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© 06'be.llHHeHHbIH HHeTHTyT anepasrx ~CCJIe.IIOBaHHHII 

I1H.n;yKI.J;IHI H penapauaa .n;ByHHTeBbIX pa3pbIBOB (.[(HP) ,UHK Tpa
,n;HUHOHHO CqHTaIOTCR OCHOBHbIMH npoueccavra, onpenenmourar-ta qyB
CTBHTeJIbHOCTb KIleTOK K HOHH3HpYlOmeH pannauaa. O,nHaKO nOfIhITKH 
HenOCpe,n;CTBeHHO CBR3aTi> KOJIHqeCTBO JJ.ByHHTeBbIX pa3pbIBOB llHK, OCTa
IOmHXCR B 06JIyqeHHOH KIleTI<:e no saaepureaaa penapauaoaasrx npouec
COB, C BepORTHOCTbIO ee rH6eJIH oco6oro ycnexa He HMeJIH. no Mepe aayse
HHR MeXaHH3MOB penapauaa llHP llHK CTaHOBHTCR ace 60JIee RCHbIM, 
qTO 3TOT npouecc RBJIReTCR CJIO)f(HbIM H MHorocTyneHqaTbI~, ocyurecrnne
HHe xazcnoro arana xo'roporo B 3HaqHTeJIbHOH CTeneHH orrpezterraerca 
yCJIOBHRMH 06JIyqeHHR H nOCTpanHaUHOHHoro KyJIhTHBHpOBaHHR KJIeTOK. 
,UaHHaR pafiora npe,n;CTaBJIReT C060H nonsrrxy BbIJJ.eJIHTb nponeccsr (TaK 
HJIH aaaue CBR3aHHbIe C HH,n;yKUHeH H penapanneii llHP llHK) , xoropsre, 
na Haw B3rJIR,n;, MoryT cyutecraeaasrvr 06pa30M CKa3bIBaTbCR aa KOHetIHOM 
pa,n;Ho6HOJIOrHqeCKOM 3epepeKTe (BbDKHBaHHe HJIH rH6eJIb KIleTKH nOCJIe 
o 6JIyqeHHR) . 

HOHH3HpYlOmee H3JIyqeHHe HH,n;YUHpyeT B KJIeTKaX llHP llHK KaK 
npRMbIM (onaoynapnsni MeXaHH3M), TaK H KOCBeHHbIM nyrevr (naxonne
HHe O,n;HOHHTeBbIX pa3pbIBOB na onn03HTHbIX HHTRX, onm6KH penapauaa 
O,n;HOHHTeBbIX pa3pbIBOB C 06pa30BaHHeM llHP) /11 , Cooraorueaae 3cP
epeKTHBHOCTeH 06pa30BaHHR npRMbIX H HenpRMbIX llHP oficyxcnaerca na 
npornaceaaa pana JIeT, H MHeHHR aa 3TOT ever pacxonarca: rare, pan HC
CJIe,n;OBaTeJIeH CqHTaeT, qTO npa .JJ;eHCTBHH penxoaoaaaapyrourero H3JIyqeHHR 
,UHP ofipaayrorca, B OCHOBHOM, sa cxer oWH6oK penapauaa OHP ,UHK 
(TaK aassrsaerasre "3H3HMaTHqecKHe" llHP /2-4,5/). Zlpyrae, HanpOTHB, 
nOJIaraIOT, qTO BKTIa,IJ; 3H3HMaTHqeCKHX llHP necyuiecraeaea nazce npa 
pe,n;KOHOHH3HpYlOmeM H3JIyqem,m /6/ . 

Penapauaa ,UHP llHK HaH60JIee H3YQeHa Ha npoaoseasrx xnerxax 
S. cerevisiae. llpo)fOf(H RBJIRIOTCR o,n;HOKJIeTOQHbIMH 3yKapHoTwmcKHMH 
OpraHH3MaMH, ,n;JIR KOTOpbIX paspaooransr MeTo,n;bI KTIaCCHQeCKOH H MO
JIeKyJIHpHOH reHeTHKH. Bnepnsre penapauaa llHP ,UHK 6bIJIa nponeraon
crpapoaaaa na rannoannsrx /7/ H ,n;HrmOH,nHbIX /81 .n;p0)lOKeBbIX KTIeT
xax S. cerevisiae, Haxo,n;RmHXCR B axcnoaeauaansaoa rpaae pocra KyJIb
TypbI, npn HX BbI,n;ep)JGfBaHHH IIOCJIe 06JIyQeHHR peHTreHOBCKHMH JIyQaMH 
B nHTaTeJIbHOH cpene B .TeQeHHe HeCKOJIbKHX QaCOB. B.r .KopOJIeB H n.M.rpa
qeBa /9/ ,a noanaee M.Pe3HHK 110/ npeWIO)f(HJIH rHnOTeTHQeCKYIO MO
nens, CorJIaCHO KOTOpOH naynenose-msre noapeacieaaa ,UHK B KJIeTKaX 
perrapapyiorca nyrexr peKOM6HHauHH Me)J(,lJ;y rOMOJIOrHtlHbIMH nOCJIe,n;OBa
TeJIbHOCTHMH llHK, OLUIa H3 KOTOpblX noapescnena. BnOCJIe,n;CTBHH 3Ta MO
nerrs naruna norrraepacneaae B axcnepar-rearax aa ztpoacxeasrx KJIeTKaX, 
06JIyQeHHbIX B G'l-rpase KJIeTOtIHOrO UHKJIa /11/ . 
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3AeCb Mbl He 6YAeM xacarsca AaHHblX 0 penapanaa ,UHP ,UHK npa 
BbIAep)KHBaHHH Ap0)K)KeI3bIX KJIeTOK, HaxOAHI..u;HXCH B· S- HJIH G2-¢a3e 
xrreroxaoro UHKna, B nHTaTenbHOH cpene. 3TH naaasie, na Hall B3rnH~, 

He acerna MoryT 6blTb aarepnperapoaaasr OAH03HatIHO. KpOMe roro, crporo 
He norcaaaaa CBH3b aroro rana penapauaa C Bbl)KHBaeMOCTblO KJIeTOK. 
B npeACTaBneHHOH pabore oficyscnaerca penapauaa ,UHP ,UHK, HMeIDI.I.J;aa 
MeCTO B G1-¢a3e KJIeTOtIHOrO UHKJIa y AHnnOHAHblX KJIeTOK S. cerevisiae 
(2 reaoxra na KJIeTKy). Y AHnnOHAHblX Ap0)K)KeBbIX KneTOK B G1-¢~3e 

xnerosaoro UHKna ofiaapyaceasr ABa rana penapauaa ,UHP ,UHK npa HX 
Bhlp;ep)KHBaHHH B HenHTaTeJIbHOH cpene - 6blCTPblH H MeAJIeHHbIH. MeA
rreaaaa penapauna aaaepmaerca aa 48 - 72 tI Bbmep)KHBaHHH /11,12/ H 
COnpOBO)K)J;aeTCH OAHOBpeMeHHblM yaenaseaaewr Bbl)KHBaeMOCTH ofinysen
HblX KneTOK (3¢¢eKT nOCTpaAHa.u;HOHHoro BOCCTaHOBneHHH )KH3HeCnoc06
HOCTH KJIeTOK, H3BeCTHblH C KOHua 50-x ronoa /13/ ). Bsrcrpaa perrapauaa 
saaepuiaerca MeHee tIeM aa 1 tI /14/ H TaK)Ke conpoaoxotaerca YBenHtI~
HHeM Bbl)KHBaeMOCTH KneTO K (fisrcrpoe nOCTpaAHa.u;HOHHoe BOCCTaHOBne· 
HHe )KH3HeCnoc06HOCTH KneTOK /15/ ). 06a nYTH penapauaa ,UHP ,UHK 
(6b1CTpb1H H MeAneHHbIH) oCyI.I.J;ecTBnHIOTCH no peKOM6HHa.u;HOHHOMy 
MeXaHH3MY, TaK KaK HBnHIOTCH AHnnOHAocneUH¢HtIeCKHMH H xoarponapy
IOTCH reaavra RAD51, RAD52, RAD54 /11,16,17/ . B TO )Ke BpeMH 6bICT- • 
pax H MeAneHHaa penapanaa ,UHP ,UHK OTnHtIawTcH no reaerauecxor-ry 
KOHTponlO: MyTaUHH rad55 6noKHpyeT nepasra, HO He sarparaaaer BTOPOH 
nyrs penapauaa, rorna KaK rad50 HHrH6HpyeT MeAneHHylO, He BnHHH 
npa 3TOM na 6blCTpylO penapauaro / 17/ . 

TIOMHMO zrsyx YKa3aHHblX nyrea penapauaa ,UHP ,UHK y KneTOK 
B G1-¢a3e KJIeTOtIHOrO UHKna He HCKnlOtIeHa TaK)Ke penapauaa, OCYI.I.J;eCTB
nHIOI.I.J;aaCH no MeXaHH3MY, He npennonararoutesry B3aHMOAeHCTBHH rOMO
nOrHtIeCKHX XpOMOCOM. Ha B03MO)KHOCTb raxoro nYTH YKa3anH Op-BHBep 
H Illocrarc: OHH npennorroacana, tITO B paaone ,UHP MO)KeT HMeTb MeCTO 
aefiortsmaa nerpanauaa ,UHK, npHBOAHI.I.J;aR K CnapHBaHHIO KOpOTKHX 
rOMOnOrHtIHblX nocnenoaarerrsaocreii B npenenax OAHOH XpOMOCOMbl, 
nocrre xero npOHCXOAHT penaparaansra CHHTe3 B ytIaCTKaX 06pa30BaBIllHXCH 
OAHOHHTeBblX 6peilleH If nHrHpOBaHHe C BOCCTaHOBneHHeM uenOCTHOH 
crpyxrypsr XPOMOCOMbI/ 18/ . TaKoH MeXaHH3M 6bill npOAeMOHCTpHpOBaH 
AnH perrapauaa ,UHP nna3MHAHOH ,UHK B KneTKaX E. coli /19,20/ . YcnOB
HO TaKOH MeXaHH3M penapauaa ,UHP ,UHK 6YAeM Ha3bIBaTb HepeKOM6M
HaUUOHHblM (B npOTHBOnOnO)KHOCTb MeXaHH3MY, BKJIlOtIawI.I.J;eMY B3aHMO
AeHCTBHe Me)K)J;y npO'fH)KeHHbIMH yqaCTKaMH roraorrorauasrx XPOMOCOM), 
XOTH AnH TaKHX npoueccoa B rrocrrenaee BpeMH yTBepAHnCH TepMHH "He
3aKOHHaJI peKOM6HHaUHH". 

TIo ouemcasr, CAeJIaHHblM B pafiore M.<t>paHKeH6epr-lliBarep HAp. /12/ 

peAKOHOHH3HpYIOI.I.J;aa paAHaUHH (3JIeKTpOHbl C aaepraea 30 M3B) HHAY
uapyer B AHnnOHAHblx·APOJlOKeBbIX KneTKaX B cpenner-r 60 ,UHP na 1000 I'p 
aa KJIeTKy. He anorrae HCHO, B KaKoH Mepe B ycnoaaax axcnepaxrenra, 
npoaeneaaoro B UHTHpyeMoH paoore, saaepuranacs 6blcTpaa penapanna 
,UHJ;> ,UHK. TIo HaIllHM AaHHblM /14/ B craanaprasrx ycnoaaax nasaca 
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otinyxeaasrx Ap0)K)KeBbIX KneTOK C npOMe~TOtIHbIM 3TanOM nonyseaaa 
rrporonnacroa 6blcTpaa penapaUH~ ,UHP ,UHK MO)KeT saaepmarsca eI.I.J;e 
AO HaHeCeHHR: npOTOnJIaCTOB aa rpannenr HeHTpanbHoH caxapossr. B nlO60M 
crryxae no saaepureuaa 6blCTpOH penapauaa OCTaHeTCH orcono 30 ,UHP na 
1000 I'p aa xnerxy: B pesyrrsrare 6blCTpOH penapauaa 3JIHMHHHpyeTcH 
nopanxa 50 % 01' 06I.I.J;ero KOnHtIeCTBa HHAYUHPOBaHHblX ,UHP /14/ . Bbl)KH
BaeMOCTb AHnnOHAHblX KneTOK S. cerevisiae 211 *B, HcnOnb30BaHHblX 

/12/ /21/
B pafiore , COCTaBnHeT 40 - 50 % npa 06nytIeHHH B 30He 300 I'p 
(30 M3B - arrexrponsr}, npa 3TOM nonyJIHUMH ofinyseaasrx KneTOK cortep
)KHT nopanxa 10 ,UHP aa xnerrcy. C ytIeTOM rryaccoaoacxoro pacrrpenene
HHH tIHCna nOBpe)K)J;eHHl1 no KneTKaM nonysaesr, tITO AOJIH KneTOK B ofiny
tIeHHOH norryrrauaa, COAep)KaI.I.J;aH XOTH 6bl OAHH nepenapapoaaaasm ,UHP, 
COCTaBnHeT BenHtIHHy, 6nH3KylO K 100 % (1- exp I -10 J = 1). MO)KHo, 
OAHaKO, npeACTaBHTb, tITO OCTaBIllHeCH aepenapapoaaaasn-ra B pesynsrare 
6blCTpOH penapauaa ,UHP MoryT 3nHMHHHpOBaTbCH B npouecce HHKy6aUHH 
KneTOK Ha TBepAOH nHTaTenbHOH cpeAe AO nepBoro nOCTPaAMa.u;HOHHoro 
AeneHHH. OAHaKO TaKaH B03MO)KHOCTb npencraanaerca MaJlOBepOHTHoH. 
,UeHCTBHTenbHO, 6blCTpoe nOCTpaAHaUHOHHoe BOCCTaHOBneime (a CJIeAOBa
TeJIbHO, H OTBeTCTBeHHaH 3a Hero 6blCTpaa penapauaa ,UHP ,UHK) OAHHa
KOBO 3¢¢eKTHBHO KaK npa BbIAep)KHBaHHH B acne, TaK H B nHTaTeJIbHOH 
cpene H saaepmaerca sa 30 - 40 MHH, nocrre nero BbDKMBaeMOCTb 06JIYtIeH
HblX KneTOK He H3MeHHeTCH B reseaae 1- 2 tI /22/ . ECJIH 6bl nannoanmae 
KJIeTKH, otinysennsre B G1-¢a3e KneTOtIHOrO UHKna, 6billH crtocofinsr K pe
napauna ,llHP, OTnHtIHOH 01' 6blCTpOH H Me;L:(neHHOH .penapauaa Ii 3¢¢eKTHB
HO npOTeKalOI.I.J;eH B nararerrsnon cpene, cnenoaano 6bl O)l91AaTb aaanarerra
noro yBeJIHtIeHHH Bbl)KHBaeMOCTH KneTOI<: npa HX Bbmep)KHBaHHH B mrra
rensaoa cpene H no aaaepmenaa 6blcTporo BOCCTaHOBneHHH (annori, AO 
MOMeHTa nepnoro nOCTpaAHaUHOHHOr.O AeJIeHHH). TaKHM 06pa30M, ecrs 
OCHOBaHHH norrarars, tITO Bbl)KHBIllHe ofinyueam.re KneTKH (r.e, COXpaHHB
urae cnocofiaocrt, K 06Pa30BaHHIO MaKpOKonOHHH aa TBepAOH cpene) 
HMelOT K nepaor-ty nOCTpaAHa.u;HOHHOMy AeneHHIO nepenapapoaaansre 
,UHP. K raKoMy )Ke BblBOAY npatnerr H M.Pe3HHK /23/ ,npaBAa, na OCHOBa
HHH npyrnx C006pa)KeHHH. 

Kaxoaa )Ke MO)KeT 6blTb CYAb6a nepenapapoaaaaoro ,UHP B Ap0)K)Ke
BOH KJIeTKe, BCTynHBIlleH B MHT03 H 06pa30BaBIlleH 3aTeM MaKpoKonOHHIO? 

Y AHnnoHAHblX Ap0)K)KeBbIX KneTOK, ofinyuennsrx HOHH3HpYIOI.I.J;eH 
PaAHaUHeH B G1-¢33e KneTOtIHOrO UHKna, H3BeCTeH TaK HasbIBaeMblH "3¢
¢eKT AOpaCTaHHH": tIaCTb KJIeTOK ¢opMHpyeT MaKpoKonoHHIO n03)Ke 
He06nytIeHHOrO KOHTponH (24/ . 31'01' 3¢¢eKT CBH3aH C 06pa30BaI-meM 
"rreransasrx cexropon", a HMeHBo: rnfiertsro tIaCTH nOTOMKOB 06nytIeHHOH 
KJIeTKH /25/ . CYI.I.J;eCTBYIOT MOAenbHble npeACTaBneHHH /26/ ,n03~onH
IOI.I.J;He 06'bHCHHTh MHoro06pa3He PaAH06HOnOrHtIeCKHX peaKUHH otinysea
HbIX KJIeTOK, B tIaCTHOC'fH, neransnsra 3¢¢eKT H -3¢¢eKT AOpaCTaHHH. 
Corrracno 3THM npeACTaBneHHHM HOHH3HpylOI.I.J;aa paAHaUHH HHAYUHpyeT 
B KJIeTKaX nOTeHUHanbHO rreransasre nOBpe~eHHH (TIJI)J,), xoropsre 
xrrerrca cnocofina penapapoaari., OAHaKO nepenapapoaamn.te TIJI,U He B~AYT 
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neranb 

Puc. 1. Cxeuatuunoe u306pa:JICeHUe co
6blTUU, npueoosuuux K 06pa308aHUIO 
oopacttuoiuux KIlOH08. 1 - UHOYK14UR 
J!HP; 2 - penapauun J!HP 8 Gl-fiase 
KileTOlf,H020 14UKlla; 3 - oeaeuue; yt
pam KOHu,e8020 rfipa2MeHTa XpOMO

KnerKa, .Qat{)l1.ta~ COMOU C J!HP; 4 -- npaeunsnas penaHayaflO Hecra6wIJ 
pa14UR J!HP nYTeM CUHTe3a de novo;3 H?MY KroHY 
5 - nenpaeunsuan penapauunJ!HP. 

06JIYlleHHyw KTIeTKy K rH6em1 

C BepoRTHoCTbW 1, HO CHH:>KaIOT 

BepoRTHoCTb ycneurnoro .[(eJIeHHR 

KJIeTKH, npa 3TOM nJI.u HaCJIe

.[(yWTCR nOTOMKaMH 06JIYlIeHHoH 

KJIeTKH H MoryT no BepORT

aocrnosry saxoay BbI3bIBaTb ra

6eJlb nOCJIe.[(HHX. C YlleTOM roro, liTO B OCHOBe 6bICTporo H Me,lIJIeHHoro 

nOCTpa..u.HaI.J;HOHHoro BOCCTaHOBJIeHHR, B xone KOTOphIX 3JIHMHIIHPYWTCR 

nJI.u, JIe)f(HT penapauaa .uHP .uHK, eCTeCTBeHHO npe.[(nOJIO:>KHTb, lITO HMeH

HO 3TH MOJIeKyJIRpHhle nOBpe:>K.neHHR 06yCJIOBJIHBaIOT 3<p<p e K T .[(opaCTaHHR. 

Ha pHC. 1 cxeMaTHlIHO H306pa:>KeHbI C06hlTHR, npe.[(nOJIO)f(HTeJIbHO 

HMeWI.IJ;He MeCTo B KTIeTKe nOCJIe 3aBepWeHHR penapauaa .uHP .uHK. He

penapapoaaaasra B G1-<pa3e KJIeTOllHOro ~HKJIa :UHP llHK npHBo.[(HT 

K 06pa30BaHHW XpOMOCOMbI, yrparaaurea KOH~eBoH rpparraear H JIHWeH

HOH TeJIOMepbI. TaKaR XpOMOCOMa, nO-BHnHMoMy, MO:>KeT ycneunro penna

IJ.HpOBaTbcR H HaCJIe.[(OBaTbCR nOTOMKaMH 06JIYlleHHoH KJIeTKH. B O.[(HOM 

113 nOCTpanHa~HOHHhIX ,neJIeHHH C HeKOTopoH BepoRTHOCTbW MO:>KeT rrpo

H30HTH peKOM6HHaI.J;HR noapeaczremroa XpOMOCOMhI C HHTaKTHhIM rOMOJIO

rOM., Pe3YJIbTaTOM TaKOH peKOM6HHaI.J;HH MoryT 6bITb nsa, aa aanr B3rJIR.[(, 

HaH60JIee BepORTHhIX C06hlTHR. Bo-nepasrx, nOBpe:>K.[(eHHaR XpOMOCOMa 

MO:>KeT 6hlTb BOCCTaHOBJIeHa nyrexr CHHTe3a de novo no MaTpH~e rOMOJIO

rHlIHOH XpOMOCOMbI (yCJIOBHO Ha30BeM 31'01' npouecc "npaBHJIbHOM nOCT

MHTOTHlIeCKOH penapauaea .uHP .uHK" - B OTJIHlIHe 01' penapauna .[(0 

nepsoro nOCTpaAHa~HOHHoro.[(eJIeHHR) - B03MO:>KHQCTb .rarcoro 'MeXaHH3Ma 

penapauaa .uHP 6bma YKa3aHa A.H.JIYllHHI<:OM C COTp. /27/ . KaK cnen

CTBHe YK3.3aHHOrO ~06bITHR, aexoropsre ornanemrsre nOTOMKH 06JIylleHHoH 

KJIeTKH He .[(OJI:>KHbI BbII.IJ;enJIRTb rreram.asre cexropa, liTO H HMeeT MeCTO 

B onsrre /28/ . .upyrHM HCXO.[(OM peKOM6HHaI.J;HH Me:>K.[(y nOBpe:>K.[(eHHOH 

H HenOBpe)l()J;eHHOH rOMOJIorHlIHbIMH XpoMOCOMaMH MO:>KeT 6bITb yrpara 

rpparr-reara HJIH nOJIHaR nerpanauaa nepaonaxansao HenOBpe:>K.[(eHHoH 

XpOMOCOMbl, B pe3YJIbTaTe xer-o He06paTHMo repaerca reHeTHlIeCKaR HH

<popMaL'HR B 06eHx rOMOJIorHlIHblX xpor-rocovrax .[(HllJIOH.[(HOH KJIeTKH 

(3ToMy npoueccy yCJIOBHO npHGBoHM HaHMeHOBaHHe "HenpaBHJIbHaR 

nOCTMHTOTHlIeCKaR penapauna L(HP.uHK"), xro B CBOW oxepens ofiycnoa
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rmaaer ee rH6eJIb. CJIe.[(CTBHe:M HenpaBHJIbHOH nOCTMHTOTHlIeCKOH perrapa

~HH .uHP .uHK RBJIReTC.H asnnenneaae "JIeTaJIbHbIX cexropoa". B nOJIb3Y 

B03MO:>KHOCTH cyI.IJ;eCTBOBaHHR HenpaBHJIbHOH penapanaa ,llHP .uHK CBH.[(e
/ 2 9 /TeJIbCTByWT ziaaasre, nonyxeaasre aeziaaao C.EynaToM : peKOM6HHa

~HR .[(ByXMHKpOHHOH nrraar-nmsr C XHMepHOH XpOMOCOMOH (.[(p0:>K)KeBOH 

XpOMOCOMOH, B KOTOpyW HHTerpHpOBaHa nJIa3MH.[(a, HeCYlUaR <pparMeHT 

2 MK ,llHK) npHBo.[(HT K nerpanauaa (nOJIHOH HJIH lIaCTHlIHoH) XpOMOCOMHOH 

.uHK. 

Cy6KJIOHbI 06JIYlleHHoH KJIeTKH BbllUenJIRWT neransnsre cexropsr C Bbl

COKOH BepOHTHOCTbW, B npenerrax 0,08 - 0,15, npHlIeM 3Ta BepoRTHoCTb 

B pane cnyuaea npaKTHlIeCKH He MeHReTCR B TelleHHe 10 reaepauaa nOCJIe 

06JIylleHHR /28/ . 

B03HHKaeT aortpoc, nouer-ry COOTHOll1eHHe BepORTHOCTeH npaBHJIbHOH 

H UenpaBHJIbHOH penapauan JlHP .uHK nOCJIe rrepaor:o nocrpanaauaoaaor-o 
.[(eJIeHHR C.[(BHraeTCR no aamer-ry npe.[(nOJIO)KeHHW B CTOpOHy nOCJIe.[(HeH 

(B npOTHBHOM cnyxae MbI 6bI Ha6JIw.[(aJIH rH6eJIb nOTOMKOB 06JIytIeHHOH 

KJIeTKH JIHWb na nepasrx reHepaI.J;HRX, npHtIeM B pezncax CJIYllaRX)? 3aMe

THM, liTO B pe3YJIbTaTe nepaoro nOCTpaAHa~HOHHoro MHT03a KOH~eBOH 

rpparr-rear XpOMOCOMbI, B03HHKlllHH B pe3YJIbTaTe nepenapapoaaanoro 

.uHP, C BbICOKOH BepORTHOCTbW .[(OJI:>KeH TepRTbCR. B CBR3H C 3THM r-rexa

HH3M nOCTMHTOTHlIeCKOH penapanna .llHP .uHK MO:>KeT OTJIHlIaTbCR 01' 

MeXaHH3Ma penapauaa 3THX nOBpe:>K.[(eHHH, HMeWlUeH MeCTO .[(0 nepaoro 

nOCTpaAHauHOHHoro .u.eJIeHHJt: eCJIH B nepaor-r crryxae C HenOBpe:>K.[(eHHOH 

XpOMOCOMOH B3aHMo.[(eHcTByeT O.[(HH .[(By~enollellHhII1 KOHe~ ,llHK, TO 

BO BTOpOM - .[(Ba. 

MO:>KHO npHBeCTH CJIe'[(YWlUHe <paKThI~ KOCBeHHO CBH.[(eTeJIbCTByWI.IJ;He 

B nOJIb3Y paccraarpaaaevror'o MeXaHH3Ma 3<p<peKTa .[(opaCTaHHH.. 

1) .umt ranJIOH.[(HhIX KJIeTOK, ,lIJIR KOTOpbIX Ka:>K.nhIH nHP JIeTaJIeH 

B G'l-rpaae xnerosnoro ~HKJIa, OTCyTcTByeT H 3<p<peKT .[(opaCTaHHR /24/ 

2) MyTauHR rad55 finorcapyer KaK 6hICTPYlO penapaumo .uHP 

.uHK /17/ ,TaK H 3<p<pe KT .[(opaCTaHHR /30/ . . 

3) .uHnJIOH.[(HbIH MyTaHT, rOM03HrOTHhII1 no rad52, ,ne<peKTHbIH no 

penapauaa .uHP .uHK, 06HapY:>KHBaeT 3~<peKT .[(opaCTaHHR, CPaBHHMblH 

C TaKOBhIM ,lIJIR KJIeTOK narcoro THna /30! . C npyroa CTOpOHbI, pacnersr 
noKa3bIBaIDT , xro .[(JIR HHaKTHBa~HH 3THX KJIeTOK .[(OCTaTOllHO OKOJIO 

1,5.uHP na reHOM /8,311 . Mexory TeM H3BecTHo, tITO MyTalUfR rad52 

npHBo.[(HT K peaxor-ry rroasnueamo lIaCTOThI HH.[(y~HPOBaHHbIX pearre

HOBCKHMH JIyllaMH noreps XpOMOCOM /32/ . 3.[(ech B03HHKaeT nexoropoe 

nporaaopevae: C O)J.HOH croponsr, KJIeTKa rH6HeT noxra 01' xazczroro .uHP 

.uHK, C npyroa CTOpOHhI, norepa XpOMOCOMhI He BbI3bIBaeT y 3THX zce 

KJIeTOK JIeTaJIbHOrO 3<p<peKTa. Ofisncneaae paccraarpaaaexroro HeCOOT

BeTCTBHR MO:>KeT 6hITb naao HCXO.[(R H3 npe.[(JIO:>KeHHOrO MeXaHH3Ma 3<p

rpexra .[(opaCTaHHR. llHP, HH.[(y~HPOBaHHhle H3JIYlleHHeM B MyTaHTHblX 

KJIeTKax, BbI3blBaIOT rOMOJIOrHlIHYIO peKOM6HHauHW Me:>K.[(y nOBpe)l()J;eHHOH 

H HenOBpe)l()J;eHHOI1. XpOMOCOMOH, KOTOpaR C BepORTHOCJ:bW, 6JIH3KOH 

K 1, npaaoznrr K HenpaBHJIbHOH perrapanaa .uHP, CJIe.[(CTBHeM KOTOpOH 
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F =1,5 -:- 3 =0.087- O,12"i~1 

F= 1,57-2,5 
p= 275"i-1 

PuC. 2. Cxeua nyueeou UHaKTU8allUU OWUlOUOHOU oposcsceeoii KlleTKU. YC1l08

uue 0603HalleHUJl: OHP, JIHP - oououureeue U 08YHuTe8ble pospueu Illlk: 
F = D~ I Do , zoe Do , D; - HaKIlOH 3KcnOHeHllWlllbHOZO yuacttca KpU80U est

JlCU8aHUJl 00 U nocne saeepiueuus penapauuu ,OHP; {3 - CKOpOCTb penapauuu, 

11-1; RAD50 - RAD55 - eenu, «onrponupytoiuue penapauuto,OHP. 

MO:JKeT 6bITb aepacxocsnenae XpOMOCOM, nerpananaa mII1 <pparMeHTaul1H 
ofieax rOMOJIOrl1tIHbIX XpOMOCOM. TaKaH nenpaaansnaa penapauaa ,llHP 
BbI3bIBaeT rl16eJIb KJIeTKI1. CXO,D;HaH ranoreaa, 06'bHCHHIO~aH BbICOKYIO 
xacrory I1H,D;YUI1POBaHHbIX noreps XpOMOCOM y ,D;l1nrrOI1,D;HbIX MyTaHTOB 
rad52 , npe,D;JIO:JKeHa 11 aBTOpaMI1 /32/ . O,D;HaKO npaxrepao 30 % ,llHP He 
penapapyerca (He I1H,D;YUI1PYIOT peKOM6I1HaUI1IO) 11 HaCJIe,D;YIOTCH nOTOM
KaMI1 06JIyqeHHOH KJIeTKI1 B BI1,D;e <pparMeHTl1pOBaHHOH XpOMOCOMbI 11 
npI1BO,D;HT no npeAJIO:JKeHHoMy MeXaHI13MY K BbI~enrreHI1IO JIeTaJIbHbIX 
cercropon. 

4) XJIOpl1CTbrn HaTpI1H, ,D;06aBJIeHHbrn B mlTaTeJIbHYIO cpeny (1,5 MOJIb) , 
na KOTOpylO BbICeBaJIl1 06JIyqeHHbIe KJIeTKI1, nO,D;aBJIHeT KaK 6bICTpylO 
penapauaro ,llHP ,llHK /14/ ,TaK 11 3<p<peKT AOpaCTaHl1H 133/ . 

TaKI1M 06pa30M, na OCHOBaHl1I1 113JIO:JKeHHOrO MO:>KHO npencraaari, 
cJIe,D;YIO~YIO ,cxeMy JIyqeBOH I1fIaKTI1BaQl1I1 ,D;l1nrrOH,D;HbIX ,D;p0)K)KeBbIX KJIe
TOK. Cxer-ra npasenena na pac, 2. ,llHP, I1H,D;YUI1POBaHHbIH B KJIeTKe, JII160 
HenOCpe,D;CTBeHHo npa npOXO)K):(eHI1H rpexa 0 -3JIeKTpOHa xepea 06e HHTI1 
,llHK (npHMoH ,llHP) , JII160 B pe3YJIbTaTe OIlll16KH penapauaa OHP (3H311
MaTl1qeCKI1H ,llHP) HBJIHeTCH cyficrparovr ,D;JIH 6b1CTpOH penapanaa ,llHP 

\6 

,llHK, KOTOpaH no HaIllI1M oueaxara, sanesaaaer npaxrepao 50 - 70 % 
OT ofimero ql1CJIa ,llHP, I1H,D;YUI1POBaHHbIX B KJIeTKe. CKOpOCTb sroro npo
uecca COCTaBJIHeT 2 - 5 q- 1 (3aBI1CI1MOCTb ql1CJIa ,llHP ,llHK OT BpeMeHI1 
penapauaa MO:>KHO annpOKCI1Ml1pOBaTb 3KCIlOHeHUl1arrbHOH C nOKa3aTeJIeM 
3KcnOHeHTbI 2 - 5 q- 1 ). Ha ,D;aHHOM arane B03MO:JKeH TaK:JKe HepeKOM6I1Ha
Ul10HHbIH nyrs penapauaa ,llHP (CM. asnue) , ozmarco OH, nO-BI1,D;I1MOMy, 
AJIH ,D;p0:JK:JKeBbIX KJIeTOK He BHOCI1T CKOJIb-HI16y,nb aaraernoro BKJIa.,Aa 
B paAI10pe311CTeHTHOCTb KJIeTOK. OCHOBaHl1H ,nJIH nO,D;p06HOro yTBep)K,I:(eHMH 
CJIe,D;YIO~l1e. Paaee 6billO nOKa3aHO, qTO nrra3MI1,D;HaH ,llHK, aecyuraa nay
HI1TeBOH paapsm, BHeceHHbIH 3H,D;OHYKJIea30H peCTpI1KUI1I1, penapapyerca 
B ,D;p0)K)KeBOM KJIeTKe fO MeXaHI13MaM, aHaJIOrJilqHbIM penapauaa ,llHP 
XpOMOCOMHOH ,llHK /18 : TaK, B qaCTHOCTI1, coanazraer reHernQeCKI1H 
KOHTpOJIb penapanaa ,llHP nJIa3MI1,nHOH li XpOMOCOMHOH ,llHK /34/ . 

OKa3aJIOCb, QTO COOTHOIlleHl1e percor-rfiaaanaoaaoro (peKOM6liHaU;liH C 
rOMOJIOrHtIHOH XpOMOCOMHOH ,llHK) li aepexorefiaaanaoaaoro (narapona
aae "JIMnKI1X" KOHU;OB ana He3aKOHHaH BHyTpliMOJIeKyJIHpHaH percor-rfia
HaU;I1H) nYTeH penapauna ,llHP nrra3MI1,D;HOH ,llHK COCTaBJIHeT npawrepao 
10 : 1 /34/ . TaKI1M 06pa30M, ,D;a:JKe npa HaJIHQlili' narncax KOHU;OB, ofipa
sonanae KOTOpbIX MaJIOBepOHTHo npa 06JIYQeHlili nonaaapyroutea panaaua
eH, penapanaa ,llHP nJIa3Mli,nHoH ,UHK B 60JIbIllliHCTBe CJIyQaeB OCYll~eCTBJIH
eTCH nyrexr percoxrfiananaa. ,llpyrliM <paKTOM, CBli,neTeJIbCTBYIO~HM B nOJIb
3Y Marroro BKJIa,D;a HepeKOM6I1HaU;liOHHOH penapanna ,UHP ,llHK, HBJIHeTCH 
TO 06CTOHTeJIbCTBO, QTO liOHli3liPYIO~aH pannauaa nparcraxecrca He aanyua
pyer B ,np0)K)KeBbIX KJIeTKax zterreuaa (no KpaHHeii Mepe, ona B03HliKaIOT 
C qaCTOTmf, na 2 nOpHAKa MeHbIlleH, QeM COOTBeTCTBYIO~aH aenasana 
,nJIH TOQetIHbIX MyTauI1H). TIOCKOJIbKY B pe3YJIbTaTe aepercoxrfiaaanaoanoa 
penapauaa ,llHP ,nOJI:>KHbI B03HliKaTb liMeHHO rreneuaa /19.20/ ,npliBe,D;eH'
asre ,D;aBHbIe TaK:JKe KOCBeHHO rrozrraepaoraror BhIBO,n 0 HeCYll~eCTBeHHOM 

BKJIa.n;e paccsrarpaaaeeroro MeXaHli3Ma penapauna ,llHP B panaopesacrear
HOCTb KJIeTOK. I1CXO,nH 113 crcasaaaoro, MO:JKHO nonarara, QTO aepercoxrfia
HaU;110HHbIM nyrevr B ,np0)K)KeBbIX KTIeTKaX penapnpyerca He 60JIee 10 % 
OT ofinrero QI1CJIa ,UHP ,llHK (a crcopee acero, MHoro vreasure 3TOH aena
lIHHbI) . 

B ,D;HnJIOI1,nHbIX KJIeTKaX, BbIceHHHblX na nOJIHOu;eHHbIH nHTaTeJIbHbIH 
arap cpasy nOCJIe 06JIyQeHliH (craanaprasre yCJIOBHH onsrra AJIH onpenene
HI1H BeJII1QI1HbI BbI:JKlfBaeMOCTI1) , 6bICTpaH penapauaa ,llHP ,llHK nOJIHOCTblO 
aaaepuraerca no nepsoro nocrpanaanaoaaoro ,D;eJIeHliH KJIeTKli, KOr,D;a 
,UHP <pI1Kcl1pyeTcH. BKJIa,D; 6bICTpOH penapauaa B perncrpapyewyso panao
pe311cTeHTHocTb KTIeTOK ,nI1KOrO Tlina (B rcasecrne MepbI pannopeaacrear
HOCTI1 06bIQHO 6epyT BeJIHQHHY Do) COCTaBJIHeT npasrepno 50 %, r.e. 
B pe3YJIbTaTe 6bIcTporo BOCCTaHOBJIeHHH aemorana Do YBeJIliQliBaeTCH 
npl16JII1311TeJIbHO B 2 pa3a/ 141 . 'qacTb li3 06JIyQeHHOH nonyrrauaa KJIeTOK 
(npa D > Do 3Ta QaCTb 06bItIHO COCTaBJIHeT 60JIee 70 % BbI:JKHBIlleH nonyna

U;1111) conepacar nepenapapoaaaai.re ,llHP, rcoropste npHBo,nFIT K 06pa30
BaBl1lO KJIOHOB CJIeTaJIbHbIMli ceKTop~Mli (3<p<peKT ,D;OpaCTaHHH) . 
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Bsmepxcaaaaae B HenHTaTeJIhHOll cpene nocrre 06ny4eHHH naer B03
MO:>KHOCTh KJIeTKaM OCYI.IJ;eCTBHTb B nOnHOM 06'beMe MeMeHHylO penapa
~HIO ,UHP ,UHK. CKOpOCTh 3TorO nponecca 0,08 - 0,124- 1 (CM. nsnue}. 
Bxrtan aroro npouecca B panaopeaacrearaocrs zina KneTOK zmxoro rana 
COCTaBnHeT B cpeznrewr 50 - 70 %, r.e. B peayrn.rare Me,nneHHoro nocrpa
zraauaoaaoro BOCCTaHOBneHHH BenH4HHa Do YBenH4HBaeTCH B 2 - 3 pasa 
(MH OT,neJIhHhIX IllTaMMOB ,np0)l{)l{ell 31'01' axnan MO)l{eT nocrarars 80 %) . 

3,nech yr-recrao 06Cy,nHTh cne,nylOI.IJ;YIO npofirresry. BhIXO,n nOTeH~H
aJIh'HO neTaJIhHhIX nospeacneaaa (nJI,U) na enaaauy ,n03hI ( l!D ) nocrreo 
06ny4eHYIH 3neKTpOHaMI1 (aaepraa 30 M3B) nna ziannoanaoro urravrr-ra 
211*B, HcnOnh30BaHHorO M.<1>paHKeH6epr-IIIBarep C COTp./121 MH onpe
zteneaaa asrxona ,UHP ,UHK, COCTaBnHeT 0,005 I'p" 1 1211 , Tor,na KaK 
.BhIXO,n; ,UHP ,UHK aa enaaauy ,n03hI no HX pacserar-r COCTaBnHeT BenH4HHY 
aa nopanorc fionsuryro: 0,06 rp- 1. liCXO,nH H3 sroro MO)I{HO 6hlJI0 6hI 
cnenars BhIBO,n, 41'0 ,UHP ,UHK He HBnHIO:rCH TeMH noapeacneaaar-ra, KO
'ropsre orrpenenmor penponyxraaayro cnoc06HOCTh 06ny4eHHhIX KneTOK. 
O,nHaKO cneziyer ytlHThlBaTh pan 06cToHTenhcTB. 

1) KaK YKa3hIBaJIOCh asnue, aeacao, B xaxon Mepe aa MoMeHT onpe
neneaaa asrxona ,UHP aaaepumnacs 6hICTpaH penapanas. no ,naHHhIM 
aBTOpOB narapyer-roa pa60TbI B nepnsre 3 4 BhI,nep)KHBaHHH KJIeTOK B He
rrararensnoir cpene penapapyerca (npa noaax 06ny4eHHH no 1500 I'p) 
60nee 50 % 01' acxonnoro KonH4eCTBa ,UHP. B TO xce BpeMH H3BeCTHO, 

lITO B Te4eHHe raxoro nporaezcyrrca BpeMeHH 
BhI)I{HBaeMOCTh ,nHnJIOH,nHhIX npoxoxea, ofirry
4eHHhIX B YKa3aHHOM HHTepBaJIe ,n03, H3Me
HHeTCH He3Hat1HTeJIhHO: TaK, MH poncraeaaoro 
HcnOnh30BaHHOMY urravrr-ra 211B BhI)I{HBa
eMOCTh KneTOK B nepasie 3 4 nsmepscaaaaaa 
B HenHTaTeJIhHOll cpe,ne OCTaeTCH npaKTH4eCKH 
nocTQHHHOll 1351 . B CBH3H C 3THM ecrs OCHO
BaHHR nonarars, JITO yr-reasureaae 4HCJIa ,UHP 
aa KneTKY B Te4eHHe nepnsrx 3 4 (6hICTpaH 
penapauaa saaepuraerca MeHee 4eM aa 1 4, 
HO B 06cy)l{.ll;aeMOll pafiore BhIXO,n ,UHP nocne 
Bhmep)I(HBaHHH KneTOK B Te4eHHe HHTepBaJIa 
BpeMeHH, MeHhwero, 4eM 3 4, He onpenenanca) 
ecrs cnencraae 6hICTpo" penapanaa ,UHP. 

Puc. 3. Cxeuatuuectcoe usotipaxeuue C06blTUU. npu

800JlU4UX K coxpatueuuto IIUClla nOTeH14UllflbHO netans
usix	 noepexoeuuii nyreu o6pa308aHWl EHE; 1 
UHOyK14UJl J!HP 8 O(JHOU U3 20MOJl02UIIHblX XpOMOCOM; 

2 - otipasoeauue J!HE npu eunaaeuuu uentpansnux 
cjJpazMeHTo8; 3 - penapauus J!HE nocpeOCTBOM pe

KOM6uHa14UU 20MOJlOZUIIHblX XpOMOCOM. 
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TaKHM 06pa30M, BhIXO,n ,UHP K nepaor-ty nocrpanaanaonaor-ry nenemno 
MO)l{eT COCTaBnHTh oxorro 0,03 ,UHP rp- 1 na xnerxy. 

2) C npyrofi CTOpOHhI, MO:>KHO npencraaars, 41'0 3neMeHTapHhIM no
Bpe)l{.ll;eHHeM, 3nHMHHHpyeMhIM B xone peKOM6HHa~HOHHOll penapauaa 
,UHP,' MoryT napany .c ,UHP cnY)KHTh H ,nByHHTeBhIe fipeuia (,UHE) , ofipa
30BaBillHeCH H3-3a asrnanenaa ~eHTpaJIhHhIX cPparMeHTOB XpOMOCOMhI 

1
(xoropsre, B CBOIO ouepens, 06p8.30BaJIHCh B peayrrsrare ,UHP) (CM. pHC. 3). 
Hsaecrno, 41'0 ,UHB ,UHK 3cPcPeKTHBHO penapHEYIOTCH ,np0)l{)I{eBhIMH 
KneTKaMH no peKOM6HHa~HOHHOMY MeXaHH3MY 1 81 ,npH4eM fipeuia 
paavrepor-t no 5 T.n.H. 'pena,EHpYIOTCH rrpar-repao C TOll »ce 3cP¢eKTHBHOCThlO, 
41'0 H "npocroir" ,UHP 13 1 . He HCKnI04eHO, 41'0 H 60nee npOTH)I{eHHhIe 
,UHE ,LJ;HK MoryT .6hITh 3cPcPeKTHBHO penapapoaaasr ,np0)l{)l{eBOll KJIeTKoll . 
TaKHM 06pa30M, HeCKonhKO ,UHP MoryT TpaHCcPOpMHpoBaThcH B ormy 
,nByHHTeBylO 6peillh. Ilpennozcennsni MeXaHH3M raiorce yr-reasuraer nacrrpo
rropmno Me)l{.ll;y BhIXO,nOM nJI,U H ,UHP. Ha pHC. 4 npaaeneaa racror-pararaa 
pacnpenerreaaa 30 ,UHP (raxoe KonH4eCTBO HX aanyuapyerca na ranno
H,nHhIll reHOM npa noae 1000 I'p) no 16 XpOMOCOMaM B npennonoacenaa, 
41'0 BepOHTHOCTh 06pa30BaHHH ,UHP nponopnaoaansaa MHHe XpOMOCOMhI. 
KaK BH,nHO, 12 XpOMOCOM H3 16 B ,naHHOM cnyxae norryuar B cpenaer-r 
60nee 1 ,UHP, a 6 - 60nee 2 ,UHP aa XpOMOCOMy. Cnenoaarensao, MaKCH
MyM, 41'0 MO)l(}{O O)KH,naTh, H3 27,UHP MO)l{eT 0'6pa30BaThcH 12,UHE, 
a 4Hcno arrer-rearapasrx noapexcreaaa (nJI,U = ,UHP + ,UHB) npa 06ny4eHHH 
B nose 1000 I'p cOKpaTHTcH C 30 no 15, HnH B 2 paaa. 

Peansao iKe COKpaI.IJ;eHHe 4Hcna aner-rearapasrx rroapeaoreaaa cyure
CTBeHHO MeHee 3Ha4HTenhHO, TaK KaK MH 06pa30BaHHH ,UHB He06xo,nHMO, 
4T06hI naa ,UHP, HH,ny~HPOBaHHhIX B' XpOMOCOMe, OKa3aJIHCh B O,nHOM ee 
nnexe (rrpaana, BepOHTHOCTh raxoro C06hITHH He MeHee 0,5 npn HH,nYK~H 

nayx ,UHP na XpOMOCOMY) . Kpor-re roro, penapauaa ,UHE B03MO)I{Ha mnus 
B TOM CJI.Y4ae, ecna He noapezcnea 
COOTBeTCTBYIO~ll Y4aCTOK na ro
MonorH4HOll xpor-rocor-re. 

3) Ii rperse oficroarenscrao. 
PaC4eT asrxozia ,UHP aa KJIeTKy no [ 

~ -nporpanar-r ce,nHMeHT~HH ,UHK H3
 
06ny4eHHhIx H He06ny4eHHhIx xrre

)(
 

......,~3~ .......
TOK	 B rpanaenre KOH~eHTp~HH 

a....HellTpaJIhHOH: caxapoasr MOiKeT na :r: ,aars	 60nhillHe norpeumocra. TaK, q 
.....,;...nartpar-rep, yKa3hIBaeTClI, 41'0 aa 8 2 -.......
nnOTHOCTh ,UHK BnH.RIOT HOHHaH 

l"~	 p.I-"'7,Il	 
-

~ 

I 
-

I-
~ 1 

.......
 
\
I ~ ..	 Puc. 4. Pacnpeoeneuue J!HP no 16 ueeo:I: 

MOJl02UIIHblM XpOMOCOMaM OUnJlOUOHOU &l 
oposoceeoii KJleTKU, otiayueuuoii 8 003e 

a
U 

1000 Fp (30 M3B - »nextponu ), Inm~ 'I. ~v.nw«xg)XIIi1Jmxvm 
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cana pacraopa li KOHueHTpaUliH caxapoast, li, Cne.n;OBaTenbHO, nOCne.n;HHH 
saaacar OT nonoacenaa ,UHK B rpazraenre caxapossr 136~ He acxrnoueao 
n03TOMY, qTO BbIXO,IJ; ,UHP na xnerrcy, rrpaaeneansra B pafiorax ,U·<1>PaH
xeatiepra C COTp. 112. 31~ cymecTBeHHo 3aBbIlIIeH. 

'I'axar-r 06pa30M, C yxerora YKa3aHHblX 06cTOJnenbcTB MO)I(HO, XOTH 
li He nOJIHOCTblO, 06'bHCHliTb 3HaqliTenbHoe pacxoacneaae Me)l(,ll;y BbIXO,nOM 

i,UHP li TIJI,1l na e.n;liHliUY nOrJIOmeHHOH nossr, He OTKa3blBaHCb npn 3TOM 
~ 

OT npermorroacexaa 0 Be.n;ymeH porta aanyxnaa li penapanan ,UHP (,UHE) II 
B cPOPMliPOBaHlili rreransasrx 3cPcPeKTOB y .n;p0)K)KeBbIX KneTOK. 

Krrer rca, o6nyqeHHble B nose D > 2-3D o li asrceannsre aa nararerrsnsra :1 
arap nocne 48-72-QaCOBOro Bbl.n;epiKliBaHliR B HenliTaTenbHOH cpene, MoryT ~. 

conepacars aaaxarensnoe KOJIliqeCTBO HepenaplipOBaHHbJX ,UHP, qTO TaK
xce npnaonar K 06pa30BaHlilO KnOHOB Cneransxsrr-ra cercropavra. . 

Ilpaporra ,UHP ,UHK, OCTaIOmliXCH B rcnerrcax no saaepmeaaa 6bICT
POH li Me.n;JIeHHOH penapauaa, He HCHa. TaK, no MHeHlilO ,U.<I>paHKeH6epra, 
OCHOBaHHOMy na ero c06CTBeHHblX naansrx 0 KBaApaTliqHOH aaaacaxrocra 
nsrxona ,UHP OT .n;03bl ofinyaeaaa (rrocrre sasepmeaaa MeMeHHoro BoCCTa
HOBneHliH) 1121, He penapapyrorca li npasonar K neTaJIbHOMY 3cPcPeKTy 

naa ,UHP, liH.n;YUliPOBaHHbIX B rrpenenax nefiorrsurax yqaCTKOB rrayx rOMO
norWIeCKMX XpOMOCOM. Ho cxopee acero paspsraar-ra nonofiaoro rnna 
He acnepnsraaerca nyrr HepenaplipOBaHHblX ,UHP" 

,UeHCTBliTenbHO, .BbIXO.n; neperrapapyerasrx (no <l>paHKeH6epry) ,UHP 
aa xnerrcy B saaacaraocra OT nossr 06JIyqeHliH MO)I(HO onenars li3 crrenyio

utero COOTHoweHliH: 

N == YD(l - exp{-2YDL/M}, (1) 

rne Y - HaqaJIbHblH BblXOA ,UHP na enanany noasr; L - paar-rep ysacrxa, 
B rrpenerrax xoroporo liH.n;yKIJ;liH rrsyx ,UHP na rOMOnOrliqHblX XpOMOCO·· 
Max npanener K aepenapapyevroray nOBpe)l()l;eHlilO"; M - rtrraaa nannoan
noro renoxra; D - noaa obrryxeaaa. Ilpa 2 YDL/M « 1 3Ta 3aBliCliMOCTb 

rpaacrpopwapyerca B rcnanparnaayro: 
2 2

N. == 2Y L/ MD. (2) 

TIOJIaraJI, qTO M = 30 • 103 T.n.H., Y = 0,067 ,UHP rp-l Ha KJIeTKy, 
L = 1 T.n.H. (li3BecTHO, qTO yqaCTOK B3aI1Mo.n;eHcTBliH rOMOnOrliqHblX 

XpOMOCOM npli reHHoH KOHBepclili COCTaBnHeT BeJIliqIDIY nopH.n;Ka 
1 T.n.H/ 371 ), nonyqaeM: N = 3,0 • 10- 7 D2

, qTO Ha nopH.n;oK MeHbille, 
qeM no .n;aHHblM M. <l>paHKeH6epr - IIIBarep C COTP.! 121 . ,UnH Toro, qT06bl 
npHJ;JecTli B cooTBeTcTBlie paCqeTHylO BenliqliHY C 3KcnepliMeHTaTIbHOH, 
He06xo.n;liMO npe.n;nonO)l(liTb, qTO KPliTH:qHbIM. AJIH KneTlGf HBnHeTCH 
B03HliKHOBeHlie .n;ByX ,UHP B rOMOnOrliqHbIX XpoMocoMax na yqaCTKe 

nopH.n;Ka 15 T.n.H. 
KpoMe Toro, ecnli rli6enb KJIeTOK .n;eHcTBliTeJIbHO onpe.n;enHeTcH JIe-

TaJIbHhlMli ,UHP YKa3aHHOrO Tlina, TO nOCJIe 3aBepweHliH MeMeHHoro 
.... 

10 

BOCCTaHOBJIeHliH. BbDKliBaeMOCTb KJIeTOK, 06JIyqeHHblX B ztose, aanpaxrep. 
2100 I'p, norrscaa 6bma 6bl COCTaBnHTb 

S == exp{-N/2} == exp{-10,9 1s == 1,8.10 -5, 

qTO aa HeCKonbKO nopazncoa Hli)Ke, qeM aenanaaa, Ha6JIlO.n;aeMaH B sxcne
paxreare 112/. 

TaK ana aaase, TOT cPaKT, qTO npn HeMe.n;neHHOM asrcene na raepztyro 
nararensayro cpeny B ofinyueaasrx KJIeTKaX OCTaIOTCH ,UHP, rcoropsre MO
rYT 6blTb penapaponaasr, ecrra KJIeTKli asinepacars B HenliTaTeJIbHOH cpezie 
(B rrpouecce MeAJIeHHOH perrapanaa ,UHP) , caanererrscrnyer, qTO no xpaa-

HeH Mepe no saaepmeaaa 6blCTpOH penapanaa nepenapapoaaaasre ,UHP OT
nliqaIOTCH OT rana, npeAJIO)KeHHOrO ,U.<1>paHKeH6eprOM, He HBnHlOTCH a6co
nlOTHO neram.asrsra li COCTaBJIHlOT 60nblllliHcTBO cpezta ofiurero rryrra ,UHP, 
liH.n;YUliPOBaHHbIX B KJIeTKe (fiorree 80% npn nosax no 2400 I'p) . 

Cynsfia nepenapapoaanasrx ,UHP B xnerrce, no naurer-ry MHeHlilO, 
MO)KeT 6blTb crrezryronteji (cr-r.pac.L) . Bo-nepasrx, raxae ,UHP MoryT pena
papoaarsca KJIeTKOH nocne nepaoro li nocnenyrourax MliT030B nyrexr can
resa de novo yrpaxeaaoro rpparraenra ,UHK (cxt.asnne}. BO-BTOPbIX, nenpa
BliJIbHaH penapanaa ,UHP (rrpaaonauraa K norepe rpparraeara rOMOJIOrliq
HOH XpOMOCOMOH, He liMelOmeH rrepaoaasansno ,UHP) MO)KeT npaaozrars 
K rafiena nouepaea KJIeTlGf C 06pa30BaHlieM JIeTaJIbHblX cexropon. TIPli 
3TOM BepOHTHOCTb aenpaaansaoii penapanaa ,UHP ,UHK nocrre rrepaoa rene
panna 06nyqeHHOH KJIeTlGf nsnne TOH, qTO naer B pe3YJIbTaTe BOCCTaHOBJIe
nne rroapeaoreaaoa XpOMOCOMbI. 

TIpe.n;CTaBneHHaJI nsnue cxexra, rcomcperaaapyrouiaa noaarae rrorea
UliaJIbHO neTaJIbHorO nOBpe)l(,ll;eHliH, B uenOM corJIacyeTcH C KOHuenuMeH 
B.H.Koporo.n;liHa C COTp. 1281, npennonozoraurax, qTO ztacxperasre nyse
asre noapesoreaaa (B aaurea cxer-re - ,UHP ,UHK) He HBHHIOTCH a6COJIlOTHO 
rreransm.rraa .n;nH ztannoanaoa .KJIerror, HO, ao-nepasrx, MoryT 6blTb ofipa
TliMbl (penapanaa ,UHP ,UHK) , BO-BTOpbIX, aacnenyrorca li OTBeTCTBeHHbl 
sa nOHBJIeHlie KJIOHOB C neransnsn-m cexropassa: nOCJIe.n;HHe MoryT B03Hli
xars sa cxer aenpaaarrsaoa penapmlili ,UHP. 

BepOHTHOCTHaH Mo.n;enb nyqeBOH liHaKTliBaulili KJIeTKli, npe.n;JIO)KeHHaH 
lO.r.KanYJlbueBliqeM 1251, KOJIliqeCTBeHHO onliCblBaeT 3Tli npe.n;cnlBJIeHliH. 
B ee npOCTeHweH BepClili (He3aBliCliMb1H BapliaHT) JIeTaJIbHblH 3cPcPeKT, 
a TaK)Ke 3cPcPeKT .n;opaCTaHliH B 3aBliCliMOCTli OT .n;03bl 06JIyqeHHH onliCblBa
eTCH C nOMOmblO .n;ByX cPOPMaJIbHblX napaMeTpOB b (BepOHTHOCTb <pOpMM
POBaHliH nOBpe)l(,neHliH Ha e.n;liHliUY .n;03b!) li a (BepOHTHOCTb npOHBJIeHliH 
nOBpeJlQ:(eHliR). I1CXO.n;H li3 li3nOJKeHHOrO Bblwe, 3TliM napaMeTpaM MO)l(lIO 
npli.n;aTb BnOnHe onpe.n;eneHHblH 6liOnOrliqeClGfH CMbICJI. 

I1TaK, napaMeTp b no HawliM npe.n;CTaBneHliHM .n;OJI)KeH cooTBeTCTBO
BaTb BbIXO.n;y ,UHP ,UHK Ha e.n;liHliUY .n;03bl 06nyqeHliH, Tor.n;a KaK a' eCTb 
He qTO liHoe,. KaK BepOHTHOCTb HenpaBlinbHOH nOCTMliTOTliqeCKOH pena
pa.u;lili ,UHP, B pe3ynbTaTe KOTOpOH He06paTliMO TepHeTCH reHeTliqeCKaH 
liHcPopMaUliH Ha 06eliX rOMOnOrlitIHblX XpOMOCOMax. ECTeCTBeHHO npep;no
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1 
Puc.S. KP1l6blC RblJIClUWHUJl OUWIOUOHblX KlleTOK nocne 061lYIJeHWl peoxo
uonusupytoiueu paouauueu. 1 - KB 8 YCIl06WlX nooaeneuus penapauuu 
JlHP JlHK; 2 - KB nocae 3a8epWCHUJl 6blCTpOU penapauuu JlHP llHK; 
3 - KB nOC:1C saecptuenun ueoneuuoii penapauuu llHP llHK; 1, 2, 3 
J¢J¢JeKt oopacrauun nOOafVICH; 4 - KB nocne saeeptuenus 6blCTpOU pena
pa1411U llHP JlHK u oopacranun KIlOH08 061lYIJeHHbix KlleTOK; 5 - KB nocne 
3a6epWeHUJl MC(t1eJlIlVU penapauuu llHP JlHK It oopacranun KIlOH08 061lY
ueunstx KlleTOK. 

noxorn., qTO a 6y,[(eT nponOpUI10HaJIbHa BepoHTHOCTI1 CI1HanCI1Ca diparr-ren
Tl1poBaHHOH 11 I1HTaKTHoH roraonoraxasrx XpoMOCOM 11 BepoHTHOCTI1 dipar
MeHTl1pOBaHHH I1nl1 ,[(erpa,l:(aUI1I1 HenoBpe~eHHoH nepBOHaqanhHO XpOMO
COMhI B peayrn.rare peKOM6I1Hml1l1. Ilepaaa BepoHTHOCTb, nO-B11,[(11MOMy , 
nonxora 3aBI1CeTb OT paCCTOHI-ViH ,UHP ,[(0 UeHTpOMephI, npl1qeM qeM MeHb
me 3TO paCCTOHHl1e, TeM r-ienee BepOHTHO B3aI1Mo,[(eHCTBl1e rOMOnorl1QHbIX 
XpOMOCOM. 3TI1M MOIKHO 06'bHCHI1Tb TOT ¢aKT, lITO B nexoropsrx cnysaax 
noapexcneanaa XpOMOCOMa COXpaHHeTCH B noror-ncax otinysemn.tx KneTOK 
aa npOTH)I(eHl111 oonbrnoro xacna reaepauaa. 

Bbl)l(l1BaeMOCTb KneTOK B 3aBI1CI1MOCTI1 OT zroasr 06nyqeHI1H ,lJ)IH neaa
BI1CI1Moro aapaaara BepOHTHOCTHOH Mo,[(enl1 ortpenenaerca B BI1,[(e: 

n -bD	 k 2 
k _e_ ( b D ) k 11 _ [ 2..-( 1-~] l ,	 

(3)SCD) 
k = 0 k!	 ( 1 - a )k 

rne (l_a)O > 0,5 ~ (1 _ a )n+ 1 • 
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B peaynsrare 6bICTpoH 11 Me,lJ)IeHHOH 'penapauna ,UHP ,UHK yr-rem.ura
eTCH (B F1 11 F2 pasa COOTBeTCTBeHHO) aenaxaaa b , T.e. cpezuree ql1cno ,UHP 
,UHK na enanauy ztoasr (b = 1/ Do), B TO )l(e BpeMH BepOHTHOCTh a He MeHH
eTCH. Berrauana b ortpeztenaer HaKJIOH 3KcnOHeHUl1anhHOrO ysacrxa Kpl1BOH 
BbDKMBaHl1H (KB), KOTOpbIH, TaKMM 06pa30M, 3aBMCMT OT cnoc06HOCTM 
KneTOK penapapoaars ,UHP ,UH~. BTOpOH »ce napavrerp a norraocrsro orrpe
,[(eJIHeT nneso KB: qeM MeHhllIe BepOHTHOCTb HenpaBl1JIbHOH nOCTpenJIMKa
TMBHOH ,UHP, TeM 60JIee asrpazceaa CMrMOI1,[(HoCTb paCCMaTpMBaeMOH KpM
·BOH. 3¢¢eKT nopacraaaa KneTOK MO)I(HO nO,[(aBMTb, ,[(06aBJIHH B cpeny, 
aa KOTOpylO asrceaarcr ofinyxennsre KneTKI1, x!rOPI1CThIH HaTpl1H /33/ , qTO 

" npl1Bo,[(I1T K TPaHC¢OpMmMM Cl1rMOI1,[(HoH KB B axcnonennaam.ayio 
nO-BI1,[(I1MoMy, Ka)l(,l:(blH ,UHP B 3TOM cnyxae rreranea ,lJ)IH KneTKM. 3,[(ecb 
TaK)I(e , aa nanr B3rJIH,[(, HaM60JIee eCTeCTBeHHO rrpennonoaorn., qTO B npa
CyTCTBl111 6oJIbllII1x KOHueHTpml1H NaCl MJII1 KCI peKOM611HaUMOHHaH pena
panna ,UHP B 60JIbllIMHCTBe cnysaea npI1Bo,[(MT' K noapeacnenaro (nerpana
UI1I1, ¢parMeHTml1l1 11 np.) ofieax peKOM611HI1pYlOml1x XpOMOCOM. Koenen
HhIM nonraepacneaaesr aroro npe,[(nOJIO)l(eHI1H HBJIHeTCH nO,[(aBJIeHl1e xno
PI1CThlM aarpaer-i MI1TOTl1qeCKOH peKOM611HaUl111 y ,[(p0)l()I(eH /38/. Cxexra
TI1~O na pac.b npaaeztensr xpansre BbI)I(l1BaHl1H ,[(l1nJIOI1,[(HbIX ,[(p0)l()I(eH 
na pasnsrx ararrax penapauan ,UHP M no 3aBeprneHI111 pertapanaonnsrx 
npoueccoa. 

,UnH ranJIOI1,[(HoH KJIeTKM B G1-¢a3e xnero-nroro UMKna ,UHP ,UHK 
rreranen C BepoHTHoCTblO, 6JII13KOH K 100% (npa 3TOM nOJIaraeTCH, qTO 
3¢¢eKTI1BHOCTb HepeKOM6I1HaI.\110HHOH penapanan ,UHP ,UHK Mana), 
lffO npI1BO,[(I1T K nOHl1)1(eHHOH no CpaBHeH1110 C ,[(l1nJIOI1,[(aMI1 aenaxane Do 
11 OTCyTCTBl11O nnesa y ,[(030BOH KpMBOH Bhl)l(I1BaHI1H. 
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