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Abstract

Exposure to ionising radiation has long been suspected of adding to mutation load in humans. Although the
radiation-induced increase in somatic mutation rate and risk of cancer has been documented in a few studies,
little is known about the impact of radiaton on mutability in human germ cells. Clean up teams of the Chernobyl
accident (liquidators) are among those who received the highest radiation exposures in the accident, hence
they represent the most suitable cohort to address this question. Members of fourteen liquidator nuclear fami-
lies were studied for appearance of new fragments in the DNA fingerprinting patterns in offspring born after
exposure to radiation. Inter-SSR and RAPD-PCR markers were employed combined with PAGE and silver stain-
ing, resulting in about 3195 amplimers per individual per primer, using a selected set of about 100 PCR primers
(75 RAPDs and 27 inter-SSR) out of 400 primers screened. The post-radiation offspring had in total 48 new DNA
fragments revealed (38 RAPD and 10 inter-SSR PCR). Two new bands were revealed only in the non exposed
group utilizing inter-SSR primers, whereas no bands were revealed using RAPD primers. The discovery of new
bands in the offspring of the liquidators using extensive DNA fingerprinting raises the possibility of induced
germline mutations in people exposed to so called “low doses”. This difference is significant (2<0.0003) for

RAPD group.
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INTRODUCTION

Effects of radiation on somatic cells have been stud-
ied on model mammals and humans, primarily from
the viewpoint of radiation-induced cancer risk and
dose reconstruction (Li I.C. et al,, 1983; Sankarana-
rayanan K., 1993). Some data indicated that paren-
talirradiation can also result in an increased suscep-
tibility of the progeny to promotors of cancer, such
as 12-0-tetradecanoylphorbol-13-acetate (TPA)
(Vorobtsova LE. et al,, 1993). Studies on model or-
ganisms have shown that ionising radiation in-
crease the rate of germ cell mutations (Baker RJ.
etal, 1996;Ichikawa S. et al, 1996).In humans, how-
ever, it has not been convincingly demonstrated
that exposure to low dose radiation could cause
heritable changes in germ cells leading to an in-
creased load of de novo mutations in the progeny
(but see Dubrova Y.E. et al,, 1996). Because of very
low mutation rates per locus, enormous sample siz-
es are needed to address this question when classi-
cal genetic methods are employed. Hence, long term
studies of children born to the survivors of Hiroshi-
ma and Nagasaki bombings have revealed a slight,

BBEJEHUE

BosgericrBre MOHM3UPYIOMNX U3JTyYEHNH HA COMATUYEC-
KHE KJIETKU MJICKOTIUTAIONTNX 1 YEJIOBEKA U3y4aeTCs IT1aB-
HBIM OOPA30M C TOYKH 3PEHUS PHUCKA PA3BUTUSA OHKOJIO-
THYECKUX 32060JIEBAHMI U PEKOHCTPYKIIMHU O3Bl OOIy4e-
nug (Li I.C. et al, 1983; Sankaranarayanan K., 1993).
Ony6IMKOBAHHBIEC IAHHBIE CBUICTEIBCTBYIOT, YTO OOITY-
YEHUE POAUTENIEN MOXKET IPUBOUTD K ITOBBIIIECHUIO YyB-
CTBUTEJIbHOCTU ITOTOMCTBA K TAKUM AKTUBATOPAM PA3BU-
THA paKa, Kak 12-0-terpagexkanonndopoon-13-amnerar
(TDA) (Vorobtsova LE. et al,, 1993). Pe3yssraTsl HCCIIEO-
BAHWM /72 Viv0 TIOKA3AJIN, YTO MOHU3UPYIOIINE U3TyYEHUA
MOBBIIIAIOT YACTOTY MYTAIIUM B ITOJIOBBIX KJIETKaxX (Ba-
kerRJ. et al, 1996;Ichikawa S. et al,, 1996). TTpu o6ydeHUM
YEJIOBEKA B MAJIBIX /034X BO3MOKHOCTD PA3BUTUS HACTIC-
JTIYEMBIX MU3MEHEHHUH B IIOJIOBBIX KJICTKAX, IPUBOJIAIINX K
MOBBIIIECHUIO MYTALIUI de 12000 Y IOTOMKOB, HE JJOKA3aHA
(1o cm.: Dubrova YE. et al,, 1996). Jljist peneHust JaHHO#
OpOOGIEMBI IPH UCTIOIB30BAHUH KIIACCHUYECKUX METO/IOB
T€HETUKH HEOOXOIMMO UCCIEOBAHUE OIPOMHBIX BBIOO-
POK M3-32 HU3KOM Y4aCTOTBI MyTALIMU Ha JIOKYC. [Tpu goi-
TOBPEMEHHOM OOCIEAOBAHNHU JIETEHN, POJUBIINXCA Y JIULI,
MEPEKUBIINX ATOMHBIE OOMOAPAUPOBKU B XUPOCUME U
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but non-significant increase in mutation rate (Ne-
elJV.etal, 1993).

The radiation exposure following the accident in
the Chernobyl nuclear power station in 1986 is ge-
nerally considered as a low dose exposure (Cherno-
byl Research, 1986; Dubrova YE. et al., 1996; Wein-
berg H.Sh. et al,, 1997). However, certain population
groups are assumed to have recieved higher doses.
Leading among these are the people who partici-
pated in the clean-up of the sequel of the accident,
known as “liquidators”, or rectifiers. About 400—
500 holders of “liquidator” certificates are current-
ly resident in Israel. This study was aimed at evalu-
ating possible genetic changes in offspring of the
Chernobyl liquidators born after parental exposure.

Utilisation of various multilocus DNA fingerprint-
ing techniques enabled us to detect a higher muta-
tion rate in post radiation offspring of Chernobyl
liquidators using a large set of PCR primers and sil-
ver staining. This article is a report of the findings in
the first 14 families evaluated thus far.

METHODS

Families of the liquidators with two children, of
which one was born before and one after the ex-
posure of one of the parents to radiation, were eli-
gible for this study. Blood was drawn from both
parents and all available children after signing an
informed consent explaining the nature and tar-
gets of the study. Blood samples were stored at
—80°C until DNA was extracted by the method of
S.W.M. John et al. (1991). DNA fingerprinting was
carried out using two different PCR methods (1)
Random Amplified Polymorphic DNA (RAPD)
(Williams J. et al,, 1990) and (2) inter-Simple Se-
quence Repeats-PCR (SSR-PCR) (Zietkiewicz E.
etal, 1994). PCR products were separated by Poly-
acryl Amide Gel Electrophoresis (PAGE) and silver
staining (SS). RAPD-PCR evaluated some 45,888
bands, and inter-SSR PCR some 19,273 bands al-
though a significant portion of the recorded loci
might overlap.

We evaluated the frequency of appearance of new
amplimers detected in children born after the ex-
posure of the parents but not found in the parents
or in the sibs born before the accident. Statistical sig-
nificance of the revealed difference was calculated
by the Chi-square test.

RESULTS

In the 14 analysed liquidator families a total of 38
new bands were discovered by means of RAPD-PCR
and 10 new bands by inter-SSR PCR, in the children
conceived after the exposure to radiation of atleast
one of the parents. Using RAPD primers we obtained
forall children born after the accident: a total num-
ber of amplified bands 45,888. Using analogously
inter-SSR primers for children born after the acci-
dent gave 19,273 bands.

Haracaku, BBIIBICHO HE3HAYNUTEIIBHOEC HEOCTOBCPHOE
NOBBIIIEHHE YyacTOThl MyTanyi (Neel J.V. et al,, 1993).

O6aydyeHue BCIEJICTBUE aBAPUU HA YepHOOBUIBCKONU
aToMHOM nekrpoctaniu (YADC) B 1986 1 paccmaTpu-
BA€TCS KaK OOJlyueHUE B Manblx j03ax (Chernobyl
Research, 1986; Dubrova YE. et al,, 1996, Weinberg H.Sh.
etal, 1997). OHAKO OT/AC/IbHBIC I'PYIIILI HACEIICHUS ObUIN
OOJIy4EHBI B OOJBIINUX 034X, B OCHOBHOM — JIMIIQ,
OPUHUMABIINE YIACTUE BJIMKBU/JALINN TOCJIEICTBUI ABA-
puM, — JMKBUIATOPLL B Hacrosmee spema B M3pauie
NPOXUBAIOT OKOJIO 400—500 1111, UMEIOIUX CTATYC JIUK-
BUJIATOPOB. 11€JIbI0 JAHHOTO MUCCIEJOBAHUA ABIAETCS
OIIEHKA BO3MOXHBIX IT€HETUYECKUX U3BMEHEHUI Y [IOTOM-
KOB JINKBW/IATOPOB, KOTOPBIE POJIWJIMCH TTOCIIE OOIyde-
HUA POJUTENICH.

ITposegeHne OOIBIIOIO KOMUYECTBA METOAOB MYJIBITHIIO-
KycHOro JIHK-(puHrepripuHTa C UCIOJIb30BAHUEM OOJIBIIO-
1o Ha6opa PCR-11pariMepOB € ITOCIEAYIOMNM OKPAIIHBAH-
€M CEPEOPOM U IMTO3BOIMIIO HAM BBIIBUTD IIOBBIIIICHHUE YaC-
TOTBI MyTAIHI Y TTOTOMKOB JIMKBH/IATOPOB. B IaHHOM CTaThe
TPUBE/ICHBI IAHHBIC OOCJICIOBAHMS YWICHOB 14 ceMer.

METO/IbI

B ucanenosanue BKIIOUEHDI 14 cEMEN JIMKBUIATOPOB, B CO-
CTaBE KOTOPBIX ObUIO IBOE JETEH, OJJMH U3 HUX POJHBIIINII-
€510, A JPYI'OH — IOCIE OOIYYEHMS OJHOI'O U3 POJUTEIICH.
KpoBb 6paii y BCEX WIECHOB CEMBU IOCJIE NOITHCAHMA J10-
KYMEHTOB, OOBSICHAIONTHUX XAPAKTEP U LIEJIb UCCIICAOBAHISL
ITpOo6BI KPOBU XPAaHWIUCE IPpH Temniepatype —80 °C 10 BbI-
npenenusa JHK o metogy S W.M. John u coaBTopos (1991).
JHK-(puHre pippHTUpPOBAHUE IPOBOAWIN C UCITOIb30BA-
HHEM JIByX Pa3/IMYHbIX METO/I0B PCR (OMMMepasHast 1ell-
HAs PEAKLMS): [IOJIMMOP(PU3M CIIy4arHO aMILIM(PUITIPO-
BaHHBIX nocsiegosaresnbHocTei JHK (RAPD) (Williams J.
etal, 1990) n PCR MEXXT€HHBIX ITIPOCTBIX [IOBTOPAIOINXCA
nocnenosarenbHocTert JJHK (SSR-PCR) (Zietkiewicz E. et al,
1994). Ilpoaykrel PCR pasaensany npu IIOMOIIH 3JIEKTPO-
(popesa Ha nnonrakprwiaMugHoM rese (PAGE) n okpammsa-
s cepedpom. [Ipu nomonyt RAPD-PCR O1IEHEHO OKOJIO
45 888 nonoc, narep-SSR PCR — okos1o 19 273 nosnoc, oa-
HAKO 3HAYMTEJIbHASI YACTh UCCIEAYEMBIX JIOKYCOB MOIJIA
OBITh UCCJICIOBAHA OOOMMH METOJAMU.

MpI OLICHUBAJIN ‘IZlCTOTy TTOSABJICHM S HOBBIX HMHJII/IMCpOB,
OTPE/ICJICHHBIX Y JICTEM, POSKICHHBIX ITOCJIC OOTYICHS
POUTEIICH, OTHAKO HE OOHAPYKHUBACMBIX Y POJIUTEIICH
WIN Y CUOCOB, POXK/ICHHBIX /IO aBAPUH. CTATUCTUYECCKYIO
JOCTOBCPHOCTD BbIABJICHHBIX HU3MEHEHUH OonpeacsiiIm C
HMCTIOTb30BAHUEM TECTA X2,

PE3VJIBTATBI

B 14 aHamM3upyeMBbIX CEMBAX JIMKBUAATOPOB ObUIO 06-
HAPYKEHO 38 HOBBIX I10JIOC C IIOMOIIBIO MeToAd RAPD-
PCR 1 10 HOBBIX 1TOJIOC — UHTEP-SSR PCR y ieTei, KoTo-
pBIE€ OBUIM 324aThI IOCIE OOMYICHUS KAK MUHUMYM O/I-
HOTO U3 popurenei. C ucrnonb3osanrueM RAPD-nipaiime-
poOB (B pacdeTe HA BCEX AETEH, POAUBIINXCA IIOCJIE
aBapUH) NOJAYYEHO 45 888 aMIUTN(PUITPOBAHHBIX I10JIOC;
MHTEP-SSR-TIPArIMEPOB 1A JETEN, POJAUBIINXCA I1OCIIE
aBapuy, — 19 273 110J10CHhL.
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These results were compared with the genetic finger-
printing of the offspring born to the same parents
before they were exposed to radiation. No bands dif-
ferent from the parental ones were detected in these
children. The proprtion of the new bands that pre-
sented in the parents relative to the total number of
bands was 0.083% for the RAPD-PCR method and
0.052%for the inter-SSRPCR method (table). We com-
pared the frequency of new bands (not represented
in the parents) in children born before and after the
parental exposure. The difference in bands between
the offspring born before- and after- exposure was
statistacally significant utilizing RAPD group.

DTU PE3YNBTATH CPABHUBAIN C TEHETUYECKHUM (PUHTEP-
MNPUHTOM ITOTOMKOB, POAMBIINXCS Y TEX XKE POJUTENEN
JI0 X OOJIyd€eHUsL. Y 9TUX ICTEH HH OJJHOU IIOJIOCHI, OTJIN-
YABIIIEHCA OT POJUTENLCKHX, BBIABJICHO HE ObUIO. OTHO-
IIIEHHE HOBBIX I10JIOC, BBIIBJICHHBIX Y POJUTEIICH, K O611IC-
My YHCITy nos1ocC 6610 0,083% mpu mpuMmeHeHnu RAPD-
PCR meTona u 0,052% — s natep-SSR PCR meTona
(Tabauia). Mbl CPaBHUJIN YAaCTOTY HOBBIX ITOJIOC (HE
IIPEACTABJICHHBIX Y POLUTEIICH) Y AETEI, KOTOPBIE POLM-
JIUCh JIO ¥ IOCJIE OOJTyYEHMSI pOANUTENCH. Pa3mnyust oo
MEXYy MOTOMKAMHM, POJUBIIUMUCA [0 U TTOCJIE OOIIyde-
HUA POJUTENEN, OOHAPYKEHDI C TOMOIIIBLIO MeTO/1a RAPD-
PCR 6b111 CTATUCTUYECKH 3HAYHUMBL

TABLE

PREVALENCE OF GENETIC MUTATIONS IN ALL OFFSPRING BORN AFTER THE ACCIDENT TO CHERNOBYL LIQUIDATORS IN ISRAEL
(BY TWO PCR METHODS)

TABJINLA

PACMPOCTPAHEHHOCTb MEHETUHECKIAX MYTALWIA Y ML, POXXOEHHBIX B MOC/EABAPUIAHBIA NEPUOA Y NIKBUOATOPOB NOCGNEACTBIN
ABAPUIA HA HA3C, XNBYLLWX B N3PAWIIE (MO JAHHBIM ABYX METOL0B PCR)

Index RAPD-PCR Inter-SSR PCR
Experimental Control Experimental Control
Total number of amplimers 45,888 17,670 19,273 7,421
Total number of new bands 0 10 2
Proption of new amplimers compared to “old” bands* 0.083% 0.052%
Chi-square (x?) 14.64 0.74
Significance P<0.0003 Non significant

Note. * — by “old” bands we refer to the bands of the child that appear also in either of the parents.
lpumeyanme. * — K “cTapbIM” OTHECEHbI NOOCHI, 06HAPYXKEHHbIE Y AETEN 1N MMEIOLLNECS Y POANTENEN.

DISCUSSION

These preliminary findings, currently based on
14 families of liquidators fulfilling the inclusion
criteria, are suggestive of a possible genetic effect
on the parental germplasm by radiation exposure.
The observed effect, if further confirmed on a
larger scale controlled investigation, could lead to
the suggestion that exposure of humans to low-
dose radiation is a cause of germline mutations
(see also Jansem R.H. et al, 1995; Dubrova Y.E.
et al,, 1996). Because of very low per locus muta-
tion rates, enormous sample sizes are needed to
address this question when classical genetic
methods are employed (Neel J.V. et al., 1993).
Hence, the very possibility of detection of these
changes in our current study, was conditioned by
an extremely large number of genome sites am-
plified (3195 in total), using the selected set of
about 100 PCR primers out of 400 primers
screened (Weinberg H.Sh. et al., 1997).

The results presented here demonstrate consis-
tently the appearance of new bands in the children
born after the exposure, as compared to their sibs;
No new bands appeared in the control families in
the child born after 1986 using RAPD group. It will
be further important to try to link these changes
to the doses to which the corresponding liquida-
tors have been exposed. Given the difficulties in
retrospective estimation of radiation-exposure
levelsitis unclear if the doses reconstructed based

OBCYKIEHUE PE3YJIBTATOB

TTonmydyeHHbIE TPEABAPUTENBHBIE JAHHBIE, OA3UPYIOIIUECS
H4 MaTepUAIE NCCIENOBAHNA 14 cemMen TUKBUAATOPOB,
VIIOBJICTBOPSTIOIINX KPUTCPYISIM BKIFOYCHHS B UICCIIC/IOBA-
HHE, CBI/ICTE/ILCTBYIOT O BO3MOKHOM I'€HETHYIECKOM (-
(pekre 06IydEHNS POJIUTEIIBCKHUX ITOJIOBBIX KICTOK. Habimo-
JlaeMble 3(PQEKTDL, B CJIYYA€ UX IOATBEPKICHS PE3Y/IBIa-
TAMM HIMPOKOMACIITAOHBIX KOHTPOIMPOBAHHBIX UCCIIENO-
BAHHI, MOT'YT CTATh €IIIE OJHUM CBH/ICTEIILCTBOM TOT'O, YTO
OOJTy4EHHE YETIOBEKA B MAJIBIX /IO34X BBI3bIBACT MyTAIIUH B
nosoBbIX KIeTKax (Jensen RH. et al, 1995; Dubrova Y.E.
etal, 1996). B CBSI3H C HU3KOF YdCTOTOIM MYTAIHMH HA JIOKYC
PH UCTOJIB30BAHUM KIACCUYECKUX TEHETUYECKHUX METO-
JIOB HEOOXOIMMO HUCCIIEIOBATH OTPOMHOE KOJIMYECTBO Ma-
Tepuana (Neel J.V.etal, 1993). B npoBOgMMOM HAMM UCCIIC-
JIOBAHUM UMEACH OOJBIIAS BEPOATHOCTb OOHAPYKEHUA
ITHUX U3MECHCHUH, OOYCJIOBJICHHAS! HCTIOJIb30BAHUEM OOJIb-
IIOI'0 YMCJIA aMIUIM(PUIIMPOBAHHBIX yYdCTKOB I'€HOMA
(3195 B1i€JIOM), OTOOPAHHBIX CKPUHUHI-MeTO0M 100 (13
400) Habopos PCR-iparimepos (Weinberg HSh. et al., 1997).

IIpe/ICTaBIEHHbBIC PE3YIBTAThI CBUJICTE/ILCTBYIOT O IOSIBIIE-
HUM HOBBIX ITOJIOC Y JIETEH, POXKIECHHBIX ITOCIIE OOJIyYECHHS
POAUTENCH, ITO CPABHEHUIO C TAKOBBIMU y CUOCOB. HOBBIX
TI0JIOC B KOHTPOJIbHOM I'PYIIIIE CEMEU, JETU KOTOPBIX PO-
JIUTHCH TI0CTIe 1986 ., TIpH MCIOB30BaHUH MeTO/1a RAPD-
PCR He BBIABICHO. B panbHermeM Oy1eT BAXKHO CBA3ATh
BbIABJICHHbBIC UI3MCHECHMS C JO3AMU OOJTy4EHMA JIMKBUATO-
POB. B HacrosIee BpeMs CJI0KHOCTD ITPEACTABIIIET OLICH-
KA YPOBHEM /103 06IydeHUs1. HEICHO, KaK TOYHO JJO3bI, BOC-
CTAHOBJICHHBIC 110 BDEMCHHU U MECTY TIPEOBIBAHUS JINKBU-
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on historical data will accurately provide a dose-
response relationship. The multipoint fingerprint-
ing strategy proposed here will allow for more sen-
sitive detection of radiation induced changes
across the genome assisting in more objective as-
sessment of radiation risk. Current isolation and
direct sequencing of the new bands will allow us
to better understand the nature of genetic chang-
es caused by low dose radiation in human germ
cells and possibly lead to early detection and pre-
vention of the possible medical consequences of
such changes.

A study comprising 16 new liquidators’ families is
underway at the Institute of Evolution. This work is
a continuation of the research conducted so far and
is done in collaboration with the group Directed by
Prof. O.A. Piatak (Scientific Centre for Radiation
Medicine, Kyiv).
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