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EKCITPECIA PATIALIIMHO-IHAYKOBAHUX BIOJIOTTYHUX
MAPKEPIB Y BIJJAJIEHOMY ITEPIOAI ITICJIA OITPOMIHEHHA
Y IIINMPOKOMY IHTEPBAJII 103

Meta. BuzHauutu GionoriyHi mapkepu paaialiliHoro ypaxeHHs y BigaaneHomy nepiofi nicns onpoMiHEHHS y WUPO-
KoMy iHTepBani fo3.
Marepianu i metoau. 06¢TexxeHo 235 yuacHukis nikigauii Hacnipkis aBapii (JIHA) Ha YopHobunbebkiii AEC (YAEC)
1986-1987 pp. y BignaneHomy nepiogi nicns onpomiHeHHs (f03M 30BHIWHbLOrO onpomiHeHHs: Big 0,10 fo 3500 m38
(M +SD: 419,48 + 654,60); Bik 06cTeXEHMX CTaHOBMB 58,34 + 6,57 (M + SD) pokiB). KoHTponbHy rpyny cknanu 45 He-
onpoMiHeHux oci6 Bikom Big 41 po 67 pokis (M + SD: 50,60 + 5,37). BusHaueHHs ekcnpecii reHis BCL2, CDKNZA,
CLSTN2, GSTM1, IFNG, IL1B, MCF2L, SERPINBY, STAT3, TERF1, TERF2, TERT, TNF, TP53, CCND1 npoBOAMIM 33 JOMOMOrO
nonimepasHoi naHurosoi peakuii B peanbHomy yaci (RT-PCR 7900 HT). BigHOCHY LOBXUMHY Tenomep BU3HaYanu me-
Togom flow-FISH. JleiikouuntapHuit heHoTun, piBeHb ekcnpecii rictoHa y-H2AX, 6inka Cyclin D1 Bu3Hayanu 3a gono-
MOTOI0 NPOTOYHOT LUTOMETPii.
Pe3ynbratu. Y rpyni yyacHukis JIHA Ha YAEC 6yno npofeMOHCTPOBaHO A0303a/1€XHe 3HUKEHHSA ekcnpecii reHis BCL2,
SERPINBY, CDKN2A Ta STAT3; nipgeuiieHHs ekcnpecii MCF2L Ta rinepekcnpecis reHa TP53 (no 100 m3B). AkTuBauito re-
Ha iMyHHOTO 3ananeHHs IL1B BuasneHo y nigrpyni yyacHukis JIHA Ha YAEC, onpomiHeHux B iHTepBani go3 Big 0 fo
100 m3B. Bu3HayeHo HeraTMBHY Kopensauilo Mix ekcnpecieto IL1B T1a kinbkicTio CD19*3” i CD3 HLA-DR" B-nimdouuris,
CD4"8 kniTuH Ta cnieBigHoweHHamM CD4"/CD8". MokasaHo rinepekcnpecito reHa TNFy go3osomy iHTepeani Big 100 M3
1o 1000 m3B. BussneHo kombiHauito cynpecii TNF 3 nigsuuieHHaM ekcnpecii reHa IFNG Ta Kopensuieio 3 KinbKicTio
CD3"16"56" Ta CD25" nimcpouuTie npu go3ax noHag 1000 m3B. MigBuiweHHs cnoHTaHHOT ekcnpecii Cyclin D1 Ta y-H2AX
KOPEJIOE 3 103010 ONPOMiHEHHS, CKOPOYEHHSM JOBXWUHM TEIOMEP 3 BIKOM Ta 3 MOLMGiKYI0YMM eheKTOM CynyTHbLOT Nna-
ToNOrii.
BuCHOBKM. AHani3 3B'A3KY MiX NMOKa3HWUKAMKU KNiITUHHOTO iMyHITETY, €KCNPECii reHiB, JOBXUHYU TeNOoMep, PiBHeEM pe-
ryIATOPHUX OiNKiB Ta 403010 ONPOMiHEHHS AEMOHCTPYE NePCNEKTUBM BUKOPUCTAHHA iX B AKOCTI GionoriyHux mapkepis
y BiaganeHuin nepiof nicis ONpPOMiHEHHs.
KniouoBi cnoBa: ioHi3ylouya papialis, ekcnpecis reHis, y-H2AX, posxuHa Tenomep, Cyclin D1, YopHobunb.

lpobnemn pagiaviviHoi meguuwnm 1a pagiobionorii, 2018. Bun. 23. C. 331-350. doi: 10.33145/2304-8336-2018-23-331-350.

P«J Inbenko Ipuna MukonaiBHa, e-mail: ilyenko@ukr.net

331 ®



KJTIHIYHI

AOCNIAXKEHHA

ISSN 2304-8336. pobnemn pagiauiiinoi Meouunkm Ta pagiobionorii = Problems of radiation medicine and radiobiology. 2018. Bun. 23.

I. M. Ilienkot=d, N. A. Golyarnik, O.V. Lyaskivska, O. A. Belayev, D. A. Bazyka

State Institution «National Research Center for Radiation Medicine of the National Academy of Medical
Sciences of Ukraine», 53 Melnykova str., Kyiv, 04050, Ukraine

EXPRESSION OF BIOLOGICAL MARKERS INDUCED BY IONIZING
RADIATION AT THE LATE PERIOD AFTER EXPOSURE IN A WIDE
RANGE OF DOSES

Objective. To study radiation induced biological markers of the late period after exposure.

Subjects and methods. A study was performed in 235 Chornobyl accident male clean-up workers exposed in 1986-
1987 (doses of external exposure: (M + SD: 419.48 + 654.60; range 0.10-3,500 mSv); age 58,34 + 6,57 years. Control
group included 45 non-exposed subjects (mean age: 50.60 + 5.37 (M + SD). Gene expression was performed by RT-
PCR on 7900HT Analyzer using TLDA for BCL2, CDKN2A, CLSTN2, GSTM1, IFNG, IL1B, MCF2L, SERPINBY, STAT3, TERF1, TERF2,
TERT, TNF, TP53, CCND1 genes. Relative telomere length (RTL) was analysed by flow-FISH; immune cell subsets,
v-H2AX and CyclinD1 expression by flow cytometry.

Results. A statistically significant and dose-dependent decrease in expression of the BCL2, SERPINB9, CDKN24, and
STAT3 genes was demonstrated in parallel to a dose-dependent overexpression of MCF2L and upregulation of TP53 (up
to 100 mSv). IL1B expression was the highest in exposed to doses from 0.1 to 100 mSv with a negative correlation
between at IL1B expression and CD19*37, CD3"HLA-DR", CD4"8" cell counts and CD4*/CD8" ratio. Hyperexpression of
TNF gene in doses above 100 mSv to 1,000 mSv was shown, and in higher doses a combination of TNF downregula-
tion with increase in IFNG gene expression were demonstrated with correlations with numbers of CD3"16"56" and
CD25" lymphocytes and inhibition of expression CLSTN2. An increased expression of y-H2AX and Cyclin D1 corre-
lated to radiation dose, telomere shortening to age and concommittant pathology.

Conclusions. Cellular immunity, gene expression, telomere length, intracellular protein parameters are shown to be

among perspective biological markers at a late period after radiation exposure.
Key words: ionising radiation, gene expression, y-H2AX, telomere length, Cyclin D1, Chornobyl.
Problems of radiation medicine and radiobiology. 2018;23:331-350. doi: 10.33145/2304-8336-2018-23-331-350.

BCTVYII

IIpodeciitHe abo BUIIAAKOBE padioiOriyHe YU siAEpHE
OINMPOMiIHEHHSI MOXE CIPUYMHUTU CEPHO3HI HACTiIKMN
IS 3M0POB’ S ToAWHU. JIOCBil, OTpUMaHUM TiCTs saep-
HuxX Karactpod YopHooumnsg ta OyKyciMu, TTOKa3as, 1110
nepiii, XTo BigpearyBaB Ha Taki pajialliiiHO-HeOe3IeyHi
CUTyallil, MaJd BUCOKUI piBeHb padialliiHOro OIm-
poMiHeHHs. [li BUmaaku sicKkpaBo iTIOCTPYIOTh KPUTHUY-
HY OOTpedy y BiAINOBiAHUX OioMapkepax IS OLIiHKHU
NepCOHaNbHOI J03M OIIPOMIHEHHS, IO MOXE OyTU
BKpaii HeOOXiTHUM He TiJIbKU JJIS1 BilTOBiTHOTO MeINY-
HOTO/KJIiHIYHOTO CYMPOBOY, aje TaKOX JIsl IPOTHO3Y-
BaHHS YIIOBUIBHEHMX CTOXaCTMIHUX €(eKTiB, TAKUX SIK
reHOMHa HeCcTaOUIbHICTh Ta pak [1].

Xoua 6i0103uMEeTPU MOXKYTh IOTTOMOITH B OLIiHIIi TTOTJIN -
HYTOI J03M pafialii, Bce 1Ie iCHye 3HaA4yHa IporajvuHa y
3HAHHSIX I10A0 MPOTrHO3YBAHHS PU3UKIB /151 3M0POB’Sl Bifl
OLIIHOYHOI 1031 OIpOoMiHeHHsI. ToMy IIMOOKe pO3yMiHHS
GioJoriuHMX epeKTiB MOXKE TOTTOMOITH MTPOTHO3YBATU KO-
POTKO- Ta JIOBTOCTPOKOBI HACHiAKM palialliftHOro OIl-
poMiHeHHs. Ha gaHuii yac 1MpoKO BUKOPUCTOBYIOTh TaKi
0i0I03MMETPUYHI TEXHOJIOTII: aHali3 AULIEHTPUYHUX XPO-

INRODUCTION

The professional or accidental radiological and
nuclear exposure could induce serious conse-
quences to a human health. Experience gained
after nuclear accidents in Chornobyl and
Fukushima has shown high doses values in workers
of the early postaccidental period. These cases
clearly demonstrate critical need in appropriate
biomarkers for individual doses estimates that
could be extremely important not only for health
effects follow-up, but for prognosis of the remote
stochastic effects such as genomic instability or
cancer [1].

Although biological dosimeters could enable
the estimates of the absorbed radiation doses, still
there is a substantial gap in knowledge on the
prognosis of risks to health basing on the estima-
ted radiation doses. That is why; an in-depth
understanding of biological effects could help to
elucidate short- and long-asting consequences of
radiation exposure. Several technologies of
dosimetry are used now: chromosome dicentrics
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MOCOM — 1I€/i METOJ PO3IJISTAAETHCS K «30JI0TUI CTaHIapT»
JUISL OLLIHKY 03U OMPOMiHEHHS [2]; METOA LIMTOKiHOBOTO
OnokyBaHHS Mikposaep [3—5]; aHami3 XpOMOCOMHMX
TpaHCJIOKALIii1 3a I0TTOMOT0I0 6araToKOJILOPOBOI (hIyopec-
LIEHTHOI TiopuaM3alii in situ [6]; aHaii3 ekcrpecii ricToHy
H2AX [7, 8] Ta mocnimkeHHsT TTpodiao reHHOI eKCIIpecil
[9]. Cy4yacHuii piBeHb OOCTIIKEHb BIIEpIle JO3BOJISIE 3 He-
0OXiTHOIO TOUHICTIO KiJTbKiCHO BUMipIOBaTH 3MiHI MOJIEKY-
JISIPHUX TPOLIECIB TPH il HU3bKWX PiBHIB ONTPOMIiHEHHS. Y
pekomeHaauisix HaykoBoi rpynmu ARCH (2015), 3a pe3yib-
TaTaMU €KCIEePTHOI OLIHKU, PEKOMEHI0BaHi JOCTiIKEHHS
OioJToriyHMX MapKepiB J03M OMPOMiHEHHSI, 3aXBOPIOBaHb,
TOB’SI3aHMX 3 OMIPOMIHEHHSIM, Ta MapKePiB iHAWBITyaIbHOI
PaniovyyTIMBOCTI OpraHi3my JIIOAWHMU.

IIpoBeneHe HaykoBe JOCHIIKEHHSI CIpsIMOBaHE Ha
iHTeTpyBaHHS JEKiIbKOX ITiIXOMdiB, SIKi BUKOPHUCTOBY-
I0OTbCS 'y Oiomo3umeTpii, ISl BU3HAYEHHS HalKpauioi
KoMOiHalii 6ioMapKepiB, 1110 JOIOBHSITh KJIaCUYHi BU-
I pagialifiHOl JO3UMETpil Ta MOXYTh OyTU BUKOPUC-
TaHi B pa3i pamioJIOTiYHOTO iHUMIEHTY Ta MpPU IIPO-
(eciitHomy ontpoMiHeHHi. OKpiM OLIIHKY 103U i0Hi3y10-
YOro BUIMPOMiHIOBaHHS, 0i0A03UMETPisl € MOTY:KHUM
IHCTPYMEHTOM Y IIPOrHO3YBaHHI HACIiAKiB paaialiiiiHO-
IO ypaxKeHHSI.

META

MerTtoto gocnigkeHHs 0yJIo JOCTIAUTA TTOKA3HUKU T'eH-
HOi ekcrmpecii, HecTabiAbHOCTI TeHOMa, KJIITUHHOTO
LUKy Ta CTapiHHS JEWKOLUTIB MepudepudHoi KpOBi
(ITK) yyacHukiB jikBigaiii HaciiakiB aBapii (JIHA) Ha
YAEC Ta BU3HAYNTH pamialifHO-iHIyKOBaHi OioloTiuHi
MapKepH BiJgaJeHOro Mepioay Iics ONpOMiHEHHS.

MATEPIAJI TA METOJIN

[ist mpoBeeHHSI iIMYHOJIOTIYHUX Ta MOJIEKYJISIPHO-Te-
HETUYHMX TOCIIiIKeHb 0y10 00cTexxeHo 280 ocid, 3 IKux
c(opMOBaHO OCHOBHY Ta KOHTPOJIbHY MOCJiIHI TPYITH.
OcHoBHY rpyny ckjanu 235 ydyacHukiB JIHA na HAEC
1986—1987 pp. (BimmaseHuUii mepiof Micasl ONMPOMiHEH-
H$T) YOJIOBIYOIi CTaTi, IKi MPOXOAUJIN KOMITJIEKCHE 00CTe-
KeHHST Y KJIIHIYHUX BiITIIEHHSIX i MOMIKITiHILI pamia-
uiiHoro peectpy HHIIPM 3a mporpamoro KiiHiko-
enigeMioJIOTIYHOrO PEECTPY Ta MaJlu 3aJ0KYMEHTOBaHi
031 30BHIITHBOTO ornpomiHeHHs Big 0,10 mo 3500 m3B
(419,48 £ 654,60 (M £ SD)). CepenHiii Bik 00CTEXEHUX
yuacHukiB JIHA na YAEC cknaznas (58,34 £ 6,57) pokiB
(M = SD).

Jlo KOHTPOJILHOI TpyIH yBIMILIN 45 HEONMPOMiHEHUX
oci6 BikoM Bim 41 mo 67 pokiB, cepemHiil BiK CKJanaB
(50,60 £ 5,37) pokiB (M £ SD). Ocobu KOHTPOJBHOL
rpynu He Opajii ydacTi B JIiKBigallil Hac/aiAKiB aBapii Ha

assay is regarded as a golden standard for dose
estimates [2] and is used along with micronuclei
cytokine block [3—5]; multicolor fluorescence
hybridization in situ analysis of chromosome
translocations [6]; analysis of histone H2AX
expression [7, 8], and gene expression profiles
[9]. Modern research approaches for a first time
enable with a sufficient accuracy a qualitative
estimate of molecular processes changes at low
dose interval. The expert group ARCH (2015)
recommended research on the biological markers
of radiation dose, radiation-induced pathology
and markers of the individual radiosensitivity in
humans.

A performed scientific study is directed to an
integration of several approaches that are used in
biological dosimetry for a determination of the
optimal biological markers combinations that
would supplement classical radiation dosimetry
approaches and could be implemented in a case of
radiological emergency as well as in professional
exposure. Alongside with radiation dose estimates
biological dosimetry could serve as a potent tool in
radiation injuries prognosis.

OBJECTIVE

Aim of the study was to investigate the relative
quantitative parameters of gene expression,
genome instability, cell cycle and peripheral blood
(PB) leucocytes aging in clean-up workers of
Chornobyl and to reveal radiation-induced biolo-
gical markers of the late period after exposure.

SUBJECTS AND METHODS

A study of immunological and molecular genetic
parameters for performed in 280 subjects, who
were divided in two groups — exposed group and
control group. Exposed group consisted from 235
Chornobyl accident male clean-up workers
exposed in 1986—1987 y, who were under follow-
up at a late period after exposure in-patient
departments and outpatient polyclinic of radiation
registry by the program of Clinical-Epidemiologic
registry. Documented doses of external expo-
sure varied from 0.10 to 3,500 mSv (M *+ SD:
419.48 £ 654.60). Mean age of the exposed was
58.34 £ 6.57 y (M £ SD).

Control group included 45 non-exposed sub-
jects aged from 41 to 67 y (mean age: 50.60 £ 5.37
(M £ SD). Subjects from the control group
haven’t served as clean-up workers of Chornobyl
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YAEC i He MelIKalu Ha paJioaKTUBHO 3a0pyIHEHUX Te-
putopisix. KpurepisiMu BKIIOUEHHS OCi0 1O KOHTPOJIb-
HOI TpynU OYJIN BiICYTHICTh TSOKKUX iHPEKIIMHUX 1 TTyX-
JIMHHUX 3aXBOPIOBaHb, TeMaTOJOTiIUHI Ta iMyHOJIOTiYHi
MOKa3HUKM B MeXaX BiKOBUX HOPM.

IIpomouna yumomempis. BusHauyeHHs JISHKOLMTAPHOTO
(benotumy, BisHOCHOTO PiBHS eKcnpecii ricroHa y-H2AX,
oinka Cyclin D1 y nimpouuntax 1K nmpoBoauim metonom
MPOTOYHOI HUTOMIYOPUMETPil 3 BUKOPHUCTAHHSM Jla3ep-
Horo tpotouHoro uutodayopumerpa FACSCalibur
(Becton Dickinson (BD), CIIIA). Excripecito agudepeH-
LiAHUX Ta aKTUBALIMHUX aHTUT€HIB BU3HAYa/I1 3a JI0IO-
MOTOIO TMPSIMOTO iMYHO(JIyOPECLIEHTHOTO TeCTY 3 BUKO-
PUCTaHHSAM HAaO0OpPy MOHOKJIOHAIbHMX aHTUT1 (MKAT)
Simultest IMK Plus (BD, CIIA), mo BKI04ae
koMbOiHarii CD45/14, CD3/19, CD4/8, CD3/HLA-DR,
CD3/16/56, 1gG1/IgG2 ta CD25/4, axi Oyau MideHi
dayopecueHtTHruMU MiTKaMu: FITC (diyopecueinizonia-
HaT) Ta PE (pikoeputpuH).

Jnst BUBHaYeHHS BiIHOCHOIO 4Mcia JiM@OLMTIB, AKi
eKcrpecyroTh ricToH y-H2AX BukopuctoByBanmu MKAT
muiii Anti-H2AX (pS139) nmoB’sg3aHi 3 GJ1100poXpoMoM
Alexa Fluor 488 (BD, CIIIA). BusznayeHHS TTIpOBOIWIN
ILJISIXOM BHYTPIIIHBOKJIITUHHOIO 3a0apBJeHHS 3 BUKO-
puctanHsaMm Fixation/Permeabilization Solution Kit
(BD, CIHA).

Jna BM3HAUYeHHS TIpoihepaTUBHOTO TIOTEHIIiATy
(iHiuiauii kaiTMHHOTrO LUKJIY) Ta ekcrpecii Cyclin D1 B
JiMmponurtax [TK BUKOpUCTOBYBAIM MiKpPOMETOM KYJb-
tuByBaHHs JieiikouuTiB ITK. Jleiikouutu ITK ctumymio-
Banin ®PTA B KoHueHTpawii 10 MKI/MII Ta KyJIETUBYBaIU
y XUBUJIbHOMY cepenoBulli RPMI-1640 Medium 3 L-
riyraMiHoM Ta Trigpokap6oHatoM HaTpis NaHCOs3
(Sigma, CIIIA) 3 nogaBanHsaM 10 % eMOpioHaNIBHOI Te-
qns9oi cupoBatku (Sigma, CIIA), 100 MKr/mia reH-
TaMillMHY B CTaHAAPTHUX YMOBaX: B iHKybatopi ripu 5 %
CO; atMmocdepi, Temnepatypit — 37 °Ci95 % Bojorocri.
Peakuito mpoBoawin B 96-TYHKOBUX IIOCKOJOHHUX
KyJIBTypalbHUX THIaHIIeTax npoTtsaroM 18 romuH. CrioH-
TaHHUM Ta MITOT€H-iHIYKOBAaHUI piBeHb eKCIIpecii
Cyclin D1 B mimdonurax I1K BU3HavYanm 3a cTaHaapT-
HOIO METOJMKOI iMyHO(MIyOPECLIEHTHOTO 3a0apBAeHHS
BHYTPIIIHBOKJIITUHHUX OLJIKiB 3 BUKOPUCTAHHSIM pea-
reHtiB FITC Mouse Anti-Human Cyclin D1 Antibody
Set (BD, CILIA).

Locaioncenns 6idHocHOI Qo6xcuHu menomep Aimgpo-
yumie IIK arwodunu 3a donomoeor flow-FISH memody.
BusnauenHns BimHocHoi moBxuHM Teiaomep (RTL)
Jim@onuti [TIK mpoBoamim 3a AOMOMOrow Hadbopy
Telomere PNA Kit/FITC (Dako Cytometration,
Denmark) Ta flow-FISH mMeTony (mpoTouHO-ITUTOMET-

or inhabited at the radioactively contaminated ter-
ritories. Inclusion criteria to the control group also
included absence of a heavy infections and
tumors, Hematological and immunological para-
meters were in a range of normal age limits.

Flow cytometry. Immunological phenotype,
relative levels of y-H2AX, Cyclin D1 protein in
PB lymphocytes were studied by flow cytometry
using the FACSCalibur laser flow cytometer
(Becton Dickinson (BD), USA). Expression of
differentiation and activation antigens was
studies in derect immunofluorescence assay
with a set of monoclonal antibodies (MoABs)
Simultest IMK Plus (BD, USA), that includes
combinations: CD45/14, CD3/19, CD4/8,
CD3/HLA-DR, CD3/16/56, 1gG1/IgG2 and
CD25/4, conjugated with fluorescent markers
FITC (fluorescein isothyocyanate) and PE
(phycoerythrin).

For detection of relative number of lymphocytes
that express y-H2AX histone mouse Anti-H2AX
(pS139) MoABs were used conjugated with Alexa
Fluor 488 fluorochrome (BD, USA). Quan-
tification was performed by intracellular staining
using the Fixation/Permeabilization Solution Kit
(BD, USA).

Analysis of proliferation potential (cell cycle ini-
tiation) and Cyclin D1 expression in PB lympho-
cytes were performed by a micromethod of cell
culture. PB lymphocytes were stimulated with
Phytohemagglutinine-P (PHA). PB lymphocytes
in a concentration of 10 mkg/ml and cultured in
RPMI-1640 Medium supplemented by L-gluta-
mine and natrium hydrocarbonate NaHCO;
(Sigma, USA) with 10 % of fetal bovine serum
(Sigma, USA), 100 mkg/ml of gentamicin in stan-
dardized environment in CO»-incubator at 37 °C,
5% of CO, and 95 % humidity. Incubation was
performed in 96-well culture plates during 18
hours. Spontaneous and mitogen-induced levels of
Cyclin D1 expression in PB lymphocytes were B
studied by a standard immunofluorescent assay for
intracellular proteins using the FITC labelled
Mouse Anti-Human Cyclin D1 Antibody Set
(BD, USA).

Telomere analysis by fluorescence in situ hybridiza-
tion and flow cytometry. The RTL was studied using
the Telomere PNA Kit / FITC (Dako Cytomation,
Denmark) for hematopoietic cells using PNA
probe labeled with FITC. FISH stage included pre-
processing, denaturation, hybridization (the 1%
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puyHa (payopeclieHTHa riopuau3sallis in situ). Metoau-
ka nposBeneHHs flow-FISH anamizy ckimamanack 3 me-
KiJIbKOX eTamiB: moliepeaHsi oOpoOKa, JeHaTypallid,
riopuausauisa (1-it geHb); MpoMuBaHHS, (dapOyBaHHS
HHK, anani3 (2-i1 nennb). [Tokaznuk RTL 6yB po3paxo-
BaHU 32 pOpMYII0IO:;

cepenHe 3HaqeHnHA FLTy nopocivx kimitue i3 PNA 30HgOM -
cepenHe 3HaveHHA FLT y nopocnnx knitut 6e3 PNA 30Hgy

RTL = x 100

CepenHe 3HaveHHA FLT y KoHTOMbHUX KNiTuH i3 PNA 30HOOM -
cepenHe 3HaveHHA FLT y KOHTpObHNX KniTuH 663 PNA 30HIY

II/IP-ananiz eennoi excnpecii. I1IpoBeneHO BU3HAUEHHS
BiTHOCHOTO piBHI eKkcripecii reHiB: BCL2 (reH B-kimiTuHHOI
XJUI/nimpomu 2), CDKN2A (reH-iHTIOITOP LMKITiH-3a-
nexHoi kiHaszu 2A), CLSTNZ2 (reH KaJdbCUHTEHIHY 2),
GSTM (reH riytatioH S-tpancdepaszu M1), IFNG (reH y-
iHtepdepony), IL 1B (reH B-intepneiikiny 1), MCF2L (reH,
1o perymoe TpaHchopMallito KiituHHOI JiHii MCF2),
SERPINBY (reH-iHriOiTOp CepIiH-TIeNTUAA3M Serpin),
STAT3 (reH cUTHAJIBHOI TPaHCAYKIIil Ta aKTUBALlil TpaH-
ckpuiii 3, pakrop roctpoi (asu), TERFI (teH, skuii Ko-
JIy€ TeJOMEPHUII MOBTOP-3B’s13ytounii aktop 1), TERF2
(TeH, 110 KOAY€E TeJIOMEepHUIA TTOBTOP-3B’A3YI0UMii (DaKTOp
2), TERT (reH 3BOpOTHBOI TeJIOMEPA3HOI TPAHCKPUIITA3H),
TNF (reH (pakropa HeKpo3y ImyxiauH) 7P53 (reH OHKOIpPO-
teiny p53), CCNDI (ren G/S-crienmdiunoro 6inka Cyclin
D1, peryasitropa KIiTUHHOIO LIMKJTY).

OCHOBHUIA aJITOPUTM JOCTIIKEHHS BiZHOCHOTO DPiBHS
TEHHOI eKCIpecii CcKiamaBcs 3 HACTYITHUX eTalliB:
pugineHHss PHK 3 geiikouutis T1K, npoBeaeHHSI 3BO-
POTHBOI TPAHCKPUIILIil, MiArOTOBKA peaKliifHOl CyMillli Ta
3aBaHTaxXeHHs1 TLDA (TagMan Low Density Array)-mia-
mok (Applied Biosystems, CIIIA), amrutigikariss kKIIHK
(xomrieMenTapHa JITHK) y pexumi ITJIP y peanbHOMy
yaci. Buninennss PHK npoBonuiu 3a 10omMorown aBToO-
matuuHoi ctaHiii QIAcube (QIAGENE, Iepmanist) 3 Bu-
KopucTaHHSIM Habopy wis BuaineHHss PHK — NucleoSpin
RNAII (Macherey-Nagel, Iepmanis). Cuntes kJIHK i3
3paskiB BupaineHoi PHK npoBoauiu B peakilii 3BOPOTHbOT
TpaHcKpuii 3a gonoroto High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, CIIIA) — HaGopy
peareHTiB, Ki Mpy KOMOiIHYBaHHI Y BiIMOBIIHUX KiJIbKOC-
TSIX (32 CTAaHIAPTHUM ITPOTOKOJIOM) (POPMYIOTH PeaKIIiifHy
cymim 2x Reverse Transcription Master Mix (RT-MM).
PiBHi 06’eMu 3pazky PHK ta RT-MM (10 MxJ1) 3MililryBa-
JIM Ta TIPOBOAMJIM peaKliito 3BOPOTHHOI TpaHCKpUILii. st
npoBeAeHHS aMIutidikaiii oTpuManHuii 3pa3ok KIHK
3’eAHyBaIM 3 peakiiitHoto cymimno — PCR Master mix
Iutst reHHoi ekcripecii (Applied Biosystems, CIIIA) Ta BHO-
cunu 1o mikporporouyHoi TLDA miamku — Micro Fluidic
Card (Applied Biosystems, CILA). bynu Bukopucrani

day), washing, DNA staining, and analysis (the 2™
day). K562 cell line with long and determined
telomere length was used as control cells.
Hybridized samples with FITC-labelled PNA were
counted at FACSCalibur cytometer. RTL was cal-
culated by the formula as a follows:

mean FL1 sample cells with probe PNA -
mean FL1 sample cells without probe PNA

mean FL1 control cells with probe PNA -
mean FL1 control cells without probe PNA

RTL = x 100

RT-PCR analysis of gene expression. Relative
quantification (RQ) was performed for genes:
BCL2 (B-cell CLL/lymphoma 2), CDKNZ2A
(cyclin-dependent kinase inhibitor 2A), CLSTN2
(calsyntenin 2), GSTM I (glutathione S-transferase
mu 1), IFNG (interferon, gamma), I/LIB (inter-
leukin 1, beta), MCF2L (cell line derived trans-
forming sequence-like), SERPINBY (serpin pepti-
dase inhibitor, clade B (ovalbumin), member 9),
STAT3 (signal transducer and activator of tran-
scription 3 (acute-phase response factor)), TERF1
(telomeric repeat binding factor 1 (NIMA-inter-
acting )), TERF2 (telomeric repeat binding factor
2), TERT (telomerase reverse transcriptase), TNF
(tumor necrosis factor), 7P53 (tumor protein
p53), CCNDI1 (cell cycle regulator cyclin D1).

The general algorithm of the approach for analy-
sis of the RQ of gene expression included several
stages: RNA extraction from the PB leukocyte,
performing a reverse transcription, reactive mix-
ture preparation and filling the TLDA (TagMan
Low Density Array) — plates (Applied Biosystems,
USA), cDNA amplification (complementary
DNA) in real-time PCR. RNA extraction was per-
formed using QIAcube automated workstation
(QIAGENE, Germany) with a NucleoSpin
RNAII Kit for RNA separation (Macherey-Nagel,
Germany). cDNA synthesis from the extracted
RNA samples was performed in a3 reverse tran-
scription using the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, USA), a
kit of reagents that in combination in certain
quantities by a standard protocol form a reaction
mixture 2x Reverse Transcription Master Mix
(RT-MM). Equal volumes of RNA sample and
RT-MM (10 mkl) were mixed to support the
reverse transcription reaction. For amplification
the obtained cDNA sample was mixed with a reac-
tive solution of PCR Master mix for gene expres-
sion (Applied Biosystems, USA) and placed to a
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384-1yHKOBI MiKpOIIPOTOYHI IUIAIIKY 3 8 TOPTaMU Ta CIie-
Hu@ivyHO0 KOHQIirypauieo npaiMepiB 1isl JOCTiIKEHHS
eKkcrpecii JoCHigHUX reHiB. MiKponpoTOuHy IUIAIIKY 3
BHECEHUMU 3pa3KaMu LIEHTPU(YTYBAJIU TIPOTITOM 2 XB
npu 1200 06/xB 3a mormomororo teHTprudyru Multifuge 3L
(Heraeus, IepMmaHisi) mist piBHOMiIpHOrO pO3IOILTY
3pas3kiB. Amrmrigikamiro k/IHK mpoBomunm 3a mormomo-
rol0 poOOTHU30BAaHOIO F'eHeTUYHOoro aHajtizaropa 7900 HT
Fast Real-Time PCR System (Applied Biosystems, CILIA).
IToka3HMKM BiTHOCHOTO PiBHS reHHoi ekchpecii (RQ —
relative quantification, BiTHOCHa KiJIbKiCHa OIIiHKa) po3pa-
XOBYBaJI1 3a goroMoroio 2-AACt meTomy.

PE3VYJIBTATU TA OBT'OBOPEHHS

Imynoaociuni mapxepu padiauiiinoeo onpominenns. Y Bin-
JaneHomy Tiepiofi miciist ormpoMiHeHHs (30 pokKiB 1o ToMy)
B IIMPOKOMY Adiara3oHi 103 B yyacHMKiB JIHA Ha YAEC
30epiraloTbCsl MOpPYLIEHHsST iMyHHOro cratycy. Cybnomy-
nsauiiHuil  ckian JefikoumtiB 1K xapakTepusyerbest
crabibHuM piBHeM CD45 14" iiMdoLnTIB Ta TpaHyJIOLH-
TiB 31 3HIKEHHSIM BigHocHOro BMicty CD45%14% moHoLm-
TapHOI nomnyJisuii. BusiBieHo nucbanaHc iMyHOPEryJIsiTop-
HuUx cyononyJsuiin T-aiM@oumTiB, 03HAKKU iMyHOCYIIpeCil
3i 3HMKEHHSIM Koeditienta CD4"/CD8, 1110 o€ qHyeThcst
i3 mozozo3anexHum (r = 0,23; p < 0,05) minBUILIEHHSIM
BiTHOCHOTO piBHS T-peryooduX KJIiTHH CYIIpecopiB. IMy-
nedinuTHUil craH, 3a nokasHukom CD4*/CD8* (< 1,2),
BcTaHOBJIEHO y 56,3 % ob6crexeHux ydacHukiB JIHA Ha
YAEC nepeBaxkHO y MiArpyMi 3 HU3bKOIO J03010 OMPOMi-
HenHs 0,06 < D < 100 m3B. BcraHoBIeHO TEHAEHLIIIO 10
30i1beHHs CD478" kutituH, nepeayciM y miarpymi 3 10-
3010 onpoMiHeHHs D > 500 m3B. VY BigmaneHomy mepiofi
nicist onpoMiHeHHs B ydacHMKiB JIHA Ha YAEC 306epira-
IOThCSl TIOPYLUEHHST iMyHOpeaKTUBHOCTI T-xenmnepiB. Buz-
HayeHo 3HIKeHHd Bincorky CD4725% aktupoBanux T-
XeJImepiB 3 ekcrpecieto petenropa 1o 1JI-2. XapakrepHumu
3MiHaMU B iMyHHiii cucteMi orpoMmiHeHux D > 500 M3B €
HasBHicTb qucoanancy TCRY cybnonyswiii iMyHOKOMIIE-
teHTHUX K1iThH (IKK), 3HIIKeHHS (DyHKITIOHATLHIX BIac-
tuBocteii T- Ta B-nimdoruTis. 3Minm B T-KITiTUHHII TaH1I
IMYHITETY 3ajieXkaTh Bill TOTY>KHOCTi 03U OIPOMiHEHHS B
nepion MaKCHMMAJIBHOTO pafialliiiHOTO BILIUBY.

Pesynbrati gociimKeHHsI JOMOBHIOTh HasIBHI JaHi
Mpo TOpYIIeHHS B iMyHHill cucTeMi yyacHukiB JIHA Ha
YAEC, ski 3a3Haiu padialliiiHOro BILIUBY, 1110 J03BOJISIE
MPOCTEXXKUTU AMHAMIKY iMYHOJIOTIYHMX 3MiH i CTyMiHb
BimHOBNeHHs IC.

lenemuuni maprepu padiauiiinoco onpominennsa. Ilpn
JOCTIIKeHHI 0COOIMBOCTEN TeHHOI EKCIpecil y JeiKo-
murax I1K yyacHukiB JIHA na YAEC y BigmajieHomy
nepioni Iicias ONpPOMiHEHHSI OCHOBHA T'pylia oOcTexe-

microfluidic TLDA plate — Micro Fluidic Card
(Applied Biosystems, USA). The pre-filled 384-
well microfluidic plates were used with 8 ports and
22 specific primers corresponding to the studied
genes. Microfluidic plates filled with individual
samples were centrifuged 2 min at 1,200 rpm on
Multifuge 3L centrifuge (Heraeus, Germany) to
obtain an equal fluid distribution. Amplification of
cDNA was performed using a robotized genetic
analyzer 7900 HT Fast Real-Time PCR System
(Applied Biosystems, USA). Parameters of RQ
were calculated by an 2-AACt approach.

RESULTS AND DISCUSSION

Immunological markers of radiation exposure.
Immune system (IS) changes could be revealed
after exposure in a wide range of doses in a
remote period after exposure (30 years). Subset
structure of the PB leukocytes is characterized
by a stable numbers of CD45714" lymphocytes
and granulocytes with a decrease of a propor-
tion of CD45%14" monocytic population. An
imbalance between the subsets with immune
depression and decrease of CD4"/CD8" ratio is
associated with a dose dependent increase in
number of T-reg cells (r = 0.23; p < 0.05).
Immune depression by the CD4"/CD8* ratio
(< 1.2), is registered in 56.3 % of studied
Chornobyl clean-up workers, especially in a
subgroup with lesser external doses (0.06 < D <
100 mSv). A tendency to increase numbers of
CD4*8" cells was demonstrated, first of all, in
subjects exposed to high doses (D > 500 mSv).
In a remote period after exposure changes in T-
helper cell activation were conserved. A propor-
tion of CD4%25" activated T-helpers with
decreased IL-2 receptor expression. Typical
changes in IS in exposed over 500 mSv include
imbalance in TCR" immune cell subsets,
decrease of the functional abilities of T- and B-
cells. Changes in T-cell immunity depend on
the amount of dose.

Results of a study contribute to existing data on
the changes of immune system in Chornobyl
clean-up workers, and enable to follow the
dynamics of immunologic changes, as well as the
stage of immune systems’ reparation.

Genetic markers of radiation exposure. For analy-
sis of the peculiarities of PB leukocytes gene
expression in clean-up workers at a late period after
radiation exposure the study group was divided in
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HHUX 0cib OyJia po3noijieHa Ha Tpu A030Bi miarpynu I —
(0—100 m3B), IT — (100—1000 Mm3B), IIT — (> 1000 M3B).
V nocaigkeHHi BCTAaHOBJEHO CTAaTUCTUYHO JOCTOBIpHE
Ta 10303ajiexKHe 3HMXKEHHSI ITOKa3HUKa eKCIIpecii reHa
BCL2 y ninrpynax yyacHukiB JIHA na YAEC. Makcu-
MaJIbHe 3HMKCHHSI CEepPeIHBOrO0 3HAUYCHHS ITOKa3HMKa
RQ Bcranosneno y rpymi ygacHukiB JIHA na YAEC,
ornpoMiHeHux y go3ax rmoHan 1000 m3B (puc. 1). Buss-
JIEHO KOpeJsILiiiHy 3aJeXXHICTh MiX eKCIIpeci€lo reHa-
iHribiTopa amonro3y BCLZ2 Tta no3010 orpoMiHeHHs. Ko-
edimienT kopenauii 3a [lipconom cranosuts r = -0,28.
HocnimKeHHs Tpyny I'eHiB-iHTi0ITOPiB allonTo3y mpoje-
MOHCTYBaJ0 ogHoHamnpaBieHi 3miHu. Ien SERPINBY y
neiikonurax ITK yyacHukiB JIHA na YAEC y Bignane-
HOMY Iepioji MiC/si ONIPOMiHEHHSI 10303a/1€3KHO TiIlloeK-
crpecyeTbes (puc. 1).

Bussnena tapretHicts Mixk reHamMu SERPINBY, BCL2 ta
TP53: BcTaHOBJIEHA KOpesilifiHa 3aJeXXHIiCTb MixX
eKCIpPECI€EI0 LIMX TeHiB IMO3MTUBHOIO XapakTepy y Ipylli
yuacHukiB JIHA nHa YAEC. KoediuieHT kopensuii 3a
ITipconom SERPINB9 vs TP53 ctanoButh r = 0,41; p <
0,05, SERPINB9 vs BCLZ2 cranosutb r = 0,36; p < 0,05.
Taki gani cBimuaTh 1Ipo HasgBHICTL TPS53-omocepenkoBaHo-
0 MOJYJIIOI0YOTO BIUIMBY HAa F€HU-iHTIOITOPH aronTosy y
BiImajieHOMY TIepiofi mmicyist onpoMiHeHHs. KomoBaHwii re-
HoM SERPINBY 6inok 3a GyHKIISIMA HaJIEXWUTh 10
iHri0iTOpiB MpoTeas, iHridITOpPiB CEpUMHOBUX MpOTEas.
3amisHuii y Takux OIOJIOTIYHUX Mpoliecax, SIK aleTHIIo-
BaHHS$I, KJIITMHHIN BilMOBii Ha €CTPOreHHY CTUMYJISLIIIO,
iMyHHII BiAIOBifi, HEraTUBHINM PeryJssiiil armoNTOTUYHUX
npoleciB Ta eHmorenTraa3Hoi akTuBHOCTI [10]. Komosa-
HUI OiJIOK HANEXUTh OO MiAPOAWHU BHYTPILIHBOKITITUH-
HuX cepriHiB. Lleit mpoTeiH iHridye aKTUBHICTb eeKTop-

three subgroups according to radiation doses: I —
(0—100 mSv); II — (100—1,000 mSv), and III —
(above 1,000 mSv). In a study a significant statisti-
cally and dose dependent decrease in expression of
BCL2 gene was registered in clean-up workers
group parameters. The most demonstrative
decrease of the mean RQ parameter exhibited a
group of exposed above 1,000 mSv (Fig. 1). A neg-
ative correlation was revealed between expression
of apoptosis inhibition gene BCL2 and radiation
dose with Pearson’s r -0.28. Other genes —
inhibitors of apoptosis demonstrate unidirectional
changes. A Correlation also was shown between a
decreased expression of SERPINBY gene in PB
leukocytes of clean-up workers at a late period after
exposure and radiation dose (Fig. 1).

A positive correlation was revealed between
expression of genes SERPINBY, BCL2 and TP53
in clean-up workers. Pearson's quotient of corre-
lation for SERPINBY vs TP53 is r = 0.41 (p <
0.05), SERPINB9 vs BCL2 r = 0.36 (p < 0.05).
Obtained data proof a TP53-mediated modula-
tory influence on the genes inhibitors od apopto-
sis at a late period after radiation exposure.
Protein coded by gene functionally belongs to a
family of serine protease inhibitors. It participate
in a wide range of biological processes as acety-
lation, cell response to estrogene stimulation,
immune response, negative regulation of apop-
tosis and endopeptidase activity [10]. A coded
protein is a representative of a subfamily of intra-
cellular serpins. It inhibits activity of an effector
molecule of Granzyme B. Hyperexpression of

Vertical bars denote +/- standard errors
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RQ SERPINBY, y.o.

Vertical bars denote +/- standard errors
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PucyHoK 1. Ekcnpecia reHie-iHri6itopis anonto3y BCL2 ta SERPINB9 y neitkouutax MK yuacHukis JIHA Ha

YAEC y pi3Homy iHTepBani gos3

Figure 1. Expression (RQ) of genes-negative regulators of apoptosis BCL2 and SERPINBY in PB leukocytes in
Chornobyl accident clean-up workers exposed in a wide range of doses
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Hoi Mosiekyau rpaH3uMa B. Tinmepexkcnpecist 1iboro Oijika
MOXe OJIOKYBATU LMTOTOKCUYHUIA BIUIMB T-1iMpOLIUTIB
Ha JesiKi BUAW IyXJIMHHUX KJIITUH. BpaxoByroun 3Ha4HY
poiib reHa SERPINBY BinHOCHO T€HHOI peryJisilii y ¢op-
MyBaHHi iMyHHOI BillITOBI/Ii, 0yJ10 MPOBEAECHO AOCIiTKEHHS
0CODJIMBOCTEM MOr0 €KCITPECil 3 ypaxyBaHHSIM IMOKAa3HUKIB
KJriTuHHOTO iMyHIiTeTy yuyacHUKiB JIHA Ha YAEC y pizHIX
JI030BUX iHTepBaiaX. BusiBieHi KopensiiiHi, CTaTUCTUYHO
JIOCTOBIpHi pe3y/abTaTu, IpeacTaBiieHi y Tao. 1.

Ta6nuusa 1

this protein could block T-cytotoxic cell
response to some types of cancer cells.
Encountering the regulatory role of SEPPINBY
gene in a response to ionizing radiation exposure
a study was performed of peculiarities if gene
expression with special attention to cellular
immunity parameters in different doses range.
Statistically significant correlations are present-
ed at Table 1.

KopensauiitHa 3anexHicTb MiXK BIAHOCHUMM 3HAYEHHAMU NOKA3HUKIB KNiTUHHOIO iMYHITETY Ta eKCnpeci€elo reHa

SERPINB9
Table 1

Correlation dependencies between relative numbers of cellular immunity parameters and SERPINB9 gene

expression

IMmyHORNOriYHMiA Noka3Huk, %
Cellular immunity parameter,%

ImyHonoriyHumiA nokasuuk vs SERPINBY, kopensiis 3a MipcoHom (r)
Cellular immunity parameter vs SERPINB9, Pearson’s correlation coefficient (r)

-0,83*
-0,72
-0,84*
-0,94*

CD19%3"
CD4*8"
CD4*/CD8*
CD3"HLADR*
Mpumitka. * p < 0,05.
Note. * p < 0.05.

Ien MCF2L Tta iioro KogoBaHMIi OiIOK 3a MOJEKYJISIP-
HAMU QYHKIIIMHU € TyaHiH-HYKJICOTUIHUM OOMiHHUM
aKTUBaLitHUM (aKTopoM, Oepe ydacTb y 3B'sI3yBaHHi
(bochaTuanniHo3UTONY Ta 3adiSHUW Yy perymsuii
BHYTPIIIHbOKJIITUHHOI CUTHAJIbHOI TPaHCAYKIIii, MO31-
TUBHIl peryJsiiii anonTo3y, TO3UTUBHIN perysiii repe-
Jadi curHany Rho- mpoTeiHy Ta perynisiiito CUTHaJIbHOL
TpaHCIOyKIlii, onocepenkoBaHoi Manumu GTP-dazamu.
Y Hamomy AocCHiaXeHHiI BCTaHOBJEHA J0303aJiexkHa
rimepekcripecist reHa MCF2L y neiikonurtax 1K y4ac-
HukiB JIHA na YAEC (puc. 2). HaitBuiumii cepemaHiii mo-
ka3Huk RQ MCF2L Bu3zHaueHo y rpyii yyacHukiB JIHA
Ha YAEC, onpoMineHux y mo3ax rmoHan 1000 m3B. Ciig
3a3HAYMTH, ONMO3UTHMMM 3a HAIpPaBJICHICTIO CTaIM 3Ha-
YeHHS BiTHOCHOTO PiBHSI €KCITpecii reHa-OHKOCYIIPeco-
pa TP53. HaliBumuii piBeHb ekcripecii reHa TP53 BUSIB-
JieHo y miarpymi yyacHukiB JIHA na YHAEC, onpomiHe-
HUX y HAaTHU3bKUX 103ax Bix 0 mo 100 M3B, Tomi ax y I Ta
III minrpynax cepenHi 3HaueHHsd RQ 7P53 Oyau 3HM-
JK€Hi, MOPiBHSIHO 3 TaKMMHU TOKa3HWKamu | miarpynu
(puc. 2). OTprMaHi naHi cBigyaTh NpoO 3HUXKEHHS TP53-
OITOCEPENKOBAHOIO KOHTPOJIIO Y pelapamiiHuX IIpolie-
cax Ta TIPOTUMNYXJIMHHOMY <«HaTIJIsIi»y BigmajeHOMY
nepiofi micyst onpoMiHeHHs y 1o3ax noHan 1000 M3B.

ITpoBeaeHO AOCIiIXEHHSI TPYyNU TEeHiB-peryJsiTOPiB
KIITUHHOTO LUKy Ta Tipojideparii. Cepen HUX TeH

(1) 338

MCF2L gene and a corresponding protein func-
tionally belong to a guanine nucleotide exchange
activation factors and participate in multiple re-
gulatory pathways including phosphoinositol
binding, and in regulation of the intracellular sig-
nal transduction, positive regulation of apoptosis
and Rho-protein signaling as well as small GTP-
phases signal transduction. In our study a dose-
dependent hyperexpressiom of MCF2L gene was
shown in PB leukocytes of Chornobyl clean-up
workers (Fig. 2). The highest group RQ for
MCF2L was determined in a group of clean-up
workers exposed to doses over 1000 mSv. The
oppositely directed were RQ parameters for TP53
oncosuppressor gene. Highest elevation of TP53
gene expression was demonstrated in a group of
clean-up workers exposed to doses below 100
mSy, while n subgroups I and III the mean values
of RQ for 7P53 gene were lower in comparison
with su by group I (Fig. 2). Obtained results pro-
vide support to a decrease in 7P53-mediated con-
trol of reparation processes and anti-tumor sur-
veillance in a late period after exposure to doses
over 1,000 mSv.

The study of the group of genes regulating the cell
cycle and proliferation has been carried out. Among
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PucyHoOK 2. Ekcnpecis reHie perynatopiB anonto3y MCF2L 1a TP53 y neikouutax MK yuyacHukie IHA Ha YAEC

y pi3Homy iHTepBani fo03

Figure 2. Expression (RQ) of genes regulators of the apoptosis MCF2L and TP53 in PB leukocytes in Chornobyl
accident clean-up workers exposed in a wide range of doses

CDKN2A — iHTiOiTOp UMKIIIH-3a/JeXXHOI KiHa3m 2A,
KM Koaye naBa mpoTeinum plé (abo pl6INK4A) Tta
pl4ARE OOwuaBa mpoTeiHM (PYHKIIOHYIOTh SIK ITyX-
JIMHHI CYIIPECOPU LUISIXOM PEeryJisiiii KIITUHHOIO IUK-
ny. Comatnyni myTaitii CDKN2A mommpeHi y OiTbIIocTi
3M0SIKiCHUX TIyXJuH JoauHu. Ilokazano, mo CDKN2A
€ ApyruMm micias TP53 HailOiabIll 4acTo iHAKTUBOBAaHUM
TeHOM IPU OHKOJIOTiUHMX 3axBoproBaHHX [11]. V Ha-
LIOMY JOCHiIKE€HHI BCTAHOBJIEHO 3HUXXKEHHSI €KCIIpecil
reHa CDKN2A 3anexHo BiJi 103U 30BHIIIHBOTO OIl-
poMineHHs1 yyacHuKiB JIHA Ha HAEC (puc. 3). Takox
BCTAHOBJIEHA KOpeJsliliHa 3aJeXHiCTb HEraTMBHOTO
XapakTepy MiX BiIHOCHUM piBHEM eKcCIIpecii reHa
CDKN2A ta no3oto onpomiHeHHs (puc. 3). KoediuieHt
kopensauii r = -0,30, p < 0,05.

them, the CDKN2A gene is a cyclin-dependent
kinase 2A inhibitor that encodes two proteins p16
(or pl6INK4A) and pl14ARE Both proteins act as
tumor suppressors by regulating the cell cycle.
Somatic mutations of CDKN2A are common in
most human malignant tumors. It has been shown
that CDKN2A is the second most commonly inacti-
vated genome after 7P53 in cancerous conditions
[11]. In our study, the reduction in expression of the
CDKNZ2A gene was determined, depending on the
dose of external exposure of clean-up workers (Fig.
3). Also, a correlation dependence of the negative
nature between the relative level of expression of the
CDKNZ2A gene and the dose of irradiation was estab-
lished (Fig. 3) with Pearson’s r = -0.30, p <0.05.

Vertical bars denote +/- standard errors
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PucyHoK 3. Ekcnpecis reHa-inri6itopa anontosy CDKN2A y neitkouutax MK yyacHukiB JIHA Ha YAEC Ta
KopenAauiiHWM 3B'A30K 3 403010 30BHilLIHbOr0 ONPOMiHEHHA

Figure 3. Expression (RQ) of gene-negative regulator of the apoptosis CDKN2A in PB leukocytes in Chornobyl
accident clean-up workers. Pearsonis correlation with the dose of radiation
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3HMXKEHHSs eKCIIpecii reHa € HeCpUATIUBUM (PaKTO-
pOM, OCKiJIbKM MpPUTHiYeHHsS a0o0 iHaKTuBalis
excrpecii reHa CDKN2A € omHUM 3 MexaHi3MiB 3aIryc-
Ky KJITUHHOI TpaHcdopmalii. [TinTBepakKeHHSIM 1IbOTO
€ 30epexeHHss TP53-moayioyoro BIUIMBY Ha eKC-
npeciro reHa CDKN2A. BctaHoBIeHA KopeJsiliiiHa 3a-
JIEXKHICTh IMO3UTUBHOIO XapakKTepy MiX BiJHOCHOIO
exkcrpecieto reHiB CDKN2A ta TP53. KoedillieHT KO-
pensuii craHoBuTth r = -0,41, p < 0,05. Takox BCTaHOB-
JleHa KopeJislifiHa 3aJieXXHiCTb He3Ha4YHOol CUJIu
B3a€EMOJIil MixX BiZIHOCHMM piBHeM eKcIlipecili reHa
CDKNZ2A ta BiTHOCHUM piBHEM eKCIIpecii BHYTPilllHb-
okiaitTuHHOro Oijika Cyclin D1. KoediuieHT Kopensii
ctaHoBUB 1 = -0,26.

IIle ogHMM AOCHIIXXKEHUM TE€HOM-PEryJsITOpOM KJli-
TUHHOTO LMKy O0yB reH STAT3. ®yuxkuii STAT3 Henmoc-
TaTHbO JOCIIMXKEHi, OAHAK BiloMi 0iOJIOTiYHI Mpouecu
3a yuactio STAT3, a came: roctpodaszoBa peaxilis,
CTapiHHS, HETaTWBHA pPEryJisiisd KIITUHHOI TIpoide-
paiii, KJIiTMHHA BiIMOBiIb Ha Pi3HOMAHITHI CUTHAJIH,
Y4acThb Y IUTOKIH-OIIOCEPEAKOBAHNX CUTHAJIBHUX IS
XaX, CHepIreTUYHUI TOMeocTa3, Ipo3allajibHa BiIllOBilb,
perysilisi KJIiTUHHOIO LUKy, 30€peKeHHSs MOITyJsil
COMaTUYHMX CTOBOYPOBUX KIITHH Ta iHmii [12, 13]. TTo-
Ka3zaHa rinoekcripecist reHa STAT3 y 1030BUX HiATrpymnax
IT (100—1000 m3B) Ta III (>1000 M3B) TOPiBHSHO 3 TPy-
noto ygacHuKiB JIHA na YAEC, onmpoMmiHeHUX y J03aX
1o 100 m3B (puc. 4).

ITopylieHHsS TeHHOI peryJsilii y BilgaJleHoOMy Mepiofi
micss ONpOMiHEHHSI MiATBEPAXKYIOTbCS JaHUMM, OTPHU-
MaHUMU TIpU JociimkeHHi reHiB ILIB, IFNG ta TNF,
SIKi OepyTh Oe3IMocepeaHIO YYacTh y Peryisiii iMyHHOL
BiAmoBii.

B mocnimkeHHi BCTaHOBIICHA Tinepekciipecis reHa [FNG
y rpymi yuacHUKIB JIHA na YAEC, onpoMiHeHMX y 103ax
noHaz 1000 m3B (puc. 5). TakoxX BUSIBIEHO KOPEJISILiiiHi
3QJIEXKHOCTI 3 TTIOKa3HUKaMU KJIITUHHOTO iMYHIiTETY: MixX

Vertical bars denote +/- standard errors

k=

RQ STAT3, y.o.

0-100m38/mSv  100-1000m38/mSv ~ >1000m38/mSv
rpyna / group

Reduction in gene expression is a disadvantage, as
inhibition or inactivation of the expression of
CDKNZ2A gene is one of the mechanisms for trigge-
ring cell transformation. The confirmation of this is
the preservation of the TP53-modulatory effect on
the expression of CDKN2A gene. The correlation
between the positive nature of the relative expression
of CDKN2A and TP53 genes is established. The cor-
relation coefficient r = -0.41, p <0.05. Also, correla-
tion dependence of the insignificant interaction
strength between the relative expression level of the
CDKNZ2A gene and the relative quantity of expression
of the intracellular protein Cyclin D1 was established
with Pearson’s correlation coefficient r = -0.26.

Another gene-regulator of the cell cycle is STAT3
gene. STAT3 functions are not sufficiently investi-
gated, but known are biological processes involving
STAT3, such as acute phase reactions, aging, nega-
tive regulation of cell proliferation, cellular
response to various signals, participation in cyto-
kine-mediated signaling pathways, energy home-
ostasis, pro-inflammatory response, cell cycle reg-
ulation, preservation of the population of somatic
stem cells and others [12, 13]. A decresed expres-
sion of STAT3 gene in the dose subgroups II (100—
1,000 mSv) and III (> 1,000 mSv) compared with
the group of Chornobyl clean-up workers with
radiation doses up to 100 mSv (Fig. 4) was shown.

Violations of the gene regulation in a late period
after radiation exposure are confirmed by the data
obtained in the study of /LIB, IFNG and TNF
genes that are directly involved in the regulation of
immune response effects.

The study revealed hyper-expression of the /FNG
gene in a group of clean-up workers exposed to doses
greater than 1,000 mSv (Fig. 5). Correlation rela-
tionships with cellular immunity were also found:

PucyHoK 4. Ekcnpecia reHa-perynaropa
curHanbHoro npoteiHa STAT3 y nenkouutax MK
yyacHukiB JIHA Ha YAEC B pisHomy iHTepBani go3

Figure 4. Expression (RQ) of gene regulator of
the signal transducer STAT3 in PB leukocytes in
Chornobyl accident clean-up workers exposed in
a wide range of doses
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BITHOCHUM piBHEM eKcrmpecii reHa [FNG Ta BiTHOCHOIO
KinbkicTio aktuBoBaHuUXx CD4%25% nim¢ouuris, Ko-
ediuient kopensuii cranoBuB r = -0,56, p < 0,05; Mix
BiTHOCHMM piBHeM eKcripecii reHa /FNG Ta BiZHOCHOIO
KipKicTIO IMTOoTOKCMYHUX CD3° 16756 nimdouuTis, Ko-
ediuieHT kopesuii craHoBuB 1 = -0,35, p < 0,05; Mix
BiTHOCHMM piBHeM eKcripecii TeHa /FNG Ta BiZHOCHOIO
KinekicTio T-xenmmepiB CD4% nimdonutiB, KoedillieHT
Kopessii craHoBuB r = 0,23 ta T-cynpecopiB CD8*, ko-
ediuieHT Kopensuii ctaHoBuB r = -0,38. JlocaimkeHHs
BiITHOCHOTO PiBHS eKcIpecii reHa /L 1B TiponeMoHCTpyBa-
JIO HaWBUILIMI piBeHb y Miarpymi ydyacHukiB JIHA Ha
YAEC, onpomiHeHUx y 1o3oBomy iHTepBati Big 0 1o 100
M3B 3 ITOCTYNOBMM 3HUXXEHHSIM CepeHixX MoKa3HUKiB RQ
IL 1By ninrpymax I ta I1I (puc. 5).

HocaimkeHHs KOpesliiHuX 3aJeXKHOCTel 3 IToKa3-
HUKaMW KJITUHHOI'O iMYHITETy BUSIBWJIO TaKi 3aKO-
HOMIPHOCTi: KOpEeaslilo MiX BiJHOCHUM pPiBHEM
excrpecii reHa /L /B Ta BiTHOCHOIO KiJIbKiCTIO aKTH-
BoBaHux CD4%25% nmim¢ouutiB, KoedillieHT Kope-
aauii cranosuB r = 0,60, p < 0,05; MiX BiTHOCHUM
piBHeM ekcripecii reHa /FNG Ta BiTHOCHOIO KiJIbKiCTIO
CD3"HLADRY nimdonuTiB, KoedillieHT Kopesiii cTa-
HoBuB r = 0,34, p < 0,05; Mixx BiTHOCHUM piBHEM
ekcrpecii reHa /FNG Ta BiTHOCHOIO KiJIbKiCTIO LIMTOTOK-
cnunnx CD3716%756% nimdouutiB, KoedillieHT Kope-
Jsnii cranosuB r = 0,26.

Hocnimxenns ekcrpecii reHa TNF nponeMoHCTpyBa-
JIO HEOAHO3HAauHi pe3yabraTh. HalOiabll BUCOKUIA
BiITHOCHMIA piBE€Hb €KCHpecil LIbOro reHa BHUSIBJIIEHO Y
nigrpymi ysacHnkiB JIHA na HAEC, ormpomMiHEHUX y 10-
3oBoMmy iHTepBaji 100—1000 M3B, Tomi SIK MPUTHIYEHHS
TNF excrpecii BUSIBJIEHO Y HiATPYITi 0Ci0, ONPOMiHEHUX

between the RQ of expression of /FNG gene and the
relative number of activated CD4%25* lymphocytes,
the correlation coefficient r = -0.56, p < 0.05;
between the RQ of expression of the /FNG gene
and the relative number of cytotoxic CD3 16756+
lymphocytes, the correlation coefficient r = -0.35,
p <0.05; between the RQ of /FNG gene expression
and the relative number of T-helper CD4* lym-
phocytes, the correlation coefficient r = 0.23 and
CDS8™ T-cells, the correlation coefficient r = -0.38.
The study of the RQ of /L 1B gene showed the high-
est level in the subgroup of clean-up workers, irra-
diated in the dose interval from 0 to 100 mSv, with
a gradual decrease in the mean values of /L 1B RQ
in subgroups II and III (Fig. 5).

The study of correlation relationships with cellu-
lar immunity showed the following patterns: the
correlation between the RQ of /L 1B gene and the
relative number of activated CD4%25% lympho-
cytes, the correlation coefficient r = 0.60, p <0.05;
between the RQ of /FNG gene and the relative
number of CD3"HLADR* lymphocytes, the cor-
relation coefficient r = 0.34, p <0.05; between the
RQ of IFNG gene and the relative number of cyto-
toxic CD3°16%56" lymphocytes, the correlation
coefficient r = 0.26.

An examination of TNF gene expression showed
mixed results. The highest relative expression level
of this gene was detected in a subgroup of clean-up
workers irradiated in the dose interval of
100—1,000 mSv, while the suppression of TNF
expression was recognized in the subgroup of indi-
viduals exposed at doses greater than 1,000 mSv.

Vertical bars denote +/- standard errors

RQ IFNG, y.o.

0-100m38/mSv  100-1000m38/mSv  >1000m38/mSv
rpyna / group

RQIL1B,y.o.
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PucyHok 5. Ekcnpecis reniB-perynatopiB imyHHoi Bignosigi IL1B 1a IFNG y neitkouutax MK yyacHukis JIHA

Ha YAEC B pi3Homy iHTepBani po3

Figure 5. Expression of genes regulators of the immune response IL1B and IFNG in PB leukocytes in
Chornobyl accident clean-up workers exposed in a wide range of doses
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y no3ax moHan 1000 M3B. 3 orisiiy Ha OTpUMaHi Pe3yJib-
TaTH, € MiICTaBU MPUIIYCTUTU HASIBHICTH MPO3anaJbHUX
peaxiiiit B iMmyHHil cuctemi yuacHukiB JIHA na YAEC y
BilgajgeHOMY Ilepiofi Mic/isg OMPOMIHEHHS y J103aX Bil
100 mo 1000 m3B. ITinTBepAXKEHHSIM LILOI'O CTaJIM BCTa-
HOBJIEHI KOpeJsLiliHi 3aJeXHOCTi MiX BiZHOCHUM
piBHeM ekcripecii reHa TNF Tta 1esiKUMU MMOKa3HUKAMU
KJIITUHHOTO iMyHIiTeTy (TabJ. 2).

Ta6nuusa 2

Taking into account the results obtained, there are
grounds to assume the presence of pro-inflamma-
tory reactions in the immune system of workers in
a late period after irradiation at doses from 100 to
1,000 mSv. Confirmation of this effect has estab-
lished in a correlation between the RQ of TNF
gene and some indicators of cellular immunity
(Table 2).

KopensauiitHa 3anexHicTb MiXK BiAHOCHMMU 3HAYEHHAMM NMOKA3HUKIB KJITUHHOro iMyHiTeTy Ta eKcnpeciclo

reHa TNF
Table 2

Correlation dependencies between relative numbers of cellular immunity parameters and TNF gene expression

IMyHORNOriYHMIA NOKasHUK, %
Cellular immunity parameter,%

ImyHonoriyHuii noka3uuk vs TNF, kopensuia 3a lMipcoHom (r)
Cellular immunity parameter vs TNF, Pearson’s correlation coefficient (r)

CD3*16%56*
CD4-25*
CD4*25*

TCRyd

0.55*
0.83*
0.71%
0.57*

Mpumitka. * p < 0,05.
Note. * p < 0.05.

Hocnimxenum 0yB reH CLSTNZ2, axuii Koaye Oinku
KaJIbCUHTEHIHM, TaKOX BimoMi sk anbKaaiHu. OCHOB-
HUMM HanpsiMkamMu @yHkuioHyBaHHs1 reHa CLSTN2 €:
roModiabHA anre3is KITUH 4Yepe3 MOJIEKYJIW anaresii
Maa3MaTUYHOI MeMOpaHM, MO3UTHUBHE PETYIIOBAHHS
CUHANTUYHOTO 3’€MHaHHS Ta Tepeaadi. Y HalloMy
JMOCJIiIXKEHHI BCTAaHOBJIEHA MiABUILIEHA €CKCIIpeCis reHa
CLSTN2 y migrpymi yyacuukiB JIHA na YAEC, om-
poMiHeHuX y no3oBomy iHTepBai 0—100 M3B, ToMi K Y
IT ta III miarpymax oci0, y BimgaaeHOMY Mepioni micus
onpoMiHeHHs y go3ax rmoHana 100 m3B 1ieii reH OyB rimno-
€KCIIPECOBAHNM.

Buympiwnvorxaimunni npomeinu-maprepu padiauiiinozo
onpominenns. OTHUM i3 OCHOBHUX Oi0JOTIYHUX e(PEKTiB
Iii iOHi3y104Oi1 pafiallii € ypakeHHsI TeHETUYHUX CTPYKTYP
KJIITUHU, IO TIPU3BOINTE 10 yTBopeHHsT DSBS (mmonsiii-
Hux pospusiB [JHK). Hagsnicte DSBs aktuBye kackan
OioXiMiYHMX TIPOLIECIB Yy TOMY 4uCi (hochOoprItoBaHHS
ricrony H2AX [14]. Ha cboroaHi HAaKOMM4YeHO JOCTaTHIO
KIJTBKICTh (PAKTIB, SIKi CBimYaTh TIpO Te, 110 (POCHOPMITHO-
BaHa ¢dopma ricrony H2AX — 6inok y-H2AX B 3HauHii
Mipi Koperoe 3 HasgBHicTIo DSBs, 3aBasiku yomy y-H2AX
BBaXKalOTh HAOilHUM MapKepoM IBOHUTKOBHX PO3PHUBIB
JHK rinepuyTiuBuM 10 pagialliiHOTO ypaxKeHHsI Ta re-
HOTOKCUYHMX areHTiB [15, 16].

3a JaHUMU cepeHbOIPYIOBUX 3HAUEHb B YYaCHUKIB
JIHA na YAEC BussieHi 3MiHu BMmicTy Oinka y-H2AX
y niMmdpouurax I1K y mopiBHSIHHI 3 mOKa3zHUKaMU
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The studied was CLSTNZ2 gene, which encodes
calcium channel proteins, is also known as
alcadins. The basic directions of the functioning of
the CLSTN2 gene are: homophilic adhesion of the
cells through the adhesion of the plasma mem-
brane, positive regulation of the synaptic connec-
tion and transmission. In our study, an elevated
expression of the CLSTN2 gene was shown in the
subgroup of clean-up workers irradiated in the
dose interval of 0—100 mSyv, whereas in the second
and third subgroups of subjects with doses greater
than 100 mSv this gene was hypoexpressed.

Intracellular protein-markers of radiation expo-
sure. One of the main biological effects of the ioniz-
ing radiation is damage to the genetic structures of
the cell, which leads to the formation of DSBs (dou-
ble DNA breaks). The presence of DSBs activates a
cascade of biochemical processes, including the
phosphorylation of H2AX histone [14]. To date, suf-
ficient evidence has been gathered that the phospho-
rylated histone form of H2AX, the y-H2AX protein,
greatly correlates with the presence of DSBs, so that
v-H2AH is considered a reliable marker of double-
stranded DNA breaks hypersensitive to radiation
damage and genotoxic agents [15, 16].

According to data of the mean group values, the
changes in the content of y-H2AX in the PB lym-
phocytes in clean-up workers were compared with
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KOHTPOJILHOI TPYITH, SIKi MOXXHa pO3IiHIOBATH SIK TeH-
JIeH1Iil0 10 3pocTaHHs. Halibinbln BUpaxeHi 3MiHU
excrpecii pochopuaboBaHoi ¢opMu rictoHy H2AX
BusBIeHO y miarpymi yuyacHukiB JIHA na YAEC, axi
oyau omnpoMiHeHi B mexax 500 < D < 1000 m3B. Pe-
3yJbTaTW HaBeleHo y Tabj. 3. 3 omisay Ha Te, 11O B
yuyacHukiB JIHA Ha HAEC Bwmicrt 6inka y-H2AX He 3a-
JIEXXUTh Bim Biky, KoediuieHT Kopensuii (rs < 0,2),
nigBuieHHs ekcnpecii y-H2AX Moxe 0ytu acouiiio-
BaHUM i3 Ji€ro pajnianii i BimoOpaxaTu Heedek-
TMBHICTh M€XaHi3MiB pelapaliii Ta HasBHiCTh/HaKO-
nuyeHHs DSBs y BinmaneHoMy nepiofi micas onmpomi-
HEHHSI.

Ta6nuusa 3

those of the control group and a tendency to
increase was revealed. The most pronounced
changes in the expression of phosphorylated histone
H2AX form were revealed in the subgroup clean-up
workers exposed to doses within 500-1,000 mSv
interval. The results are showing in the Table 3.
Given that in clean-up workers a y»-H2AX protein
expression is independent of age, with a the correla-
tion coefficient (r; < 0.2), an increase in the expres-
sion of y-H2AH may be associated with the action of
radiation and reflect the ineffectiveness of the mech-
anisms of reparation and the presence/accumula-
tion of DSBs in the late period after irradiation.

BipHocHui piBeHb ekcnpecii rictoHy y-H2AX y nimpouutax MK yyacuukie JIHA Ha YAEC y BipaaneHomy nepioai

nicnAa onpomiHeHHA y pisHomy iHTepBani o3 (M + SD)
Table 3

Expression of histone y-H2AX in PB leukocytes in Chornobyl accident clean-up workers at a late period after

radiation exposure in a wide range of doses (M + SD)

MokasHuk Fpynu o6cTexxeHHs / Groups
Index KoHTponb Yyachuku JIHA na YAEC / Chornobyl accident clean-up workers
Control 0,1 < D < 500 m38/mSv 500 < D < 1000 M38/mSv D > 1000 m3s/mSv
(n = 48) (n=109) (n=13) (n=16)
v-H2AX 14171 1,58 £2,09 2,36 = 3,17 2,00 2,89

Cyclin D1 6inok, axuit cielidHO Peryioe MMpoTi-
depaitito Ta ¢azoBuii nepexin G/S — KOHTPOIBLHOI TOU-
ki B kiituHHOMY 1ukiai. Cyclin D1 posrismaioTs SK
OioMapkep ISl OLIHKM HACJiAKiB TPUBAJIOIro BILIMBY
HU3BKUX 103 pamiatii [17], kiaituHHOTO cTapinHsa [18],
pu3ukiB oHkoreHesy [19]. IlpoBeneHO AOCTiTXKEHHS
ekcrpecii reHa CCND1 i cnoHTaHHOTO piBHS 1OT0 Tpo-
nykty — Oinka Cyclin D1 y nimgouurax I1K. 3a ce-
pPEeIHbOIPYNOBMMU 3HAYEHHSIMU B ydyacHUKiB JIHA Ha
YAEC BinMiueHO MiABMIIEHHSI CIIOHTAHHOIO PiBHS
Cyclin D1 y naimdouurax IIK, ogHak 3HauyylmIux
po30ixkHOCTel Mixk mokasHuKaMmu ekcnpecii Cyclin D1y
nmimponutax [NK KoHTpoabHOI TpynmM Ta YYacHUKIB
JIHA nHa YAEC He BcTaHOBjeHO. Po3rofin ocHOBHOI
rpynu oOCTEeXEHHS Ha J030Bi MiArpyny NpoaeMOHCTPY-
BaB 3HAYHE MiABUILEHHS CIOHTAHHOI €KCIpPECil LIUTOII-
nmasmatnaHoro Cyclin D1 y aimdonnTax 1K y migrpyrri
yuacHukiB JIHA na YAEC, gxi Oynu ompoMiHeHi B
nianmazoHi mo3 500—1000 m3B. B oci6 3 mo3oro or-
pominHeHHs D < 500 ta D > 1000 M3B gaHuii MoKa3HUK
OyB Aello IiIBUILEHNUM, OJJHAK HE MaB CYTTEBOI Pi3HULIL
MOPIBHSIHO 3 TAKMM B KOHTPOJIbHIl rpyri (Tad:m. 4).

BusBieHo KopensuiiiHy 3aleXHiCTb CIIOHTaHHOTO
piBHs1 Cyclin D1 Ta mo3u onpoMiHEHHs Yy Miarpymnax
yugacHUKiB JIHA na YAEC, sKi Oy onpoMiHeHi B 10-

Cyclin D1 protein, which specifically regulates
proliferation and phase transition of G;/S — a
checkpoint in the cell cycle. Cyclin D1 is considered
as a biomarker to assess the effects of long-term
exposure to low doses of radiation [17], cell aging
[18], and carcinogenesis [19]. The study of expres-
sion of CCND1 gene and its spontaneous level of the
product — the Cyclin D1 protein in the PB lympho-
cytes of the groups was performed. At the Chornobyl
clean-up workers group the spontaneous level of
Cyclin D1 presence in PC lymphocytes was noted
for the group average values. However, significant
discrepancies between expression indices of Cyclin
D1 in the lymphocytes of PB of the control group
and clean-up workers were not established. Analysis
by subgroups demonstrated a significant increase in
the spontaneous expression of the cytoplasmic
Cyclin D1 in PB in a dose range of 500—1,000 mSyv.
In subjects with a radiation doses less than 500 and
over 1,000 mSy, the figures were somewhat elevated
but did not have a significant difference compared to
that in the control group (Table 4).

Correlation dependence of the spontaneous level
of Cyclin D1 and irradiation doses in the subgroups
of clean-up workers, irradiated at doses over 500 mSv
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Ta6nuusa 4
BigHocHui piBeHb cnoHTaHHOi ekcnpecii Cyclin D1y nimdouutax MK yyacHukis JIHA va YAEC y BignaneHomy
nepiopi nicna onpomiHeHHA B 3anexHocTi Bip A03u onpomiHeHHA, (M + SD; %)

Table 4
Spontaneous level of expression of Cyclin D1 in PB leukocytes in Chornobyl accident clean-up workers at a late
period after radiation exposure in a wide range of doses (M + SD; %)

MokasHuk Fpynu o6cTexxeHHs / Groups
Index KoHtponb YyacHuku JIHA Ha YAEC / Chornobyl accident clean-up workers
Control 0,1 <D <500 m3B/mSv 500 < D < 1000 m38/mSv D > 1000 m3B/mSv
(n = 24) (n=65) (n=12) (n=11)
Cyclin D1 17,49 + 12,0 20,21 14,7 29,66 + 14,3* 20,07 + 12,3

Mpumitka. * p < 0,01 NOPIBHSHO 3 KOHTPONBHOIO FPYMOO.
Note. * p < 0.01 vs the control group.

3ax, 1o nepesuinyBaau 500 m38: 500 < D <1000 Ta D >
1000 M3B (15 = 0,49 ta s = 0,41 BinmosinHo). ¥ miarpymi
yuacHuKiB JIHA na YAEC, no3a orpomiHeHHS SIKMX He
nepesuiiyBajga 500 M3B, He BUSIBICHO 3aJIeKHOCTi €KC-
npecii Cyclin D1 y niMmpouurax IIK Big mo3mu onpomi-
HeHHs (s = -0,061). Kopensuiiitnuii anaiiz excopecii
nutortazamatuyHoro Cyclin D1y mimdonurax TTK
yuyacHuKiB JIHA na YAEC TakoxX He BUSIBUB 3aJI€XKHOC-
Teil Mixk cnoHTaHHUM piBHeM Cyclin D1 i Bikom o6cTe-
xkeHux (rs = -0,07).

3a JaHMMM YacTOTHOTO aHai3y, cepel OO0CTEeXKEHUX
yuacHukiB JIHA na YHAEC BussieHo 16 oci6 (13,91 %),
ski He Manu ekcrpecii Cyclin D1 B nimgouurax ITK, Ta
32 mauienTa (27,8 %) 3 HagBucokum piBHeM (> 30 %)
cnnoHTaHHoi ekcripecii Cyclin D1 B niMmdonnTax, Tabm. 5.

Jns BU3HA4YeHHs MpojaidepaTUBHOTO MNOTEHIliaTy
JiM(MOUUTIB TPOBENEHO KYJIbTypadbHi JOCIiIXKEHHS
MITOTeH-IHIYKOBAaHOI aKTHBAlIil Ta TIposidepartii T1iMpo-
uutiB T1K 6 ocib, siki He Opajn ydyacTi B JiKBigaiii
HacainkiB aBapii Ha YAEC, ta 22 yyacHukiB JIHA na YA-
EC. ITpoBoaniu cTUMYJISILIO JiM(MOLUTIB in vitro MiTOre-
HoM DIA Ta yepe3 18 TogMH OIIHIOBAIM CITOHTAHHUH i
MiTOreH-aKTUBOBaHUI piBeHb ekcrpecii Cyclin DI1.
ITicna miToreHHOi CTUMYJISILIL JiM(OLIMTIB y MAalLiEHTIB
KOHTPOJIBHOI Ipynu (HEOMIPOMiHEHUX) i3 HU3BKUMU I10-

Ta6nuusa 5

including subgroups of 500—1, 000 and over 1,000
mSv (r;= 0.49 and r, = 0.41, respectively). In the sub-
group of clean-up workers, with radiation doses not
exceeding 500 mSy, the dependence of Cyclin DI
expression in PB lymphocytes on the dose of irradia-
tion was not found (rs = -0.061). Correlation analy-
sis of the expression of cytoplasmic Cyclin DI in
lymphocytes of PB of clean-up workers also revealed
no relationship between the spontaneous level of
Cyclin D1 and the age of the examined (rs = -0.07).

According to a frequency analysis, 16 subjects
were identified (13.91 %) who had no expression
of Cyclin D1 in PB lymphocytes and 32 patients
(27.8 %) with super-high (> 30 %) spontanecous
expression of Cyclin D1 in lymphocytes (Table 5).

For the determination of the proliferative poten-
tial of the lymphocytes, cultural studies of mito-
gen-induced activation and proliferation of PB
lymphocytes in 6 persons from a control group in
comparison with 22 Chornobyl clean-up workers
were conducted. Lymphocyte stimulation was per-
formed in vitro with PHA mitogen and after 18
hours the spontaneous and mitogen-activated
expression level of Cyclin D1 were evaluated. After
mitogenic immune cell stimulation in unexposed

YacTtoTHUi aHani3 o6cTexkeHmnx ocib B 3anexHocti Bip piBHA ekcnpecii Cyclin D1 (kinbKicTb 0ci6)

Table 5

Frequency analysis of the examined persons depending on the level of Cyclin D1 expression (number of persons)

Cyclin D1, % F'pynu o6cTexeHHs / Groups
Kontpons / Control Yyachuku JIHA na YAEC / Chornobyl accident clean-up workers
0-5 (He excnpecoBaHuin / no expression) 7 16
5-20 5 32
20-30 " 35
>30 2 32
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KkazHukamu < 5 % criontanHoro piBHsg Cyclin D1 Big0y-
BA€ETHCS MiIBUIIIEHHS eKcmpecii Oika-perynsaTopa Gi/S-
a3y KITITUHHOTO LIWKITY, a Y 0Ci0 i3 OiJIbII BUCOKOIO — >
20 % cnontanHoo ekcnpeciero Cyclin D1 ciocrepiraemo
3HIDKEHHS JaHOTO MoKa3HWKa. BUsBIeHO 3HUXKEHHS Bill-
HOCHOTIO piBHSI BHYTpilIHbOKIITUHHOTO Cyclin D1y nim-
¢oumrax 1K ocHoBHOI rpynu micnsa ctumynsitii OIA,
TOAI SIK Y 0Ci0 KOHTPOJILHOI I'PyMU CTUMYJISLISI MiTOTe-
HOM TIpu3BoAWIa o miaBuieHHs ekcrpecii Cyclin D1 B
gimporutax I1K B mexxax G1/S- da3u KIiTHHHOTO 1TUK-
ay (18 ronun ctumysswii @IA) (puc. 6).

patients with low (under 5%) spontaneous levels of
Cyclin D1, an increase in expression of the cell
cycle G1/S-phase regulator is observed. In subjects
with a higher (20 % and higher) spontaneous
expression of Cyclin D1, a decrease in presenta-
tion is registered after an activation. A decrease in
the relative level of intracellular Cyclin DI is
shown in the PB lymphocytes of the main group
after stimulation of the PHA, while in the control
group, mitogenic stimulation led to an increase in
the expression of Cyclin D1 (Fig. 6).
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Figure 6. Spontaneous and that mitogen-inducing (PHA) level of expression of Cyclin D1 in lymphocytes of PB

Josxcuna meaomep, ax mapkep padiauiiinozo onpomi-
Henna. HasiBHICTb pafialliiHOTO CTapiHHS Y MOCTpaXxia-
nux BHacnimok aBapii Ha YAEC BigHOocuTbCS [0
HaMOIIbII KOHTPOBEPCIMHUX acHeKTiB Oi0JOTIYHUX
edekTiB ail onmpoMiHeHHSs1. Pojib MOYJISILT JOBXUHU Te-
JIoMep Yy KIITMHAX JIOAWHU IIPOAEMOHCTpPOBaHA IMpHU
BilganeHiii XpOMOCOMHIll HeCcTaOiIbHOCTI, iHIyKOBaHil
ioHizyrouoro papgiauieto [20]. Huzkoro gociimkeHb 0ya0
MOKa3aHO pi3HOHAMPAaBJeHi MOei 3MiH JOBXWHU TEI0-
mep. Ilpu oGcrexeHHi 565 niksigaropiB 3 JlaTsii
3a(pikCcoBaHO MOJOBXEHHS TEJIOMEPHUX TTOCTiTOBHOCTEM
B 0OCi0, sIKi TIpalfoBajiv Ha AeaKTUBALliIHHUX pOOOTaxX, MPU
OHKOJIOTIYHMX 3aXBOPIOBaHHSX, Ha (DOHI CKOPOUYCHHS
JIOBXXKWHU TeJIOMep Yy JIIKBiIaTOPiB i3 KaTapaKTaMu, OCTe-
OITIOPO30M, aTEPOCKIIEPO30M Ta 3aXBOPIOBAaHHSIMM KOPO-
HapHoi cucTteMu cepug [21]. Y HammoMy gocainKeHHi BU-
SIBJIGHO CTAaTUCTMYHO 3HAUYIle 3HWXKEHHS CEepPeIHBOIO
noka3zHuka RTL y neiikouutax I1K yuyacHukiB JIHA Ha
YAEC, omnpoMiHeHMX Yy Ppi3HUX [Jdiarma3oHax 03,
MOPIiBHSHO 3 KOHTPOJIEM. 3HIDKEHHS JOBXWHU TEJIOMEP
y aevikouurax 1K yyacHukiB JIHA na YAEC y 6inbiiii
Mipi TTOB's13aHe 3 HasIBHICTIO TOCTPOI ITPOMEHEBOIT XBOPO-

Telomeric length as a marker of radiation exposure.
The presence of radiation aging in the humans
exposed as a result of the Chornobyl accident is
among the most controversial aspects of the biological
effects of radiation exposure. The role of telomeric
modulation in human cells has been demonstrated
with delayed chromosomal instability induced by ion-
izing radiation [20]. A number of studies have demon-
strated different models of changes in telomere
length. In the survey of 565 liquidators from Latvia, an
extension of telomeric sequences was observed in sub-
jects who worked on deactivation, in oncological
patients, together with reducing of telomere lengths in
exposed with cataracts, osteoporosis, atherosclerosis
and coronary heart diseases [21]. In our study, a sta-
tistically significant decrease in the mean RTL in PB
leukocytes was found in clean-up workers irradiated
in different dose ranges compared with control.
Decrease in telomere length in PB leukocytes is relat-
ed to the presence of acute radiation syndrome in the
history and doses over 500 mSv (Table 6). Obtained
data demonstrate a relationship between reductions in
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Ou B aHaMHe3i Ta 1030BUM HaBaHTaxkeHHsIM D > 500 m3B
(Tabn. 6). OrpuMaHi maHi, Ki JEMOHCTPYIOTb 3B'SI30K
MiX CKOpPOUYEHHSIM BiZHOCHOI HOOBXWHHU Teaomep i
KJIiTMHHOIO mpoiidepauiero. Tak, B yuacHukiB JIHA Ha
YAEC y BimgasieHOMY Tepioji Mmicjisi OpOMiHEHHS BCTa-
HOBJICHO KOpPEJISILilHY 3ajlexkHicTh mokadHukiB RTL Ta
excrpecii Cyclin D1 (r = -0,21). BctaHOBJIeHO HeTaTUB-
HY Kopensuiiiny 3anexHictsb (r = -0,24; p < 0,05) mix ce-
penHiMm nokasHukoM RTL y gimgonurax ITK ta Bikom
BCiX 00CTeXXEHUX 0Ci0, SIKi YBIMIILIA 0 BUOIPKU aHAJIi3Y.
Bonnouac, y rpytri oocrexxennx yaacHukiB JIHA na YAEC
MPOCTEXYIOThCS JIMIIE 3arajbHi TeHaeHuii (r = -0,18;
p < 0,05), gKi IeMOHCTPYIOTh CKOPOUYEHHS TOBXWHU Te-
Jsomep JiMdbouutiB ITK BimiHOCHO BiKY, 1110 MOXe OyTU
JI0JaTKOBUM J0OKA30M pajialliiHO-iTyKOBaHOIO KJIITUH-
HOTO CTapiHHS iIMyHOKOMMETEHTHUX KJIiTHH.

ITpoBeneHo DOCTiIKeHHST €KCITPECii TeHiB-pEryIsITOPiB
TOBXWHU TeJoMep-TesioMepasHoro komruiekcy TERT,
TERFI, TERF2 y neiikouutax I1K ygacaukis JIHA nHa
YAEC T1a ocib KOHTpOJIbHOI rpyu. BcTaHOBIEHO MO3U-
TUBHY KopeJssuiiiHy 3anexHicts (r = 0,21; p < 0,05)
BimHocHoro piBH RTL nim@ouuTis ITK Ta ekcnpecii re-
Ha TERT, sxuii peryiatoe akTUBHICTb TeJloMepa3u. Busis-
JIeHa 3aKOHOMIipHIiCTh BKa3y€ Ha Te, IO Y JiM@ouuTax
IIK yvacHukiB JIHA Ha YAEC y BigmaneHuii repion
Mic/iss OMPOMIHEHHST CIpAallbOBYE 3arajlbHUN MeXaHi3Mm
T€HHOI1 peryJsilii TeIoMep-TeJI0MePa3HOTro KOMILIEKCY, a
MPOLEC BiATBOPEHHS TEJIOMEPHUX AUTSTHOK 3aJIEXKUTh Bifl
TeJIOMepa3HOl aKTUBHOCTI. JloCimKeHHsI BiTHOCHOTO
piBH4 ekcnpecii reHa TERT'y neiikouurax ITK mokaszano
nmocrtoBipHe 3poctanHs (p < 0,01) cepenHbOro 3HaAUYEHHST
nokazHuka RQ 1mpboro reHa B JiMc¢olMTaX y4aCHUKIB
JIHA na YAEC (puc. 7).

Ieuu TERFI, TERF2 ta 6inKu, sIKi HAIMUM KOIYIOThCSI, €
OCHOBHMMH HETATUBHUMU PETyIITOpaMU JOBXUHM TEJIO-
Mep — iHribiTopamMu TeoMepasu. Y BimganieHoOMy Tepiomi
TiCJII ONPOMiHEHHS B IIMPOKOMY Jiaria30Hi 103 BCTAHOB-

Taoauuya 6

the relative length of telomeres and cell proliferation.
Thus, in the late period after exposure a correlation
dependence of the RTL indices and expression of
Cyclin DI (r = -0.21) was revealed, which demon-
strates an increase in the proliferative activity of the
cells at the spontaneous expression level of Cyclin D1.
The negative correlation dependence (r = -0.24;
p < 0.05) was established between the mean RTL fig-
ures in the PB lymphocytes and the age in all subjects
who were included in the sample for the analysis. At
the same time, only the general tendencies (r = -0.18;
p < 0.05) in the group of surveyed clean-up workers
are observed, which demonstrate a reduction in the
length of telomeres with age, which may be addition-
al evidence of radiation-dependent cellular aging of
the immune cells.

The study of the expression of regulator genes of
telomeric-telomerase complex TERT, TERFI,
TERF2 in PB leukocytes of clean-up workers and
control group subjects was conducted. Positive corre-
lation dependence (r = 0.21; p < 0.05) of the relative
level of RTL of PB lymphocytes and expression of
the TERT gene, which regulates the activity of telo-
merase, was established. The revealed pattern indi-
cates that in the PB lymphocytes at a late period after
exposure the general mechanisms of gene regulation
of telomeric telomerase complex are switched, and
the process of reproduction of telomeric regions
depends on telomerase activity. An investigation of
the relative level of expression of the TERT gene in
PB leukocytes showed a significant increase (p <
0.01) of the mean value of the RQ index of this gene
in the lymphocytes of the clean-up workers (Fig. 7).

TERFI, TERF2 genes and the proteins that they
encode are the major negative telomeric telomerase
inhibitors. In the remote period, after irradiation in a
wide range of doses, a statistically significant decrease

BigHocHa poBxuHa Tenomep y neikouutax MK yyacHukie IHA Ha YAEC y BigpaneHomy nepioai nicna onpomi-
HEHHA B 3aN1eXHOCTi Bif, 1034 ONPOMiHEHHA B yMOBHUX oauHuuAx, (M £ SD)

Table 6

RTL in PB leukocytes in Chornobyl accident clean-up workers at a late period after radiation exposure in a wide

range of doses in conventional units, (M + SD)

MokasHuk Fpynu o6cTexxeHHs / Groups
Index KoHtponb YyacHuku JIHA Ha YAEC / Chornobyl accident clean-up workers
Control 0,63 < D < 500 M38/mSv D > 500 m3s/mSv
(n=21) (n=39) (n=12)
RTL 17,22+ 1,70 15,57 + 3,63 15,47 + 2,02

Mpumitka. * p < 0,01.
Note. * p < 0.01.
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JIEHO CTaTUCTUYHO JOCTOBipHE 3HMXKEHHS €KCIIPECii TeHiB
TERFI, TERF2 y neiikoumtax ITK yyacHukiB JIHA Ha
YAEC y nopiBHSIHHI 3 KOHTPOJIILHOIO TpyTIoio (puc. 7).

in the expression of TERFI, TERF2 in the PB leuko-
cytes of clean-up workers was found to be statistical-
ly significant compared to the control group (Fig. 7).

Vertical bars denote +/- standard errors

RQ TERT, y.o.
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PucyHoK 7. Ekcnpecis reHis TERT, TERF1, TERF2 B
nenkouutax MK yyacHukis JIHA Ha YAEC y pisHomy
iHTepBani gos

Figure 7. Expression of genes TERT, TERF1, TERF2
in PB leukocytes in Chornobyl accident clean-up
workers exposed in a wide range of doses

IMigsuiueHHst ekcnpecii reHa TERT, sikuii KOoye TeJo-
Mepa3Hy 3BOPOTHIO TPaHCKPUIMTA3y, Ha (POHi 3HIDKEHHS
BiIHOCHOTO PiBHSI JOBXWHU Tejaomep y Jelikouutax TTK
yuacHuKkiB JTIHA nHa YAEC Moxe OyTH IpOsSIBOM KOMITEH-
CaTOPHUX MEXaHi3MiB, HallpaBJIEHUX HA BiIHOBJIEHHS Te-
JIoMepHUX NistHOK. T1poTe pamianifiHo-iHayKOBaHEe MpU-
THIYEeHHSI eKCIIpecii TeHiB-iHTi0iTopiB Tenomepa3u TERFI,
TERF2 B nerikouurax ITK, 1110 BUSIBJISIETLCS Y BingaieHO-
My TIepiofi IMic/Isl OMPOMIHEHHSI MOXe iHilliFoBaTu aKTH-
Ballil0 MeXaHi3MiB IepeayacHOro peruliKaTUBHOTO CTapiH-
H1 JISMKOIIUTIB, a 32 yMOB rinepekcrpecii rena 7TERT cTBo-
PIOBATH YMOBH 3aITyCKY KaHIIEPOTEHHUX MPOLIECIB.

BUCHOBKU

B pesynbraTi mociimkeHHsS MPOAEMOHCTPOBaHi 3aKo-
HOMIPHOCTI eKCIIpecii reHiB, 1110 3aJy4aloThCsl A0 pery-
JISILIT anonTo3y, iIMyHHOTIO 3afaJieHHsI Ta aAresii B rpymnax
yuacHukiB JIHA na YAEC, ski 3a3Hanu onpoMiHEeHHS B
IIMPOKOMY Jialla3oHi 103;

1. Bu3HaueHO CTAaTUCTUYHO 3HAUYYIIE i J0303aJeKHE
3HMKeHHS ekcnipecii reHiB BCL2, SERPINBY9, CDKN2A,

An increase in the expression of the TERT gene
encoding telomerase reverse transcriptase, with
the decrease in the RTL in PB leukocytes of
clean-up workers could be a manifestation of
compensatory mechanisms aimed to a recovery of
telomeric sites. However, a radiation induced in-
hibition of the expression of TERFI, TERF2
could also represent an activation of mechanisms
of premature replicative aging of leukocytes, and,
under conditions of hyper-expression of the
TERT gene, create conditions for the launch of
carcinogenic processes.

CONCLUSIONS

As a result of this study, patterns in expression of
genes involved in regulation of apoptosis, immune
inflammation and adhesion in the groups of clean-
up workers exposed to a wide range of doses were
demonstrated:

1. A statistically significant and dose-dependent
decrease in expression of the BCL2 gene, as well as of
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STAT3; nminsuiieHHs ekcrnpecii reHa MCF2L (1To3uTuB-
HOIO peryJjsTopa aromnTo3y) Ta TilmepeKcIpecis reHa
TP53 (ipu mozax mo 100 m3B) y Imarpymi yJacHUKIB
JIHA na YAEC, onpomiHeHux B iHTepBati 103 Bim 0 1o
100 M3B.

2. HaiiBuiily akTuBaLilo reHa iMyHHoro 3amnajeHHs1 ILIB
BusBiieHo y minrpymi ydacHukiB JIHA wa YAEC, om-
poMiHeHUX B iHTepBati 103 Bixg 0 1o 100 M3B, a TAKOXK BU3-
HayeHO HeraTMBHY KOpeJslilo Mix ekcrpecietro ILI/B Ta
KinekicTio CD19%3" i CD3-HLA-DR* B-niMm¢ouuTis,
CD4%8 xmituH Ta criBBimHomeHHsIM CD4*1/CD8*;

3. BuznaueHo rinepexcrpecito reHa TNFy no3ax Big 100
M3B 1o 1000 M3B, a B OUTBIIT BUCOKMX T03aX OITPOMiHEH-
Hs BUSIBJIEHO KoMOiHalio cymnpecii TNF 3 MiaBuUILCH-
HSIM ekcrpecii reHa /FNG Ta KOpensiieo 3 KiTbKiCTIO
niMmponutie CD37167567 ta CD25%. AktuBallisi reHiB
iMyHHOTO 3amajJieHHs CyNpOBOXKYyBajacs TajJbMyBaH-
HaM ekcrpecii reHa CLSTNZ2, BKIIOUYEHOI'O B PETyJIsILito
anresii KJIiTHH.

4. BusHauyeHa TeHAEHIis 10 30iiblIeHHs piBHS ¢ocdo-
puiboBaHoi popmu rictoHa H2AX BKa3ye Ha 30epeXeH-
Hs1 200 BTOPUHHY iHAYKIIi10 TToikomkeHHs JTHK.

5. BuznaueHna migBuinieHa cmoHtaHHa ekcrpecis Cyclin
D1 Moxe BimoOpaxkaTu 3MiHU peTyJsiii mpoaidepallii Ta
IHIYKyBaTU OJIOK KJIITMHHOTO IWKJY Y KOHTPOJIbHIl
tounti G/S, iHiiIOBaTH KIIITUHHE CTapiHHS Ta aIloITO3
Y IOIIKOIKEHUX KITITUHAX;

6. BusHauyeHo 3HMKEHHS BiTHOCHOI JOBXWHU TeJIOMep,
110 MOXe OyTH iHAYKOBAaHO KOMOiHOBaHMM BILIMBOM
BiKYy Ta 1031 OMPOMiHEHHS 3 iCTOTHUM MOIMDIKyIOUUM
e(eKTOM CYITyTHBOI MATOJIOTIl.

AHaJi3 3B 43Ky MiX MoKa3HUKAMU KJIITUHHOTO iMyHi-
TETY, eKCIIpecii TeHiB, JOBXUHU TeJIOMep, IIMTOIIa3Ma-
TUYHUX PETyJSITOPHUX OiNKiB Ta 103010 OMPOMiIHEHHS
JIEMOHCTPYE MEPCIEKTUBU BUKOPUCTAHHS 1X, SIK 0i0J10-
TiYHUX MapKepiB y Mi3Hii mepion micsist OrmpoMiHEHHS.
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1. Biomarkers of ionizing radiation exposure: a multiparametric approach /
D. Zeegers, S. Venkatesan, Shu Wen Koh, Grace Kah Mun Low, P.
Srivastava, N. Sundaram et al. Genome Integr. 2017. Vol. 8. P. 6. doi:
10.4103/2041-9414.198911.

2. IAEA. Cytogenetic dosimetry: applications in preparedness for and
response to radiation emergencies. Vienna : International Atomic Energy
Agency, 2011.

3. Balajee A. S., Bertucci A., Taveras M., Brenner D. J. Multicolour FISH
analysis of ionising radiation induced micronucleus formation in human lym-
phocytes. Mutagenesis. 2014. Vol. 29. P. 447-455. doi: 10.1093/mutage/
geu041.

4. In vitro RABIT measurement of dose rate effects on radiation induction of
micronuclei in human peripheral blood lymphocytes / A. Bertucci, L. B.

the SERPINBY9, CDKN2A, and STAT3 genes in dif-
ferent subgroups of clean-up workers in parallel to a
dose-dependent overexpression of the gene of the
positive regulator of apoptosis MCF2L and upregula-
tion of TP53 (in dose range from 0 to 100 mSv);
2. The activation of immune inflammation genes
(/L 1B) was the highest in the subgroup of workers
irradiated in the dose interval from 0 to 100 mSy, and
a negative correlation between at /LB expression
and the number of CD19*3  and CD3"HLADRY* B-
lymphocytes, CD4*8" cells and CD4*/CDS8" ratio;
3. Hyper-expression of TNF gene in doses above
100 mSv to 1 000 mSyv, and in higher doses a com-
bination of TNF downregulation with increase in
IFNG gene expression and its correlation with
numbers of CD3716756" and CD25" lympho-
cytes. The activation of the immune inflammation
genes was accompanied by inhibition of expression
CLSTN2 gene involved in cell adhesion;
4. A tendency to increase the expression the phos-
phorylated form of H2AX indicating the persis-
tence or secondary induction of DNA damage;
5. Increased spontaneous expression of Cyclin D1
protein, that may reflect changes in the regulation
of proliferation and induce a block of cell cycle at
G/S checkpoint, initiate cellular aging and apop-
tosis in damaged cells;
6. Telomere shortening induced by a combined
influence of age and radiation dose as well as a
modifying effect of concommittant pathology.
Analysis of a connection between the cellular
immunity, gene expression, telomere length, intra-
cellular regulatory proteins parameters and radia-
tion dose demonstrates perspectives of use as bio-
logical markers at a late period after radiation
exposure.
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