llepcnnekmuebl ucriosib308aHUs
cucmemM pedakmupoeaHUsi 2eHOMa 8
obs1acmu Kr1iemo4yHbIX mexHosio2uu



I'eHHas1t UH)XeHepusi

Bacterium

@

[MepBble paboTbl NO
reHHON NHXeHepun

Plasmid

1. DNA is removed

2. gﬂinft:zt; f?:;ir%?ns_mid from the cell nucleus. J'Ia60paTOpI/IFI M. Eepra
Plasmid l 3. Agene is cut from the KOM6I/IHVIpOBaHI/Ie n
DNA strand.
4. Scientists cut open 1 AR e MO,EI,erI/ILI,I/IpOBaHI/Ie
the plesmid. Gene reHomMa C noMoLlbro
/ pekombuHaHTHoM AHK
e.colli u bakTepnodara

SV40.

5. The cut ends of the plasmid DNA
and the human DNA will attach
to form a new loop of plasmid
DNA, called recombinant DNA.



PedakmupoeaHue 2eHoMa

1989
HR-mediated
targeting

First study describing
genome editing via
HR in mouse ES cells
(Capecchi et al).

O

y

1992

1998

Zinc-finger nucleases
(ZFNs)

Discovery of zinc-finger
proteins that can target
specific DNA sequences
(Beerli et al).

O

2009

Transcription-like effector
nucleases (TALENSs)

DNA binding proteins
discovered in Xanthomonas
bacteria (Boch et al).

O

O

2000

Cre-lox

The Cre-lox editing
technology was success-
fully used for site-specific
recombination in mice
(Orban et al).

Bacterial CRISPR/Cas

The CRISPR defense
system is first identified
in prokaryotes (Mojica
et al).

Q

2013
CRISPR/Cas genome
editing

First demonstration that
the CRISPR/Cas system can
be used for mammalian
cell genome editing (Mali
et al, Cong et al).



fomosno2u4yHasi pekomMmbuHauus

Homologous recombination is a
repair mechanism for dsDNA breaks

5’ SE——
5 __maternal 3 y
LD ¥ chromosome 3'£7:
HOMOLOGOUS L —
CHROMOSOMES | 3/ m— __ Paternal
5/ I ¢ romosome l DNA SYNTHESIS

-ST
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g:_ COMPLETION OF DNA SYNTHESIS
FOLLOWED BY DNA LIGATION
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NET RESULT: CHROMOSOMES WITH CROSSOVER



(A) NONHOMOLOGOUS END JOINING (B) HOMOLOGOUS RECOMBINATION
accidental double-strand break

s M————— I EESSSSSssssssssmmm—— | | sister
- _%}chromatids
loss of nucleotides loss of nucleotides
due to degradation due to degradation
from ends from ends
— e e ——
—— ——— — ——
end joining end processing and
homologous
recombination

—_—
—————————————————————————————
o

deletion of DNA sequence

I ||]

damage repaired accurately using
information from sister chromatid



MemoO0 nosny4yeHusi mpac2eHHbIX U HOKayMmHbIX

P e »
¢ Tpodobnact TpaHcreHHast KOHCTPYKLUS

BHyTpeHHsIa kneToyHas
Macca (ambpuobnact)




Cre-lox cucmema pekoMmbuHayuu

= Cre Mouse LoxP (Floxed) Mouse
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- Sto Sy

P Stop Stop
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LD {_ loxP Target gene loxP eGFP
o
L
Cre LoxP Mouse
Cells with active Cre recombinase Cells lacking active Cre recombinase

(@

@)
"('UJ Stop Stop Stop
GL) loxP Target gene loxP eGFP

C

()

—
L

Original gene function is disrupted, Original gene function is untouched.
a reporter gene is transcribed
instead.



Zinc Finger mexHoJs1o02us

LinHKoBbIN nanew (aHrn. zinc finger) — Tn 6eNKOBOW CTPYKTYpPbI, HEOONbLLION 6ENKOBLIM MOTUB,
CTabunnanpoBaHHbIN OAHUM UMK ABYMSI NOHAMW LMHKA, CBA3aHHBbIMM KOOPANHAUNOHHbLIMW CBA3AMMU C
aMWHOKMCIOTHbIMM ocTaTkaMm 6enka. Kak npaBuno, UMHKOBbLIN Nanew BKto4aeT okoso 20
aMWHOKMCIIOT, NOH LMHKa CBA3bIBAET 2 TMCTUANHA U 2 uMcTeunHa. LIMHKoBbIE nanbLbl SIBASAOTCS
6enkoBbiMK Moaynamu, B3anmogenctaytowmmm ¢ AHK, PHK, apyrummn 6enkammn nnm Hebonblumnmm
MOSeKynamu.

OcHoBHbIMU rpyrnnamu 6enkoB ¢ LMHKOBbIMU Nanbuamu aenatotcs [JHK-ceasbiBatowme daktopbl
TPAHCKPUNLIMK, a TaKKe NCKYCCTBEHHbIE DEPMEHTLI PECTPUKLIAK, NosTydaeMble crimaHnem OHK-
CBs3bIBAOLLErO AOMEHa UMHKOBOro nanbua ¢ [1HK-paspesatowmm goMeHoM Hykneasbl. [loMeH
LIMHKOBOIO NarbLia MOXET ObITb CMPOEKTUPOBAaH Tak, YTOObI y3HaBaTb XXenaemyto nocrnegoBaTesibHOCTb
JHK 1 cBs3bIBaTbLCA C HEWN.




Zinc Finger mexHoJsio2usi

Zinc Finger
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Zinc finger nuclease TexHonornum (ZFN) ncnonb3yet Hykneasbl Fokl kak gomeH [JHK-
pacLienneHuns u ceasbiBaetcs ¢ [JHK ¢ noMoLLbio CKOHCTPYUPOBAHHbIX
LMHKOBbIX NanbueB Cys2His2. [NenTuabl LMHKOBLIX NasibLUeB pacno3HatoT
HYKNeoTUaHbIE TPUNSETLI N ANMEPU3YIOTCA HyKeasy Fokl. AKTnBMpoBaHHas

HyKIfieasa Nnpon3soauT AByxuenodyeyHbin paspbiB B AHK, KoTopbIv akTUBUpYyeT
pekomMbuHaumio n mogndmkaumm reHoma.



ZFPs functional as a pair

G-rich  Correct finger Appropriate linkers Orientation
target overlap 5-7-bp gap N-C:3'-5'
-\ /
N|N|/N/N/N CININIC NN N/NICININ
Specuflcny, < RN
affinity, ' Fokl \)-C — Improved Fokl mutants

kinetics No

Precision of cleavage site

Number of fingers

Unique DNA target in genome, no related sites, accessible chromatin

Mark Isalan «Zinc-finger nucleases: how to play two good
hands» , Nature Methods, 9, 32-34 (2012)



Cucmema pedakmupoeaHusi 2eHomMma TALEN
(transcription activator-like effectors nucleas)

< /|Xanthomonas |
/ l Plant cem
wl

Nctopna passButMss cCUCTEMbl CBSI3aH C
n3yyeHnem 6GakTepun popa Xanthomonas
BO3GyaMTENN CENbCKOXO3ANCTBEHHbIX
KynbTyp.

baktepun cekpetupyroT 3 eKTOpHbIE
Benkn (akTMBaTopbl TPaAHCKPMNUUK) B
LuuTonnasmy pacTUTENbHbIX KNeTok,
KOTOpble BIIMAIOT Ha NPOLIECCHI B KIeTKax
pacTeHnn n NOBbILIAKOT ero
BOCNPMUMYMBOCTb K BO3OyaMTENMIO.

MccnepoBanuss  apdekTopHbiXx  6enkos
nokasanmu, 4To OHWN CNOCOBHbI CBA3bLIBATLCS
c OHK u aktnBmMpoBaTtb 9KCNpeccun reHos-
MULLEHEN, WMUTUPYS Takum oBpasom
ayKapunoTnyeckmne TPaHCKPUMNLUNOHHbIE
doakTopsbl.



Cmpykmypa TALE cucmeMmbli ¢ Fokl Hyknea3ou

TALE Fokl
| ‘ |} : |
ATT TAA ATAC NI - A
NG - T
JIIIUIIJIIIUIUIIII _I- ™ -
NN - G

LTPDAWAIASN|GGKQALETVQRLLPVLCQDHG

1. IHK cBs3biBaloLero AomeHa

« [HK-cBsA3bIBalOWMN JOMEH COCTOUT N3 MOHOMEPOB, KaXXabl U3 KOTOPbIX CBA3bIBAET
OoAuvH HykneoTtua. MoHoMepbl TaHOEMHbIX MOBTOPOB 34 aMUHOKMUCITOTHBIX OCTAaTKOB,
OBa N3 KOTOPbIX PacrnosioXeHbl B NONOXEHUAX 12 1 13 NO3uumn U BbICOKO
BapmaberibHbl U UMEHHO OHU HECYT CrneundUYHOCTb As CBA3bIBAHUA C
onpegeneHHbIMU Hykneotugamm (RVD - Repeat Variable Diresidue). MoryT cBA3biBaTbCA
C HECKOSbKUMU HYKIeoTgamMmm ¢ pasnnyHon aoPeKTUBHOCTbLIO

2. Hecneundmnyecknm pomeH pacwenneHusa AAHK - Fokl aHAOHYKnea3a.

Fokl cBsisbiBaeTcs ¢ asyxuenodedHon OHK AHK-cBasbiBaowWmm JoMeHOM B 0bracTu

y3HaBaHus 5'-GGATG-3 ‘. [lomeH paciuennenue JHK aktusmnpyetca n paciuennser
OHK.

5’-GGATGNNNNNNNNN*NNNNN%’
3’—CCTACNNNNNNNNNNNNNAN-S’



Co3daHue N'eHemu4yeckux KOHcmpykuui TALEN

Monomers

& RA RE B KR KR B RR)RE

Intermediate k-mer constructs

Golden Gate
s DN, - TP - T veaction

Final plasmid construct encoding chimeric

Nuclear localization - TALEN protein
c signal Tandemic TALE repeats Efiector domaln

TP | Fo)c-temmus

N<terminus

Hall-repeat




Modughukayuu 2ceHomMa Uucrnosib3ysi Memoo

TALEN => Targeted locus €
Chr
TALEN pair

ﬂ DSB
Chr

Boingi Clo/ \

— ) D ED - . —

ﬂ Targeted site knockout
Chr & selection marker knockin

-- - - ) ) S G TS - M -



AKkmueauyusi mpaHckpunuuu

Transcription
complex

Promoter region /P64
5 "

) Activate transcription

gene of interest

TALE-TF



immunization

immunity
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MexaHu3m umMmyHHOU meduayuu CRISPR y
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viral DNA
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Cocrout n3 aoByx has:
MMMyHM3aLMA N UMMYHUTET.

MmMmmyHUu3auma — CAS 6enku (Casl u Cas2)
O6Gpa3yoT KoMMNeKe Ans aerpagaumm
yyxepoaHoun OHK. YyxepogHasa AHK
BKJIlOYaeTcst

B CRISPR NOKYC KaK NOBTOpPbI pa3fesieHHble
onokamm.

MMMyHUTET — nocne NnoBTOPHOro
MHMLMpPOBaAHUA

YyxepoaHaa AHK B 6nokax
pacwucpoBbiBaeTcs Ansa coopMupoBaHus
CRISPR PHK (npe-crRNA).

OHAoHyKnea3a CAS9 U TpaHc-aKkTMBaTOp crRNA
o6pa3yrT koMmnnekc crRNA 1 CAS9 npu y4acTum
nomoLyHUKa tracrRNA. 3penbin KOnmekc
crRNA-CAS9-tracrRNA ob6pa3yeTcsa nocne
pacwenneHusa PHK nonumepasbl.

Cuctema Oblina Brnepsble 0bHapy»xeHa B 1987 roay rpynnon Hakata (AwwnHo ap.,

1987).



Clustered Regular Interspaced Short Palindromic
Repeats - CRISPR

* CRISPR

PAM
sequence |

Guide RNA

Matching genomic Cas9

sequence

ISR ERENERES

; Donor DNA
Repair J&




Penapauyuu JHK nymem ueneHanpaesieHHO20
pedakmupoeaHUusi 2eHoMa

Double-Strand Break

A

/ Donor DNA
eeceeceee ) ) ) J eeecceceee

Non-homologous end joining (NHEJ) Homology directed repair (HDR)

Insertion/deletion mutations (indels) Precise alteration/correction

\ v

Knock-out Knock-in



PepaktnpoBaHue reHomMma

ZFN

\’
= I = I
12 bp 1‘ 12 bp
C——y  —

Bioinformatic analysis

Viral vectors
Plasmid constructs

Proteins
mRNA
invitro

®
i\ o 4

gDNA isolation
followed by individual
clone selection

CRISPR/Cas9

y

TALEN

Y
S I = I

> € < >
' TALEN or CRISPR /Cas construction
\ - : e gr:-
Protoplast fransformation
TALEN and Agrobacterium mediated fransformation
CRISPR/Cas delivery Gene gun transfection
\ Viral vectors
mRNA g o
injection w
invitro
Genotype or
phenotype
selection
Zygote
gDNA isolation
from tissues of adult
animals and clone e

Isogenic cell lines
In vitro disease models
Knockout cell lines
Transgenic cell lines
Cell therapy stuff

selection Oy«

Transgenic plants
Knockout plants
New crop lines

m Nemudryi AA, Valetdinova KR, Medvedev SP,
Zakian SM. TALEN and CRISPR/Cas Genome

:. - a\
Knockout lines Editing Systems: Tools of Discovery. Acta
s NMOMN: S Naturae. 2014;6(3):19-40.
an disease models

New livestock strains



Target

Construct

Design
feasibility

References

-

Protein: DNA

Proteins containing

DNA-binding domains
that recognize specific
DNA sequences down

to the base pair

Protein: DNA

Zinc finger DNA
binding motifs in a
BBa configuration,
the a-helix
recognizes 3 bp
segments in DNA

Difficult:

-Need a customized protein for each gene

sequence

-Low delivery efficiency

Moscou and
Bogdanove, 2009
Boch et al., 2009
Gaj etal., 2013

Beerli et al., 1998
Perez-Pinera et al.,
2012

Gaj et al., 2013

(BRNA-Cas9): DNA

20nt crRNA (CRISPR
RNA) fused to a
tracrRNA and Cas9
endonuclease that
recognize specific
sequences to the
base pair

Easy:

- all-in-one
gRNA-Cas9 vector
system
- multigene editing
is feasible

Mali et al., 2013
Cong et al., 2013
Jiang et al., 2015

_/




Toromuan moKeHepha ¢ nomoulmo TALEN 1 CRISPR /Cas

TALEN

CRISPR/
Cas

cer5, akt2, eITk, angptll, apod, atgl, cborf 106, cvlsr, cftr, cvita,
foanl, foxod, giil, giutd, hdb, hdac], hdec?, hdaos, kmgue2,
hoxal3, hoxa®, hoxe 13, hprt, iT2rg, n*z.ms.mm.
map2ied, mdm2, met, mihl, meh2, mutyh, mye, myel ], myen,
wlm, noor 1, meor2, sires, wtf3, pdgfro, pdgfrh, phiB, plisl, pma2,
poplrlic(asusl), plcbl.mmm.rbbps recqld, ret, runxl,
acdhb, sdhc, sdhd, aetdbl, sirth, smad2, sortl, scx?, kifdez18,
suzl2, tfed, tpS3, tribl, mz.mmmm.om.m.m.
, gxin2, bax, belf, bmprla, breal, broa2, obe3, cbad, condl,
edc? 3, cdid, edhd, cha?, ctnnbl, cyld, ddb2, erced, ewsr ], ext],
€xi2, exh, fonca, fomce, foucf, fancg, fes, fafrl, fi, fen, fud,

odz, badh2, mrk2, 02923823, roc$, spp, ywo, mybl, cool, Jazy],

TOMG Mo d(22)
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«CunCTeMbI pegakTUpoOBaHUS FrEHOMOB
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