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PepaktnpoBaHune reHoma

Habop MmonekynapHo-61onormyecknx MeToaoB No HarnpasfieHHOM
Moaundgukaummn (oeneummn, BCTaBkn, To4eYHble 3aMeHbl) FreHOMHOM
[OHK c ncnonbsoBaHnem UCKYCCTBEHHbLIX BbICOKOCNELMAPUYHbBIX CanT-
HanpaBleHHbIX HyKIeas (MoneKynAapHbIX HOXXHULL).

Genome Editing with Engineered Nucleases (GEEN)
HegocTtaTkn npeawecTByOLWmMX TEXHOSTOMNMN:

OrpaHnYeHHbIN KPYr OpraHM3mMoB (FOMOJSTIOrM4YHas peKoMonHauus y
OpoxeKken nnun “recombineering” (recombination-mediated genetic
engineering) y MbILLEWN),

HeobxoanmMocTb NCnonb30BaHUSI CENEKTUBHbBIX MapKepoB
(QHTMONOTUKOB),

Hanuumne octato4Hbix nocrnegoBatenbHocTen IHK (/oxP sites from Cre
recombinase-mediated excision).



[1Ba OCHOBHbIX BHYTPUKMETOYHbIX NYTU penapaunmn paspbiBoB reHomHon [JHK:

1. Non-Homologous End Joining (NHEJ)
2. Homology Directed Repair (HDR) or Homologous Recombination (HR)
[MpucyTCTBYIOT NPaKTUYECKN BO BCEX TUMAX KNETOK M OpraHM3mMoB
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NHEJ - o6pa3oBaHue BCTaBOK UK AeNeLmi pasnnyHon cnyvyamHon annHel (insertion/deletion
mutations - indels) , KOTOpble MOryT HapyLLaTb TpaHCNAUMO 6enKkoB 3a CHET caBUra pamMmkum
CUMTbIBAHMA NN BNOKMpPOBAaThb CBA3bIBAHME TPAHC-aKTMBATOPOB C NPOMOTOPAaMU UMK 3HXaHCeEpPaMu.

HDR - BBeJ€HNE TOYEYHbIX MyTaLnn, BCTPONKA NPOTAKEHHbIX ydacTkos [HK.

YacTtoTa cobbiTum oT 1% A0 50% - 0TOop 6€3 CENEKTMBHbBIX MapKEPOB.



4 TNa Uy ceMencTBa MCKYCCTBEHHbLIX canT-HanpaBieHHbIX HYK1eas:

1. Meganucleases (re-engineered homing endonucleases)

2. ZFNs (Zinc Finger Nucleases)

3. TALENSs (Transcription Activator-Like Effector Nucleases)

4. CRISPR/Cas System (Clustered Regularly Interspaced Short Palindromic
Repeats/Cas9 Nuclease)



MeraHykneassbl

MeraHykneasbl - ICKYCCTBEHHO CKOHCTPYUPOBaHHbIE BapuaHTbl MPUPOAHbLIX 3HOOHYKMNeas
PECTPUKLNKN, XOMUHT HyKneas (homing nuclease), C NPOTSKEHHbIMU CaTaMu y3HaBaHUS OT
14 0o 40 nH.

"OromctmnyHble" 6enkun — obecneymsaloT nepemeLLeHne CoOOCTBEHHOIO HYKNeas3HOoro reHa u
dornaHKMpyoLLMX ero nocriegoBaTesibHOCTEN MO reHOMY.

Bnepsble obHapyXeHbl B 1990-X rogax.

N3BeCTHO HECKOMNBLKO COTEH MeraHykrieasa C pa3/iim4HbiMU canTamm Y3HaBaHUA ANUHOM 0
40 MnH.

NocnepoBatenbHOCTU Y3HaBaHNA BbIPOXOEHbDI.

OcHOBHOW cnocob nony4YeHnst HoBbIX MCKYCCTBEHHbIX HyKreas - BBEAeHne
aMUHOKMCNOTHbIX 3aMEeH B canTbl Y3HaBaHWUA C NocneayoLnuM aHanmn3om 1 oTOOpoM.

OcHOBHOM HEQOCTATOK - OrpaHNYeHHOCTb Habopa canToB y3HaBaHUs K GonbLuas
TPYAOEMKOCTb MOMy4YEHUs1 HOBbIX HyKNeas ¢ 3a4aHHOM CNeundUYHOCTbIO.



Zinc Finger Nucleases (ZFNs)

LinHkoBbIN nanewy, - HebonbLon gomeH B coctae [1HK-cBs3biBatoLLMX 6ENKOB (OKOMO
20 aMNUHOKUCNOTHbIX OCTATKOB), coAep Kalluii NOHbI LMHKA.

YacTo BCcTpevaeTcs B cocTaBe TPaHCKPMMNUMOHHLIX hakTopoB, obecnevnBas nx
cneumgunyeckoe cea3bliBaHME C NPOMOTOPaMW.

B 3aBMCMMOCTM OT aMMHOKMCIOTHOIO COCTaBa LMHKOBbLIE NanbLibl MOryT pacno3HaBaTb
N CBA3bIBATLCA C pa3nnyHbiMu doparmeHTamum HK onvmHon ot 3-x 40 6-TW HN.

B coctaB [JHK-cBsi3biBatoLlero gomeHa (DNA Binding Domain, DBD) BxoauT 6onee 3-x
LIMHKOBbIX NarnbLEB.

CGCIAGTICTGIACGICAT

NH.

Effector
domain

ZFNs nony4atoT cnnaHmem [HK-cesa3biBatowero gomeHa (DNA Binding Domain, DBD),
obpasoBaHHOIro HabopoM LIMHKOBLIX NanbLeB onpeaeneHHon cneumduyHoctn, ¢ AHK-
paspes3aloLnmM LEHTPOM Kakon NMbo pecTpukTasbl, 06bI4HO Fok.

HoBble ZFNs xenaemomn crneuymMpuyHOCTU KOHCTPYUPYIOT NyTEM pasfinyHom
KOMOUHaUMM LMHKOBbIX NanbLeB, pacno3HatroLwmx 3 rnH.

B cBoto ouepenb, LIMHKOBbLIE NarbLbl C HOBOW CNELM(UYHOCTLIO NOMyYatoT, UCNoNb3ys
TexHonornu cparoBoro agucnnes, one- or two-hybrid system B Apoxkax n 6akTepusx.



Zinc Finger Nucleases (ZFNs)

Buibop pecTtpukTtassbl IIS Trna (Fokl) obycnosneH Tem, YTO OHa paspes3aeT
NHK BHe canTa y3HaBaHus.

Pacwennstowme gomeHbl Fokl ormkHbl 06pa3oBbiBaTh AUMEPLI, MO3TOMY
ang nonydeHnsa geyxuenoyvyeyHoro paspbiBa JHK Heobxogmma napa ZFN,
CauTbl CBA3bIBAHUA KOTOPbLIX pa3HeceHbl Ha onTUMaribHOe PaccTossHUE B

5-7 MH.
Fokl

NH.

CG[TCA[GACI|T G C[GTAGCG GT

GCIAGT|CTG|ACGICATCGC C A

Fokl




TALE - transcription activator-like effector

TAL acbpekTopsbl - [IHK cBA3bIBatoLwmne Benkun, BCTpeyatowmecs B HEKOTOPbIX NaTOreHHbIX
BakTepusix pacteHumn, KOTopble CNOCOBHbI HanpaBIEHHO CBA3bIBATLCS C MPOMOTOPaMMU
XO3SMCKUX FEHOB N PErynupoBaThb NX SKCMPECCUI0 B NPEANOYTUTENBHOM A4 cebs
HanpaBreHnn, NoBbILLAasa Kak UHPEKUNOHHOCTb, TaK U NocreayoLwyro nponudepauuto 1
ANCCEMUHALINIO 3TUX NATOreHOB.

TALE's binding site
Effector
TCAATGCGTAAGTACCA domain

N o

Repeat variable diresidue (RVD)

LTPEQVVAIASHDGGKQALETVQRLLPVLCQAHG
33-35 aa repeat

HD=C NG=T NI=A = R (G ol NS=N(A, C, G, orT)

* LleHTpanbHasa obnacTtb 6enka npeactaBneHa TaHAeMHbIMU NOBTOPAMM, KaXabl U3
KOTOPbIX CBA3bIBAETCH C €AUHUYHBIM HYKNeoTnaoM B canTte y3HaBaHusa JHK.

« Konn4yecTtBo NoBTOPOB - OT 1,5 A0 35,5 (NocneaHuii NOBTOP YKOPOYEH).

« Kaxabli NOBTOP COCTOUT U3 33-35 aMUHOKMUCITOTHbLIX OCTaTKOB.

*  AMMHOKMCIIOTHbIE OCTaTKWN B NMONOXEHUSAX 12 1 13 BbICOKO BapuabenbHbl U onpeaensioT
HYKNeoTna, CBA3bIBaHUS.



TALEN - transcription activator-like effector nuclease.

OdpekTopHbIN AgoMeH npupogHoro TAJIE - HebonbLon NenTua, CroCOOHbIN
B3aMMOOENCTBOBATb C KOMMNOHEHTAMU TPAHCKPUMLIMOHHOIO KOMMJIEKCa,
obecneymBasi NTMOO ero akTMBauuto, NMBO penpeccuio.

Mo aHanoruu ¢ ZFN gn4a ueneun pegaktmpoBaHnsa reHoMma adppeKTOpHbIN
OomeH TALE moxeT ObITb 3ameHeH [JHK-pa3pesatowmm LeHTPOM
pecTpukTasbl Fokl, c obpasoBaHmeM TALEN (transcription activator-like effector
nuclease).

Hanunune MPOCTOro, He 3aBUcsLlero ot oKpyxarwuwero KOHTekCcTa Koda
MeXay aMWUHOKNCNOTHOW NocneaoBaTeribHOCTbIO NOBTOpPa n EANHNYHbIM

HYKNeoTUaOM CBA3blBaHUA JaeT BO3MOXHOCTb KOHCTpyupoBaHUsa TALEN C
noodbIM CanToOM CBA3bIBaHUS.

OrpaHunyeHue - HeobXxoaMMOCTb MMETb HYKIeoTua T nepen canTom
cBs3blBaHUA. Ha NpakTuku 9T0 He co3gaeT 0cobbIx Npobrem.

Bornee cepbesHas npobriemMa - KOHCTPYUpoOBaHNE U CUHTE3 KoAUpYoLwmnx TALE
doparmenToB [JHK, coaepxallumx MHOro4YnCrieHHbIe NOBTOPbI.



A ligation-independent cloning technique for high-throughput assembly of transcription
activator-like effector genes. Schmid-Burgk et al., Nat Biotechnol. 2013 Jan;31(1):76-81.
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CRISPR/Cas System (Clustered Regularly Interspaced Short Palindromic
Repeats/Cas9 Nuclease)

Cuctema CRISPR/Cas siBnsieTcs aganTUBHLIM UMMYHHBIM MEXaHM3MOM apXxeu
n 6akTEPUN, 3aLLULLIAIOLLINI UX OT YyXKEPOAHbLIX FEHETUYECKUX SNEMEHTOB,
Takmx kak JHK dparos nnu nnasmua.

[erpagauunsa vyxepogHon [JHK ocyliecTengeTcs ¢ NOMOLLb SHOOHYKNeas
Cas (CRISPR-associated), ogHaKo ee pacno3HaBaHMe NPOUCXO4UT Ha YPOBHE
PHK/OHK-oBoro B3anmoaencTeus.

B kayecTBe pacno3HatoLmMx 35IEMEHTOB BbICTYNAKT KOPOTKNE SHOOIMEHHbIE
PHK, komnnemeHTapHblie y4acTkam vyxepogHon HK, B komnnekce ¢
HyKkrneasamu Cas.

[lepBble 3KCnepuMeHTbI MO peaakTUpPoBaHUIO reHOMa C MOMOLLbIO CUCTEMDI
CRISPR/Cas9 ObInn ocyulecTBneHbl B 2012 roay.



CRISPR/Cas System (Clustered Regularly Interspaced Short Palindromic
Repeats/Cas9 Nuclease)
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PasnnyHble BapunaHTbl UCMOJIb30BAHUA CUCTEMBbI CRISPR/Cas9

a Cas9 nuclease Cas9 nuclease creates double-strand breaks at DNA target
AN sites with complementarity to the 5' end of a gRNA.
RuvC (NGG : :
DNA Cas9 contains RuvC and HNH nuclease domains.
S CCTGAGCCTAATCGGCGCTGAGG -
HNH
i |TTTTTTTTT’TTTT| i B
AGCCUAAUCGGCG
Nucleotide ,mwwnmmmnmnmse7ssasz| ) )
position

gRNA

D10A
Cas9 nickase

Cas9 nickase created by mutation of the RuvC nuclease
domain with a D10A mutation.

This nickase cleaves only the DNA strand that is
complementary to and recognized by the gRNA.

CCTGAGCCTAATCGGCGCTGAGG
HNH

GGACTCGGATTAGCCGCEACTCC

UV

Cc HB40A ) :
Cas9 nickase Cas9 nickase created by mutation of the HNH nuclease
R%C domain with a H840A mutation.
- HErEE R BB e T e e = This nickase cleaves only the DNA strand that does not
== GGACTCGGATTAGCCGCGACTCC e= interact with the gRNA.
)
VUV
D10A
d Cas9 nickase
/&W\ Paired nickase strategy for improving Cas9 specificity.
um AHNH == Two D10A Cas9 nickases are directed by a pair of
= y 4 HNHWV .= appropriately oriented gRNAs.
This leads to induction of two nicks that, if introduced
m simultaneously, would be expected to generate
a 5' overhang.
e

dCa=2 Catalytically inactive or 'dead' Cas9 (dCas9)

(e.g., with mutations in both the RuvC and HNH domains).
= This can be recruited by a gRNA without cleaving
== the target DNA site.

CCTGAGCCTAATCGGCGCTGAGG

GGACTCGGATTAGCCGCGACTCC

Heterologous*
effector domain\

Catalytically inactive dCas9 can be fused to a
heterologous effector domain.

CCTGAGCCTAATCGGCGCTGAGG

GGACTCGGATTAGCCGCGACTCC

—_—

J.D.Sander & K.Joung. Nature Biotechnology 32, 347-355 (2014)



Pa3nun4yHble BapuaHTbl UCMOSib30BaHMsA cuctemMbl CRISPR/Cas9
a

— — 2 322 Indel
SE

::: - e - H-H Insertion or replacement

Cas9 %

m — HH Large deletion or rearrangement

—» i :=2 Gene activation

Katie Vicari

—p  2un ;:: Other modification,
\w e.g., chromatin or DNA modification
dCas9
EGFP

/*C/‘\D /—C/\cl Imaging location
dCas g w w of genomic locus

J.D.Sander & K.Joung. Nature Biotechnology 32, 347-355 (2014)




[pakTuyeckne NPUNOXKEHNS TEXHUKN pedakTMpOBaHUs reHoMma

BakTepum, * CeobogHaa AHK TPAHCreHHDIE NWHWUM,
APONINN NpogyueHTs:
KyabTypbi KAETOK *  BMpyCHbIS BEXTOP3 Mogenu 3abonesaHmi in vitro,
3yKapwoT * CeobopgHaa OHK, KNeTo4Han Tepanua,
* PHK, TPaHCreHHDIe NHHNK
*  Benku
HMBOTHDIE * PHK, Mogenu 3abonesaHui Yenoeexa
*  BupycHbie BexXTOpa TpaxcrexdHme naboparopHoie
MHBOTHDIE
HokayTHme naboparopHoie
HHBOTHDIE
HOBbIE NOPOAD! AOMIIHMX
HHBOTHBIX
PacTeHma * CeobopgHaa OHK, TPaHCreHHbIe PAcTeHMA

Arpobaxrepmm




MMMYHOrnooynuHel Y, IgY

lgG
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[ o | ewo
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[ es0 | 200

NMMyHOrno6ynuHbl Y NTUl, PENTUWIA 1 ABOSIKOAbIWALLMX Pblb - (PyHKLMOHaNbHLIE aHanoru IgG
MJ1EKOMMUTAIOLLIMX.

Tak e, Kak 1 1gG, Monekyrbl IgY COCTOAT U3 ABYX TSHXKENbIX U ABYX NErkux Lenen.
OCHOBHbl€ OTNNYUSA CBA3AHbI C TSHXKENbIMU LiensaMu.
Tskenas uenb HeMHoro 6onblue Yem y IgG, a nerkasi, Ha06opoT, MEHbLLIE.

B oTnuummn ot IgG, IgY He cBs3biBaloTCA ¢ 6enkamm A u G, ¢ KNeTo4YHbIMMK peLienTopamn Fc u He
aKTMBUPYIOT CUCTEMY KOMMIIEMEHTA.

B BbICcOKOW KOHUEHTpaUN HaKanmnmBarTCA B ANYHOM XKeEJTTKE.



nDaKTI/IL-IeCKOG ncnoJjib3oBaHue lgY UMEET paa NPeEnMYLLECTB MO CpaBHEHUID C
IgG:

* He nHBa3mBHbIN cCNOCOO NonyyYeHns Matepunana ans BolaeneHns IgY ()KenTOK OTNIOXKEHHbIX 1),
» bonee HM3KOE NepekpecTHoe pearMpoBaHue ¢ Benkamm MNeKoNUTaLmMX N0 CPaBHEHWUIO C IgG,
« bonee BbICOKMN MMMYHHbIN OTBET Ha PS4 aHTUIEHOB,

* B xenTke HakannuearoTCs UCKITIOYNTESBLHO IgY (IgA 1 IgM OTCYTCTBYIOT)

« [lpu aTom, cogepkaHue IgY B xenTke CpaBHMMO C TakoBbIM AJ151 IgG B CbIBOPOTKE KPOBU
MJIEKOMMUTAIOLLIMX.

Henoctartku:

« B cnyyae IgG MOXHO HanpsiMyt UCNOSb30BaTh CbIBOPOTKY, IgY HEOBXOANUMO OYUCTUTD.

* bonee cnoXxHble cnocobbl O4NUCTKU (He CNOCOOHOCTb CBA3bIBATLCA ¢ benkammn A nnm G).



TpchreHHas'-l Kypuua - KOHCTaHTHble AOMEHbI IgY 3aMeHEHbI
Ha aHanorn4Hble obnacTu |gG YenoBekKa.

*  YOOBHbIN NICTOYHUK UMMYHOTNOOYNNHOB,
* bBbonee npocTon cnocob Nx O4YNCTKMN,

* Bo3MOXHOCTb ncnosnb3oBaHUA VIMMyHOFJ'IOGyJ'IVIHOB Ha YeJiOBEKeE.



[ eHbl I/IMMyHOITIO6yJ'IVIHOB MITEKOMNTALWNX

Ilerkue uenu (Igl) - rpynnbl cuenneHns ans K- n A-Tmnos
Tsakenble uenu (IgH) - rpynna cuensieHmsa ogHoro Tuna
Kaxkgas rpynna cuenneHunst UMeeT V-reHbl n C-reHbol
Jlerkue uenu K-Tnna - Tpy rpynnbl reHOB:

1) 250 Vk-reHos,

2) 5 J-MUHKU-TEHOB
3) OanH CK-reH KoanpyeTt KOHCTaHTHbIM JOMEH NIErKOW K-LIENW.



BapunabenbHbie V-goMeHbl TSXenbIX Lenen (IgH) koampyroTcs
Tpemsi reHHbIMU cermeHTamu: V (bonee 500 reHos), D (15 reHoB) 1 J
(4 reHa).

KoHcTaHTHBIE 06iacTu TsKenbIX Lenen KoaupytoTca HECKONbKUMU
C-reHamu. Y yenoBeka 10 C-reHoB, y MbilLen 8.

Pas3nnyHbie C-reHbl OTBETCTBEHHbI 3@ KOOAUPOBAHME KITacCoB U
noakrnaccoB MMMYHOrNobynnHoB (1gG, IgA, 1gD, IgE, IgM).

Exon Exon Exon

Intron Intron Intron Intron
=——=| {&{I} CH2 Cu3

Intron




[eHbl IgY KypuLubl

KoHcTaHTHasa C-obnacTb Tshkenon uenu IgG YyenoBeka CoaepxuT 3
TaHaoeMHbIX gomeHa CH1, CH2, CH3,

KoHcTaHTHasa C-obnacTtb TsKenom uenu IgY Kypuubl COaepXuT 4 TaHAEMHbIX
aomeHa CH1, CH2, CH3, CH4

[lomeHbl CH1 1 CH2 IgY Kypuubl KOOUPYOTCA OOHUM 3K30OHOM.

OomeHbl CH3 1 CH4 IgY KypuLLbl UMEIOT BbICOKYH rOMOJIOrMIo C AoMeHamMu CH2
n CH3 IgG YenoBeka.
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CTparerus nosiy4eHnsi TPaHCreHHOM KypuLbl,
npons3Bodsilen xmmepHsble IgY/IgG aHTuTena.
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CTparerus nosiy4eHnsi TPaHCreHHOM KypuLbl,
npons3Bodsilen xmmepHsble IgY/IgG aHTuTena.
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Primordial germ cells Transgenic gametes

OMmbpuoHanbHble cTBonoBble (OC)
KNEeTKM - OCHOBA NOJSTy4YeHms
TPaHCreHHbIX MbILLEN 1 OPYInX
MINEKONUTAOLLINX.

Y Kypuubl SC KNeTkn passmBaloTCs
TONbKO B COMaTUYECKME NNHUN KINETOK,
He MOryT JaBaTb NOSIOBbIE KMETKN.

OpaHako BblaeneHHble n3 aMb6prnoHoB
Kypuubl NpUMopamanbHble KNeTkn
(primordial germ cells, PGCs) MOXXHO
KynbTMBMPOBAThL B cpeae, NpoBOaANTb
nx TpaHcekumo vyxxepongHon [HK ¢
nocreayoLen cenekumen,
UMNNaHTMPOBAaTb UX Ha3ag B SMOPUOH,
rae OHWM MOryT 3acensaTb
pas3BuBaloLMECS roHaabl U NPUBOAUTb
K NOSTyYEHUIO UCTUHHBIX TPAHCIEHHbIX
KypuL B CreayoLeM NOKONEHUMN.

MpumopananbHble KNETKU BblAENAT
N3 KPOBU MY>XCKMUX 9MOPNOHOB Ha
cTagmax 13-15 (Hamburger-Hamilton),
KyNbTUBUPYIOT, TPAHCOULIMPYIOT K
BBOJST B KPOBOTOK PELMMUEHTHbBIM
aMBpunoHaM Ha Tex xe ctagusax - 13-15.



Immunoglobulin knockout chickens via efficient homologous recombination in
primordial germ cells. schusser et al., Proc Natl Acad Sci U S A. 2013, 110(50): 20170-20175.

Wild type IgH locus probe 21 1 kb
chVH D ? Dx D1 JH T N Sy . Cu
+e — , -—
laH KO2 ,~"'-;-EGFP - puro heo?gp
------------ —%ﬁ ) ¥ )( va_<
¥ loxP loxP
1 targeted insertion
JH-KO Ioc:s- i § l .
attP U
I Dx D1 EGFP puro | neo [ N
+ + ) — ot -’_*_Cﬂ
loxP loxP

Primordial germ cells were derived from blood collected at stages 13—15 (Hamburger-Hamilton) from a male
embryo and cultured in KO-DMEM containing 40% (vol/vol) Buffalo rat liver (BRL) cell conditioned medium,
7.5% (vol/vol) FBS, 2.5% (vol/vol) chicken serum, 2 mM glutamine, 1 mM pyruvate, 1x nonessential amino
acids, and 0.1 mM B-mercapto-ethanol and supplemented with 6 ng/mL recombinant mouse stem cell factor
and 4 ng/mL recombinant human fibroblast growth factor basic (R&D Systems) on a feeder layer of irradiated
BRL cells.

5 x 106 cells were suspended in 100 pl of AmaxaV buffer with 20 ug linearized DNA and transfected as
previously described. Each transfection was plated on a full 48w plate. Puromycin selection (0.5 pg/mL) was
started 3-5 d after transfection. Puromycin-resistant clones were expanded for genotyping and injection.

Recipient embryos were incubated until stages 13—15 (Hamburger-Hamilton) and transferred to a collection
dish. After injection of 3,000 JH-KO PGCs into the vasculature, the embryos were transferred to a surrogate shell
and incubated until hatch.






