIO TilepMeTHIo-
BaHHS MPOMOTOPIB T€HIB, 110 Ma€ 3AaTHICTh 30epira-
TUCS MOPOTSArOM TPUBAIOro vacy (A0 IEeKiIbKOX
micsauis) [15—19].

IIUTOIEHETUYHI E®@EKTU Y JIKBIIATOPIB
ABAPII HA YAEC TA IXHIX JITEN
LUutoreHeTuuHi edpekTu y nikBigatopis aBapii

Ha YAEC

PesyabraTi yMCIeHHUX HOCTIIXKEHb LIATOTEHETUUHMX
edexTiB y JimdouuTax nepudepruyHoi KPoBi JiKBiga-
topiB aBapii Ha YAEC cBigyaTb TIpo MigBUIIICHHS
piBHsSI abepallili XpOMOCOMHOIO THUITY, HacamIlepen
CcTabiIbHUX (PELMITIPOKHI TpaHCIOKallii) i HecTabilb-
HUX OOMiHHUX IepeOyaoB (IULUEHTPUKU Ta KiJlblLIs).
BcraHoBieHo, 1110 4acToTa HEeCTaOUIbHUX XPOMOCOM-
HMX abepalliil MOCTYIIOBO 3MEHIIYETLCS 3 4aCOM, O/I-
Hak TepeBUIIY€E CIIOHTAHHUI piBeHb MPOTITOM JeCs-
TWIiTh, 11O MPOUIIN TTicas1 onpoMiHeHHs. Bukopuc-
tanHg G-6enaunry i FISH-MeTonmy (dmoopecieHTHA
in situ riOpuaM3alliss) CyTTEBO PO3MIMPUIO MOXKJIM-
BOCTi LIATOTEHETUYHOTO MOHITOPUHTY JIJIsl BUSIBIEHHS
cTabiIbHUX abepalliii XxpOMOCOMHOTO TUITY — PELMII-
POKHUX TpaHCJIOKallili, piBeHb SIKUX HE 3MiHIOETHCS 3
yacoM TIic/Isl ONpPOMiHEHHS. Y 3B’SI3KYy 3 LIMM aHali3
JaHUX XPOMOCOMHUX aHOMaJliii J03BOJIsIE 3AiMCHIOBA-
TU HE TUIbKHU OLIIHKY PiBHS COMaTUYHOI'O XpOMOCOM-
HOro MyTareHesy, ajie i peTpOCIeKTUBHY 0i0103U-

INTRODUCTION

One of the main tasks of studying the long-term
effects of radiation exposure is the search for mark-
ers of the experienced irradiation, which can give
an integral assessment of the state of human health.
To date the sufficient amount of data has been
accumulated indicating the increased levels of
long-term genetic disorders (chromosome aberra-
tions, micronuclei, gene mutations, DNA breaks)
in somatic cells of children and adults exposed to
chronic/fractionated irradiation in low and medi-
um doses, in particular of survivors of the Chor-
nobyl NPP accident (ChNPPA) i.e. accident
clean-up workers (CUW) and residents of radionu-
clide contaminated territories [1—6]. The wide-
spread use of cytogenetic methods made it possible
to obtain an evidence of transgenerational instabil-
ity of genome, which occurs in children of the
ChNPPA CUW [7-10]. A statistically significant
increase in the incidence of minisatellite mutations
was found in chronically irradiated populations
inhabiting areas with unfavorable radiation condi-
tions [11—14]. Experimental studies on laboratory
animals (in vivo) have demonstrated a dose-
dependent induction of gene promoter hyperme-
thylation, which can persist for a long period of
time (up to several months) [15—19].

CYTOGENETIC EFFECTS IN LIQUIDATORS
OF THE CHORNOBYL ACCIDENT AND THEIR
CHILDREN

Cytogenetic effects in the ChNPPA CUW

Results of numerous studies of cytogenetic effects in
peripheral blood lymphocytes in the ChNPPA CUW
indicate an increase in the level of chromosomal
aberrations, primarily stable (reciprocal transloca-
tions) and unstable metabolic rearrangements
(dicentrics and rings). It was found that the inci-
dence of unstable chromosomal aberrations gradual-
ly decreases with time, however, exceeding the spon-
taneous level over the decades after irradiation. The
use of G-banding and FISH method (fluorescent in
situ hybridization) has significantly expanded the
possibilities of cytogenetic monitoring to detect sta-
ble chromosomal aberrations — reciprocal translo-
cations, the level of which does not change over time
after irradiation. In this regard, the analysis of these
chromosomal abnormalities makes it possible not
only to assess the level of somatic chromosomal
mutagenesis, but also to manage the retrospective
biodosimetry for people exposed to radiation.
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METpilo IJid OcCi0, sKi 3a3HaJM padialiiHOTrO BILJIMUBY.
OpnHak npu BUCOKMX J03aX onpoMiHeHH: (Oiibiue 1—2 Ip)
CIIOCTEPIraeThbCsl BeJIMKA KiAbKIiCTh KIIITUH, LIO HECYTh
HecTabinbHI abepallii B MOETHAHHI 3 PELUITPOKHUMU
TpaHCJIOKalisIMU, a OTXe, eIiMiHYIOTh 3 IUIMHOM 4acy,
1Ie MPU3BOAUTH A0 3HWXKEHHS PiBHS JaHUX CTAOLIbHUX
OOMiIHHUX IIepeOyI0B XPOMOCOM, SIKi PEECTPYIOThCS
[1-3,10, 20—32].

3rigHo 3 JiTepaTypHUMM NaHWUMM, y JiKBiZaTOpiB
aBapii Ha YAEC — HoCiiB My/1bTHaOepaHTHUX KIIITUH —
yacToTa HecTabinbHUX adepaliii XpOMOCOMHOIO THUITY
iCTOTHO BHIIIA 32 TaKy Y OITPOMiHEHUX iHAMBIIIB, SIKi Xa-
pPaKTepU3yIOThCS BiACYTHICTIO JTiM(MOLMUTIB 3 MHOXMH-
HUMU nepedynoBaMu reHoMy [33]. 3a gesIKUMU JaHUMM,
BiAMiHHOCTE Y piBHSIX aHAJIi30BaHUX YIIKOIKEeHb F'eHO-
MY MiX rpyliaMu JitoJeii 3 pi3HOI CEpeIHbOIO 403010 OIl-
POMiHEHHSI HE BUSIBJIEHO, IO CBIAYUTH MPO iHAUBILY-
aJIbHYy paliouyTJMBICTb OpraHismy [31].

JlocssirHeHHs1 B rajly3i eKcHepuMeHTaJIbHO1 pajio-
Oiosorii Ta pamiamiifHOi TeHeTMKM CBimTyaTh MpPO He-
OOXiTHICTh BUSIBJIEHHS Y BilIaJIeHUI TIepiof Iics OIl-
POMiHEHHS JIOAWHM HE TiJAbKM MillleHEBUX €(EKTiB,
IHIYKOBaHUX NpU Oe3nocepeaHii aii pagialii Ha KIiTU-
Hy-MillleHb, a I MOXJIMBUX HEMillleHeBUX e(eKTiB (Te-
HOMHAa HeCTabiTbHICTh, e(heKT «CBiKa»), 10 NOTpedye
BITPOBAIKEHHSI HOBUX METOJAOJOTTUHMX ITiAXOIiB — BUB-
YeHHSI YYTJIWBOCTI TeHOMY JIIM(OIUTIB A0 TECTYIOUMX
BIUIMBIB in vitro, JOBrorpuBaje KyJIbTUBYBAaHHS LIMX
KJITUH, a TaKoX OIL[iHKa 3JaTHOCTiI JiM(MOULMTIB OIl-
pPOMiHEHMX OCi0 iHAyKyBaTH abepallii y HEOTPOMiHEHUX
KJITUHAX TIpU CITUTbHOMY KYJIBTUBYBaHHI (JTiMponnT
pi3HOCTaTeBUX TOHOPIB).

Huskoro aocnigHuKiB BCTAHOBJAEHO 3AATHICTh JiMdo-
LIMTIB yYacHUKIB JtikBigauii aBapii Ha YAEC (350—690 mIp
ta 1,01-2,37 Ip) iHmyKyBatu e(eKT «CBiIKa» y BUIISII
MpocTUX abepalliii XpOMaTUIHOIO TUITY (XPOMATUIHUX
PO3PUBIB) Y HEOIIPOMiHEHUX KIITUHAX (CIiJIbHE KYJIbTH-
BYBAHH$ OIPOMiHEHUX in Vivo HEOIIPOMiHEHUX KJTiITUH),
1110 CBIZYUTH TMIPO MEPCUCTEHILIIIO padialiiiHO-1HAyKOBa-
Horo edekty cBigka [10]. TlokazaHo TiaBUILEHY YYT-
JIUBICTH XPOMOCOM JIIM(OUMTIB 10 OJEOMILIUHY Y
JikBigatopiB YopHoOuabcbkoi Katactpodpu [34]. Crin
3a3HAYUTU, 11O BUSIBJIIEHO BUCOKY MIiXiHAMBiAyadbHY
BapiabeIbHICTh YYTJIMBOCTI IO palioMiMeTHKa, a TaKOX
BiICYTHICTh TTO3UTUBHOTO KOPEJSIIMHOTO 3B’SI3KY MiX
(OHOBUMM Ta iHAYKOBAaHUMMU OJICOMILIMHOM 4acTOTaAMM
abepartiit xpomocom [10, 34]. V miteparypi HaBOASTBCS
eKCIMepUMEHTalIbHI JOKa3W iHAYKIii T€eHOMHOI Hec-
TaOUIBHOCTI B OpraHi3Mi OMPOMIHEHUX JiKBiZaTOPiB
apapii Ha YAEC [9].

However, at high doses of irradiation (over 1—2
Gy) there is a large number of cells carrying unsta-
ble aberrations in combination with reciprocal
translocations, that do undergo elimination over
time, which leads to a decrease in the level of these
stable metabolic rearrangements of chromosomes,
which are recorded [1-3, 10, 20—32].

According to literature data, among the
ChNPPA CUW — carriers of multi-aberrant cells —
the incidence of unstable chromosomal aberrations
is significantly higher than that of irradiated indi-
viduals characterized by the absence of lympho-
cytes with multiple genome rearrangements [33].
According to some data, differences in the levels of
genome damage under consideration between
groups of people with different average irradiation
doses have not been identified, which suggests the
individual radiosensitivity of the organism [31].

Achievements in the field of experimental radio-
biology and radiation genetics indicate the need to
identify, in a long-term period after human expo-
sure, not only the target effects induced by a direct
radiation impact on target cells, but also possible
non-target effects (genomic instability, «bytander»
effect), which requires introduction of new
methodological approaches, i.e. study of sensitivi-
ty of lymphocytic genome to the testing influences
in vitro, long-term cultivation of these cells, as
well as assessment of lymphocytes ability in irradi-
ated individuals to induce aberrations in non-irra-
diated cells during co-cultivation (lymphocytes
from the opposite-sex donors).

A number of researchers have established the
ability of lymphocytes from the ChNPPA CUW
(350—-690 mGy and 1.01-2.37 Gy radiation
doses) to induce the «bystander» effect in the form
of simple chromatid-type aberrations (chromatid
breaks) in non-irradiated cells (in experiment of
co-cultivation of irradiated in vivo non-irradiated
cells), which indicates the persistence of radiation-
induced bystander effect [10]. An increased sensi-
tivity of lymphocyte chromosomes to bleomycin in
the ChNPPA CUW has been shown [34]. It should
be noted that there was a high interindividual vari-
ability in sensitivity to radiomimetics, as well as no
positive correlation between the background and
bleomycin-induced incidence of chromosome
aberrations [10, 34]. The literature data provide an
experimental evidence for the induction of
genomic instability in the ChNPPA CUW [9].
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LUutoreHeTnyHi edekTn y aitei, aki Hapoannucs Big,
nikeipaTopie aBapii Ha YAEC

Hitu, ki Hapoauaucsl Bif 0aTbKiB-JiKBigaTopiB aBapii
Ha YAEC i He 3a3Hanu 6e3mocepeIHbOro paaialliiiHOTO
BILJIMBY, € 0COOJIMBOIO KOTOPTOIO CITIOCTepeXeHHs1. Bera-
HOBJIEHO, 1110 PiB€Hb MOOJMHOKUX XPOMAaTUIHUX (par-
MEHTIB y JiMdpounTax nepudepnaHoi KpoBi aiTeit, Ha-
pOIKEeHUX Bim OaTbKiB-nikBimatopiB aBapii Ha YAEC,
SIKi 3a3HaJIM OMpPOMiHEHHs B Jiana30oHi Majaux Ta ce-
penHix 103 (K npasuio, < 25 clp), y 2 pa3u nepeBuIILy-
BaB KOHTPOJIbHUM piBeHb. KpiM Toro, y HallaakiB ekc-
TMOHOBAHUX 0OCi0 yacTillle, HixK Y KOHTPOJi, BUSIBJISIIMCS
CKJIaJHI XPOMOCOMHI TMepeOymoBM — OULEHTPUKU Ta
KiJIbLS; JJIsS1 HUX XapaKTepHa HEeCTaOiIbHICTb TeHOMY,
PO IO CBIAYWIM PE3YJbTaTH IIPOBEACHUX EKCIIEPH-
MEHTIB 3 J0JaTKOBUM TECTYIOUUM 7Y-ONPOMiHEHHSIM
niMmdouurtis in vitro (1,5 Ip) [3, 35, 36].

AHaJoriyHi pesyabraTd OTpUMaHi IpU OOCTEKEeHHi
JIiTel, HApOMXXEeHUX BiJ 0aTbKiB-JIiKBiZaTOpPiB aBapil Ha
YAEC, gxi 3a3Hanu OMPOMiHEHHSI Y BMCOKMX 103aX,
TOOTO nepeHecau B 1986 polii rocTpy MpoMeHeBY XBOPO-
Oy I-II cTtymeHs, a TaKOX TUX, XTO OYB OIMPOMiHEHUI B
Jiarma3oHi Manux i cepenHix mo3 (Big 0,1 mo 1 38). Bonu
CBiIUMIN TIPO BUPA3HUMU BiIXWIECHHSIMU Yy CTaHi 3110-
pOB’sI HAIIAJKiB OMpOMiHeHUX 6aThKiB [7, 37, 38].

3 MeTO10 BUSBJCHHSI MPUXOBAHUX IMOTEHLIIMHMX MOILI-
komkeHb [AHK y nmiteid, siki HapoauImucs Bi ONPOMiHEHUX
JiksimaTopis aBapii Ha YAEC (no3u onpomineHHst 40—670
mlIp), Oysio mpoBeaeHO JOBrOCTPOKOBE 144-ronrHHE Kyjlb-
TUBYBaHHSI JiM(OLUTIB nepudepruuyHOi KPOBi Ta BUSIBICHO
CYTTEBO IiABUILIEHI PiBHi abepaliiil XxpOMOCOM MOPiBHSIHO 3
TaKUM TMOKAa3HUKOM Y KOHTposbHil rpyti [10]. Ha gymky
aBTOPIB, 1I€ MOXKE CBITUYUTHU PO BiICTPOYEHY XPOMOCOMHY
HecTabiIbHICTh, HA 10 BKA3yIOTh MiIBUILEHI PiBHi OOMiH-
HUX abepalliii XxpOMOCOMHOTO THITY, SIK CTaOLTHbHUX (aTH-
MOBI MOHOLIEHTPUKHU), TaK i HeCTaOUIbHUX (LIEHTPUYHi
KiJIbLIsI) MOPiBHSIHO 3 TAKMMU MOKAa3HUKAMU Y JiTell KOHT-
POJILHOI Ipynu. ABTOPU MiAKPECIIOIOTh BUCOKY MiKiHIM-
BiIyaabHy BapiaOeIbHICTh IIUTOTCHETUYHUX e(EKTIiB SIK
KOPOTKOCTPOKOBUX, TaK i B JIOBTOCTPOKOBUX KYJIBTypax, Ta
BIICYTHICTb KOpeJslii MiXXK LMMW JBOMAa ITOKa3HUKAMM,
1110, Ha iXHIO AYMKY, € BilOOpaXKeHHSIM iHIMBiTyaJTbHUX
0COOJIMBOCTEl CITOHTAaHHOI Ta/a00 pamialiifHO-iHAyKOBa-
HOI eKcIipecii HecTabiibHoCcTi TeHoMy|[ 10].

TakuMm 4MHOM, Ma€ Miclie MiABUILEHUI piBeHb abe-
paliif XxpoMOCOM y HEONIPOMiHEHUMX AiTeM, SIKi HAapOaU-
JIMCSl Bif onmpomiHeHMX 0aTbKiB JIiKBiZaTOpiB aBapii Ha
YAEC. Lle cBimunTh Mpo TpaHCTeHepaliiiH1ii heHOMeH
JecTabijizalii reHoMy Yy HallaaKiB OIMPOMiHEHUX
0aThKiB, 110 OTPUMAJIO €KCIIEPUMEHTAJIbHE MiATBEePI-
KEHHS B poboTax Ha KyJbTypax JiMQMOIUTIB IINX

Cytogenetic effects in children born to the
ChNPPA CUW

Children born to fathers — the ChNPPA CUW
and not directly exposed to radiation, represent a
special cohort for the survey. It was found that the
level of single chromatid fragments in peripheral
blood lymphocytes of children born to fathers who
were the ChNPPA CUW exposed to radiation in
the range of low and medium doses (usually not
exceeding 25 c¢Gy) was 2 times higher than the
control level. In addition the complex chromoso-
mal rearrangements (dicentrics and rings) were
more often detected in the offspring of exposed
individuals than in controls. They feature the
genome instability, as evidenced by the results of
experiments with additional testing y-irradiation
(1.5 Gy dose) of lymphocytes in vitro [3, 35, 36].

Similar results were obtained when examining
children born to the male ChNPPA CUW, who
were exposed not only to high doses, that is the
survivors of I-1I degree acute radiation sickness in
1986, but also in the range of low and medium
doses (from 0.1 to 1 Sv), which was accompanied
by pronounced health disorders in the offspring of
irradiated parents [7, 37, 38].

In order to identify the hidden potential of DNA
damage in children born from irradiated ChNPPA
CUW (40—670 mGy radiation doses), a long-term
144-hour cultivation of peripheral blood lympho-
cytes was carried out to reveal the significantly
increased levels of chromosome aberrations (com-
pared with that in control group). According to the
authors, this may indicate a delayed chromosomal
instability, as evidenced by increased levels of meta-
bolic aberrations of chromosomal type, both stable
(atypical monocentrics) and unstable (centric
rings) (compared with that in children in the con-
trol group). The authors emphasize the high
interindividual variability of cytogenetic effects in
both short-term and long-term cultures and lack of
correlation between these two indicators, which, in
their opinion, was a reflection of individual charac-
teristics of spontaneous and/or radiation-induced
expression of genome instability [10].

Thus, there is an increased level of chromosome
aberrations in non-irradiated children born to
irradiated male ChNPPA CUW. This testifies to
the transgenerational phenomenon of genomic
destabilization in offspring of irradiated parents,
which was experimentally confirmed in studies on
lymphocyte cultures of these individuals, includ-
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IHIMBIAIB, Y TOMY YMCJIi i3 3aCTOCYBaHHSIM TECTYIOUUX
BIUIMBIiB pafdiallii Ha KJIiTUHU KPOBIi in vitro.

3a pesynbraTaMy OLIIHKM IIUTOTEHETUIHMNX e(EeKTiB
y JiMpouunTax nepudepruyHoi KpoBi AiTel, SAKi Mpo-
>KMBalOTh B YMOBaX MPOJIOHTOBAHOI Mii pajaiallii B Ma-
JIMX 103aX, BiI3HAYAETHCS MEeBHA cynepeuwnBicTb. Of-
Hak, B LIJIOMY, B po0OTax, BAKOHAHUX 3 OXOILJIEHHSIM
YUCJIEHHUX  BUOIpOK  iHOMBIAIB, OIJIBIIICTIO
JOCJiIHUKIB BHUSIBJIEHO iCTOTHO MiABMILEHI pPiBHi
panmialiifHo-iHAyKOBaHMX abepalliii XpoMocoMm, IO
0COOJIMBO XapakKTepHO MJjs [JiTeid, sKi 3a3HaiIu
panialiiiHOTroO BIJIMBY B aHT€HATaJIbHUI Mepioa OHTO-
TreHe3y 3 Pi3HUMM BiIXWJIEHHSMM B CTaHi 3I0pOB’S,
OpUYOMY Y Mipy 301IbILIEHHS TPUBAIOCTI MPOKUBAHHS
Ha pajioaKTUBHO 3a0pyJIHEHUX TEPUTOPIisIX, YacToTa
XpPOMOCOMHUX IOpYIlIeHb 3pocTae [39—45].

V 6inblI0CTi pOOIT MEPEKOHINBO MPEACTaBIEHO MO-
3UTUBHUI acoLiaTUBHUN 3B’ SI30K MiXX BMiCTOM paio-
HYKJiIiB B OpraHiami Ta piBHeM aOepaliii XpoMmo-
coM/Mikposiaep [4, 6, 41, 46—48]. Ilpu oMy, He Y
BCiX poOOTax BUSIBJICHO 3HAUYyLIE MOEAHAHHS YaCTOTU
LUTOTE€HETUYHUX MepeOdyaoB 3i ILIUILHICTIO pagioak-
TUBHOIO 3a0pyAHEHHS TEPUTOPii MPOXUBAHHSI, ITPO-
T€ MaKCUMaJIbHi piBHi XpOMOCOMHMX MOpPYIIEHb BU-
SIBJIEHI Yy JiTel, SIKi MPOXWMBAIOTh B paiioHax 3 Hali-
OifbIl HECHPUITAUBOIO padialliiiHOI OOCTAaHOBKOIO
[49-51].

OTpuMaHO eKclepuMeHTalbHi JOKa3u peajbHOCTI
IHAYKIIil FeHOMHOI HeCTabiJIbHOCTI B OpraHi3Mmi JiTeid,
110 TMOCTIHO TPOXMBAIOTh B YMOBaX HM3bKOIHTCH-
CUBHOI [il pafialii B MaJauX A03ax: SIKi 3a3Hajiu OI-
poMmiHeHHs mmin yac aBapii Ha YAEC B aHTeHaTaIbHUI
nepiod po3BUTKY a00 HaIllaJAKK OMPOMiHEHUX OATbKiB
(1987—1998 p. 1.) [9, 10, 36, 52, 53].

JHK-METWIIOBAHHA AK EINITEHETUYHA
MOJIUDIKALIIA TEHOMY JIIOJIWUHU

Canitn MeTUNIOBaHHSA

Ax Binomo, IHK-MmeTuntoBaHHSI — enireHeTU4Ha MO-
Juikallis reHOMY, 1110 BiJlirpa€ KJ04oBYy pOJib y pery-
JISLii 6aratbox 6iojoriyHux npouecib [54—59]. Caiita-
mu MetuoBaHHs JIHK B reHOMi JTtonuMHY € epeBax-
HO CpG-auHYKIIEOTHAN. 3a paXyHOK TOTO, 110 S-Me-
TWILMTO3MH CXWJBbHUN OO0 peaxilii Ae3aMiHyBaHHS 3
YTBOPEHHSIM THUMiHY, LIUTO3MH XapaKTepU3YEThCS BU-
CcOKo10 yactoToro MyTyBaHHs B CpG-koHTekcTi (CG >
TG), a HaWTTOIIMPEHIIINI OMHOHYKJICOTUIHUIA TTOJi-
Mop(di3M y TeHOMi JIOIMHU — 1Ie 3aMiHa LIMTO3MHY Ha
TimiH (C > T). ¥V 3B’3Ky 3 LIUM, €BOJIIOLIHO CKJIa10-
cs, mwo yactora CpG-IMHYKIEOTHUAIB, sKa CIIOC-
TepiraeTbes, B KiJibKa pa3iB HUXK4Ya 04ikyBaHoi [54—56,

ing the use of testing effects of radiation on blood
cells in vitro.

Nevertheless there is a certain contradiction in the
results of assessing the cytogenetic effects in periph-
eral blood lymphocytes in children living under a
prolonged exposure to low-dose radiation. But in
general, in research works carried out with the cov-
erage of numerous samples of individuals, the
majority of authors revealed the significantly
increased levels of radiation-induced chromosome
aberrations, being especially characteristic of chil-
dren exposed to radiation during antenatal period of
ontogenesis with various health disorders, provided
that frequency of chromosomal abnormalities
increases with an increase in duration of living in
radiation-contaminated areas [39—45].

Positive associative relationship between the content
of radionuclides in the body and level of chromo-
some/micronucleus aberrations is convincingly pre-
sented in the most of the scientific papers [4, 6, 41,
46—48]. At the same time, not all studies showed a sig-
nificant correlation between the cytogenetic
rearrangements incidence and radioactive contamina-
tion density of territories of residence. Nevertheless,
the maximum levels of chromosomal abnormalities
were found in children living in areas with the most
unfavorable radiation conditions [49—51].

Experimental evidence has been obtained for the
reality of induction of genomic instability in chil-
dren permanently living under low-intensity radia-
tion exposure in low doses, namely in exposed to
radiation in antenatal period of development or been
descendants of irradiated parents (born 1987—1998)
after the ChNPP accident [3, 9, 10, 36, 52, 53].

DNA METHYLATION AS AN EPIGENETIC
MODIFICATION OF THE HUMAN GENOME
Methylation sites

As is known the DNA methylation is an epigenetic
modification of genome that plays a key role in reg-
ulation of many biological processes [54-59]. The
sites of DNA methylation in human genome are
mainly CpG-dinucleotides. Due to the fact that 5-
methylcytosine is prone to a deamination reaction
with the formation of thymine, the cytosine is char-
acterized by a high mutation incidence in the CpG
context (CG > TG), and the most common single
nucleotide polymorphism in human genome is the
replacement of cytosine with thymine (C > T). In
this regard, it had been evolutionarily developed that
the observed incidence of CpG dinucleotides is sev-
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60, 61]. Y reHoMi JIOAMHU 5-METWILIMTO3UH CTaHO-
BUTh Ouin3bko 1 % Bcix HykieoruniB y JHK, a me-
TWIbOBAHUI cTaH XapaktepHuil it 70 % CpG-au-
HYKJIEOTUIiB. BilblIicTh METUJILOBAHUX LIUTO3MHIB
JnokanizoBaHa B nucneproanHux (LTR, LINE, SINE,
Alu) i tangpemHux noBtopax (caremitHa HHK), sxi
CTaHOBJISITh IIPAKTUYHO ITOJIOBUHY JIOACHKOIO T€HOMY.
Take emireHeTMYHe MapKyBaHHSI 3axMILA€E TEHOM Bi
iHCcepuiliHOro MyTtareHe3dy Ta pekomOiHauit JHK
[54—57, 62—65].

CpG-ocTpiBui

HemetunvoBani CpG-AUHYKIEOTUIN 30€0iIbIIOTO
npenctasieHi B CpG ocTpiBLsIX i mpubausHo 60 % na-
HUX eJIEMEHTIB TeHOMY acolliiioBaHi 3 MPOMOTOPaMM Te-
HiB, a0COJTIOTHA OiIBIITICTD SIKUX IMOCTIMHO EKCIPECYETh-
ca (TeHM <«IOMalIHbOro rocrogapctsa»). Inmi 40 %
CpG-ocTpiBLiB BimgajieHi Bil cailTiB cTapTy TpaH-
CKpHILii, € BHYTPILIHBOT€HHUMU a00 MiIKT€HHUMM i
Ha3uBaloThes «opdaHHUMU CpG-0CTpiBLUSIMU», OCKITb-
KM BOHM HE acollilloBaHi 3 BiIMOBiIIHWMU MPOMOTOpPA-
MU, TIPOTE BUKOHYIOTh cX0Xi pyHK1Iii [54—57, 59].

Cnig naronocutu, mo MetumioBanHsT CpG-aIuHyK-
JICOTUAIB MTPOMOTOPIB I'eHiB TOB’sI3aHe 3 TIPUAYIICH-
HSIM iHilialii TpaHCKPUIILii, ajle He eJoHTrallii. BHyT-
pitHboreHHi CpG-ocTpiBLi OUJILIIOIO MiPOIO CXMIbHI
0 METWJIIOBaHHS, 110 0JIOKYE BUKOPUCTAHHS aJIbTep-
HaTUBHUX TPOMOTOpPiB. Benmka ponb y peryisimii
ekcnpecii Hekoayrouux PHK (ncRNA), enxaHcepHoi
aktuBHocTi, PHK mpouecuHry (ajibTepHaTMBHI CaiiTh
CIUTAICUHTY Ta TIOJiaJeHITIOBAHHS) BiIBOTUTHCS Me-
TWIIOBaHHIO BHYTpilnHboreHHUX CpG [66, 67].

3rimHo 3 JaHWUMM JdiTepatypu, MeTumoBaHHsI CpG-
OCTPIBLIiB IIPOMOTOPIB YaCTO PO3IIISIAAETHCS SIK OIUH 3
MeXaHi3MiB FTeHHOI'O CaiiJIEHCUHTY, OIIOCePEAKOBAHOTO
nporeiHaMu, 10 MicTATh MeTWI-CpG-3B’I3yl0unii
nomeH (MBD), abo acouiitoBaHe 3i 3MiHOIO e(DeKTHUB-
HOCTi 3B’SI3yBaHHSI MO3UTMBHUX i HEraTUBHUX (haK-
topiB TpaHckpurii (TFs) 3 ix cailitamMu BITi3HAHHS.
OpnHak, ToKa3aHo, 110 BiACYTHiCTb METUJIIOBAHHS HE
000B’13KOBO TOB’sI3aHAa 3 aKTUBHUM CTaHOM TIeHa, a
MPUTHiYEHHS eKCIpecii JOKycy Moxe OyTH 3abe3reue-
He iHIIMMM eIlireHeTUYHUMU MexaHizmMaMu [66].

IIe B 70—80-Ti poK MUHYJIOTO CTOJITTS OyJIM OTPU-
MaHi Ieplili eKCIepuMeHTaIbHi AaHi, 1110 CBiT4aTh PO
peabHICTh iHAYKUil pagialiielo 3MiH METUJIIOBaHHS
FeHOMY, 3apEECTPOBAHMUX IIPU OLIHII TOTaJIbHOI'O
piBHSI 5-MeTUILUTO3MHY. Tak, MmokazaHo, IO BIUIMB
Ha Escherichia coli 15T-(555-7) Y®-cBitia i peHT-
Te€HiBCbKOI0 BUIPOMiHIOBAHHS MPU3BOAUTD 10 30i/1b-
LLIEHHST MEeTUJII0OBaHHSI HOBO1 cuHTe3oBaHol JJHK (me-

eral times lower than expected [54-56, 60, 61]. In
human genome the 5-methylcytosine makes up
about 1 % of all nucleotides in DNA, and the
methylated state is characteristic of 70 % of CpG
dinucleotides. Most of the methylated cytosines are
localized in dispersed (LTR, LINE, SINE, Alu) and
tandem repeats (satellite DNA), which make up
almost a half of human genome. Such epigenetic
labeling protects the genome from insertional muta-
genesis and DNA recombinations [54-57, 62-65].

CpG-islands

Unmethylated CpG dinucleotides are found mainly
in CpG islands, and approximately 60 % of these
genome elements are associated with gene promot-
ers, the vast majority of which are constantly
expressed (the «housekeeping» genes). The remain-
ing 40 % of CpG islands are distant from the tran-
scription start sites being intragenic or intergenic
and are called «orphan CpG islands,» since they are
not associated with corresponding promoters, but
perform similar functions [54—57, 59].

It should be emphasized that methylation of CpG
dinucleotides of gene promoters is associated with
suppression of transcription initiation, but not elon-
gation. Intragenic CpG islands are more susceptible
to methylation, which blocks the use of alternative
promoters. A large role in regulation of the expres-
sion of noncoding RNA (ncRNA), enhancer activi-
ty, and RNA processing (alternative sites for splicing
and polyadenylation) is assigned to methylation of
intragenic CpGs [66, 67].

According to the literature data, methylation of
CpG islands of promoters is often considered as one
of the mechanisms of gene silencing mediated by
proteins containing the methyl CpG binding domain
(MBD) or associated with changes in the efficiency
of binding of positive and negative transcription fac-
tors (TFs) to their recognition sites. However, it has
been shown that the absence of methylation is not
necessarily associated with an active state of the gene,
and suppression of expression of the locus can be
provided by other epigenetic pathways [66].

Back in the 70s—80s of the last century the first
experimental data were obtained, indicating the
reality of radiation induction of changes in genome
methylation and recorded when assessing the total
level of 5-methylcytosine. Thus, it was shown that
exposure of Escherichia coli 15T-(555-7) to UV light
and X-ray radiation had lead to an increase in
methylation of newly synthesized DNA (the method
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TOJ 3aCHOBaHUi Ha BKItoueHHi L-methyl3H methion-
ine B HoBocuHTe3oBany JHK) ma 25 i 15 %,
BIAMOBIIHO; MPU LIbOMY AOJATKOBE BKIIOUYEHHSI Me-
TUJIBHUX Tpyn abo JeMEeTUIIOBaHHS 0aTbKiBChKOIL
JHK BincytHe [68]. Briius y-BurnpominioBanHs “Co B
no3ax 0,5—10 Ip Ha ktiTMHK YoTupboX JiHik (Chinese
Hamster Ovary — CHO, Chinese hamster lung fibrob-
lasts — V79A03, human Hela — S-3, xiiTunu Muina-
yoi Helipobaactomu — C-1300N1E-115) npusBoauio
o riaobanbHoro rimomerwmoBaHHsa JJHK, mo Buss-
JIeThes yepe3 24, 48 Ta 72 romgyuHU TTiC/IST OIIPOMiHEH-
Hs (MeTod BMCOKOE(EKTHBHOI PiAMHHOI XpOMAaTOr-
pagii — HPLC). BugpieHa emnireHeTM4Ha MO-
audikaliiss cynpoBOAXYBajgacs 3HUXEHHSIM aKTUB-
Hocti JIHK-Mmetmirpancdepas [69].

Huskoro gocnigHUKIB MpoBeIeHO BUBYEHHS 3MiH Ia-
TEpHY METWJIIOBAHHS ITiCJISI BIUIMBY PEHTTCHiIBCHKUX
npomeHiB (2 Ip) Ha aiMGpoOIaCTOIAHI KITITUHY JTIOAUHU
pamiouyrnrBoi TK6 (HOpMajabHMII T€HOTUII 32 TEHOM
p53) Ta pagiopesucteHTHO1 WI'K1 (MyTaHTHUI T€HOTUIT
3a reHOM P53, BUCOKa e(PEeKTUBHICTb peKOMOiHALIITHOT
penapaiiii) JiHiil. BuxigHuii piBeHb 5-METUJILIMTO3UHY
oys BuiinM y WTKI1 kiitnHax nopiBHsiHO 3 TK6 kiitn-
HaMM. B 000X KJITITUHHMX JIiHISIX BUSBJICHO padialliiiHO-
iHIyKOBaHe TriMmOMETWIIOBAaHHS T€HOMY B TepIili 2—8 ro-
JWH TICas onpoMiHeHHs (iMyHO(EpMEHTHUII MeToJ
ELISA). B wminomy, B pamiope3MCTEHTHUX KIIITMHAX
e(eKTH TimoMeTUIIOBaHHS i 3HMXKEHHST eKCITpecii TeHiB
metuntpancepas DNMTI1, DNMT3A, DNMTI13B,
iHIyKOBaHi OMPOMiHEHHSIM, OyJIM BUpa3HilLMMU. TpaH-
ckpurnuig TET1 rena, mo xoaye ¢epMeHT, STKUii KOH-
BepTye S-MeTunuuTo3uH reHoMHoi JIHK B 5-rigpoxkcu-
MeTWILUTO3UH (cTamiss aemetumoBaHHs [IHK), Oyna
iCTOTHO MinBUILEeHA Yyepe3 24 ToOAWHU ITic/s padialliiHO-
TO BITJIMBY B 83 000X KIIITUHHUX JIiHISX, TIPOTe HAMOITh-
it edekT cniocrepirases wist TK6 kiitun [70].

Panime pesynsratv JOCTiIXKEHb MMOKa3aIu, 10 pS53
Ocepe yJacTh B CIITeHETUYHOMY PEryIIOBaHHI TEeHOMY.
3okpemMa, BUSBICHO, 10 P53, (GOPMYIOUM KOMILIEKC
i3 Spl Ta momudikatropaMu XpoMaTUHY B IiJISTHIL
npomotopa DNMTI reHa, npu3BOAUTH OO pempecii
nporo Jokycy [71]. BcranoBieHo, mo aeneuiss pS3
Opu3BOAUThL 10 30iabmieHHs1 TpaHckpunuii MPHK
DNMT noxkycy. Kpim Toro, moxkasaHo, 1110 p53 npus-
BOJIMTH A0 CYMpecii reHa TiCTOHOBO1 MeTWITpaHche-
pasu EZH?2. 3aranbHOBU3HAHO, 10 P53 KOHTPOJIIOE
excrpecito DNMT1 uepe3 mpsme 3B’sa3yBaHHS 3
AHK. Bnnaus ioHi3yro4oi pamiaiii mociaa0joe 1ie
3B’sI3yBaHHSI, 1110 MPU3BOAUTD A0 30iIbLIEHHS PiBHS
DNMT1 [72].

is based on the inclusion of L-methyl-3H methion-
ine in the newly synthesized DNA) by 25 and 15 %,
respectively. However, there was no additional inclu-
sion of methyl groups or demethylation of the
parental DNA [68]. Exposure to ““Co y-radiation at
doses of 0.5-10 Gy on cells of four lines (Chinese
Hamster Ovary — CHO, Chinese hamster lung
fibroblasts — V79A03, human HelLa — S-3, murine
neuroblastoma cells — C-1300N1E-115) had led to
global DNA hypomethylation, detectable at 24, 48
and 72 hours after irradiation (high performance liq-
uid chromatography — HPLC technique). The
revealed epigenetic modification was accompanied
by a decrease in the activity of DNA methyltrans-
ferases [69].

A number of researchers have studied the changes
in methylation pattern after exposure to X-rays
(2 Gy doses) on human lymphoblastoid cells of
radiosensitive TK6 (normal genotype for p53 gene)
and radioresistant WTK1 (mutant genotype for p53
gene, high efficiency of recombination repair) lines.
The baseline 5-methylcytosine levels were higher in
WTKI1 vs. TK6 cells. In both cell lines the radiation-
induced hypomethylation of genome was detected in
the first 2-8 hours upon irradiation (ELISA
method). In general, the effects of hypomethylation
and a decrease in expression of methyltransferase
genes DNMT1, DNMT3A, DNMT13B, induced
by irradiation, were more pronounced in radioresis-
tant cells. Transcription of the TET1 gene encoding
the enzyme that converts 5-methylcytosine of ge-
nomic DNA into 5-hydroxymethylcytosine (DNA
demethylation stage) was significantly increased 24
hours upon radiation exposure in 83 of both cell
lines. However, the greatest effect was observed for
the TK6 cells [70].

Previous research results have shown that p53 is
involved in epigenetic regulation of the genome. In
particular, it was revealed that p53, forming a com-
plex with Sp1 and chromatin modifiers in the region
of the DNMT1 gene promoter, leads to the repres-
sion of this locus [71]. It was found that deletion of
p53 leads to an increase in mRNA transcription of
DNMTT1 locus. In addition, p53 has been shown
leading to suppression of the EZH?2 histone methyl-
transferase gene. It is generally accepted that p53
controls the expression of DNMTI1 through the
direct DNA binding. Exposure to ionizing radiation
weakens this binding, leading to an increase in
DNMTI levels [72].
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PapiauiiHo-iHayKoBaHi 3MmiHu meTunoBaHHa OHK
K nposiBu «edeKkTy cBigka»
VY niteparypi € nmaHi, 11O CBig4aTh MpO ITOEMHAHHS
eMireHeTUYHUX MOPYIIeHb 3 iIHAYKIII€I0 e(peKTy CBiaKa
Ha piBHI opraHi3Mmy in vivo. 30KpeMa MoKa3aHO, IO
micjasl JIOKaJbHOIO BIUJIMBY PEHTIeHiBCHKOIO BMII-
pOMIHIOBAaHHS Ha IUISHKY 4epemna 1rypiB y mo3i 20 Ip
(TepaneBTUYHA A03a MPU JIiKyBaHHI MyXJIMH TOJJOBHO-
ro MO3KYy) IHAYKYETbCSI «e(eKT CBigKa» B HEOII-
pPOMiHEeHilt cene3iHli (CBUHLIEBUIA 3aXUCT) LIMX XK€ TBa-
pUWH, OB ’SI3aHUI i3 CYTTEBOIO AUCPETYIISIIEIO erlire-
HETUYHMX MEXaHi3MiB, MO 110 CBig4YaTh 3MiHU PSIY
MOKAa3HUKIB, SIKi BUSIBISIIOTHCSI HABITh Yyepe3 7 MicsILiB
nicas onpoMiHeHHs: riobanbHe IHK rimomeTuiio-
BaHHsI, 3MiHM B MeTuntoBaHHi LINE-1 moBropiB Ta
00J1acTi peTpOTPaHCIO30HIB, 3HUXKEHHSI eKcHpecii
HHK-metuntpancohepas ta MetunCpG-3B’53y1040ro
npoteiny MeCP2 [73]. KpiM Toro, BUsIBIeHO 3Ha4Hi
3MiHM B ekcmpecii miR-194, MimeHHIO SIKMX € SIK
JAHK-meTuntpancpepaza DNMT3A, tak i MeCP2.
PesyabraTamu gociigkeHb LIUX K€ aBTOPiB MOKa3aHO
3HAYYILIiCTh CTaTi ocoOu B iHAYKIIil «bystander edek-
TiB» (noiwkomkeHHs JHK, 3MiHM KIITUHHOI Mpo-
Jidepalii Ta anomnTosdy, rodalbHOTO METUJIOBAHHS
HHK) y HeonpoMiHeHili cele3iHll y MUllleid, sKi 3a3-
HaJli paaialifHOro BILUIMBY Ha OUISIHKY rojioBu [73].
3arajoM emireHeTUYHi 3MiH1, XapaKTepHi 171 eeK-
Ty CBilIKa, 3ajiekaTh Bil aHaJli30BaHOTO OpraHy, Mo-
TY>KHOCTi 103U, OISTHKU Tijla, sIKa 3a3Hajia OIMpPOMi-
HEHHS, 1110 BKpaii BasKJIMBO Ta Ma€ BPaXOBYBaTUCS IIPU
po3po0JIeHHI cTparerii i TaKTMKM pajioTepamnii 3710-
SKICHUX MYXJIMH Ta TOJAJbIINX JiKyBaJlbHO-IiarHOC-
TUYHUX 3aXO/1iB 3 METOIO MiHiMi3allii pU3UKy MOOIYHUX
e(eKTiB y 310pOBUX TKAHWUHAX OPraHi3My.

MexaHi3aMu Ta Hacnigku pagiauiiHO-iHAYKOBaHUX
nopyLieHb MEeTUJIOBaHHS

Ha crorogni MexaHi3Mu padialiiiHO-iHAYKOBaHUX
3MiH METWIIOBAaHHS 10 KiHIISI HE BUBYCHI, HE3BaXKaro-
Yy Ha MiABUILIEHUH iHTepec 10 1i€i mpobiaeMu. BuBua-
041 MeXaHi3MM 3HUXKEHHSI TOTAJIbHOTO PiBHSI METU-
JIIOBAaHHSI TE€HOMY, OOCHIAHMKMU TIOSICHIOIOTH 1I€
iHpykuiero nowkomkeHb JJHK Ta momanbliown akTtu-
Balli€lo MexaHi3MiB ixHboi pernapauii. JIHK-monimepa-
3U, 3aJTy4eHi 1o pernapallii Ta peKoMOiHallii, BAKOPHC-
TOBYIOTb JUIs1 perapauiiHOro CUHTe3y LUUTO3UH, a He
MmetnTo3uH [74]. Kpim ToTrO, icHye mymKa, IO
pagiauiitHo-iHAyKoBaHi mowmkomkeHHs IHK inTep-
(epyrots 3i 3paTHicTIO [JHK-MeTunTpanchepas Mmetu-
moBati JIHK. OueBumHo, 1eil MexaHi3M Ma€e Micle
CIOYaTKy IIiCJIsl OINPOMIHEHHSI, KOJM BinOyBalOTbCs

Radiation-induced changes in DNA methylation
as a manifestation of the «bystander effect»
There are published data indicating the link of epige-
netic disorders with induction of bystander effect at
the level of the organism in vivo. In particular, it has
been shown that after local X-ray to on the skull
region of rats at a dose of 20 Gy (a therapeutic dose
in brain tumors treatment), a «bystander effect» was
induced in the non-irradiated spleen (under a shield-
ed lead protection) of the same animals, which was
associated with significant dysregulation of epigenet-
ic mechanisms. The latter evidenced by changes in a
range of parameters, detected even 7 months uponir-
radiation, namely global DNA hypomethylation,
changes in methylation of LINE-1 repeats and the
region of retrotransposons, a decrease in the expres-
sion of DNA methyltransferases and methylCpG-
binding protein MeCP2. In addition, significant
changes in miR-194 expression were revealed, the
targets of which are both DNA methyltransferase
DNMT3A and MeCP2. Study results by the same
authors showed the significance of individual gender
in the induction of bystander effects (DNA damage,
changes in cell proliferation and apoptosis, global
DNA methylation) in the non-irradiated spleen of
mice exposed to radiation on the head region [73].
In general the epigenetic changes characteristic for
the bystander effect depend on the analyzed organ,
dose rate, and area of the body exposed to radiation,
which is extremely important and should be taken into
account when developing a strategy and tactics for ra-
diotherapy of malignant tumors and subsequent diag-
nostic and treatment measures in order to minimize
the risk of side effects development in healthy tissues.

Pathways and consequences of radiation-
induced methylation abnormalities

To date the mechanisms of radiation-induced
changes in methylation are not fully understood,
despite increased interest in this field. Studying the
mechanisms of reducing the total level of genome
methylation the researchers explain this by the
induction of DNA damage and subsequent activa-
tion of mechanisms of their repair. DNA polymeras-
es involved in repair and recombination are used for
the repair synthesis of cytosine rather than methyl-
cytosine [74]. In addition, it is believed that radia-
tion-induced DNA damage interferes with the abil-
ity of DNA methyltransferases to methylate DNA.
Apparently, this mechanism takes place in initially
upon irradiation, when repair processes take place.
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penapauiiiHi npouecu. KpiM Toro, MoBa MoBUHHA WTHU
npo akKTUBHO TpoJicdepyroui kiituHu [75]. I, Hapeluri,
3HMXKeHHs1 MeTunoBaHHs JIHK miciist onpoMiHeHHST MO-
Ke OyTH pe3yJabTaTOM 3MEHIIeHHST eKcIipecii de novo
HAHK-MmeTuntpaHcdhepas — paHHs BiIMOBiAb KJIITUHUA Ha
VIIKOII>KEHHS.

EnireHetnyHi Moamgikaliii, 110 BUSIBISIIOTbCSI B 3piInX
JIefikoluTax TepugepruyHoi KpoBi uepe3 Oarato pokKiB
Mic/sl TIepeHeCceHoro paliallifHOro BIUIMBY, MOXYTb OyTH
pe3yJbTaTOM Oe3MocepeIHbOI il paaiallii Ha KJIITUHU KPOBi
Ta IXHiX MONEepPeIHUIb — FeMONOETUYHI CTOBOYPOBi KJIiTH-
HU a00 BUHMKATU BHACIIIOK HEMIllIEHEBUX i BiACTPOUYECHUX
edeKkTiB onmpoMiHeHHs, sIKe MajJo Miclie HabaraTo poKiB
paHilie. Y 3B’13Ky 3 LM, 3 HAMOJIbIIO0 MMOBIPHICTIO Ma€
Micle nepegaya 3MiHEHOIO B pe3yjbraTi 0e3rmocepeIHbOro
OIPOMiHEHHSI TaTepHY METUJIIOBAHHS TeMOIOETUYHUX
CTOBOYPOBUX KJIITUH IXHIM MiTOTUYHUM HalllaJKaM.

Kpim Toro, ciig mam’dtatd i mpo akymyJssiilo pamaio-
HYKJIiJiB, 110 3 TPUBAJIMM I1epioloM HalliBpo3Irany, B Op-
TaHi3Mi 4aCTUHU OOCTEXEHOr0 KOHTMHIEHTY OIpOMiHe-
HUX 0Ci0. 3 ypaxyBaHHSIM JaHUX CydacHOI Jlitepatypu [76],
iCHY€E B3a€EMO3B’SI30K MiX €MireHeTHYHUMU MOPYLICHHSI-
MU, HECTAOLIbHICTIO TEHOMY i €(heKTOM «CBigKa».

3 ogHOTrO OOKY, CaMe T10 co0i TimepMeTUIIIOBaHHS pery-
JISTOPHUX pailiOHIB BUBYEHUX T'€HIB MPU3BOAUTH IO 3HU-
JKEHHsI eKCIpecil TeHiB, BiAMoBigaJbHUX 3a 30€peKeHHS
LiJTiCHOCTI TeHOMY (KOHTPOJIIO KIITUHHOTO IMKIY Ta
arorITo3y, IeTOKCHKallil KCeHOOIOTHUKIB). 3 iHIIIOTO OOKY,
He MOXHa BUKJIIOYATH i caMy HeCTaOiJbHICTh TEHOMY SIK
NPUYMHY TOPYLIEHHS CKOOPAWHOBAHOCTI IIPOLIECIB Me-
TUJIIOBAHHSI, 30KpeMa iHayKIlii abepaHTHOro enireHeTuy-
HOI0 MapKyBaHHSI.

OpHak He MOXHa BUKJIIOYATH, 110 METUIIOBAHHS OKpe-
mux CpG-AUMHYKJIEOTHUAIB aHali30BaHUX ITPOMOTOPIB
TEHIB € «3JIMIIKOBUMU SIBUILIAMMW» Bill iHAYKOBAaHOIO Ha-
0araTo poKiB paHillle TOTaIbHOTIO TilepMeTUII0OBAHHS Ie-
HOMY, 1110 TIpeJCTaBIsIE COOOI0 3aXMCHY peaKllito KJIiTUHU
Ha XpOHIYHUI pagialliiHUIA BIUIMB, SIKMI MaB Miclie.

VYV cBiTAI gaHMX cydyacHOI CBITOBOI1 JiTepaTypu, CIIijg
PO3pPi3HATH iHAYKIIiIO FeHepali30oBaHUX 3MiH METUJIIO-
BaHHg JIHK, moB’s13aHuMX 3 MexaHi3MaMu BiJIITOBifi
KJIiITUHU Ha ONPOMiHEHH (aKTUBALlisl KIIITUHHUX MPOT-
paMm, TOB’s3aHa 3 iHillialli€el0o CUTHAJILHUX KacKajiB) Ta
CTOXaCTUYHMX TTOPYIIEHb, aCOLiIHOBAHUX 3i IIKiIINBOIO
Ji€10 pafiallii Ha MOJIEKYIY KJIiTUHU (TeHepallis BiTbHUX
panukainiB, iHaykuig nomkoakeHb JHK Ta nmpouecu ix
penapaiiii Tomo). OcTaHHiI MalOTh MiClie Ha piBHI OKpe-
Mux CpG-IUMHYKJIEOTHUIIB aHAi30BaHOI JiJITHKU TeHO-
My Ta/ab0 MOXYTh 3adilaTdh JMile Majny ¢dpakilito
KJIIITHHHOI monyJsuii. Jlo3o3ajexHe rinepMeTUIIOBaH-
Ha okpeMux CpG-munykneotnaiB CpG-ocTpiBLiB Mpo-

In addition, the actively proliferating cells should
be the case [75]. Finally, a decrease in DNA
methylation after irradiation may be a result of
decreased de novo expression of DNA methyl-
transferases (an early response of the cell to dam-
age).

Epigenetic modifications detected in mature
peripheral blood leukocytes many years upon
exposure to radiation may be a result of the direct
effect of radiation on blood cells and their pre-
cursors, hematopoietic stem cells, or arise as a
result of non-targeted and delayed effects of radi-
ation that took place many years earlier. In this
regard, it is most likely that the transition of the
changed pattern of methylation of hematopoietic
stem cells to their mitotic offspring occurs as a
result of direct radiation impact.

In addition, one should remember about the
accumulation of long half-life radionuclides in the
bodies of some surveyed exposed individuals.
Taking into account the data of modern literature
[76], there is a relationship between epigenetic dis-
orders, genome instability, and «bystander» effect.

On the one hand, hypermethylation of regula-
tory regions of the studied genes in itself leads to
a decrease in expression of genes responsible for
maintaining the genome integrity (control of the
cell cycle and apoptosis, detoxification of xenobi-
otics). On the other hand, just the genome insta-
bility cannot be ruled out as a reason of disorders
of coordination of methylation processes, includ-
ing the induction of aberrant epigenetic labeling.

However, it cannot be ruled out that methyla-
tion of individual CpG-dinucleotides of the ana-
lyzed gene promoters is a «residual phenomenon»
from the total genome hypermethylation induced
many years earlier, which is a protective cellular
reaction to the chronic radiation exposure.

In the light of contemporary world literature data,
one should distinguish between the induction of
generalized changes in DNA methylation associat-
ed with mechanisms of cell response to radiation
(activation of cellular programs associated with ini-
tiation of signaling cascades) and stochastic disor-
ders associated with the damaging effect of radia-
tion on cell molecules (generation of active oxygen
species, induction of DNA damage and processes of
their repair, etc.). The latter occur at the level of
individual CpG-dinucleotides of the analyzed
genome region and/or can affect only a small frac-
tion of the cell population. The dose-dependent
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MOTOPIB PsIY T€HIB Y JIEMKOILMTaX KPOBi uepes necsT-
KM POKiB ITiC/ISI OMPOMiHEHHS, 1O CIIOCTEPIraeThbCs
psiAOM JOCJHiIAHUKIB, MepeBaXXHO € pe3yJbTaToM
MillleHEBUX i HEMillleHEBUX MOIIKOIXYIOUNX e(eKTiB
OMPOMiHEHHSI.

3 MeTo KOHKpETM3allil KOHLEMLii MoJireHOMHOI
peairizailii MyTareHHUX e(eKTiB, HM3Ka aBTOPIB M-
Kpecmioe [77] , 110 B ONMPOMiHEHOMY OpTaHi3Mi KpiM
nowkomkeHb JJHK Mae miclie i HAKOTIMYEHHS KJTITUH
3 eIMireHeTUHYHUMU MoaudikalisiMu, 30Kpema, 3 rirep-
MeTmmoBaHHIM okpeMux CpG-munaykineotnaiB CpG-
OCTpIBLIiB IMPOMOTOPIB TeHiB.

Takum yMHOM, HEe3BaXKal0uM Ha aroITOTHYHI MpoLe-
CM, 1O TMPU3BOALTH N0 eJliMiHaLlil MeBHOI YaCTUHU
KJIITUH, sKi HecyTh yiukomkeHHs JIHK, B ymoBax mo-
CTiliHOI Iii pamiallii B HU3bKMX J103aX B OpraHi3Mi mep-
CHCTYE 3HayHa KiIBbKICTh KJIITUH 3 Pi3HOMaHITHUMU
JUCTEeHOMHUMM edeKTaMM: MyTallisSIMU Ta Io3arjiaHo-
BOIO CYMPECi€l0/eKCIIPECIi€I0 TeHiB, CTPYKTYPHUMU MY-
TallisIMU XpOMOCOM (IeJIeLisIMU, iHBepCisSIMU, TPaHCJI0-
KalisiIMM) Ta MOHO-/TPUCOMISIMU, 11O MPU3BOAUTH IO
Tepexony yCIaaKOBaHMX IIKIIIMBUX PELIECUBHUX MY-
Taliil 3 reTepo- B remi-/romo3uroruuii cradH. Hacmin-
KOM I1IOTO € 3MiHa IMeHEeTPaHTHOCTi/eKCIIPeCUBHOCTI
KJIITUHHUX TeHo-/deHotumniB [77]. Huskoro gocmigHu-
KiB eKCIEPUMEHTAIbHO TOBEACHO, 1110 TCHOTOKCUKAHTU
€ MOTYXHUMHU iHAYKTOpaMU MOMMIOK TPaHCKPUIILII,
KiJIBKICTb SIKUX CYTTEBO IMEPEBUILYE PiBEHb PEECTPOBA-
HUX peajli3oBaHuX y MyTallii momkomkeHb JJHK.

Otxe, B pe3ysbraTi MOJIIreHOMHOI peajizalii MyTa-
TeHHNX e(peKTiB Ha OCHOBI KIIITUHHOTO «TUPaXKyBaHHS»
3pPOCTA€ YacTOTa IMOLIKOMKEHUX T'€HOMIB B OpraHi3Mi
JIIOMWHY, 10 B LIJIOMY 3YMOBJIIOE PO3BUTOK ITOJire-
HOMHOI HEIOCTaTHOCTI Ta 30i1blIy€E PU3UK BUHUKHEH-
HS MyJBTU(AKTOpiaTbHUX 3aXBOpioBaHb. OCOOIMBO 11e
CTOCYEThCSI HANOIMBILI PamiouyyTIMBOTO IUTSIYOTO Op-
raHiamy, IO 3a3HA€ OIPOMiHEHHS, TMOYMHAIOYU 3
nepiony eMmOpioreHedy, TOOTO 3 TMeEpioay aKTUBHOIL
nponidepalii i audepeHIiloBaHHSA TIOTIepPeTHUKIB
3piIMX Ccreliali3oBaHUX KIITMH. AHAJIOTiYHi Tpolecu
BiIOYBalOThCSl B KJITMHAX JiM@OITHUX Ta MIi€IOIIHUX
MapOCTKiB KPOBOTBOPEHHSI, a TAKOXK iHIIUX Mpoidepy-
I0OUMX CHCTEM OpPraHi3My, SIKWii 3a3HA€ SIK aHTeHaTallb-
HOTO, TaK i TMOCTHATaJIbHOIO OMpoMiHEeHHs. TyT He-
00XiTHO BpaxoByBaTH, 110 B TKAHMHAX, sIKi mpostidepy-
[0Tb, KJIITUHU 3HAXOASThCS MMEPeBakKHO B S- 1 Gr-hazax
KJIITUHHOTO LIMKJTY, KOJIM CECTPUHCHKI CTPYKTYPU KOXK-
HOI XpOMOCOMM pearyioTh Ha pafialliio, 110 BIUIMBAE
He3aJIeXKHO OJIVH Bill OJHOTO, a 3HAYUTh, 3POCTAE YUCIIO
KPUTUYHMX MillleHEM, 1 K HACIiJOK — YMCIO KJIiTUH
OopraHiaMmy, sIKi HECyTh YIIKOIXKEHHsI reHoMy |76, 77].

hypermethylation of individual CpG-dinucleotides of
CpG-islands of promoters in a number of genes of
blood leukocytes observed by a number of researchers
upon decades since irradiation was mainly the result of
targeted and non-targeted damaging radiation effects.

In order to concretize the concept of polygenomic
realization of mutagenic effects, a number of authors
emphasize [77] an accumulation of cells with epige-
netic modifications, in particular, with hypermethy-
lation of individual CpG dinucleotides of CpG gene
promoter islands in addition to DNA damage in
irradiated organism.

Thus, despite apoptotic processes leading to elim-
ination of a certain part of cells that carry DNA
damage under conditions of constant exposure to
low doses of radiation a significant number of cells
with various dysgenomic effects persist in the body,
namely the mutations and unplanned suppres-
sion/expression of genes, structural mutations of
chromosomes (deletions, inversions, translocations)
and mono-/trisomies, which leads to the transition
of inherited harmful recessive mutations from het-
ero- to hemi-/homozygous state. The consequence
of this is a change in the penetrance/expressiveness
of cellular geno-/phenotypes [77]. A number of
researchers have experimentally proven that geno-
toxicants are powerful inducers of transcription
errors, the number of which significantly exceeds the
level of DNA damage recorded in mutation.

Consequently, as a result of polygenomic imple-
mentation of mutagenic effects based on cellular
«rollout», the incidence of damaged genomes in the
human body increases, which, in general, causes the
development of polygenomic insufficiency and
increases the risk of multifactorial diseases. This is
especially true for the most radiosensitive child’s
organism, exposed to radiation, starting from the
period of embryogenesis, that is, from the period of
active proliferation and differentiation of precursors
of mature specialized cells. Similar processes occur
in the cells of lymphoid and myeloid hematopoietic
sprouts, as well as in other proliferating systems of
the body exposed to both antenatal and postnatal
irradiation. It should be borne in mind here the cells
that in proliferating tissues are predominantly in the
S- and G;-phases of cell cycle when the sister struc-
tures of each chromosome react to radiation inde-
pendently of each other, which means that the num-
ber of critical targets increases, and, as a conse-
quence, the number of body cells carrying the
genomic damage [76, 77].
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YV Hu3li pobiT MpeacTaBieHi po3paxyHKU PU3MKIB
PO3BUTKY pajialliiiHO-00yMOBJIEHOI MaToj0rii (OHKO-
JIOTIYHi Ta HEOHKOJIOTiYHi 3aXBOPIOBaHHS) y OI-
poMiHeHMX 0ci0, 30KpeMa y JTiKBigaTopiB aBapii Ha YA-
EC. desxi 3 HUX (3aXBOPIOBaHICTh HA COJIHI ITyXJIMHU
Ta OHKOreMaToJIOTiYHy I1aTOJIOril0, CMEPTHICTh Bifg
HUX) 3aJIMIIAI0THCS 3HAYYIIMMU He TUIBKY B TIEPIIIE Ie-
CITUJIITTS TIiCJIs 3aKiHUYEHHSI poOIT B YMOBax BILJIUBY
iOHi3yI0UMX BUIIPOMiHIOBaHb, a i1 uepe3 30 pokiB i OiJib-
me. OgHak AMHaMiKa MOKa3HUKIB 3aXBOPIOBAHOCTI
(BereTaTwBHI IMCQYHKIII 1 TICUXi9HA Ie3amanTarlis,
3aXBOPIOBAHHSI OpraHiB TpaBJE€HHs, JAUXaHHsS, CEYO0-
BUIIJICHHS, 3HMKEHHSI KOMIEHCATOPHUX MOXKJIMBOC-
Teil cepUeBO-CYAMHHOI CUCTEMU, EHIOKPUHOIATII, MOo-
PYILIEHHSI CTAHOBJICHHSI PEIPONYKTUBHUX (DYHKIIIN Ta
iH.) y JiTeill, IKi HapoOOMIMCS B CiM’SIX JIiKBiZaTOpiB
YopHOOMIBCHKOI KaTacTpodu, XapaKTepU3YETHCS
3pOCTaHHAM MPOTSATOM JOPOCIillIaHHS iHAMBIAIB i 10-
CcSIra€ MakCUMaJlbHMX 3HauyeHb Y IIiIJITKOBOMY Billi.
st miel kaTeropii aiTelt XapakKTepHi HapOCTaHHS 3 Ya-
coM (byHKIIIOHAJIBHUX MOPYIIEHb OpPraHiB Ta CUCTEM
OpraHiaMmy, ix TpaHcdhopmallisi B HaTOJOTiYHiI CTaHMU,
paHHs MaHidecTallis i XpoHiYHU# nepebir xBopoo [78].
BinzHavaeTbcs TMCKOOpAMHALIS KJIITMHHOI Ta T'yMO-
pajbHOI JaHOK IMYHITETY, pO3BUTOK BTOPUHHOI iMYH-
HO1 HEAOCTAaTHOCTI, HAsIBHICTb MpoidepaTUBHOIO TU-
ny iMyHHoI Bimnosini [78, 79]. Binomo, 1o gitn y 2—3
pas3u OiNbII pagiovyTIMBi, HiXXK TOPOCHi, a pU3UK CTO-
XaCTUYHUX e(eKTiB y JiTeil BUILMIA, HiXK y JOPOCIUX. Y
CBOIO Yepry, 4epe3 IBa-TpU ACCATWITTS IiTH, OII-
POMiHeHi MijJ Yyac aBapii B KpUTUYHI IepioJy OHTOTEHE-
3y, cTaJi OaTbKaMM i BUHMKaE IpoOieMa 300pOB’s
IXHBOTO MOTOMCTBA. 3TiJHO 3 JiTepaTypHUMM TaHUMHU,
paHHilA aHaMHe3 i Teplili eTany MoCTaHATAIbHOTO OH-
TOT€HE3y TaKuX JiTeld XapaKTepU3YyHThCs OiJbIIOI0
YacTOTOIO MATOJIOTIYHOTO Tepediry BariTHOCTI Ta IMO-
JIOTiB, HECIPOMOXHICTIO iIMYHHOI cHCTeMU (paHHE
¢dopMyBaHHSI TpyMnu AiTel, 1110 YaCTO XBOPilOTh, BUCOKA
ajiepriyHa HaJialTOBaHiCTh opraHi3my toio) |78, 79].

Crig migkpecauTu, 1mo GeHoMeH pamialiiiHo-iHIy-
KOBaHOI Je3afanTallii Tio/a € He TUTbKWA HaCHiIKOM
IHAYKIIi1 Ta TUpaXKyBaHHS TUCTEeHOMHMX €(PEKTiB B Op-
raHi3Mmi, 110 PO3BUBAETHCS, TPAaHCTeHepaliliHOI Hec-
TabiILHOCTI TeHOMY, a i OMocepeaKOBaHO uYepe3 Op-
raHizM maTtepi, 1110 3a3HaJia BIUIMBY pajiallii B ypa3iu-
BUiIl mepioa oHToreHezy. HakomuyeHHs B opraHi3mi
MaTepi KIITUH 3 TUCTEHOMHUMH e(PeKTaMU 3peIITolO
MOXe MPU3BOIAUTU OO PO3BUTKY EKCTpareHiTalbHOL
MaTOJIOTi1 Ta reCTO3iB, B IHAYKIIii SKUX MaTOTeHETUIHA
POJIb BiIBOAUTHCS MiABUILIEHOMY allONTO3Y Y KIITHHAX
Tpodobaacty [80]. BpaxoBytouu Toit (pakT, 1110 OTHUM

In a number of works the calculations of risks of
the development of radiation-induced disorders
(cancer and non-cancer diseases) in exposed per-
sons, in particular among the ChNPPA CUW, are
presented. Some of them (the incidence of solid
tumors and hematological malignancies, mortality
rates from them) remain meaningful not only in the
first decade upon the end of work under radiation
exposure, but also after 30 years or more. However,
the time pattern of morbidity rates (autonomous
dysfunction, mental dysadaptation, diseases of diges-
tive, respiration, and urination systems, decrease in
compensatory capabilities of cardiovascular system,
endocrinopathies, impaired formation of reproduc-
tive functions, etc.) in children born in families of
the ChNPPA CUW is characterized by an increase
during the adulting of individuals and reaches its
maximum values in adolescence. This category of
children is characterized by an increase over time of
the functional disorders of organs and systems, their
transformation into morbid conditions, early mani-
festation and chronic course of diseases [78].
Discoordination of cellular and humoral branches of
immunity, development of secondary immune defi-
ciency, and presence of a proliferative type of
immune response were noted [78, 79]. It is known
that children are 2—3 times more radiosensitive than
adults, and the risk of stochastic radiation effects in
children is higher than in adults. In turn, after two or
three decades the children exposed during the acci-
dent in critical periods of ontogenesis became par-
ents and arises the problem of the health in their off-
spring. According to literature data, the early histo-
ry and the first stages of postanatal ontogenesis of
such children are characterized by a higher inci-
dence of complicated pregnancy and childbirth, fail-
ure of the immune system (early formation of a
group of frequently ill children, high allergic reactiv-
ity, etc.) [78, 79].

It should be emphasized that the phenomenon of
fetal radiation-induced maladjustment is not only a
consequence of the induction and replication of
dysgenomic effects in the developing organism and/or
transgenerational genomic instability, but is also medi-
ated through the body of the mother exposed to radia-
tion during the vulnerable period of ontogenesis.
Accumulation of cells with dysgenomic effects in the
mother’s body can ultimately lead to development of
extragenital disorders and gestosis, in the induction of
which a pathogenetic role is assigned to the increased
apoptosis in trophoblast cells [80]. Taking into account
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i3 IposIBiB AecTabiizallii reHoMmy (KpiM abepalliii Xpo-
MOCOM) € MOPYLIEHHS MPOILECIB amoINTo3y, MOXHa
OPUITYCTUTHU, 110 BIUIMB MaJIMX 103 paiallil Mpu3Bo-
JUTh 10 30iMbLIEHHS PU3MKY PO3BUTKY TIeCTO3iB Yy
BariTHUX >KiHOK. CTaH HOBOHAPOMXEHUX, Y CBOIO Yep-
TY, BU3HAYAETHCS MepeBaKaHHIM TUX YU iHIIUX 3MiH Y
TUTAlIeHTi: BiZcTaBaHHS Y (DOPMYBaHHI BOPCMHYACTOTO
JepeBa, KOMIIEHCATOPHi 3MiHU Y BUTJISIII OCepenKOBO-
ro aHrioMaro3y, 03HaKu MepeayacHoi iHBOJIIOLIil, BU-
paXeHUI KaJbLIWMHO3, 3aMaJbHi 3MiHU Y MATEPUHCHKIN
yacTuHI raneHTH [81]. Mozke MaTtu Micile i mepBUHHA
IUIalleHTapHa HEeIOCTAaTHICTh, a OTXKE i MOPYIIEHHS Y
BUPOOJIEHHI TUTalleHTapHUX TOPMOHIB, SIKi BiaIoBima-
IOTh 3a PIiCT i PO3BUTOK ILIOMY.

CTpyKTypHO-(YHKIIOHAJIbHI TOPYIIEHHS TeHOMY
iMYHOKOMITIETEHTHUX KJIITUH 000X OpraHi3MiB MOXYTh
MpU3BECTH OO MEMOpaHHO-PELEeNTOPHUX TUC-
¢yHKI1i, amonTo3y, AucOanaHCy iMYHOpPEryJsiii,
PO3BUTKY iMyHOZEMIIUTHUX Ta ayTOIMyHHUX IIPO-
1HeciB. 3MiHM iIMYHITETy MaTepi MPU3BOAATh OO0 3MiHU
MiKpOOiolleHO3y i TpaHCIUIall@HTApHOrO IepexXoay
Mikpodaopu a0 ruioga. Ciia 3a3HAYUTU, 1O «ITOCHU-
JIEHHSI» TUX 4YM iHIOMX (PYHKIIOHAJIBHUX pPO3JIaliB B
OpraHi3mi, SKUi 3a3HaB [Jii pamiailii a0o iHIIMX reHO-
TOKCUYHUX BIUIMBIB, BiTOYBa€THCS HE TUTbKU 3a paxy-
HOK PO3BUTKY IOJIr€ HOMHOIO aucbanaHcy (KJIITUHHE
TUpaKyBaHHS TUCTEeHOMHMX e(eKTiB), aje i 3a paxy-
HOK iCHYIOYOI CHUCTEMM TiCHOTO B3aEMO3B’SI3KY MixX
Pi3HMMU CHUCTEMaMU OPTaHi3My.

P aBTOpiB BKA3yl1OTh HAa Y3rOAXKEHICTb il iMyHHOI,
€HJOKPUHHOI Ta HEPBOBOI CUCTEM Y HOPMAJIbHUX YMO-
Bax Ta y BiAIOBiAb Ha MaTojOTiuHi BruiuBu [82, 83].
3oKkpema, LUTOKIHU PEryaioloTh aKTUBHICTb TOPMO-
HaJIbHOI OCi TimoTajgaMmyc—rinogiz—HagHUPKOBI 3a10-
3u (IL1, IL6, TNF Ta iH.); TaK, iHTepaeikin-1, Brin-
BalOUYM Ha TiMmoTajaMyc, MOCHJIIOE CUHTE3 KOPTHU-
KOJIiOepUuHY, 1110, CBOEI 4Yeproro, IMiABUILYE BUPOO-
JeHHsa AKTI. TakumM 4MHOM, HaKOMMWYEHHS OuUCre-
HOMHUX e(MEKTiB y iMyYHOKOMITETEHTHUX KIIITMHAX
MPU3BOIMUTE 10 CIIOTBOPEHHS MEIiaTOPHOIO0 KOHTPO-
JITO iIMyHHOI CUCTEeMU 3a QYHKILIEIO iHIIIUX CUCTEM Op-
raHiamy.

3 HaNOINBIIO WMOBIPHICTIO Y KOHTUHTEHTY, IO
pO3MISIIAEThCS, BiA3HAYalMCS HE TiJIbKU PO3BUTOK
(beTorTarieHTapHOI HEMOCTATHOCTI, TIMOKCIi TI0AA,
ae i cneuudika pamianiiiHO-iHAYKOBaHOI CTpec-
BiANOBi/i, 110 B KiHLIEBOMY ITiICYMKY IIPU3BOAUTH 10
MpeHaTaabHOI TinmoTpodii; miABMINEHA YacToTa IIi€i
MaToJIoOTii HacaMmepesa Bil3Hadauacs TemiaTpamMu B
aHaMHe3i AiTeii, MaTepi SIKMX 3a3HaJIM MAaKCUMAaJIbHOTO
BIUIMBY papiawii min vac asapii y 1986 poui, Oyayuyu

the fact that abnormal apoptosis pathways are among
the manifestations of genome destabilization (in addi-
tion to chromosome aberrations), it can be assumed
that exposure to low doses of radiation leads to
increased risk of gestosis in pregnant women. The sta-
tus of newborns, in turn, is determined by the predom-
inance of certain changes in placenta: delay in the for-
mation of the villous tree, compensatory changes in
the form of focal angiomatosis, signs of premature
involution, pronounced calcification, inflammatory
changes in the maternal part [81]. There may also be
primary placental insufficiency and, consequently,
disturbances in production of placental hormones
responsible for the fetal growth and development.

Structural and functional disorders of genome of
immunocompetent cells of both mother and fetus
can lead to the membrane-receptor dysfunctions,
apoptosis, imbalance in immunoregulation, and
development of immunodeficiency and/or autoim-
mune processes. Disorders in mother’s immunity
lead to abnormalities in microbiocinosis and a
transplacental transition of microflora to the fetus. It
should be noted that the «exacerbation» of certain
functional disorders in organism exposed to radia-
tion or other genotoxic effects occurs not only due to
the development of polygenomic imbalance (cellular
replication of dysgenomic effects), but also due to
the existing close interconnection between various
body systems.

A number of authors point to the consistency of
the functions of immune, endocrine, and nervous
systems under normal conditions and in response to
hazardous influences [82, 83]. In particular, cyto-
kines regulate the activity of hypothalamus-pitu-
itary-adrenal hormonal axis (IL1, IL6, TNE, etc.),
namely interleukin-1 acting on hypothalamus
enhances the synthesis of corticoliberin, which, in
turn, increases the production of adrenocorticotrop-
ic hormone. Thus, the accumulation of dysgenomic
effects in immunocompetent cells leads to distortion
of mediator control of immune system over the
function of other body systems.

Most likely, the topical contingent showed not
only the development of placental insufficiency
and/or fetal hypoxia, but also the specificity of radi-
ation-induced stress response, which ultimately has
lead to prenatal hypotrophy. The increased inci-
dence of this disorder was primarily noted by pedia-
tricians in the case history of children whose moth-
ers experienced the maximum radiation exposure
being adolescents during the ChNPPA in 1986 [79].
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nimmitkamu [79]. 3 omHOro OOKY, KJIITUHUA OpraHi3My,
SIKMI BHYTPIITHLOYTPOOHO PO3BUBAETHCS, XapaKTepH -
3YIOTBhCSI MAKCUMAJIBHUMU TEMIIaMK €HEpPro3ajieskHIX
npolieciB mpoidepallii Ta pocTy, 110 CYITPOBOIXKYETh-
Csl HEIOCTaTHbO €(hEeKTUBHUMMU TpoliecaMM perapaiii
JHK B ymoBax MyTareHHOTO HaBaHTaxXeHHs. IIpu-
NycKaloTh, 110 HEeCcTaya eHepril Ha 3AiMCHEeHHS JaHUX
3aXUCHUX (DYHKIIiA KOMIEHCYEThCSI aKTUBHUMMU TIPO-
1ecaMM amomnTo3y, CIPSIMOBAHOIO Ha ejiMiHallilo
KJIITUH 3 AWCT€HOMHUMU e(eKTaMU i TAKUM YMHOM,
110 3aro0iraoTh (OpMYBaHHIO Baa po3BUTKY [84]. He
BUKJIIOUEHO, 110 y psAi BUIMAAKIiB Ma€e Micue i
pagialiifHO-iHAYKOBaHEe 3HMXKEHHSI €KCIpecili TeHiB,
SIKi KOAYIOTb CTPYKTYPHi OiJIKM Ta aKTUBATOPU KJIiTUH-
Horo moniny. BoueBuab, 110 mepeBaXkaHHSI THUX UM
IHIIMX PO3IVISTHYTUX MEXaHi3MiB BH3HAUYalOThCsS HeE
TIJTBKUA 103010 OMPOMiHEHHS, (DEHOMEHOM <«TilepuyT-
JIMBOCTi» Y MaJIOMY Jlialla30Hi 103, a il iHAUBiaAyaIbHU-
MU T€HOTUITOBUMMU OCOOJIMBOCTSIMU OpPraHi3My.

B ocHOBi po3BUTKY 370SKiCHUX 3aXBOPIOBaHb Jie-
JKUTb CMAaJAKOBa CXUJIbHICTb, SIKa aCOLIIOEThCS 3 TeHe-
TUYHUMU akTopaMu opraHizMmy. OaHak, cam 3710-
SIKICHUI TIpolleC € pe3yJbTaTOM B3aEMOJIl MEeBHUX
crnagkoBux (pakTopiB i (paKTOpiB HABKOJUIIHLOIO Ce-
penoBuiia. B yMoBax BIUIMBY iOHi3ylOUOTO BHII-
POMIiHIOBAaHHS Ha OPTaHi3M JIOAWHU, BaXXKJIUBUM € ac-
NeKT BUBYEHHS padialiitHoro pakropa SIK iHilil0H04o-
ro MeXaHi3Mu peaJlizallil ClaaKOBOI CXWJILHOCTI 10 BU-
HUKHEHHS i pO3BUTKY MATOJIOTiYHOIO, B TOMY YMCJIi I
3J10sIKicHOTO TIpouiecy. PopMyBaHHSI ITyXJIMHHOTO
KJIOHY BiZOyBa€THCSI HA TJ1i HECTAOIIbHOCTI KapioTUITy;
MyTallisl, IKa 6araToCTyIiH4acToO MPU3BOAUTH A0 PO3-
BUTKY NYXJIMHUA, BUHUKAE B IIEBHUX JIOKycaX. Baxim-
BUM € iCHYBaHHSI T€HETMYHOI 3aKOHOMipHOCTi TOrO,
o neBHi nociigoBHocti JHK Mmarorh HagzBuyaitHO
BUCOKY CXWJIBHICTb JI0 MyTalliii i B pe3yJibTati BILIUBY
iOHi3yI04O01 pajiallii, sIKa YUHUTb LUTOMOLIKOIXKYIOUY
Ni10, BinOyBa€eTbCs MOpyLIeHHsT AudepeHLiIOBaHHS Ta
npostripeparrii KiriTuH. YiTKa iHTepIIpeTalis i cBoeyac-
He BpaxyBaHHS eMireHeTUYHUX (PakTopiB MOXKYTb
CIIPUSATU CTBOPEHHIO 3aXOiB, CIPSIMOBAHUX Ha 3a-
nobGiraHHs peanizalii TeHeTUYHOI CXUJIBHOCTI 10 XBO-
pobu, 30KpeMa J0 PO3BUTKY 3J10SIKICHOIO HOBOYTBO-
peHHs. BigkpuBaroThbCcsl MOXKIMBOCTI HAa MOYAaTKOBUX
eTanax pafialliiHOro KaHIleporeHe3y MOoAudikyBaTH
enireHeTU4YHi 3MiHM, 30KpeMa, MiHiMi3yBaTH erireHe-
TUYHE iHTiOyBaHHS TPAHCKPUIILi FeHiB, BiINOBigaIb-
HUX 3a Mpolecy penapailii pagialiiiHo-iHIYKOBaHUX
nowmkoaxeHb JIHK, 3amobiraioun po3BUTKY 3JI0-
SKICHUX HOBOYTBOPEHB [85, 86].

On the one hand, cells of intrauterine developing
organism are characterized by the maximum rates
of energy-dependent processes of proliferation and
growth, accompanied by insufficiently effective
DNA repair processes under conditions of muta-
genic loading. It is assumed that the lack of energy
for implementation of these protective functions is
compensated by active apoptosis directed at the
elimination of cells with dysgenomic effects and
thus preventing the development of malformations
[84]. It is not unlikely that in some cases there is
also a radiation-induced decrease in expression of
genes encoding structural proteins and activators of
cell division. It is obvious that the predominance of
one or another of considered mechanisms is deter-
mined not only by the radiation dose, the phenom-
enon of «hypersensitivity» in a low dose range, but
also by individual genotypic characteristics of the
organism.

The development of malignant diseases is based on
a hereditary predisposition, which is associated with
the genetic factors of the organism. However, the
malignant process itself is the result of the interac-
tion of certain hereditary factors and environmental
factors. Under the conditions of the effect of ioniz-
ing radiation on the human body, the aspect of
studying the radiation factor as «triggering» the
mechanisms for the realization of a hereditary pre-
disposition to the emergence and development of a
pathological, including malignant process is impor-
tant. The formation of a tumor clone occurs against
the background of karyotype instability; a mutation
that leads to the development of a tumor in a multi-
stage manner occurs at certain loci. It is important
that there is a genetic regularity that certain DNA
sequences have an unusually high tendency to muta-
tion, and as a result of exposure to ionizing radia-
tion, which has a cytotoxic effect, there is a violation
of cell differentiation and proliferation. A clear
interpretation and timely consideration of epigenet-
ic factors can contribute to the creation of measures
aimed at preventing the realization of a genetic pre-
disposition to a disease, in particular to the develop-
ment of malignant neoplasms. Opportunities open
up at the initial stages of radiation carcinogenesis to
modify epigenetic changes, in particular, to mini-
mize the epigenetic inhibition of the transcription of
genes responsible for the reparation of radiation-
induced DNA damage, thereby also preventing the
development of malignant neoplasms [85, 86].
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BUCHOBKHA

Takum yrHOM, SK y 6aTbKiB, SIKi 3a3HaJU OIMPOMiIHEHHS
B Pi3HUX CUTYalligX (K TTPaBUJIO, Jialla30H MaInX Ta ce-
peIHiX 103), TaK i y iXHiX OIPOMiHEHHUX Ta HEOTIPOMiHe-
HUX JiTeil, BUSBIEHO KOMILIEKC FTeHETUUHMX Ta erireHe-
TUYHUX (y 0aTbKiB) MOPYIIEHb, IO CYNPOBOIKYETHCS
BiIXWJIEHHSIMHM y CTaHi 3mopoB’d. Bce me ¢BigumTh 1po
CUCTEeMHMI XapakTep AecTabinizallii reHoMy y OIl-
pOMiHEHUX OCi0 i € KpUTepieEM BUSBJIEHHS iHAUBIIIB 3
PU3UKOM PO3BUTKY pafialliiiHO-00yMOBJIEHOI MaTOJIOrI.
IMopanbliie BUBYEHHSI padialliiHO-iHAYKOBAHOTO eMiMy-
TareHe3y B OpraHi3Mi onpoMiHeHOl JTI0AWHU Ta i1 AiTeil —
OJlHE 3 OCHOBHHMX 3aBlJaHb Cy4acHOI pajaioOioJiorii Ta
paniauiiHOl Tr€eHEeTUKU, i € HeoOXimHUM IJs iaeH-
Tudikalii emnireHeTMYHUX MNPEeAUKTOPIB padialiiiHO-
IHIYKOBAHOTO IMepeauyacHOTO CTapiHHS OpraHiamy Ta
PO3BUTKY BiK-acOILlilOBAaHMX OHKOJIOTIYHUX Ta HEOHKO-
JIOTIYHUX 3axBOploBaHb. Iloganbille BUBYEHHST J030BOL
3aJIeXKHOCTI TiMepMETUIIOBAHHS i CTBOPEHHS IaHedi
enireHeTUYHUX MapKepiB paiialliiHOTO BIUIMBY 3p00-
JISTh BarOMMIA BHECOK B peajibHy OLIIHKY PU3MKY OII-
POMiHEHHS JIOJNHMU.

BukopucraHHs cydacHUX MOJICKYISIPHO-TEHETUIHMX
METOiB, 3aCHOBAaHMX Ha CEKBEHYBaHHI HYKJICOTHIHUX
nocainoBHocTei Ta BusBneHHi CNVs (neneltii, iHBepcii,
ayrtikanii), kiaactepHux SNVs, MeTW/bOBaHUX/meMe-
tunoBaHUX CpG-IUHYKIEOTUIIB Y PI3HUX MUISIHKAX Te-
HOMa, a TAKOX aHaJIi3 KOPESIiiTHIX 3B’ I3KiB MiXX BUSIB-
JICHUMU TIOPYILIEHHSIMU I€HOMY, eMireHeTUYHUM CTaTy-
COM i 3aXBOPIOBAHICTIO, HalacCTh MOXJIMBICTh MPOAOB-
SKUTU JOCHIIKEHHSI 3aKOHOMipHOCTE COMaTUYHOIO Ta
ramMeTU4HOro MyTareHe3y B OpraHi3Mi JitoJei, siki 3a3Ha-
JIN OMIPOMiHEHHS TIPM Pi3HUX pamiallifHUX CUTyaIlisgx i
pPO3pPOOUTH CUCTEMY BUCOKOIIPOTHOCTUYHUX IPEBEH-
TUBHUX MapKepiB PO3BUTKY BigjgajieHOl pamialliiiHO-
00yMOBJIEHOI MAaTOJIOTiI.
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CONCLUSION
Thus, both in parents exposed to ionizing radiation
in various situations (as a rule, in the range of low
and medium doses) and in their irradiated and
non-irradiated children, a complex of genetic and
epigenetic (in parents) disorders was revealed,
which was accompanied by health deviations. All
this testifies to the systemic nature of genome
destabilization in exposed individuals and is a crite-
rion for identifying the individuals at risk of radia-
tion-induced disorders. Further study of radiation-
induced epimutagenesis in the body of irradiated
persons and their children is one of the main tasks
of contemporary radiobiology and radiation genet-
ics. Moreover, it is necessary for identification of
epigenetic predictors of radiation-induced prema-
ture aging and development of age-associated can-
cer and non-cancer diseases. Further study of the
dose dependence in hypermethylation and the cre-
ation of a panel of epigenetic markers of radiation
exposure will make a significant contribution to the
real assessment of the risk of human exposure.
The use of modern molecular genetic methods
based on sequencing of nucleotide sequences and
identification of CNVs (deletion, inversion, dupli-
cation), cluster SNVs, methylated/demethylated
CpG-dinucleotides in different parts of the
genome, as well as the analysis of correlations
between identified genomic abnormalities and epi-
genetic status morbidity, will make it possible to
continue the study of patterns of somatic and
gametic mutagenesis in people exposed to radia-
tion in a range of radiation situations and to devel-
op a system of highly prognostic preventive mark-
ers for the development of late radiation-induced
disorders.
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