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ABSTRACT

Structural modificalion' ofDNA m cellular chromatm are primary e"em. in lhe
muhi'Ulge pcoc.» of tumorigene", initiated by chemical carcinogen$. It i',
howevec. not yet d.ar which molocular PfocnSCS are preferentIally affocled. Of

pUl in motion, by carcinogen·mduced <lruclUral modificalion< of DNA. and
which alteration' of cellular genetic programmes result m Ihe expr.»ion of
malignant phenotype•. Among the mechani'ms 10 be: considered are mUlations.
gene rearrangements and chromosome nan.localions and dekhons, DNA
amplification. ahered pallems ofDNA m.thyLation and mRNA proces,ing, and
possibly th. ,nduction of error-prone DNA "'pair. Initialion of malignant
lransformation apparenl1y reqUires that at th. ti.... ofcar<:inogen exposure. lhe
lar,et cell. muSt be proliforatmg or ha'" ",talned the capacIty 10 re..nterlhe cen
cyde from a Go·Stale. The alkyLahn, N·nllfo«> carcInogen', in parlicular. bave
bttn w.n studied ...·ilh ...poet to lhe molecular .lructure and stability of lhe"
",actIon prodUct' In coliuLar DNA, In addilion to ron".ntional radiochromato
graphy'. bighly sonsilive immunoanalYlical methods using monoclonal anli·
bodies have recently become nailable for lhe deloclion and quanlitation of
spoeific DNA alky'lation products, In Ih. p....nl "".-iew. camnogenesis by N·
elhyl·N·nitrosou",a In the rat is de>eribed mdelail, in order to exemplify ",me of
the cenular and molecular mechanisms mvolved in malignant transformation by
N·n,tro«> compounds. ThIS mod.1 .y'tern. like olhers, mongly 'UgseslS a cell
lype- and de'>'eloprnenul differentiation .tage-<lepellde"", of the tumongenic
effect. and mdicales Ihat cellular eDZJ-'mes respons,bk for lhe rocoJl'llion and
elimination of ,pecilic CllTClno~n·DNA addUCIs can be ~xpressed dilf~renliany

In differenl celilyve' and lissues. The reLalive capacity of ",,11, to repalT cnlical



DNA blons 1M) consUlule I lklmJl1Jlinl for the probablbl\ of lTIihpwll
COIl~O no leu ""poranl lhan th< actm'l of ~llularmll-me5 mjU,m1 for
th< COIl":~ of mao) Cllml>OFJU 10 lbw ultimate reKtl..: fonns. H""'...·a.
ooll a fnll)-pe:t 0(mammal.an cd\s ba,~ lhus far bcalcom~ ...,th rqam 10

theor cal*'t) tor mIlmalll: rq>&U of .poct5c DNA Inoons. IUld 'Of} httk
urlormal>Oft " a,...llabk OIl th< Upm.IOCII\ orONA rq<Ur CU)"ID£IQ a fWlCtion
or th< IUlte ofodJuIar dl!l'e.amat_1Uld prohf.....!JOIl. LikcwJJoc. urlonDauoa is
DCCdcd OIl th< dc$ree 0( ItllCf-<dl. IDlCf-mdr.idual. IUld IDteTIpeQCI ' ...naUOCl

rcprd.dll DSA rq>&U aruVlly. The rdaU\~ ""ptlfWIl:C of DSA rq>&U capacily
"""""lodJuIar propcrucs thaI coWd mlIumc:c th< nok of .....1.."anl >n.tl.ll""".
allOD.. .... lhcrcl'orc. DOl )"CI..abbohcd

I INTRODlcnO:-i

MOIl chcm>caJ cararIOI'"III"lIWltructunlal'Cf1tUOOl orONA ID th< chromatID
of....... cd\s(La... Ic). 1976; Pc... 19n; WetDItC:UI, 19n; Grove. 1919; s.o&<",.
1979; PuIlmao.,<II. 198O;~.195Oa).Ln..,...,...t.CO\...lcol buldIIll<lCC\ln.
bel....... nudeOllhllll:«Olrel(clcctrOll'ncb N aDd 0 alOmi) UI ~llula. DNA,IUld
hiJhly rcae"",. elcc,rolll"bc: elm,...,,,... ('lIlum.ale ""m0oten.') ltf\C....ltd from
,he rcsp<ct".. Jlil~OI compound. ("prccamnogm.") enher ertZ)mllK:ally Of VIa

non~lic dcromp,>illlOn (Miller and Miller. 1976, 19711).10.$ a con.....uc_
of l~r rt:aCtl(ln ..."h DNA. MOIl c:hc1nic:lo-l c:areinoFM a~ liso mUlaccnK:
(McCaon .1 <II.• 1915; Napo .r 01.. 1978: Hollsleio .r 01.. 19711), Ho.....' cr. 'he
po<n". COl"l"Cll"on of CI~inOFniclly and mualCnicny docs nOI OOnlmule
proof for an obllaltolY rtqul,erncnl of muul1ion (oor e",n of mo<hAca"oo of
DNA I,ruclu~ in acnerll) tor ma)jananl lranlfOOlUllion. CeUula, macro
molecules Olher lban DNA liso conlam multiple nucleophilic Ine$ which can,
and 'ndeed do. ~act WIth CI~inOFo'Fner:l;ltd ele<:t,ophiles. Ncwrlhelesa. ,he
cenlral 'mportance of DNA mtJClu~ and confoOlUltioo for the up~'oo of
SCRe1ic U1fOOlUlllOf\ prO"idct a strooa a'aum..,n fo' I cmical role of DNA
alle"lIloos In lbe 'n,"a"on of Clll'C1ll(l1C1\C$i> by chemical agmts.

Structural allerallOfll of DNA by cbemicaI ""moo.... m&llead 10 local
a1terauom or o..c!tcllIde ..... UCDC% (mutations) aDd belica1 dlltOl'UOllS. IUld UI
cenaUl <::IlC$ friale th< IW\llU()<l ofthc B-form of tbe double be"" to I left·
handcdconfomAl_(Z·OSA)(Wanl"oI., 1979; SqcaDd Leq. 1980; Ml>Ilc'
~l 01.. 1981; Santella., oJ.• 1911). CarnnoFn-modlfXd DNA COC1lpor>mUc:ould.,
~r. abo atfca tbe pcernoon 0( DSA lQl1'J,"IftIIC'Iu (lfllISp<*1I0flal
.......u '" th< F- .....y be lIIOCiaud ...ith ...........J oo-elopme.u d1fJ.......
tJl.l.JOO). ""UK mappropnate fUf'<'Ulll"DC'U IUld ampb6cluoo 0( fC'l'IS II 'd!
... <:hrTmo>o<Dc lJUIOIo:::au.-and drl ..... 1IItCff= ...ull tbc pattem>ofmR:'A
pl' 01 {>JIbcmI).1Uld of DNA mnh)lIl1OD.. aDd perllap> IJIdllClC etT<Ir.proac
DNA I"CJlil1f (FlICh$ .' til. 1976, 198J: 'bd"",n ., til,. 1m; Cnek. 1979;
GrunberJn aDd WCml"M 1979: laM,.., aDd Bcd;er. 1979: kapur. 19801;



c.""., 19111; La\'i, 1981; BMhm and DrabCMty, 19l1l; Ebrl..:b and Wan,. 19111;
Pfo/lf.l.eui"",czrt01., 19111, RO'flity, 1911); ....T.bk l) Whether 0<11<0<~

of~ ..........n;.",. predonunale m It11JII of !be>' "'.....'aDCe 10 mallJlWll
1taMf""""1IOD is .1 presenl • "".1'" of5poa11aUOA, Tbo common~lor
IL bo1o~'Of, ilJl "nmeroDtlO ..,lb tho JmOI": propam.alt5 of WJI'I cdb. Mon:
mf0flllll1lOD is.. ibmforr:, I>OOded on tho moIocuIa. bam of n>earyOlI< JI"ftl'
""pr I "' on tho mochIntum COUlrolha& pbonotypoc dlll'......1Ja1lOD and cd!
prohfeni1lOD ia dc:",1opu>J and lllalUflI cdl~ and ... tho pan.ICIIiaJ Fno5
m.w_ mlbeot prtlCOSIOL

Tbo -.de opocIJ\IIII ofdrlfmn'l_' cdl pbooot)Ja oboeI"_ ID m'mm.k

may IIOl mndy rdIocI thoapo _ ofd,tr..allcombr""tiooM ofFno5whIch..1
Ieaoi m pan. a", chafXU'mUC ofdlll' pbmor)'l'a altho correspondmJ DOI'1D&I
cdls of 0flJUl and 'bnr dc:\"dopmm1&l and dllJ......1JaUOA oaF: 11 couJd aOO
mdoc:a'" lbal qlll.bll.lll"dy dtlfere.1I pbmor)1JIC "lIfa may $han tho properly of
t'05IIlUItJ 'II' mal'lJ'Ul l>ohal1Ollr of 5pect6c IYJa of cdls ill tbol' rnpe<:!ll'(
\tSSllII' e,m'nnm<1IL Tboot: pbmoty-poc sillfa .'" hkel)' <0 mult from tho
,napprCJlOl~ uprnoooo of normal or .lflllClunL1ly .l~ (for txample, by
ClKlI>OJOD-DNA InlOrICllOll5) CC'UulI...fIn. _h ... thoc~ ...... (prOlo
~ B'shop. 19IIJ), or of lho1. "ral hoornoIotun ('.-one ..ron') 'nl.....
dooed mto lho""Uular '""omdH.I...."'td t, 01.. 19111, Rtddl .,01.• 1982; Tabmtl
01.. 1982), Hopefully, tho DNA lransfccllon apprnach ='1) ,nlrodooed to
ddl"" rodenl and human olll: ..nos (La,.,. tl aI., 1981, W.,n\>t:rl. 1981) and tho
prutnt rap,d .dnnct:S;n molecul.r (qIO)."Mtics willlhod funhor hght on th's
problem

Thellt..- sUilosoftho malurallon ofcoils loa te,mlnally dilfe"'nllated SUile a,e
l\Cne.. lly accompanied by a COUItion of prolife",tiVl' act;,'it)'. In matun: coli.. lho
non.proltft"'tiVl' ,tatt can enher be .p~n:nlly irro''(rsiblo (fo. uamplt,
Mu.on.. pnulocytosk O••e',(r1Jble ('0.«111') undt. lpoaal physiolol'C'l
oond,tion.. luch .11"" roqu...,rnc:nl for ro~rall'" or functional hyporplu>I (for
t~mple. ht~rocyte<, hormonally controlled coli .ys,em.~ Temporary non-

Tible 1 C."''''OI"n-i••:h'''''''. "ruaurIJ alton....... al DNA lD tht cllrOll>lllD al .. fJO'

""'" (put><uIarly >f~L Le.. "'" """""") IDlY, for e.umple, lead to:

(I) LGCIIalton....... alo I .ode_IaMI.........)
(2) o.s.on-. al tht DNA double be\u.
mT......- al tht lH'....... al ... O:>oA beIu. ......1- the 1dI.- Z.
-r_(..uII-",," 1 os ror -=I al .....~)

(.) \aappropna1< DSA ream • '. 11 tIoe Itod al .,.... arol dIl-::'=:~
l~ '. I • all" or ...._10 f..... <dlolu __ "- WI
tn0'f"*'_tJ ........ mil be .......leIl .uII--.1 tl.-dopwlll ddr......"-I

(n l""l'Pop............... . "-
t6) lillCff......., wtIlt _ ....SA I" I Ioplot:mc)
(1) laiafcmu.nllllllllllll ~tlmltd DNA ~J1allu6 (~,~)
(II lnolucuon alem><_ D"'A~
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prolJ.fcrall\'t S\IIla of IW1 orI etJlIlOPUlallOn are. bo""t'a,llso CharacttnSllt of
.tem""l\s.and probIblyof colllD1lned 'precursor' ""lis at mon-&d.-need .taaes of
maturahon(uJW. 19"9) Lkc U\·,nduoced pb<>toproducII,n O~A (Ha...."'..ll
n <I/.. 1919~ Dtl'Wn cara""F" OSlo adduet.t <:an be .p<Q6calIy recolJUMfl,
fUIlO......t and 1t'p&I"'" by cdllliar tDZ).....,. (Rap1ok) n IlL 1917; Marpoon and
O'ConIJQr, 1979: t..ebma"" and ](arBD. 19111: SccberJand Kkppt, 1981, I ""bhl
198n n... _pnr) of~ pe<sI>laIl modlfOcaUOCll muodlIDOCI ",to
D~A b)CIU' j, , ,~mil"'" '" ua...c:nplJOr>aJlylllall puuoflbe ..__
Tb:y bc<:ouo: dr«tl,.. on!) ..t>m tho fllDCtiorlal intqnl) 0( tbo: rcsprctr\'" OSA
~ .. put to lho Icst ... tbo: CO\lfW 0(..... 1lI:ll'...llOll (by ftUtbtr POF :,,_
0(a:IA aloq tho pat1l....y 0( do: .dopmtnt differuu..UOfl. by uwl"""', ""lis to
C1J1CCS' ptC'....... llIIICll""..-. 0< b) "'11="1 <dh lO""loa tbo: cdI cydr fl'Oll11
Go-ola1e., fo< aamplc: by tho ICI_ of tUlDOUr Jlf'O'IIOlCB~ T1>crc .. DO ....·1deDcc
thai ccIIs undcrJo ........nt tn...ro.....1lOI:l af\n b"'Ul&,.,.,,;hed a loam1tl&Dy
diffttmlJOlC'd. ,l't'nttSlbly _proilfn:oU"C .lIte (Ra,...,J.,., 1972. 198Ob~ It
.ppears ....tead that tho CJ.prcsoioll of IDIhpnt pbtaol)ptS II much <no""
r<Sdi1y ,nd~ III 0:111 npow;llo <amIJQlFrUc .....11 tither dunlll <alber,
prOhr",..hOO.bnhd .u.aes of tho" d,ffttmlJl.hOo palh....,.. or 11I I G."lIte
IRa~,., 1972. 198Ob. Ra",,,,,k,. n al. 19n; Saull<lcB. 197n or particular
inleresl i. the qucshoo "'hc1her••100,'he d,fI"trtnUahOn palh....yof. 11""0 ""II
hocage, ,,,,,,,,,tic ,tern ""II and precunol ""II .tages <..II .. he", the Stilt
proJ;I1mm.; ...n be Ih,fled 10 the .~p«UiooofmaliJl'&0l phcnolypt1 ..·uh hi""'r
lhan random probob,hl~ (Ra",w,k~" 01.. 1917; Grafand 8cua. 1978; Ja.ntSCh,
1980; Rudland ,I 01.. 19SO~

Moltcular and cellular mcchan ..m. underl)';n, the mulu'lIle pr"""" of
malo"",nt lran.fOfl1lll10n and lumo,illenos,j can PTobabl,. be bejl "ud,ed In w·
called 'pullC-a,cinOiCIlt5il' Iy.tem.; i,e.. systems .. here, .fter a lin&lc dose of a
.holl·~vcd carcln0Stn lufficICnt to produce a hillh lumorillC"ic e!fCC'!. the prOCC5l
proceeds autonomoul(,. Wllhoutthc romplicalion oroontiot>ed loterletlon O(,he
lIrgel ""II populations (I) ,,"h the <alClllOJCn (Ra",wu:~ .r 01.. 1977, Ra"'....ky,
198Ob~ In I""h .)..tCml the pr"""", of carci~is can be oep.ra1<d
Opc11lhOnaU,. m10 Ihru pbaoca: phax A. pcnod of ..."'00.... ",'CfatllOn ..llh
wFi ""lis; pbuc B. lime 'oterv.ol her........ phase A and pbuc C; and pbuc C,
pcnod of t\llOO\lr J1O..,1t. bel1"""'1 ";lb the olllCl or fdooall pro~fml1lofl or
lUmonF"'" ""lis (RaJCWl.k.,.. 19IOb~ Mon: 0.- Ja,s SyMnlmoul te'lm$ ~

'iD!ualKK1' fo.- phase A and '~uaI)npre>.Jion· of malllft&nt pbenotll'Cll for
pbuc B. In spote of 'IS cnaaal ""potU<n.1i:a>l II pn:!iCfItly kDo"llaboul phase B
..hid! o(tea CODIlIlutft!be Iooq<sI or the three phues and appcan 10"""""'~

a seq"""" 0( phcclo\)JW;: danp--todt>drol ao:q...""" of tblll capKlt,. (or
000101""'" probfn:oOOll (~lio11l-in cdk ..iIidI I>IurDI.tell bo::ut'"
IWI>Of"IF"JC (I.acrom and RaJf"l'U:". 197$; Bam:rt and T..o. 197&; KakWllp ~
<d.• 1980). Pbasc B l'CJlf'CICfIlS tbc period dllfUll .. loch. (Of .......llClC. tumour
pro.......... <:an CUll tbcll pInouopc- dro:cu.. l.t, rtJOdirJ ."... QptC$SlOfI and
indllOl: ""U probf",..1lOI:l m the wFI ""D population (Ilcrc:oblum, 1975; Sl:ap ~



uL. l'r~, ~<:IMWn f fIl. 19!',t Heck... ff Ill. 19l<21 P'rol.-bl~ ofa:reat ""poN_
Il." ... )d. ",..ely """,pk>rld, are lbe 'a' k"do ofCOfIlroIbDl inlI_ I.-
"","-ran,. IlfId Iolla-ran,. h..........1 or odkdI mltrXtJoasl ncnod
dutml .... B 0.. the pIlWlual IIIIIlfIl'tF1UC <db "'" tbar ..,ueuta,~
CD'If""",",,1 Sl.dIlIltaOCD\lro..."."talll'lftualces may "po_a' all ""portal1l
d<mcnl ofCOfItroIllfId ,iltJI.""'" til 1hr~ ofClrctIll:IFftCS'S Tloty an hkd)
'0 bt ckp<fld<:rtl .... aatul'ltion-.Dd .,.-rdaled cha..... IIIlbt host orp_"
..ell ...... '''lftI'I1lC oonsUlulJOll. and OfIlCDOponf}~of1hr bos' to _.
pill",,~l f"",or< Funt.."""",. 11 should not be o>-erIooIced thai AI/cell.,a •
p.o.r1JCu.... tarF' u»~ or cell 'l"~m.•hOOuah for 'M most PO" not becom,n,
malignan'" u.n.fo.--.Md. ace !'Ie"mhd~...ubJ«! 10 ,,,,, ,n..,aeuon ."th III<
.:.omnog~n, Th.. m.y lead 10 dinurballCCi of the nonnaL preci..ly halaneed
conuol ofcell I"(lhf~rauon. of ttl< ujlf....'on ofctUul.r ph~nOlj'Jl<$and of c~1l
populal,on llructu," ud ,i..u~ .",hlle<tur~. Ihe,ebj po"iblj influenc,ng Ihe
uan,it;on probab,li'y of po'~nli.lCaTlctr cells to the ul"mate tumorigenic .'ale
In ,arS"! ctll",\tem. cap.abl~ "f r~par"ti"e hjl'"'l'I.,i., ch""'ical ca""nOFn.
gener.lll cau"" a do..,-<lependen' illC,easc ,n til< rate of ct11 prohferauon bjlheor
coo>ccm,tan! C)10tO";'; eff«t> IRaJO",.ky. 1%'. 19n~ In thi> conln' " "
,mpo'tan! to "".. ,hat .n i....-rea;o! ra" of "~l'It"e pmbf......llOn of par·
enchymaJ Iner ""II Iling from po"..1.urpcal .1""""'tioeo of. pan of thlt
",,0 populo ....... mha lbe !ltpa.,<>co""ROfI"lIl' .ffect "fcbrmJi;al ClrunIlI'""
l(;raddod;. 1975~

\\. ilb ""P"O' 10 ,bar n:aro", dern..u,-.s .Dd ....>0.. products i.. "",,ullr
D'''.the .u.,lIunl \'-.."rosoc:ompoundoan., preoen"be bo:$l: charactma4
dassofcbalucal"""""""fP 'ta..Je,. 19"6; Pq;c. 19"".Grmu. 1'n9;0-C..........
or fl1 19"'9; <;'nen, 19"9: bp<l' 19< la I~ 1lld<41hr aIk~lnnfOSlfl'lilleS
l"'bJdI~ .Ctr,.. lIOJl by cellular CDZ} ....., aDd ,II< .lky....U'1HOlU'aJ and
.Ik)....'mm..............ldinn ''''Iucil andc:ffO rapC. """~lIl:Iue decompo
........ ,n nu, ~ TIlt rcsuIunl eJ""lroptnbc .lkyl ",1:><",,,,,,,,, an .....0 ,..
companson ",,,II ,be bulky O'A adduetJ derwed from. •.J- .,.,.",.....,nw;
h)'d,ocarbons or ar"malic am"""" A 'j--pocal 'epre5entau'e of lbe carct......nw;
.lk)ln;trosou...... \' -e!h)l- \ -nllrosoun:a IEI/,;UI Ihllnk".,,, and Druck,e)'.
1%8~ has become a mod.1 ""rcmQ~n,n t"" rat (RaJO"',k)' el aI.• 1977~ TIle
proper,ie. of lhi••)'.Ic", ""n ..n'" '" d<SCf,1I< SOme of ,h. molocula' .nd ""Uufar
a.fl'CClS of CIOreln"l"n.... by alkyfatml S -.. iuoS() compound,.

1 PLLS.; CARCI'OGE:'>ESIS B\ N.l.TII\L.N·:,\ITROSo
LREA I.... TIlE D[\[LOPING RAT

1.1 T~· aa<I Cell TJ~T.op. or Il1r Clrd""lrai< E"ret

Lnder 1II n:r OOl\d'\I(l1lS EIl\ L decompows rapodly (half--lif. < 8 """) 10 a
IIi&h!) reacu,. eth)'ldllZOflJ ..... """ lQoIb aDd Ra..........). In~ Aria syot......,
.pPIies""'" ofEI't; ...ueIeopIubc $"C:S i:o ttlIu'" tll&C:t'OIDOIec Ifor eump..
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DNA) beco~ elh}'lated to a similar ellent in all tissues. as shO\l,"lI by
radiochromalOgraphi< analysi. of DNA nposed to radiola~lIed EtNU in <.00
(G<lth and Rajc"..,ky. 1974a,bj or by radioimmunoa.$I.~ (M~ller and RaJl',",~ky.

1980, 1981~ and also by "'hole-body autoradiography (Johan""'n·Brirtebo and
Tjilve, 1979~ Howe,'er, m ,pite of the SImIlar init...1degree of eth~latlon in all
""II, of the organi.m.a ,ingle pulse of EtNU applied to feral or newborn rats of
the inbred BDIX ,tram (Druckrey, 1971) result, in a ,'tty hIgh )''''ld ofmahgnant
neuroectodermal neopla,m., while tumours in ti..ue. other than the brain and
peripheral nep..Ou••y.rem are rarel~ detected (neuraJ ,u'uNropi'm of rM
cord""!len~ 'Jftcl~ Tumour yield and IatenC)' peTiod are do><:' (Druck..y el 01..
1970b; Raje",sk~ e' 01.• 1977) and main-dependent (Druekrey tr oj.. 1970a~

Following Iran, placental pul.. npo.ure to EtNU and ,uboequenl tran.fer to a
long-tenn eultu... iy.lem, fetal BD1X·rat brain cell. undergo malignant Irans
formation in "'''0 after a time period .imilar to the time required for tumOur
formation In 'i"o afler the same carcinogen do'" (laerum and Rajew.ky. 1975:
Rajew'ky er oi.. 1977; laerum.r oi.. 1979~

2.2 D...lopmental Differentiation Stage-~pend,,,,,e of the
Carcil>Ollenic Effoct

lnt....tingl~. Ihe neuro-oncogenic elToct of EtNU mongl~ depend. on the
de,-.lopmental .tage of the nervous 'y"em at the time of the caf'Cinollen putse
(d.....lopmrnr"l dijfe"nliolion "~e-<ie[Wnde.u0{ rile carcinogenic eJf.c'~ Bemg
highesl after an EtNU pulse dunng late prenatal and earl~ postnatal de,,,lop
ment. the tumarigeni< effect decrease; Strongly In animals e,posed 10 the ..me
do><: of EtN U at a later age, The carcinogenic effect is thus in.ersely correlaled
,,'ilh the developmental, dilTerentiatio~ 'tage of Ihe neural cell populations. and
appears to require lhe presence of probferati,'e neural (precursorj""lIs at lhe time
of expo,ure to the carcinogen. Ho,",'ever, the carcinogenic effm also decr..""
,,'hen the Et1"U puiS<' is appli«l al d<>'dopmental ,tages prior to the 15th day of
gestation, and no neuroectodermaltumoun "'ere oboerved (in limited numhers
of"perimental animal.. l ,'ankovle and DrllCkrey. 1969) after expo,ure to EtNU
before day 11-12 of prenatal developmem. At thi, development stage the total
number ofcells in BOIX·ral brain (probably almost all proliferating) ha' reached
a ,'aloe ofapproximately 10' (Muller and Rajew.ky, 1981a} When 20 rat embryos
are "poS<'d 10 EtNU on prenatal day 11-12, the total neufal target ",,11
population thu, amounts 10 ~ 2 x 10· cells.

The de'·elopmemal period or maximum ",nsitivity in terms of the ceuro
oncogenic effect of EtNU appears to "try in dilTerent spe.:ies, Only a low
incidence of neoral lumaurs was oboe"'ed m ",,'eral mouse mains after late
prenatal and neonatal administration of ftNU (Denlinger .. 01,. 1974; Jone' e'
al.. 1976), and poStnatal application of EtNU to Mongolian gerbil, multed in
malignant tran,formation of (neural ere't-derived) cutaneous melanocytes but



DO' ,n ,umoun oflbe braio or pmphtnll _"'1)'10''''' (KJeibucs r, al~ 1978~

On lbe other band. Sl"tmao (1919)obtefvtd mIIInly bnwI twrKI"nl~_
hiDe)' ilDCI ovanao tlUDOllrl' wben IIDDt"DOlop:;lUy (:OJll.petc1Il 10" +) or
lOOOmpettnl (0" ou) ellA H or BAlB c mono ftfe treated "'lIb ElI'U 011 day
II I'of~talde\>dopma... ",'!We Ifter trealmell' 00 cIa,- 16-11_ ,ulDOlPl
were fOUDd '" tbo Iw>~ Inv llIlIbf &lid biDe)'. SmliIarly, f,NU cauted
p joo"'l'Iotly DeWlI1IU1llOU1'1lD ...bblS ",·hal Ippbod d"""l carly pbuea of
prenatal «-'dopmaIl. .. bc::rc:aI; 'Iposurc 10 ftNU dllrinliater fetal SUFi Iocl
mamly 10 klC!Dty IWDOIIrI IF"" '" <l!. 1915; SuI'TOU '" IlL. 19~~, 1977). Careful
analyxs_,berd"ore. "'ClUltf!d on ordcI to JP'Qfy pIlastsofiDc:r'eucd caac:er ns.lt
dllfllli <kYdopmtnl ddferam.toon of I Jl¥al cdl ')"Iml ia ddfrmll spco;iQ.

2.J Quatit.t" eI Alkyblliooo Pr04wG;" O,<;A
(R.,,*Ia_Iava") .... 1.._ull"l

H'&hIY IClWU'" .lIIlytical ",.,bod••~ requlRd for lbe dt!ect>oo.lld qlllllll.
talioo of alkylalJOll pmdllC1> '" lbe DNA of ta'an ti>sucs lod o::lIl. The
oen.lli.,ty ofn<lio<:hrolOl,oppluc ,ochnllluell&'rd., 1'79) IS homed ma,nly by
the >P<"C'f>c radJOKti.,ty of the ~pcct"" eH} or ('"q..labdJcd cartinotCM.
Un<kr favou...bIe oolldition&, lllcsc pr<l«dum ...11 dttect one aIIr.)Ia'ed~ ,n
_ (0" molecules of lbe oormpondlOlDOrma(~, .nd relati..1y Jarae lmounts
ofDNA (i.e.. large numberoof colli) Ir. nc<:eSSlry for .na(y~.. W"h ttlr u«phon
of rettntly d,veloped up 'post.labe1hnl' 'echn,qu.. (Rand th t< 01., ('II.
Gupta rl a1.• 1'82~ radi<><:hromatOI"'plty requi~ the of .wloact""ly
labell"'. Iyntbetic "",,,inolrnl. Th.refor., lh. d.tection of .prcific cartlno
JOn-DNA adductl in (for uample, human) tim,...nd «Il. exposed to
low dos« ofnon.rnd~ti.,.(for example, ro'''onmental) 1gents i. I>Ot possible.
R=ntly developed immuno&nalyllcal procedur.....,nl hiJh-affin,ty ·oon....n·
honal" (polydonal).nd mo"""lonal .o"bo'hn ,anlLbody .ffinity 000.110\1, 10'
'0 > 10'· I mol)lpec:ifically d'fC!C'ltd ap,nll defiDed alkylalion podllC1> ,n DNA,
II..-r oprnod ........ possibiLUt$ '" til,. ~pcct lR....""ky "" oJ" 1980; Milllrr IJ>d
Rap"lky, 1981; SalJhill .nd Boyle. 1911; Muller "" IlL. 19112~ TbllS M;;.iler and
Rap""y (19"ll, 19101 drYrloplOd 0 ~"""~ oomprtlm"t radiollDDtu-..ay
(RIA) fo' tbo q...nutah"" of~-flb)Ideo.,.....DOSIDt IO"·f'dGuo) In D~A, A,
pram' ~ 0.01 pmoIof~.El<iVuo.,.,.brdrto;Wl by RIA ",a 1001'! .....pIt.t
.so •• IIllllbo""'" ofuaoer......ubody blndlD~ 'h'" p:nmtWIJ 'IlIIIIUIIU"" of0>.
ftdGuo ., an O>.EuIGI>o deoaylJlll.llO$lllC 1I>OIIf J1IIlO of -l" 10-' III a
h,.dtolysa~of 100", of~yiatedOSAl~ I<>tbo D:"lA contenl of
- 10' chpIood cdIs~ T'he drta;bon hmo, IIlIJ beIo~~ funhrr "'hal lbe
aIlyld<o:ayu, .of·· I<> be qlllllUtated art orpan.ted from lbe D:"lA bydro-
1)...~ b, hiIh JW"t"Ure bqWd dlromatoanplly (HPlC) poor '0 tilt RIA. or ""til
tilt 1W of• rec:rtltI) &.-doped. """,lIl!lO-dot.blot t<chn>q t~.hla rl 01. 1914)
The~ or DIC<IOdooW an"bod.oa speatic for dItr DNA aIIr.)lallOll



product~ is currenll} being fUITher e~panded (Adamkiell.1ct II al.. 1982;
Adamk..",~ and Raje""ky. 1994~ and the" apphc:auon IS bemg extend<:d 10lhe
m" of immunostaining rechniques for rhe derection and quanlllarion of DNA
alkylation product> both in Ihe nuoloi of ind"'idual cells (Adam be"'''''. e' al..
1983) and in isolated DI'A molecules (NehlS., al.• 1994bj,

2.4 R"llrh" r''''l.....II<j IIId Disrribul;otI of Erhl'lalioa
P,oduds In CbrOUlo""rnal DNA

The diffeccnt <th~lar;on produc" formed in DNA afl"r exposu.. ro ErNU ba""
boon ca..fully anal}sed (Lo""less, 196'.l; La",loy, 1976; 51nl" ,,' 01.. 1978;
O'Connor ", aL 1979: Sinser, 1979: Sin~, and Kroger, 1979; RaJO"'s1:~, 1980111~

They a.. produced ..ith equal ..lati,'C ff<queocics., f<prdloss of ,,'herher the
....C1ion "'irh EtNU <><:curs in dm. in ",,11 ""II".., or WIth purified DNA in citra
(GOth and RaJO"',ky. 1974a,b; Sinler eI 01., 1978~ The foIlO,,'illg prod",," a..
formed by erhY'lorion On oxy&<n arom, (_ SO'. of oJl eth}latlon prodUCI' in
DNA~ O'-<:rhykkox)guaoosine (0' ·EldGuo. ~ 10'"~ 0'-ethyldeoxylhy'mldine
(0' _ErdThd. ~ 7' .~ O'-<:rhy'ldeo.yoyridlne (O'.ErdCyd, _ 4"J. 0"-elhyldeoxy.
rhymidine (0' .EtdThd, _ 3~;) and erhylphosphorneslers (_ S6 ./.~ Prodl>C1'
r.,ullinl from ethylation on nitr0len atom, in DNA a..:7-<:rhykleo.yguanosine
(7_ErdGuo, _ 14·.~ 3-<:rhy'ldeoxyadenosrne 13.EtdAdo. _ 5 '/J 7-<:rhyldcoxy.
adenoline (7.ErdAdo, ~0,4\~ 1...lh)'ldeoxy1ldenoslne (l.EtdAdo, ~0.3\~ 3
"rh~ldcoxyqlidine 13·EldCyd, ~ 0.2 '~k )-<:thyldeoxy'guaoosine (3·ErdGuo,
- Ol'~k and 3...rhyldeoxylh)'midlne 13.EldThd, _0.1 ~-J.

In the ca.. of the ethylarion prod""t> O'·EtdGIIO. 0' -ErdCyd, a'-EtdThd,
J·EldTI\d, )·EtdCyd, and I.ErdAdo, rhe alkyl groups a.. Ioc:alilrd on aroms
normally in'oh-cd in Warson·C,ick baoc pairing. Wirh rl>< u.. of a compeliri,'C
RIA (Muller and RaJO"..k)', 1979, 1980~ rhe ..lau,'C O'.ErdGuo conrenr in DNA
ba' also b«:n dcrorrnmed in ohromatln ofdlfferenr foldinllc>'el<, isolared from
fctal rar brain ""US and brielly exposed to Erl"U in <Uro (l"ehl' and Raje"..ky,
1991a,b~ Compared ,,'jr~ naked DNA (relari,'C 'lIluc 1,0~ r~e dei'« of 0'
deoxYl""",,,I1>< cr~y'lalion dec........ from the DNA of e..rended (hisrone HI
f....) chromalin fibres (~o.6f lO the DNA;n nud<osomes lcore panicles ~ o.S~

and ir 1$ lo...-csr 'n the DS'A of condensed o~romatln fibres ('$uperbc:ad<', - 0.4
Renz ., al.. 1977~ Independenl of Ihe c~romatln folding 10,'01. nucleophilic lites
located In the majOr and mInor groll\'e, and rn ba".po"in, ..glon, ofrhe DNA
double ~ehx, appea, ro be <q1UlUy aoc<uibic 10 lh< rcact;'·c el~yldiazolllum ion
(Nehl. and Raje"',ky. 1991a,b). F'acrion' of chromosomal DNA .. hJCh are
preferelllial1)' digested ""lIh DNa.. 1 (tranSCflbable conformalion, Ga..l and
Axel. 1916: Wo,n"aub and Groudinc, 1976) "'e.. found to ha,.. a hlghor InItIal
O··EldGuocontent than chromosomal D:"A less ,u"",plible to rhi' enzyme. i,e"
nonrransc,;bable genome ,ei'on, (Ne~l, and Raje..-.ky, t98la,b),

A posiri'.., correlarion eri'" between Ih. camnogcnlC:lry ofdifferenl alk)'lorinl



.\'-nil"*l"'~ Illd thetr relall'e al.... of Iltyalloll 011 01JJ"" lfor
~mple. 0"-<10\10) 'C'<U< "'trOt"" ltoms (for ~mple. - -<IG...,) ,n OSA
(O"COCUIOf II 1Il~ 1979~ Thus for the potent camnovn Et~l,; tilt ,1111..1 0".
E<dG1>lr 7·EtdGuo ~I"'"OSA iJ bc'1"''<IOll o.6J Illd 0.n ,Goth &1>d lla......-.ky.
19~4b; SmFJ II Ill- 1978l "'hUt lilt conapondml ,-aloe for tIx ",uk!)
earaDOF""" dxtb)bulphlte ii _ll.OOJ ISua aDd SmFr. 1975~ The relam"
ell.... ofalkJlallOll 011 01JJ"" 110l1li in OSA IS I f~"CUOfI of tIx IlP" of I'CKbOII

mecbatusm dwvtenlouc of tIx <npa;tJ"" 1""1. I bUDoIncula. nlldcoplliloc
(SS1) ~KlI'1l\'Sl1l\toIII I ,-", 0 S a1~touon ~1.lO tIwl an S'2 mo:d>;uwsrn ,,"h
• ten<lenc)' 1O":ardI I unm>olccula. tS' II rt'aetKll'1 llncold. 19~3. I..:a,,~. '9"61

2.5 Oitr•...,II.'"' Remoul of Alk,'ll.ioa p.o.h.ell f,om O'A ~l

Cellular EUl..... I. Dilf•...,., Ti_ lad Cell TH'"

The ,mllal deve< ofe'h)'lalion b)' Et NU ,n lbe DNA of prenatal ( > 11th day of
goslation) or tidy poslnatal rat b'a", (high Clnctr 'i'k) i, nOI 1'lP'ificln1ly
diffe.ent from lltal found ,n lbe DNA ofaduh brllln Ind ot"". '10", ri'k' liill>eS
(Golh .nd Raje",ky, 1912. 1974a,b; .\liJllt. Illd R.I......>1y. 19S3a.~ Ho.......r, IS
,ho,,-n b) kinetic anll)'XI afle. a pullC [I·"CI-labelled EI:'IlU 10 l(l.da)-okI
BDIX-rall, tM eonI"''' ofO"·ErdGuo d.._ rapod.l) 'n h,-., OS" (Ind low
l'1lpodly '" lhe OS" ofother tIDaes) hul ""Y M"'I) in pre- and poslnatal bralll
01'''. TlIao IIn,hllp"""" .......,11) C01llinncd for an Et'L"l"'be Ippbod 10
F..her ralS d~rtllilale (ZO<b dal ofF>lalOOllI preIlIItal do,elopmenl (Challlll"'
1 The d,lfcrena: '" tbe dimmalJOo ~I.. of O".E<dG... from brain ,enuo
h,'" OS" 1$ 10 ..... thaI I op:afic enz).....lo; m:opullorl and. eldnIBauon
1IIC'<'bo0l.... bad to be aMUJDed for rhl:i parucula. p1od...1 tGotb and llap-.k).
19""4; R.aP1oltllllll~ 19TI}. In oonlrast. other rth)lallDlI pmducu sueb as J..
EtdAdo and 7.EldGUO duappeo. fTOllllbe OS" ofbrain and otbef rallll..... 11
mueb fute. raIn lban does O'".EldG"" from bnou> O'A. lodoal ""rh tIx
nooptioo of O"·EldGuo. II.... difforeooos,nll.~ elimioallOll rlteI Itt:
nol apparenl for Iny alkllllion produtl 'hVi fa, m''''ltptod (inc\.-llnl 0".
Etdlbd. M~lJerand Ra.......kl. 1983b~ In a ~milopnthmr pIol.lhoo ku'dlQ of
diml1lalion ofO"·ErdGuo rrom cellula. DNA ha"" a b,- 10. multi·)oomponenllli
appearance Th. tt:aS(ln. fo' Ihis hl'-e nOI )'et bet:n de~nll,,'el) elan~ed, In
prin<ipl•. so"oral mo<:hani.m•. alone 0' tn eombinalion. <ould a«ounl fo. IhlS
phenomenon:

(I) an O"·EldGuo·tt:mn~,nllenzylllC (0. (one of'] ...,.,ral .lIZ)'lIICI) il in'"lily
prelCnl in exceso,oonsumod upon reacllon.ancl lI.yntbesizod alrebu;,.,ly 10....
ral.;

(2) O"·EtdGuo 11 d,ffeKnlillDy accoss.Iblo In the ON" of ehtOmal'n ofd,ffem'll
fokllllll<;..,b ("", abo\'l:~ and

(3J lhc llSSIlC lloompcMd ofwbJlopulabOnS orcell!; 'Il1h ddf......10;01*''''"' for
tIx enz).....IlC dulLu>ation of O"·EldGtIO.



O··EldGuo nOl ~i1mllJllle<l rrom DNA prioT to asubsequtnl round of DNA
rcplicatlOn I'" p""r I" DNA tran",ripli"nj can, Iikc O'_EldThd (Aboou and
Samlln, 1917~cau.., an<>fnal"u. base_pairing (Lm'eless, 1969: Abron and Saflbill,
1979~ i,e" lead {(} an il>C{lr=1 nude"lide sequence in Ihe daushler slrand ("r in
mRNA, respec1i,..ly~ N"te thaI EINU is presently con.idered ,,"" "f lhe m<:>sl
polenl point mutagen' m eukary"lic 'y'tem, (Voitl and Natarapn, 1979a.b;
Ru.sel el al., 1979: John"'n and Le",'i., 1981)_ The persistence of mi",oding
lesion. such as OO-EldGuo in brain DNA. and lhe higIJ rale of DNA replication
of neural precursor cell. durins lhe lramfonnation-..n.ili"e period of brain
developmenl, may lhus be faCIOTS responsible for lhe ""ural li",,,,_rropism of lhe
camnosenic elT"'l of EINU In lhe ral. H"wever, gencllC consequences other Ihan
poinl mutalion' could equally re,ul1 from SlrOClural modifkalion' I"""'i'ting in
DNA and may be equally or more rele"anl 10 malignant lransformation (see
IntroduC1ion~

Con,iderable efforl' Iia,.. been and are being made 10 identify and characterize
lhe enZ}'me(.) re.pon.,ble for lhe remo,al "f ao-alkylguanme and orher
alk} lalion products from cellular DNA. 'There i' e"ide"", llial 3-alk} ladenine and
7....lk)'lSuanine are rem",-ed fr"m DNA by lllycosylues presen"n baCteria and m
mammalian cell' (La"al "ai.. 1981: Margison and Pc". 1981: Sinitr and Bren'.
1981: lindahl. 1982). In E. coli an 'adapli,'e r..pon..,- wa, discovered ",hich i'
mduclhle b)' 10'" ooncentralion' of simple meth)'la1inS agent. (Samson and
Cairn•. 1917: JeU" e1 aI., 1917). This r..pon.., In,-"h-os the expreSSIon ofa ,).,em
capahle of lransferring a melh)'l group from lhe 00 of guanine in DNA 10 a
cysleine residue in an acceplor protem ",hlch " ,hereby inactIvated (Karran., al.,
197'l: foole.1 al.. 1980, Ol",n and Lindahl. 1980, Lindahl, 1981), Although It i.
not enlirely excluded lllat an inlermediale methyhran.fera.. may be inwl"ed, it
seems likely lhallhe alkj-j group is round directly 10 lhe acceplor protein (which
would then il..,lf ha'-e the properties of an O'·melhyilluanine DNA Iran,·
methylase). Inlereslingly. "milar enzyme acti,'il;" Iwith lransf.. of methyl and
ethyl groups from the 00 of guanine in DNA 10 CY'lei"" residues in acceptor
prole;n,) were recenll} described for mouse and rat li""r (Bogden £1 aI., 1981.
Mehta £1 ~L 1981: reU el al., 1983) and for human lymphoid cell' (Harri, £1 ~I.,

1983~ An acti"e fraction .pecir.c.lly reducing lhe O··alkylguaOlne contenl of
DNA had prevlou.ly been isolated from rodent and human Ii"er hom0itnates
(reU and Hui. 1978: re" and Balog, 1979: reU el ~I.. (982). E"idence was also
obrained indicaling lila' 'he enzyme 'IStem reducing lhe O··melhyllluanlllC
oonlenl of ral n,-er DNA ha' an ele,'ale<! acli,'ityduring Ihe S-pliase (and possibly
lhe G, M-phase) of lhe cell C)de a, compared "'th lhe G I-phase and v.ith the Go·
,tate (Rahes" aJ.. 1979: Pe" £, at., 198n Moreo"er, il is nov.' v.~1I establi.hed
llia"he enzymalic ehmmation of00.... Ikylguam"" from li,..r DNA " less efficienl
after hlgIJ carelno~n do.." ('saturallon' "f the el\Z}'me 'yslem, Kleihu.. and
Maril$On, 1976, and lha' m different 'peaes Ihi' salural;on elfecl occurs al
dilTerem carcinogen do.. I,,'el., Thus ,he li,-.. of the Syrian golden hamster !Ia< a



mudllo.-er 'A,urauoa 1hn:sboIcl' <baa ra, b_ (Marpoa ft 1Jl~ 1916; Stump( ft

a/..., 1979: MOll-..o. 1982~ Corrcspcmdm&IJ. bamsttt In..- 1$ !II<tl$&btt 10 tbe
iDdocuoaofbtpalOCdhllarco.ro.:n bya smpedoao: of. forcumple.dmlelb)IDIlfOo
sa.mu>< bul rallnu .. _ rrOlDl.tiI aDd Ce6l, 1967, IARC, 19""8~

II IS _ )~ e!ear _hctbcr in IddlUoa 10 ap,.,,,,,,,I) comblub'-C 0".
aIkrtll'PU"'l dlIluDaWlJ ftlZ)me(I). Ibeft .. abo an md""blc ftIZ)",. &cu"I) '"
ItI&I:IImaharI 1)'OlC1M. a.naJo&otts 10 lbe 'adaputt' O:'\A mcth~lttaMf....lC '"
E ~ Ao de,..tal elmunalloa capacl) ..-u obtcr\t<I '" ta' In'tT ItI f"CIPO'U" 10
prcttall"eIll ",lh I.,.... d~ or dltDClhylllllJ"(llaIlUllC. dIC'hllDJ.lrOIalJl1n(. 1.2.
dltDClhylhydraw>c. "'XlCtylamulo1lootCllC. and l.J..d'mcthyl-l·phcnyUnau....
(re';""'-..<I h)' Montesano. 1982). H"..·...tt. Ille relJ.tl\c1y low 'octeIliC ,n
ehmlllat,oo aellmy ....ould al"" be compaublc ""lIh In lIlCreaiCd fracllon of
proliferal1nl hcpatllC)'t... in S·phasc. i.e. a reacnerau'e hj'perpla"a In ~ponsc

10 tbe car<;inoacn pretreatment (Raje....,ky. 1972),
The imponant question ofcellt)'pe· and developmental differentIatIon ,tale.

dependent d,rTere""" ,n tbe capac"y' for enzymatic ehmlllation of cnllCal
alkylatioo products from DNA ha' not yel been ,nvestlptcd. except For the cale
01 p;lfero;h~mal ,'ef'!'" non'J'Ill'CllCh)'mal rat Ii'er ceUI afur trealment ""h 1.2.
dimelhyl·hydrlZllle, '.e.. an a1<"t mdUCInl hacmao&i<><arc<>m..U but not bep'"
,OCCUll1at cafCInomas '0 tats (u...is and S......,bc.... 1980). In Ih.. calC 0".
mclby-]panme attIlmllla,w 1e1cclI'--..ty '0 Ilw: DNA 01 _-pare1>Chlmal cello
ThiI apprOKh _y '" the future he Faetbtatal OOllIOlIerahl~ ~ the "'" of hlP
a.lli",,~ moacdoaa1 anubo<bes iD COUJlIDCI_ .. ,Ib ~u,-c """,ullOllal&llI
ttehmq_. Mor-co''C'. these <echo.>q,ues may permlt the study 01ftlZ)malJC repaII"

prllCesiCS '" imaII .........., .. of <:dis. fOf aamplc dUflDl prenatal~ of
dc>.~1 I "I Of '" boopuc _ """pies, III the Et:,\L;·tal bnin ly10lCllL " ....l
Ix unponatl, 10 ",,'est""1< ...hctbcr dUflD,cafly Ita.... 01 prenatal dc>'C1opmcn1
(i.e.. pnor 10 day 11-12 of fOSla"OO) the ftIZ)__ 11 respomIblc for the
ehm1rIallOn of O".EtdGuo from """,raJ pteCUl'IO' celb ..ould >bovo an cq ....ll}
~.. or • lu&he' act"."y ,han d'mnl la\(, pre- .nd J'O<"'atal dc>-"lopmcol
(Miiller and R.......'~ky. 1981a.).

1 CO"CLLSION

The formation of spe<:llk.lly 'lructured. peNIStent car<inosen-DNA addlll:lI
(e·il.. Q"·alky1Iuan,n.) I~ likely 10 be a p.e.equ,s'le for 'he mitiation of the
proce.. of cart::lnoacne.i•. and ("a med,.""m~"'hic:h remain 10 be cl.nticd) may
lead 10. 0' facilil.te. those alterallon~ in tile cellular Fnome that ultimalely ..... ult
in tile eaprc»lOll of malil"lnl pltenoIH'<I. Therefo.e, ...""""e method~ fo.
dC1C<tJOo aDd quaot"auo" 01 speru)e """OOlCfl-D:'\A add""ts In ImlU
amounts of celli -caposcd t" _·radioact"e (el-. eIl'"onmcntal) caraflOlCfIt
ha\~ COllSIdenble rele\"lnct for the IdeIIlIfioUOll of D'A damaae and for lhe
chanctmDlIOO of the repar, ~I} of. fo' ......plc. h"""", cells. ElU}_
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sySl~ms for specific recognllicn, elimination, and rt]lalr of crltlral DNA le~lons

appear to be diff.rentially .~pt<Sse<l in diff.r.n1 celltyp<s, tISSUes. and speci...
Th. capacity of c.lIs 10 repair carcinogen_modIfied DNA may thus con$lilute
on. of th. det.nnlnanlS for th. probabilily ofmalignanl transformalion. no l.ss
ImportMtthan th••~prn,ionof'rIZ)'m.. reqUIre<! for Ih. m'labolic acti...t,on
of many carcinogens to their ultlm.1< ,.acti.'. forms. The qu.stlon "d,.th.r
(under condllions of <Qual inilial carcinog.n-Iarget cell interaction) the
probability of malignant lran,formanon is g.n.rally also a funclion of Ih. type

and diff.rentlat,on ,tal. of larg.' cells. r.quires furlber careful anal)'sis
(id.ntlficalion of subpopulatians of cells "'ith an .I.~ated ris~ of m.lignanl
tr.nsform'lion, and wilh the possibl. further complication that diff.rent 'hIgh.
"'~' cell populatians may be found for diff.rent types of carcinog.n,).
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