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PAIUAITMOHHO-NHAYIIUPOBAHHAA HECTABMIBHOCTD
I'EHOMA YEJIOBEKA

KpaTtkuit 0630p nutepatypsbl noceaweH GeHOMeHy paanaLMOHHO-UHAYLUPOBAHHOW HECTAaOUIBHOCTY FeHOMa, Xa-
paKTepHbIMM 0COGEHHOCTAMMU KOTOPOWA ABNAETCSA NOBbIWEHHbI YPOBEHb TEHOMHbIX U3MEHEHWIT B NOTOMKax 06y-
YeHHbIX kneTok. 0coboe BHMMaHMe yaeneHo npobnemam HecTabUNbHOCTU FreHOMa, MHAYLMPOBAHHO ManbiMK f0-
3amu paguauuu, ponu 3ddekta “ceupetens” B HGopMMPOBAHUM PafUALUMOHHO-UHAYLMPOBAHHON HECTabUIbHOC-
TW FTeHOMa, ee CBA3b C MHAMBUAYANbHOW PafMaLMOHHOI YyBCTBUTENbHOCTbIO. [Tonaraem, 4To B COOTBETCTBUM C
napajurmoii CoBpeMeHHoOW pagnobuonoruu, NoBbllWeHHAA UHAMBUAYANbHAA PafUaLMOHHAA YYBCTBUTENbHOCTb
MoeT GOpMUPOBaTLCA BCAEACTBUE PafMaLMOHHO-UHAYLMPOBAHHOK HECTAaOUNBLHOCTY reHOMa W ABAAETCA Cylie-
CTBEHHBIM (PAaKTOPOM pUCKA PaAMaLUOHHO-UHAYLNPOBAHHOIO KaHLeporeHesa.
KnioueBble cnoBa: HeCcTabuUNbHOCTb FeHOMa, MOHU3UPYIOLWAA PagnaLMs, XPOMOCOMHAA HECTabUIbHOCTb, PafUaLNOH-
HO-WHAYLMPOBAHHbIN KaHLeporeHes, MHAUBUAYANbHAA PafMOYyBCTBUTENLHOCTL YeNOBEKa.
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Radiation-induced instability of human genome

A brief review is dedicated to the phenomenon of radiation-induced genomic instability where the increased level of
genomic changes in the offspring of irradiated cells is characteristic. Particular attention is paid to the problems of
genomic instability induced by the low-dose radiation, role of the bystander effect in formation of radiation-induced
instability, and its relationship with individual radiosensitivity. We believe that in accordance with the paradigm of
modern radiobiology the increased human individual radiosensitivity can be formed due to the genome instability
onset and is a significant risk factor for radiation-induced cancer.
Key words: genomic instability, ionizing radiation, chromosomal instability, radiation-induced carcinogenesis, human
individual radiosensitivity.
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[Ipobnema pamManMOHHO-MHAYIIMPOBAHHONM HecTaOmib-  Problem of radiation-induced genomic instabili-
Hoctu reHoma (PUHT) asnsercs ogHoii u3 aktyanbHbiX, ty (RGI) is one of the important and rapidly
MHTEHCUBHO pa3pabaThiBaeMbIX IpobjieM paauodouoso-  developing issue in radiobiology, considered in
TUU, CONPSDKeHHOM ¢ MeXaHM3MaMI MyTareHe3a 1 KaHile-  the context of mutagenesis and carcinogenesis.
poreHe3a. Tpamnmmonrno PUHI otHocar xk “memuien- — RGI is traditionally referred to as some non-tar-
HBIM”, OTCpPOYEHHBIM 3hdeKTaM paguaunu, cBsa3aHHbIM ¢ get delayed effects of radiation associated with an
MOBBIIIEHHOI YacTOTOM reHeTMYECKUX KoJMuecTBeHHbIX  increased incidence of genetic quantitative and
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M KayeCTBEHHBIX M3MEHEHMII B IOTOMKAaX OOJy4eHHBIX
KJIETOK, XapaKTepHBIX JJIs1 Pa3BUTHUSI 3I0KAYECTBEHHOTO
¢enorumna. Pazsutne PUHI o6ycrmoBieHo Takumm (pakTo-
paMM KaK reHeTUIeCK1e 0COOEHHOCTH 00Ty4eHHOTO Opra-
HM3Ma, ero TKaHei U OpraHoB, a TAKXKE XapaKTePUCTUKAMU
noHuzupytomiero uanydyenus: (M) [1, 2]. ITo onpenene-
HUIO [3] — “3T0 (heHOMEH CTPYKTYPHO-(PYHKIIMOHAITBLHOTO
HEIOCTOSIHCTBA FTeHETMYECKOro MaTepurasa, BOZHUKAIOIIIe-
TO B IOTOMKaX MHOTOKPATHO MOAEIMBILMXCS KJIETOK, MO/~
BEpIIINXCS BO3ICHCTBUIO pagualldM, IIPOSIBIISIOIIETOCS
pa3peiBamu 1 TiepekoHdopmanmsavu JIHK, mepexoMmak-
TU3alMell XpoMaTUHa, adeppalisiMid XpOMOCOM, CECTPUH-
CKMMH XPOMATUAHLIMUA OOMEHAMM, aHEY/TTOJIUTLIONINSI-
MM, BHEIUIAHOBOI 3KCITpeCCHeil TeHOB, TeHHBIMU U XPO-
MOCOMHBIMU MYTallMSIMUA, YTO IIPUBOIUT K HAPYIIECHUIO
TEHOMHOTIO OajlaHca U COIPOBOXKIAETCS Pa3BUTUEM Kile-
TOYHOU TUCHYHKIVN, MAIMTHU3ALUNA, WHIYLIMPOBAHUEM
afnonTo3a 1 rudesbio KiaeToK”. OCHOBHBIE (PeHOTUIIMYEC-
kue nposiBieHusi PUHI — noBblllieHHAs1 4acTOTa XpOMO-
COMHO HECTaOUJIBHOCTH, TeHHBIX MyTaLIUi, aMITIN(UKA-
Ui, KOJWYECTBEHHbIE M3MEHEHUSI KapHMOTHUIIA, ITOTEpsI
TeTepPO3UTOTHOCTU ObLIM M3yYeHbl B MHOTOUYMCIICHHBIX iN
vitro M in vivo 3kcriepuMenTax. CormacHo [4] , peructpupy-
€MbI€ TOBBIIIEHHbIE YPOBHU XPOMOCOMHBIX abeppaluii B
JuMbonurTax nepudepruIeckoil KpoBU OOTYYEHHBIX JIUIL
MOTYT OBITH OOYCJIOBJICHBI CIICAYIOIIMMU TIPOLIECCAMMU:
MpsIMBIM TTOIagaHueM KBaHTa win yacTuibl MW B reHOM
(s1mpo) nuMGOoLINTA, LIUPKYIUPYIOILLIETo B KPOBSIHOM pycie
B ctaauu GO; mocTyIIeHUEM OIpe/ie/IieHHOM 1011 abeppa-
HTHBIX KJIETOK 13 OOJIy4EeHHBIX CTBOJIOBBIX IPEAIIIeCTBEH-
HUKOB B Iepr(epUIeCKyIO KPOBb; MHIYKIIMEH XpPOMOCOM-
HOI HeCTaOMJILHOCTU B IOTOMKaX MHOTOKPATHO MOAE/I1B-
LIKXCS1 00yYeHHBIX KJIeTOK. [ToaToMy yBennueHue 4acTo-
ThI abeppalrii XpOMOCOM HeCTaOMIBHOTO TUIIA B KJIETKAX,
paHee 00JIydeHHbBIX B MaJIbIX 103aX M Vivo, HE MOXET ObITh
oTtHeceHo K uctuHHoii PUHI B Tex ciyyasix, korna He Obl-
JIV MCCEAOBAHbI in Vitro TOJNTOXUBYILHME KYJBTYpbl. DTO
apTYMEHTHUPOBAHO TEM, YTO TOJIKHA OBITh JOKa3aHa MOJIe-
KyJIsIpHast OCHOBa OOHApy:KeHHBIX 3(P(PEKTOB, TaK KaK He
HCKJTIOUEHO, UTO TaKue TIePeCTPONKU SIBJISTIOTCS pe3yJibra-
ToM TIpsiMbIX TToBpexxaeHuit JIHK cTBOOBBIX KJI€TOK M
KJIETOK-TIPEIIIIECTBEHHUKOB.

B xauecTBe OCHOBHBIX MEXaHU3MOB, JICXKAIIINX B OCHOBE
PUHT u xaHlLieporeHHOro prucka, paccMaTpuBaeTCs Tpy3
pa3IMYHbIX MyTalMoHHbIX HapyiueHuin JITHK momoBbx
KJIETOK POIOUTEINIC, IIPUBOMSIIINIA K HECTaOMJIBHOCTA U
(byHKIIMOHAIBHOI HETOJIHOLIEHHOCTH TeHOMa; MyTalluu
B IeHaX, KOHTPOJMPYIOLIMX IMaBHbIe Tpouecchl B JJHK
(penMKanuio, penapaimio, TPAaHCKPUIILIUIO); MyTalluu B
TUIIepBapradeIbHbIX JIoKycax 1 Ap. CeromHst Ipu3HaHO,
YTO CTAOMIBLHOCTH TeHOMa obecrieunBacTcsT d(PPEKTUB-

qualitative changes in progeny of irradiated cells,
being characteristic for the development of the
malignant phenotype. RGI development is de-
termined by such factors as the genetic charac-
teristics of irradiated organism and its tissues and
organs, as well as by the parameters of ionizing
radiation (IR) [1, 2]. By definition [3] — RGI is
“a phenomenon of structural and functional
variability of genetic material that occurs in the
offspring of repeatedly dividing cells exposed to
ionizing radiation, which manifests itself by
DNA breaks and reconfiguration, chromatin
recompacting, chromosomal aberrations, SCE,
aneuploidy and polyploidy, unscheduled gene
expression, gene and chromosomal mutations
resulting in genomic imbalance accompanied by
the development of cellular dysfunction, malig-
nancy, induction of apoptosis and cell death”.
Core manifestations of RGI phenotype such as
the increased chromosomal instability, gene
mutations and amplifications, karyotype quanti-
tative changes, loss of heterozygosity, etc. have
been studied both in vitro and in vivo. According
to [4] such processes as IR quantum or particle
direct impact on a gene (nucleus) of circulating
in the blood G0 lymphocytes, entering a certain
percentage of aberrant cells from irradiated stem
precursors to a peripheral blood, induction of
chromosomal instability in the progeny of multi-
ply dividing irradiated cells can underlie the ele-
vated levels of chromosomal aberrations in
peripheral blood lymphocytes of exposed indi-
viduals. Therefore an increase in the frequency
of unstable chromosome aberrations in cells pre-
viously in vivo exposed to low radiation doses
should be attributed to the “true” RGI in cases
with in vitro investigation of long-living cell cul-
tures. It is argued in favor by the necessity to
prove the molecular basis of the observed effects
as it is not excluded that such alterations are the
result of a direct DNA damage of stem and pro-
genitor cells.

DNA mutations in parental germ cells leading
to instability and functional genome disability,
mutations in genes controlling DNA transfor-
mations (replication, repair, transcription),
mutations in the hypervariable loci, etc. are
considered as the basic pathways underlying the
RGI and being the source of carcinogenic risk.
It is recognized now that genome stability is pro-
vided by the efficient functioning of the cell
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HOCTBIO (DYHKIIMOHMPOBAHMSI B KJICTKE TaK Ha3bIBAEMOI1
“cuctembl oTBeTa Ha nospexxaeHue JHK”. DDR — yHu-
BepcajbHas CHCTeMa BOCCTAaHOBJICHUSI MOBPEXKICHUI Te-
HOMa KJIETKM, BO3HUKAIOIIIUX KaK B pe3y/IbraTe 3HIOIeH-
HBIX ITPOLIECCOB (HAaIpUMED, TIPY OIIMOKAX PETINKALIN),
TaK ¥ IIPY BO3IEHCTBUM BHEITHUX CTPECCOBBIX (DAaKTOPOB,
B T. 4. panraiiioHHOro. OCHOBHBIE 3JIEMEHTHI 3TOM CUCTe-
MbI BKJTIOYAIOT aKTUBALIMIO 1 MOAU(HKALIMIO MHOTUX OeJI-
KOBBIX CEHCOpOB TMoBpexaeHuit Mojekybl JITHK, TpaHc-
JTYKTOPOB 1 3((PeKTOPOB KIETOUHbIX CUTHAJIOB, 00ecTie-
YMBAOIIMX KOHTPOJIb KJIETOYHOTO IIMKJIA B CBEPOYHBIX
TOUKaX, €ro apect, perapaluio 0o 3arporpaMMUPOBaH-
HyI0 TH0eJTb MMOBPEXICHHBIX KJIETOK M 1Ip. [5, 6]. OcHOB-
Hasl mapagurMa pagroOroJIOTUH TakKe BKITIOYAET MOCTY-
JIaT O PEIIAIIEM 3HAYEHUHU TIPOLIECCOB PEMapalu paan-
allMOHHO-VHIYLIMPOBAHHBIX IBYHUTEBBIX pa3pbiBoB JJTHK
JIJIS1 BBDKMBAHUS KJIETKU U ee TToToMKOB [7]. Hepenapupo-
BaHHBIC TIOBPEXICHUSI JIMOO Pealn3ylOTCSI B pa3phIBbI
JHK/xpoMocoM, MyTalii T€HOB/XPOMOCOM, JIMOO OCTa-
I0TCSI B BUZI€ TTOTEHUMAIbHbBIX JUIMTEIbHO KUBYILMX ITOB-
PEXKIECHMI, SIBJISISICH ICXOOHBIM MaTepUajioM ISl MHIYK-
muu PUHI. TToBbllIeHHYIO CIIOHTAHHYIO U pagudaliioH-
HO-WHAYLPOBAHHYIO XPOMOCOMHYIO HECTaOMJIBHOCTb,
KOTOpast HAOIIOAAETCS B KJIETKAX OOJbHBIX HACJIEACTBEH-
HBIMU CHHAPOMAaMHM XPOMOCOMHOIM HECTaOMJIBHOCTU C
BBICOKOI1 ITPeIpacIioIOKeHHOCTbIO BO3HUKHOBEHUS pa-
Ka, a TakKe B COMaTUIECKUX KJIETKaX OOJIbHBIX C pa3/Iny-
HOI JIoKanu3aluei 3/J10KaueCTBEeHHBIX HOBOOOpa3oBa-
HUI, MHOTHME HWCCIEAOBaTeId CYMTAIOT TPSIMBIM CJIe/-
CTBHEM MyTaluii/mmonumMopdu3Ma B TeHaX pacIlo3HaBa-
nHust u penapauvu JIHK [8, 9]. Y 6onbiumHcTBa fuil ¢ mo-
BBILLIEHHBIM YPOBHEM abeppaliiii XpOMOCOM OTMEUaloTCsI
He TOJIbKO OTKJIOHEHMSI B 3(D(heKTUBHOCTHU peraparivu re-
HoMmHo# JIHK Ha (oHe BbISIBIEHHBIX OCOOEHHOCTEN MH-
IVBUIYaJIbHON TOMO3UTOTHOCTH, YTO MOXKET CBUIETE/Ib-
CTBOBaTb O CUCTEMHOM XapaKTepe 1eCTa0MIM3aliuy TeHO-
Ma COMaTUYeCKHMX KJIETOK B OpraHu3Me 00 TydeHHbIX JIII,
HO ¥ HaJIMIMe BTOPUYHBIX UMMYHOIE(PUIIMTHBIX COCTOSI-
HMI, TIOBBIIIEHHBIA PUCK Pa3BUTHS 3J0KAYECTBEHHBIX
HOBOOOpa3zoBaHuii 1 ap. B ycmoBUsIX ITUTETLHOTO HU3KO-
MHTEHCUBHOTO OOJIy4eHUs K CIIOHTAHHBIM ITOBPEXKICHU-
M B MaTpu4HbIX npousBoaHbiXx JIHK, Bo3HMKawomIKMX B
TEYCHUE MOJIEKYISIPHO-TEHETUIECKUX ITPOLIECCOB (perl-
JIUKALIMU, TPAHCKPUIILIUU, TPAHCIISIIUU, Cerperaiyu 10-
YEPHUX CTPYKTYP) B MPOM(EepUPYIONINX KJIeTKaxX, 100aB-
JITIOTCST paavalliOHHO-MHIYLIMPOBAHHEIC TTOBPEXKICHMSL.
Tak, B coMaTMYeCKNX KJIETKaX YYaCTHUKOB JTMKBUIAIIAN
nocaeacTsuii aBapuu Ha YADC, oasepriumxcs oodmyye-
HUIO B Auana3oHe 103 10 0,25 Ip, yepe3 10 et oOHapyxe-
Ha ITOBHIIIICHHAS YaCTOTa MyTallil, KOTOPYIO aBTOPHI CBSI-
3prBatoT ¢ passuteM PUHI [10]. OgHako, B oTyimame ot

DNA damage response system (DDR). DDR
pathways are the universal system of a damaged
genome recovering if arised as the result of both
endogenous processes (for e.g., replication
errors) and exposure to external stress factors,
such as IR. Basic elements of that system
include activation and modification of multiple
DNA damage sensors of protein nature, trans-
ducers and effectors of cellular signals that pro-
vide cell cycle checkpoint control, its arrest,
repair, or programmed death of the damaged
cells [5, 6]. Basic radiobiology paradigm also
includes the postulate of the crucial importance
of DNA double-strand breaks and efficiency of
their repair to the survival of both cell and its
offspring [7]. Unrepaired DNA breaks are either
implemented into chromosome aberrations
and/or gene mutations or remain as a potential
long-term damages as a souece for RGI induc-
tion. It is believed now by many experts that an
increased spontaneous and radiation-induced
chromosomal instability, which is observed in
cells of individuals with hereditary chromosome
instability syndromes and high cancer predisposi-
tion, as well as in somatic cells of cancer patients,
is a direct consequence of mutations/polymor-
phisms of genes associated with recognition of
DNA damage and repair [8, 9]. There are not
only the variations in the effectiveness of DNA
repair on the background of individual homozy-
gosity, which may indicate the systematic nature
of genome instability in somatic cells of irradi-
ated individuals, but also the secondary immun-
odeficiency states, an increased risk of malig-
nant tumors, and some other events and in the
most individuals having a high level of chromo-
somal aberrations. In Under the prolonged low-
intensity exposure the radiation-induced dam-
age is added to spontaneous damage of DNA
matrix derivatives arising during the molecular-
genetic processes (replication, transcription,
translation, segregation) in proliferating cells.
Thus, in somatic cells of the Chornobyl NPP
accident emergency workers who were exposed
to ionizing radation in a range of doses up to
0.25 Gy an increased frequency of mutations,
which the authors are associated with the RGI
development, is found 10 years later [10].
However, unlike permanent genomic instability
characteristic to chromosome instability syn-
dromes, the RGI is determined not only in off-
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TepMaHEHTHOI T€HOMHOI HeCTaOMIbHOCTH, CBOMCTBEH-
HOW CUHApOMAaM XpOMOCOMHOM HecTtabwibHOCcTU, PUHT
OIIpeIeIsIeTCST HE TOIbKO KOIMPOBAaHUEM ITOTOMCTBOM pa-
JUALMOHHBIX TTOBpEXKAeHUH MepBUYHOM cTpyKTyphl JJHK
POIUTEIBCKUX KJIETOK, 8 MOXKET BO3HUKATh B KJIICTKAX, HE
MOJABEPraBLIMXCS OOJYYEHUIO, HO TOJYYMBIIMX “‘CHUTHA-
JIBI TIOBpexXnmeHus” oT obmydeHHBIX. CormacHo [11],
PUHT obycnoBiaeHa cTORKAM MPUOOPETEHHBIM U3MEHEe-
HUeM (PYHKIIMOHMPOBAHUS KJICTKM KakK I1IeJIoro, repena-
BaeMbIM IIOTOMCTBY ITOCPEICTBOM SITUTCHETUIECKUX Me-
XaHU3MOB. B rmocnenHue roapl IpodsieMa MEXaHU3MOB
pazsutust PUHI monyuunna panpHeiiiee pa3BUTHE B CBS-
31 C OTKpHITMEM (peHOMEHa paguallOHHO-WHIYLIMPO-
BaHHOro 3(dekTa “cBuaeTeNss” U poau MUKPOOKPYXKeE-
HUS, PaIdallMOHHO-MHIYLIUPOBAHHBIX SMMTCHETHIECKIX
M3MEHEHU B peryJisaiiy 3KCIIPECCUU T€HOB, MUTOXOH/I-
puaiibHOro Meradonausma. OOLIMM IJIS BCeX Ipenajiarae-
MbIXx MexaHusMoB PUHI gBnsercsd nx noaMMullieHHas
npupona. [To muenuro [12], 31 peacTaBlIeHNs He YKiIa-
JIBIBAIOTCSI B OIMH M3 OCHOBHBIX IOCTYJIaTOB KJlaccuyec-
KOl TEHETUKHU O HEIIPOSIBJIIEMOCTA BHOBb MHAYLIPOBAH-
HBIX MyTallii B T€TEPO3UTOTHOM COCTOSIHUM. DKCIIpec-
CU1 TeHOMHOI HeCTaOMILHOCTU COCOOCTBYIOT (haKTOPbI
SHIIOI€HHO MPUPOJIbI, a TAKXKE XUMUUECKIE TOKCUKAHTBI
W BUPYCHI, ITOTEHLUMPYIOIINE paguallOHHO-WHIYIIMPO-
BaHHBIC TICPBUYHEIC TIOBPEKICHNS TeHOMA.

OpnuM n3 BaxkHbIX MexaHnn3mMoB PUHI gaBnsercs ag-
dekt “cBumerensa”. JJaHHbIil 3(pdEKT BHISIBICH CpaBHU-
TeJbHO HEJABHO U €ro BIAUSHME Ha OUOJOrMYecKUe 00b-
€KThI MOXET OBITh OUeHb CYIIeCTBEeHHBIM. I1oKkaszaHo, 4To
pagyalMOHHO-WHAYIIUPOBaHHEIN 3(pdekT “cBumerens”
MOXET 00yCJIaBAMBATh KJIETOUHYIO TMOE/b, apecT KJIETOU-
HOTO LIMKJIA, aIloITO3, M3MEHEHMSI SKCIIPECCUU TEHOB,
MOBBIIICHNE YaCTOTHI MyTallMii 1 XPOMOCOMHOM HecTa-
OMILHOCTU B HEOONTy4eHHBIX KieTKax [13—15]. Tak, B 90-x
rogax MpOIJIOr0 CTOJeTHsI ObUIO BHEPBbIE ITPOIEMOH-
ctpupoBaHo, yTo PUHT mposiBisieTcsi B HOTOMCTBE HEOO-
JIY4EHHBIX KJIETOK, KOTOpBIC HAXOMWINCh B OKPY-KEHUHU
HEIOCPEACTBEHHO 00y4eHHBIX [16—20]. Pesynbrars
STUX UCCIIeIOBaHUI OB JOITOTHEHBI B in Vivo DKCIIepH-
MEHTAaX MPH TPaHCIUIAHTALIMM O0JIyYeHHBIX KJIETOK HEe00-
JIy4eHHBIM >KMBOTHBIM, TIOCJIE YeT0 HAOJI0OaIN pa3BUTHE
paznuuHbix TUNOB PUHI B MHTAaKTHBIX KJI€TKAX pPELUITU-
eHTOoB. M3BecTHBIE cerogHs MexaHu3Mbl 3 dekTa “cBuU-
JeTenss” BKJIIOUAIOT Tepefady CUrHajga HeoOJydeHHBIM
KJIETKaM ITOCPEICTBOM IIPSIMBIX MEXKKIIETOUHBIX KOHTAK-
TOB; TPOIYKLIMHU IIUTOKMHOB/(DAKTOPOB pOCTa; MPOAYK-
LIMU CBOOOIHBIX PaIMKaIOB U OCBOOOXKIEHUM CBSI3aHHBIX
C MaTPUKCOM Pa3TUYHBIX CUTHAJIBHBIX (DaKTOpPOB [21—24].

KitoueByto posib B (popmupoBaHuu 3dekra “cBuaeTe-
n” m nognepxaunu PUHT urpaer xpoHnueckmit okcmaa-

spring by copying of radiation damage of pri-
mary DNA structure of the parent cells but can
occur in unexposed cells, which had received
the “damage signals” from irradiated cells.
According to [11] the RGI is caused by the per-
sisting acquired abnormalities in cell function,
which are transmitted to offspring through epi-
genetic pathways. In recent years the problem of
knowledge and understanding of mechanisms of
the RGI onset and pgogress has been developed
in connection with research of such phenomena
as the radiation-induced bystander effect and
role of microenvironment, and radiation-
induced epigenetic changes in regulation of gene
expression and mitochondrial metabolism. The
RGI multi-target nature is common to the pro-
posed mechanisms. According to available opin-
ion [12] the idea of bystander effects does not fit
one of the basic postulates of classical genetics
such as no manifestation of the newly induced
mutations in the heterozygous state. Factors of
the endogenous nature, as well as chemical toxi-
cants and viruses potentiating a radiation-
induced primary genome damage contribute to
the expression of radiation-induced primary
damages of genome.

Bystander effect is one of the important mecha-
nisms of RGI development. The effect was
revealed just recently and its impact on biological
objects is supposed to be very significant. It is
shown that the radiation-induced bystander effect
may be associated with cell death, cell cycle
arrest, apoptosis, gene expression changes,
increased frequency of mutations and chromoso-
mal instability in non-irradiated cells [13—15].
Among all it was first demonstrated in the 90" of
the last century that RGI is manifested in the off-
spring of non-irradiated cells, which were in the
environment of the directly irradiated cells
[16—20]. Results of these studies were supple-
mented by the in vivo experiments on transplanta-
tion of irradiated cells to unexposed animals and
observation of the RGI development in the intact
cells of the recipients. Today the known mecha-
nisms of bystander effect include signaling to non-
exposed cells through the direct cell-cell contacts,
production of cytokines and/or growth factors,
free radicals and release a variety of signaling
matrix factors [21—24].

Key role in bystander effect development and
RGI maintaining is assigned to chronic oxidative
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TUBHBIN CTpecc, YCUJIEHHAs IPOAYKLIMST aKTUBHBIX (hOpM
kuciopona (APK) kak mposiBjieHre U3MEHEHHOTO OKHC-
JINTEIbHO-BOCCTAHOBUTEIHLHOTO META00IM3Ma, YHACIEIO-
BaHHOI'O SIUTEHETUYECKH OT POIUTENBCKUX KIIETOK, TIEpe-
LIEAIINX B 9TO COCTOsIHUE TTocie obaydeHus. TTokaszaHo,
yto passurre ADK-ormocpenoBanHoro addekra “cBume-
Tenss” CBA3aHO ¢ P53 crarycoM OONMYYeHHBIX KIIETOK M
POJIbIO MUTOXOHAPUAIBHBIX CUTHAJIBHBIX KAaCKaaoB B €ro
MHULMALIMN W pa3Butuu [25, 26]. CyllecTByeT TMIoTesa,
COIIACHO KOTOPOM MeXaHM3M MHAYLMPYyeMOI HeCTaOWITb-
HOCTU TeHOMa 00YCJIOBJIEH YCTOMYMBBIM YBEeJIMUeHUEM 00-
pasoBanusi ADOK, Kotopoe NPUBOAUT K OKCUIATUBHOMY
noBpexaeHuto JIHK u, Kak cieacTBre, MOBbILLIEHUIO Kie-
TOYHOM r1deii U 4acTOThl abeppaLuii XxpoMocoMm [27—29].

O4YeBUIHO, YTO AMUICHETUYECKE MEXaHM3Mbl pa3BU-
s apdekra “cugerens” u PUHI 3anumaior ocoboe
MECTO TIpM M3YYECHWU AECHCTBUS MaJbIX 103 pagualllu.
ITokazaHo, yTo nocieacTsust Bo3aeicTeuss MU B Manbix
JI03aX IPOSIBIISIIOTCS Yepe3 HECKOIbKO KJIETOYHBIX TeHe-
paluii: MHIyUUPYIOTCS TIpU To3ax MeHee, yem 50 M3B
peakonoHusupywomux MM u 10 M3B — MI0THOMOHU3U-
pyIOLIMX, U MOTYT oOHapyxuBaTbcsl uyepe3 50 u Ooiee
KJieTouHbIX reHepannii [30, 31]. B kpoBu mmocTpagaBImx
B pe3yabsrate YepHOOBIILCKOM aBapyM JIUILL JaXKe CITYCTS
6otee 20 1eT ¢ MOMEHTa O0JTyYeHUS TTPOIOJIKAIOT LIUPKY-
JupoBaTh “bystander” akTopbl, CHOCOOHBIE BbI3bIBATh
TMOBPEXIEHNS B MHTAKTHBIX KJleTKax [32]. B Hacrosiee
BpeMsI TIPOAOJIKAET OCTPO OOCYXKIaThcsl MpodeMa KaH-
LeporeHHbIX 3¢¢GeKTOB MajbIX 103 OOJy4YeHMsI, B TOM
YUCJIe pa3inire MOJIEKYISIPHBIX MEXaHU3MOB peaKIIMil
Ha 00JlydeHMe B BBICOKMX M HU3KUX H03ax. Jedpuanms
“MaJioit 103bl” KECTKO MPUBs3aHa K TMTOHSTUIO “U4yBCTBU-
TeJIbHBINA 00beM”. Eciin 3a 4yBCTBUTEIbHBIN O0BEM TTPU-
HUMAaTh KJIETOYHOE SIIPO, TO 1032, KOTOpasi IIPUXOIUTCS
Ha OIMH aKT SHEPIOIOIJIOIIEHMS IIPY ICMCTBUN PEIKOU-
OHU3UPYIOIIEro M3JydeHusi, OyaeT coctaBiadaTh (0,2—
0,3 cIp [33]; ecnu ke B KauecTBe MullieHU cuutath JIHK,
KOTOpasi COCTABJISIET B 9YKAPUOTUYESCKUX KieTKax 1—2 %,
TO TT0 JAHHBIM [34], 9T 1036l HAXOAATCS B Tnarna3oHe 20—
30 cIp. K manbiM 1o3aM OTHOCSIT TaKMe, KOTOPhIE MTPEBhI-
1Ial0T OpUpOoIHbI oH Ha mopsaaok [34], 10—15 cIp u
Huxe [35], oT HeckonbKux caHTUrpait po 1 Ip [36]. 1o
naHHbeIM TeHepanpHO AccamGiien HKJIAP OOH (1999),
Maible 103bI — 3T0 10351 10 20 cIp. Ha VI IpeeBckoit KoH-
(epeHLINH, TTOCBSAIIEHHOMN TEOPETUISCKIUM 1 IIPAKTHYEC-
KIM acreKTaM IIpo0JIeMbl XKI3HEIEsITeIbHOCTH 00 TydeH-
HBIX KJIETOK, MUPOBBIMA HayYHBIMHM aBTOPUTETAMU ITPU3-
HaHbI MaJIbIMU 1036l 2—2,5 [p. DTO 103bI, KOTOPKIE Yallle
WCITIONIB3YIOTCS B paaualiMoHHO oHKojoruu [37]. B ce-
pearHe IIPOIIUIOro BeKa IIPUHSTO ObUIO CUMTATh, YTO BBI-
XOJI TeHETUYECKUX ITOBPEXIESHNI Ha AMHMITY T03bI KaK

stress, increased production of reactive oxygen
species (ROS) as a manifestation of the altered
redox metabolism, which is inherited from the
parent cells after irradiation. It is shown that the
initiation and development of ROS-mediated
bystander effect is related to the p53 status of the
exposed cells and mitochondrial signaling path-
ways [25, 26]. There is a hypothesis that the
mechanism of induced genomic instability is
determined by a steady increase of ROS produc-
tion, which leads to DNA oxidative damage and,
as a consequence, to an increased frequency of
chromosome aberrations and cell death [27—29].

It is clear now that epigenetic mechanisms of
bystander effect and RGI hold a special position
in the study of low-dose radiation effects. It is
shown that they are manifested through several cell
generations i.e. induced at doses less than 50 mSv
of low-LET and 10 mSv of high-LET radiation
and can be found in the 50 or more cell genera-
tions [30, 31]. The bystander “factors” capable to
cause a damage of intact cells are revealed in
blood of the Chornobyl accident survivors even
more than 20 years later upon exposure [32].
Currently the problem of carcinogenic effects of
low dose ionizing radiation including the diffe-
rence of molecular mechanisms of the effects
induced by exposure to high and low radiation
doses is still a debated issue. The definition of
“low dose” is related to the concept of a “sensitive
volume”. If nucleus is taken as the cell sensitive
volume, the dose accounted for one act of energy
absorption at low-LET radiation will be 0.2—
0.3 cGy [33], if DNA is considered a irradiation
target that is 1-2 % of the cell volume, then
according to [34] these doses should be in a
range of 20—30 cGy. Low doses are also attributed
to those that exceed the natural background for
the order of magnitude [34], 10—15 cGy and
below [35], a few cGy — 1 Gy [36]. According to the
proceedings of the UNSCEAR General Assembly
(1999) low doses are the doses up to 20 cGy. At the
VI L.H. Gray Conference on theoretical and
practical aspects of cell survival after the impact of
low doses of radiation the world’s scientific
authorities recognized the low level doses of 2—
2.5 Gy. These are the doses often being used in
radiation oncology [37]. In the middle of the last
century it was used to assume that the yield of
genetic damage per dose unit for both low and
high doses is identical, and it was assumed that the
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JUTST MAJTBIX, TaK M JIJ1sT OOJIBIINX 103 ONMHAKOB, U ITPEATIO-
JIarajiochb, 4To KBaHT 3Heprun MW mipu B3auMoaeiicTBUN
C XpPOMOCOMOI MHIYLIMPYET HeOoOpaTUMbIe M3MEHEHUS.
OTU MOCTYJIAaThI JIETJM B OCHOBY JIMHEIMHON Oecroporo-
BOM KOHLEMUUWU, MoApasyMeBalouieii 0e3yclIOBHYIO
OITACHOCTH JIFOOBIX YPOBHE 00TyIeHMSI, B TOM YKCIIEC 1 HE
MPEBBIIIAOIINX E€CTECTBEHHOTO paguallMOHHOIO (poHa.
Bnepsrie B padorax H. B. Jlyunuka u H. B. TuModeena-
Pecosckoro (cepearna XX Beka) Obl1a 0OHapy>KeHa aHO-
MaJlbHasI peaKlnsl OMOJIOrMYecKX OObEeKTOB Ha HU3KO-
J1030Boe obJiyueHue. JlanbHeiline sKCcrepuMeHTalbHbIe
HCCIIe0BaHMS TTI0Ka3aIl peaibHYI0 BO3MOXHOCTh MO -
(pyKaLMy MyTallMOHHOTO ITpoliecca pa3HBIMU (paKTopa-
MU 1 CHOCOOHOCTH NepBrUYHBIX noBpexxaeHuii JIHK Boc-
CTAaHABJIMBAThLCS B XOE MPOILIECCOB pelapalun. DT0 KO-
PEHHBIM 00pa30M M3MEHWJIO KOHLENTYaJIbHYIO OCHOBY
MOHUMAaHUS TTPUPOILI MyTallMOHHOTO ITporecca. AHAIN3
MHOTOYMCICHHBIX pa0OT pa3HBIX aBTOPOB ITO3BOJISICT BI-
JIEIUTh IBa YJ9acTKa, B IIpeneiaX KOTOPhIX 1030Basl 3aBU-
CUMOCTb OTKJIOHSIETCS OT OXMAAEMOW JIMHEHHOM: B 00-
Jnactu no3 Huxke 5 cIp u B nmanazone 10—50 clp. Uccne-
JOBaHME 3aBUCUMOCTHU “103a-OTBET” IJIS1 MHAYKLMUU
PUHT cBupeTenbCcTBYET O HACHIIeHNH 3 deKkTa mpu 00-
JIydeHUM B HU3KUX Jo3ax. [1o naHHbIM [17], 11sT TeHHBIX
MyTanuii 3¢@eKT HaChIILIEHMS TTPOSIBIISICTCS YKe TIpU 00-
JiyueHuu B no3ax 0,1—0,2 Ip.

XpOMOCOMHYIO HECTaOWJIbHOCTh HA3bIBAIOT OJHUM W3
OCHOBHBIX (peHOTUNMYecKUX rnposisiaeHuii PUHI u 3m1o-
Ka4yeCTBEeHHOI TpaHchopMauy KieToK. OTMeYaroT, 4To
abeppallny XpOMATUIHOIO TUIIA, XapaKTePHBIE IJIST 37I0-
KauyecTBeHHOro eHoTura, ¢ OoJiblIei BEPOSTHOCTHIO
COXPaHSIIOTCS B PsITY 00 TyYeHHBIX KJIETOUHBIX TOKOJIEHUI
[38, 39]. Haubonee penpe3eHTaTMBHAS UH(OPMALIMS 10~
JlydeHa B OTHOILIEGHWM YacTOThI abeppaluii XpOMOCOM,
VHAYIMPOBAaHHBIX B IMMdomnTax nepucdepuieckon Kpo-
BH 4YeJI0BeKa IMPU 00JIydeHUHU B MaIbIX 103aX. YHUKAIbHOE
coYeTaHMe CBOMCTB 3aKOHOMEPHO BBIIBUHYJIO JTUMQOII-
THI Ha TIEPBOE MECTO CPEIM BCEX TECT-CHUCTEM, TIpeIHa3HA-
YEHHBIX JIJTS OLIEHKN TeHETUYeCKNX 3(P(MOEKTOB MaIbIX 103
MHA. KonuyecTBeHHasi OlLleHKA LIUTOI€HETUYECKUX MOB-
peXICHUI B COMATMYECKUX KJIETKaxX 4YejioBeKa IIpu
JNEWCTBUM WOHU3UPYIOLIEH paadaliiv KpailHe BaXkKHa,
IMOCKOJIbKY HAaKOIUIEHME XPOMOCOMHBIX abeppalinii 4acTo
MPEAIIeCTBYeT Pa3BUTUIO COMATUYECKON MaToJOruu, a
TaKKe MOXKET CIIY>KUTh KpUTEPHEM KaHILIEPOT€HHOTO PYC-
Ka obnmyueHust B Manbix go3ax [40]. [lomaraem, uto ¢op-
mupoBaHue PUHI HenocpeacTBeHHO CBSI3aHO C UHIWBU-
JIyaJlbHOM paauraliMOHHON 4yBCTBUTEJIILHOCTBIO YEJIOBEKA
(UPY), umeronueil MOJAUTEHHYIO U MYJBTU(hAKTOPHYIO
npupomny. 1o pa3TnIHbIM TaHHBIM 3ITUIEMHOIOTYSCKIX
1 KJIMHUYECKUX MCCIEI0BAHUM, B MOMYJISILIAM YeI0BeKa

energy quantum during interaction with a chro-
mosome induces the irreversible changes. These
postulates form the background of the linear no-
threshold concept, which implies an uncondi-
tional danger of any radiation levels, including
those not exceeding the natural background.
N.V. Luchnik and N.V. Timofeev-Resovskii (mid-
twentieth century) for the first time had found an
abnormal reaction induced by low-dose irradia-
tion of biological objects. Further experimental
studies have shown a real potential of different
factors to modify the mutation process both with
the cell ability to recover a primary DNA damage
in the course of repair processes. This dramati-
cally changed the conceptual basis for under-
standing of the mutation process nature. Review
of numerous studies allows distinguishing the two
plot sections, within which a dose dependence
deviates from the expected linear dependence i.e.
for the doses below 5 cGy and in the range of
10—50 cGy. Investigation of the “dose-response”
dependences for RGI induction indicates the
effect of saturation at low radiation doses.
According to [17] for gene mutations a saturation
effect is manifested even at radiation doses of
0.1-0.2 Gy.

Chromosomal instability is considered one of
the major phenotypic manifestations of RGI and
malignant cellular transformation. It is noted that
chromatid aberrations being characteristic to
malignant phenotype more likely persist in a
sequence of irradiated cell generations [38, 39].
The most representative information is received in
regard to the frequency of chromosome aberra-
tions induced in human peripheral blood lympho-
cytes by the low dose IR. The unique combination
of lymphocyte properties put them forward to a
first place among the test systems designed to
assess the genetic effects of low-dose radiation
exposure. Quantitative assessment of cytogenetic
damage in human somatic cells induced by IR is
extremely important, because the accumulation
of chromosomal aberrations often precedes the
development of somatic diseases and can also be
applied as a criterion of the carcinogenic risk of a
low dose radiation exposure [40]. We believe that
RGI development is directly related to the human
individual radiation sensitivity (HIRS), which is
polygenic and multifactor in its nature. According
to the reports on epidemiological and clinical
studies there are up to 20 % of individuals in with
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HacunThBalOT 10 20 % nuil C TIOBBIIICHHON pagrovyB-
CTBUTEILHOCTBIO, KOTOPAsl OIPEeAeIsIeTCsI B IIEPBYIO OUe-
penb MHAMBUIAYATbHBIMUA T€HETUIECKUMI OCOOCHHOCTSI-
miu [41, 42]. K HUM OTHOCSIT KaHAMIATHBIE TeHBI paiuouy-
BCTBUTEJIGHOCTH YeJI0BeKa, (PYHKIIMOHMPYIOIINE B CUCTE-
me DDR: reHbl pacno3HaBaHUSI U perapauuy paguaiu-
OHHO-UHAYLMPOBaHHbIX NoBpexaeHuit JIHK, KoHTpos
KJIETOYHOIO 1IMKJIa, IeTOKCUKAIIMU KCeHOOMOTHUKOB U JIp.
CunTaroT, 4To MyTalllH/TIOJIMMOP(U3M 3TUX T€HOB, U3-
MEHEHHE MX 3KCIIPECCUM JIeXKaT B OCHOBE pa3HOOOpa3us
VHAVBUIYAJIbHBIX peakldii JeJoBeKa Ha OOIydeHHe U
JPYIUX CTPECCOBLIX BHEIIHUX (pakTopoB. Ha ceromusii-
HUI JIEHb OMMCAHO OOJIBIIOE KOJMYECTBO HAC/IECIACTBEH-
HBIX ITOJIUMOPMHBIX OTHOHYKJICOTUIHBIX BapHaHTOB
(SNPs) kaHIMIATHBIX TEHOB PagMOYyBCTBUTEIBHOCTH,
TOBBIIIAOIIMX KaHIeporeHHbI puck. IlokazaHo, 4yTo
crieunudUIecKUil MoJIMMOpP(PU3M HHU3KOIIEHETPAHTHBIX
renoB pernapai XRCC1, XRCC3, XRCC6, hRADS51, XPD1
U JIp., a TAaKXKe TeHOB MeTaboJIM3Ma KCEHOOMOTUKOB TIpU
panraliMOHHOM BO3IEMCTBUM CIIOCOOCTBYIOT YBEJIMUEHUIO
4acTOThI ABOMHBIX pa3pbeiBoB JIHK, odpazoBanumio abeppa-
Ui XpOMOCOM M MMKpPOSIAEp, SIBJISISICH OTHOBPEMEHHO
(hakTOpOM pHCKa pa3BUTHS paKa MOJIOYHOM KeJIe3bl, JKe-
JIyIKa, NPAMOM KUILKK ¥ IPYTHX JIOKaau3anuii [43—45].

Takxum oOpa3om, mporecchl (popmupoBanuss MPY,
PUHI u kaHueporeHe3a UMEIOT 0OII1i€ MOJICKYJISIpHbIC
JIeTepMUHAHTHI, oTHOocsmmecs: K cucteme DDR. Cormac-
HO COOCTBEHHBIM JaHHBIM [46], B Koropre o0cJieoBaH-
HbIX (¢ momolbio G2-TecTa) YCIOBHO 310POBbIX JIULL 00-
nee 10 % nmerot nosbieHHy0 MPY Ha XxpoMocOMHOM
ypoBHE JTMMQPOLINTOB Treprudeprndeckoii KpoBu. BaxHo
OTMETUTh, YTO CPEAN OHKOJIOTUYECKUX OOJIbHBIX “CKpbI-
Tasg” XpOMOCOMHAsS HEeCTaOMJILHOCTh, MHAYLMPOBAaHHAsI
“IPOBOKALIMOHHBIM” HArpy304YHbIM OOJIyUeHUEM JIMM-
doumToB mepudepnueckoil KpoBu B in vitro G2 Tecte
(G2-Tect, MUKpPOSIIEPHBIN TECT), BCTpedaeTcsl ropasao
yaiiie: ot 30 1o 60 % cpeau Koropt 60JIbHBIX CITOpagnuyec-
KMy opMaMHU paka pazIddHOM JIOKaJU3alrd, B TOM
YHUCJIe paKa MOJOUHOI XeJie3nl [47], XKenynka, mpoCcTaThl
u np. [48]. IlomaraemM, 4TO YCJIIOBHO 3I0POBBIX JIUII C LY~
TOreHeTUYecKMMU nokazareassMu MIPY Belle momyJis-
LIMOHHOI HOPMBI CJIeAyeT OTHOCUTD K I'PYIIIIe TTOBHIIICH-
Horo pucka ¢popmupoBanust PUHI u kaHuieporeHesa.

TakuM o0Opa3oM, pe3yabTaTbl MHOTOJIETHUX MCCJIEI0-
BaHUIi TTPOOJIEeMbl HECTAOUIBHOCTH T€HOMA, COBPEMEH-
HBIC TIPEACTaBICHNUS O MEXaHMU3Max €€ pa3BUTHUS U POJIN
B 3JIOKAYECTBEHHON TpaHCMOpMallui KJIETOK CBUIEC-
TeJbCTBYIOT 0 ToM, uTo PUHI gBnsiercst aTnonornyec-
KNM (paKTOpOM pamgvallMOHHOTO KaHIleporeHesa.

increased radiosensitivity human population,
which is primarily determined by individual
genetic characteristics [41, 42]. These include the
candidate genes of radiosensitivity functioning in
DDR system, namely genes of identification and
repair of radiation-induced DNA damage, cell
cycle control, detoxication of xenobiotics, apop-
tosis, etc. It is supposed that mutations and poly-
morphism of the genes and changes in their
expression underlie a variety of human individual
reactions to stress and other external factors
including the IR. Today a number of genetic sin-
gle nucleotide polymorphic variants (SNPs)
among radiosensitivity candidate genes are
described to be associated with an increased can-
cer risk. It is shown that a specific polymorphism
in DNA repair genes of low penetrance, such as
XRCC1, XRCC3, XRCC6, hRAD51, XPD1, etc. and
other genes of xenobiotic metabolism promote the
increased level of radiation-induced DNA dou-
ble-strand breaks, chromosomal aberrations and
micronuclei, being simultaneously a risk factor for
breast, stomach, colon cancer and some malig-
nancies of other localizations [43—45].

Thus, individual radiosensitivity, RGI develop-
ment and carcinogenesis may often share common
molecular determinants related to DDR system.
According to the own data [46], more than 10 % of
persons in a cohort of healthy individuals have ele-
vated radiosensivity at the chromosomal level of
peripheral blood lymphocytes (assessed with Iym-
phocyte G2 test). It is important to note that a
“hidden” chromosomal instability among cancer
patients induced by a “provocative” radiation in
peripheral blood lymphocytes in vitro (G2-test,
micronucleus test) is much more common, as it
occurs in 30 to 60 % of patients having the sporadic
malignancies, including breast [47], stomach,
prostate cancer, etc. [48]. We believe that healthy
individuals with elevated chromosomal radiosensi-
tivity (higher than average/normal values in popu-
lation) are assumed to be at an increased risk of
RGI development and carcinogenesis.

Thus, the results of long-term research of the
issues of genome instability, current understanding
of the pathways of its development and its role in
cell malignant transformation indicate that RGI
should be considered an etiological factor of radi-
ation carcinogenesis.
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