Editace genomi

Genome editing, or genome editing with engineered nucleases
(GEEN)

Postupy genoveho inzenyrstvi, pri nichz se do vybraného mista v
cilové DNA pomoci umeéle pfipravenych nukleaz (tzv. molekularnich
nuzek) vnasi inzerce, delece a nebo se stavajici sekvence nahrazuje
za jiné (nahrada alel).

Tyto nukleazy vytvareji na uréenych mistech genomu dvouretézcové
zlomy (DSBs: double-stranded breaks), ¢imz vyvolavaji prirozené
endogenni bunécéné procesy vedouci k reparaci zilomu:

a) Homologni rekombinaci (HR) HDR = homology directed recombination
(rekombinace fizena homologii)

b) Nehomologni spojovani volnych koncu (NHEJ: nonhomologous end-joining)
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editace probiha s presnosti az 1 nt

pouzivaji se umeéle pripravené nukleazy — modifikace pfirozené se vyskytujicich

podstatou je tvorba zlomu v fetézci DNA (1 ale i 2 zlomy)

v misté stépeni - vznik mutace
- vyStépeni celeho useku DNA (genu)
- nahrada useku DNA

|ze pfipravit mutace jakéhokoli typu (v€etné nahrady alel — ,gene replacement®)

dulezita je funkce reparacnich systémua bunék — endogenni procesy

- ,nezavisle* na vnesené DNA/RNA
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Historické etapy v CRISPR biologii a editovani genomu

2010
type Il CRISPR-Cas
cuts target DNA (67) 2011
type Il CRISPR-Cas
includes tracrRNA (66)
2005-2006
CRISPRs contain viral 2011 _
1987 sequences, cas genes Cas9 is only cas gene
CRISPRs identified, hypothesis needed for type I
CRISPR biology described (34) (35, 36, 38-40, 43, 44) defense function (68)
"""""""" 0—0 © 2012
ggl(gDR — CRISPR-Cas9
-Casis is RNA-guided
1985-1991 bacterial immune -
NA | 4
Zinc-finger system (45) DEGSIREGEATS =
proteins (25-27)
1979 1996-2003 2009-2010
Gene replacement Zlncl-fmgerf TAL effectors;
in yeast (1 nucleases for genome TALE nucleases
' Y STEIENE 0= (555 éaagé—zfg\llgmediates
{J) O {LJ\ O— site-specific genome
engineering in human cells,
ais 2003 onward other eukaryotes
Genome editing 1989-1994 Expanded use of (75. 85, 86)
Genome break ZFNs for genome
repair by NHEJ, engineering
HDR (2; 6-9)

1985-1986
Human genome
editing by HDR (3-5)

2010 onward
Increasing use of
TALENSs for genome
engineering




FProv, Natl. Acad. 5¢i. USA
Vol 76, No, 10, pp. 4851 44955, Oclober 1979
B |1.|,-r|1|':i.lr:..'

Replacement of chromosome segments with altered DNA sequences
constructed in vitro

(recombination /translormation/deletion mulants/ Saccharemyvees cerevisiae)

STEWART SCHERER AND RONALD W. Davis

Department of Beochernistry, Stanford University School of Medicine, Stanford, Californda 845005

4932  Biochemistry: Scherer and Davis

pomérné vysoka frekvence HDR u kvasinek

Chramasarmal DMNA

' . - - prenos His3 genu (do His3- kmene)
u.m, — - pozitivni selekce na His
. - - vyuziti neg. selekcniho markeru (Ura)
[J setection for marker - vné sekvence
-é‘ ¢ e a n-‘c

D Lo of mafkar

— - vytvoreny buriky His3* a URA-

aligrad chromosome



Genome Editing Glossary

Cas = CRISPR-associated genes

Cas9, Csnl = a CRISPR-associated protein
containing two nuclease domains, that is
programmed by small RNAs to cleave DNA

ctRNA = CRISPR RNA

dCAS9 = nuclease-deficient Cas9
DSB = Double-Stranded Break
gRNA = guide RNA

HDR = Homology-Directed Repair

HNH = an endonuclease domain named
for characteristic histidine and asparagine
residues

Indel = insertion and/or deletion
NHE] = Non-Homologous End Joining
PAM = Protospacer-Adjacent Motif

RuvC = an endonuclease domain named for
an E. colf protein involved in DNA repair

sgRNA = single guide RNA
tractRINA, trRNA = trans-activating ctRNA

TALEN = Transcription-Activator Like
Effector Nuclease

ZFN = Zinc-Finger Nuclease

(RGENSs) = RNA-guided engineered nucleases

- programované nukleazy (jejich cil je fizen molekulou RNA)



Procesy probihajici po vytvoreni DSB umélym

i nukleazami

Indels (knock outs)

Non-homologous
end joining (NHEJ)

Target gene

Donor DNA
é
double strand break Homologous
(DSB) recombination

Sequence replacement
by donor DNA

shaha o vyvoj systému pro sekvencné specifickou tvorbu dsDNA zlomu

Lidsky genom — 3,2 Gbp — cilem musi byt jedine¢né sekvence (specificita)

- sekvence delSi nez 20 bp
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Procesy probihajici po vytvoreni DSB umeélymi nukleazami

Deletions

Insertions

7 g

Nuclease-induced
double-strand break

Donor
template

HDR

Variable length

indels

| I |
Precise insertion or modification
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(a) Monhomelogous end joining (B) Homology-directed repair

7/ M,ﬁ S —
Gene disruption
{wia small insertions or *: i I:/
deletions) f";f

Inversion +
Insertion Gene additian Gene correction
{up to 14 kb by synchronized donaor
cleavage in viva) . ) Provide donor
; Provide donor template containing
NHE-madiated Liteion template containing

modified gene

Simultaneous transgene (s)
sequence

cleavage by two
nucleases

ligation of broken
DMA ends

TRENDS i Gictechmology

Overview of possible genome editing outcomes using site-specific nucleases. Nuclease-
induced DNA double-strand breaks (DSBs) can be repaired by homology-directed repair
(HDR) or error-prone nonhomologous end joining (NHEJ). (A) In the presence of donor
plasmid with extended homology arms, HDR can lead to the introduction of single or
multiple transgenes to correct or replace existing genes. (B) In the absence of donor
plasmid, NHEJ-mediated repair yields small insertion or deletion mutations at the target
that cause gene disruption. In the presence of double-stranded oligonucleotides or in vivo
linearized donor plasmid, DNA fragments up to 14 kb have been inserted via NHEJ-
mediated ligation. Simultaneous induction of two DSBs can lead to deletions, inversions
and translocations of the intervening segment.
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Typy nukleaz pouzivané pro editaci genomu

Hybrid Meganuclease
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Rozpoznani sekvence

Interakce protein x DNA

Rozpoznani sekvence

Interakce protein x DNA

Rozpoznani sekvence

Interakce protein x DNA
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http://en.wikipedia.org/wiki/File:Engineered_Nucleases.jpg

MEGANUKLEAZY

Meganukleazy se vyskytuji u riznych druhti mikroorganismu, maji velmi
dlouhé rozpoznavaci sekvence (>14bp vs. RE 4-6 bp) a jsou tak prirozené
sekvencéné velmi specifické.

Nevyhodou je, ze je jich znamo relativhé malo, a tudiz pocet cilovych
sekvenci je omezen.

Mutagenezi byly uméle pripraveny varianty meganukleaz, které rozpoznavaji
dalsi jedineéné sekvence. Byly pripraveny rovnéz hybridni varianty
meganukleaz fuzi dvou domén s odliSnymi cilovymi misty.

Byl pouzit téz postup zamén aminokyselin v doménach interagujicich s DNA
a docileno vysokeé specifity rozpoznani (method named rationally designed
meganuclease (US Patent 8,021,867 B2).

Meganukleazy jsou méne toxické pro bunky nez ZNF diky tomu, ze maji vyssi
specificitu/stringenci rozpoznani cilovych sekvenci DNA.

Jejich navrhovani je vsak ¢asové narocné. 1



i meganukleazy nebakterialniho puvodu - LAGLIDADG family of homing
endonucleases (k6dovany introny nebo inteiny), €asto v mitochondriich a
chloroplastech

I-Scel 18-bp z mitochondrii Saccharomyces cerevisiae

I-Crel chloroplasty Chlamydomonas reinhardtii

I-Dmol archea: Desulfurococcus mobilis.

oproti RE:
- delSi rozpoznavaci sekvence (nemusi byt palindrom, ¢asto asymetrické)
- vySSi tolerance k malym substitucim v rozpoznavaci sekvenci

- obvykle vyzaduji souc¢innost dalSich protein
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NUKLEAZA Fokil

Enzym Fokl pfirozené se vyskytujici u Flavobacterium okeanokoites je
restrikCni endonukleaza typu IIS (Stépi blizko rozpoznavaci sekvence). Je
tvofena N-terminalni vazebnou doménou a nespecificky stépici doménou na
C-konci.

Vyhody Fokl pro jeji vyuziti v Gl:

- Rozpoznavana sekvence je oddélena od sekvence, ktera je stépena — to
umoznuje izolovat doménu enzymu, ktera stépi sekvencné nespecificky.
Tato doména pak muze byt spojena s doménou zodpovédnou za rozpoznani
cilové sekvence.

- Fokl vyZaduje pro svou nukleazovou Cinnost dimerizaci — zvySi se tim
specifita rozpoznani cilového mista.

- Byly pripraveny modifikované Fokl, které funguji jen jako heterodimery, coz
zvysuje specificitu rozpoznani cilovych sekvenci a eliminuje moznost
vytvareni nespecifického stépeni v pfipadé homodimerdu.

- vyuziva se pro konstrukci ZFN a TALEN nukleaz
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Typy nukleaz pouzivané pro editaci genomu

igned A

(Dm = mnmmg Zinc Finger Nucleases (ZFNs)
domain l Binding Domain - Represent the first generation of engineered nucleases

- DNA binding module: Zinc fingers
(each module recognizes 3 bp of target sequence)
- DNA cleavage domain: Fok | restriction enzyme nuclease domain
(requires dimerization for cleavage)
. . - - - Widely proven in many cells and organisms
Recognition site Spacer Recognition site " . -
9~15 bp 5~6 bp 9~15 bp - Relatively lower resolution of target sequence programmability
- Relatively lower specificity

e e gned T TAL Effector Nucleases (TALENS)
ONA Binding Domain ] OhAciting) I - DNA binding module: TAL effector unit
(each module recognizes 1 bp of target sequence)
- DNA cleavage domain: Fok | restriction enzyme nuclease domain
(requires dimerization for cleavage)
- High resolution of target sequence programmability

Recoghnition site Spacer Recognition site - High specificity and low toxicity
15~20 bp 12~13 bp 15~20 bp

Target DNA RNA-Guided ENdonucleases (RGENS)
- DNA binding module: Guide RNA that hybridizes to the
target DNA (1:1 nucleotide base pairing)
- DNA cleavage module: Cas9 protein (contains two nuclease domains)
- High resolution of target sequence programmablity

- High specificity and low toxicity

tracrRNA

20 bp (Guide RNA)
+ nGG (Cas9 protein)



Struktura proteinu obsahujiciho zinkové
prsty (zinc finger)

Kazdy zinkovy prst sestava asi ze 30 AAv
konformaci BBa. Kazdy prst kontaktuje 3
nebo 4 bp ve velkém zlabku DNA.

taaacc
atttgg

S

Dimer Zinc-finger nukleazy (ZFN) navazany
na DNA. Cilova mista pro vazbu ZFN
sestavaji ze dvou vazebnych mist pro
zinkové prsty, ktera jsou oddélena 5-7 bp
dlouhou sekvenci, ktera je Stépena Stépici
doménou Fokl.




Editace genomu pomoci ZFN

- produkovany jiz otestované firmami:

Sigma-Aldrich
Sangamo BioSciences

ZFH Pair Recognizes
] and Heterodimsernines.
Tair
argand Targed Sine TFM Pair Makes Double
Strand Break and

dissociates from DNA

MO REPAIR TEMPLATE
co-transfecied with

ZFM Fair: 1-200% of cells
are Fas-repaired I"ES-].IHiI"Il;
i & Gt Dpolivtiaon.
Cofhular Praceds Uted: Moan-
Homodogous End Joining

REPAIR TEMPLATE co-
transfected with ZF8 Pair:
1-20% of cells contasn Gene
Intespration in Target Site.
Callular Proceis Uded:
Hamalogout Recombination




el ceccT Mutant miDNA
GGT/\TATCGGGCCCGGCATGCGGA (m.B8993T>G mutation)

b HA or

myc
F-ZFP-
MTS F ZFP N Fokl CD NES Fok-NES pCR4-NARP-G
Short linker
(GS)

(a) Schematic diagram of a ZFN heterodimer bound to the mutated mtDNA target. Each of the monomeric
ZFN consists of the Fokl nuclease domain (Fokl CD) linked to a zinc-finger peptide. One of the ZFNs
(NARPd, red) was designed to bind to the mutated mtDNA site, whereas its companion ZFN binds a native
sequence on the opposite DNA strand (COMPa, blue)19. (b) Schematic structure of mtZFN used in the
cleavage assay in c. 'mitochondrial targeting sequence (MTS) F' denotes the mitochondrial targeting
sequence of F13-subunit of the human mitochondrial ATP synthase (see ANTICIPATED RESULTS for
details). (c) In vitro assay testing the specificity of the F-NARPd—Fok—NES and F-COMPa—-Fok—NES
constructs (see ANTICIPATED RESULTS for details).
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http://www.nature.com/nprot/journal/v5/n2/full/nprot.2009.245.html#B19

TAL effectory (Transcription Activator-like effectors)

Gram negativni bakterie r. Xanthomonas infikuji fadu rostlinnych druhu, u nichz
mohou zpusobovat onemocnéni. Injikuji svymi sekreCnimi systémy do rostlinnych
bunék Ffadu efektorovych proteint v€éetné TAL efektoru. TAL effectors (Transcription
Activator-like effectors) maji nékolik motiva v€etné NLS, proto mohou vstupovat do
jadra, kde se vazou na promotorové sekvence a aktivuji transkripci rostlinnych gend,
které napomahaji bakterialni infekci (snizeni hladiny Cu, zvySeni hladiny glukozy, ...)

TAL obsahuji v centralni Casti opakujici se sekvence aminokyselin v poCtu az 33,
ktere jsou dlouhé obvykle 34 AA.

Typicka repetice: LTPEQVVAIASHDGGKQALETVQRLLPVLCQAHG, avsak v
pozicich 12 a 13 se vyskytuji rizné aminokyseliny (misto oznaované jako repeat
variable diresidue n. RVD) — tyto klicové pro specificitu vazby na sekvenci DNA

Byly navrzeny TALE (Engineered TAL effectors) schopné se vazat na jakékoliv
sekvence DNA diky zaménam aminokyselin.Takové umélé TALE Ize vyuZzit pro
aktivaci nebo represi endogenu u rostlin i zivocichu.

Engineered TAL effectors Ize fuzovat se Stépicimi doménami nukleaz (Fokl) a

vytvaret tak TAL Effector Nucleases (TALENS).
19



Struktura TALEN

Translocation 34aa repeat modules NLS AD
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NG
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NI
NN

GorA
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Struktura proteinu obsahujiciho zinkové | Protein TALE v komplexu s cilovou DNA.

prsty (zinc finger)
o i o Jednotlive repetice proteinu TALE obsahuji 33-
Kazdy zinkovy prst sestava asi ze 30 AAV | 35 aa| které rozpoznavaji jednotlivé pary bazi
konformaci Bpo. Kazdy prst kontaktuje 3 | prostfednictvim dvou hypervariabilnich zbytku
nebo 4 bp ve velkém zlabku DNA. aa (repeat-variable diresidues — RVDs)

CTCCAACCAGGTGCTAActgtaaaccatggaaaaggaTTAGCACCTGGTTGGA

taaacc GAGGTTGGTCCACGATTgacatttggtaccttttcctAATCGTGGACCAACCT
atttgg
[]
[]
[]
[]
Dimer Zinc-finger nukleazy (ZNF) navazany | pimer TALEN navazany na DNA. Cilova mista
na DNA. Cilova mista pro vazbu ZNF pro TALEN jsou tvofena dvéma vazebnymi
sestavaji ze dvou vazebnych mist pro oblastmi pro TALE oddé&lenymi mezernikovou
zinkové prsty, ktera jsou oddélena 5-7 bp sekvenci razné délky (12-20 bp). TALE Ize upravit
dlouhou sekvenci, ktera je rozpoznavana tak, aby rozpoznaval jedine¢né sekvence vlievo a

21
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Repeat domain ML AD
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LTPEQVVAIASHDGGEOQALETVYORLLPYLOCOAHDG
B

B 1 2 3 4 5 & 7 B 9 10 11 12 13 14 15 16 17175
AwrBis3 HD NG NS NG NI NI NI HD HD NG NS NS HD HD HD NG HD NG

UPAbox + A T A T A A ACCTMNNTCTCTCT

c T
COMSENSUS - _ _ I
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UPA-box UPA gene
2.0-

0.0

s A 19 r 855 20 7 1 0 0 0
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-3
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Model for DNA-target specificity of TAL effectors. (A) TAL effectors contain central tandem repeats, NLSs, and an
AD. Shown is the amino acid sequence of the first repeat of AvrBs3. Hypervariable amino acids 12 and 13 are
shaded in gray. (B) Hypervariable amino acids at position 12 and 13 of the 17.5 AvrBs3 repeats are aligned to the
UPA box consensus (14). (C) Repeats of TAL effectors and predicted target sequences in promoters of induced
genes were aligned manually. Nucleotides in the upper DNA strand that correspond to the hypervariable amino acEié
in each repeat were counted on the basis of the following combinations of eight effectors and


http://www.sciencemag.org/content/326/5959/1509/F1.large.jpg
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DNA binding code for TALENSs

23



Schéma strategie pro pripravu genetickych konstrukt exprimujicich
chimerické proteiny TALEN — postupna ligace klonovanych monomerti

RE1 RE2...

Monomers
~ - P - r EE)RE TR RE) RE
Intermediate k-mer constructs

B Golden Gate
. ® reaction

Final plasmid construct encoding chimeric

Muclear localization ) TALEN protein
' signal Tandemic TALE repeats Effector domain
Half-repeat /

vysledkem je ,skladacCka“ cilena proti libovolné sekvenci DNA

- kazdy si muze sam vytvofit (http://www.addgene.org/TALEN/)

K dispozici jsou knihovny monomert, dimert, trimeru a tetramer
24


http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4207558/figure/F4/
http://www.addgene.org/TALEN/

Umélé nukleazy

odvozené od aktivatoru transkripce + nukleaz
vazba na specifické misto v genomu
- do bunék se obvykle dopravuji na expresnich vektorech

|ze je vyuzit pro tvorbu — bodovych mutaci ...
- deleci
- inzerci
- inverzi
- duplikaci
- translokaci

... ale také pro znaceni mRNA
podstatou je tvorba dsDNA zlomu a jeho oprava

sekvencni specifita je dana DNA-protein interakci

25



System CRISPR/Cas

- prirozeny obrany systém bakterii a archei proti cizorodé DNA

Virus DNA s ‘u.'\ll Plasmid

Plasmid DMA cleaved

@ Acquisition C%Eg
P e

i

\ 1]
\ o
\-"H-_:"f
leader 10 9 8 7 6 5 4 3 2 1 &
cas locus CRISPR array
® Interference
@ Expression
<L <. e

BIRTRTRTAIRIRIRT
O Pre-crRNA ~3

——
o
—

ﬂ_ﬂj ﬂ Virus DNA cleaved

crRMA

Cas proteins
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Fungovani CRISPR-Cas9 komplexu

Leader sequence

Spacers

tracrRNA Cas—genej — T CRISPR
r cas9 “—.:’:H locus
| |

I structure
‘ Direct repeats

P Expression

) i PR e (g Ot

W pre-crRNA
Cas9
.

Maturation

tracrRNA

Host
RNase lll

tracrRNA:crRNA:Cas9

Interference ‘
complex

Cas9
crRNA protein

M
Double-strand

Invading DNA
break

Invading DNA
degradation .’

/—‘M

systém pravidelné uspofadanych mezernikll mezi
repeticemi CRISPR lokusu

cizorodé DNA rozpoznany proteiny Cas (CRISPR
associated proteins) a za¢lenény do CRISPR
lokusu

lokus ma az nékolik stovek mezernikd, novy
mezernik, ktery je pfevzat z infikujici molekuly, je
zacClenén jako prvni (faze akvizice/adaptace)

nasledné je lokus prepisovan za vzniku
CRISPRové RNA (pre-crRNA), ta je dale
upravovana do kratkych molekul CRISPRové
RNA (crRNA)

Asociace crRNA s transaktivacni (transaktivujici)
tracrRNA a nasledné s nékterym z CAS proteinu

tento komplex rozpozna a stépi cizorodou DNA
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http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4207558/figure/F2/

Foreign |

DNA
I—
Acquisition Target PAM
Bacterial | \_CRISPR loci ,
acterial —- - | .
genome tracrRNA  cas9  cas crRNA crRNA crARNA
genes
— “—i
tracrHNA trRNA Primary transcript
crRNA J J J
biogenesis — —
1 “Cas9
crRNA
Interference y -. =={:IRHA

Y
Foreign / — Cleavage
DNA ¢

3 hlavni slozky systému — crRNA, tracrRNA, Cas proteiny (1-2)
- Useky cizorodé DNA jsou zaélenény do bakterialniho genomu do lokusti CRISPR
- Lokusy CRISPR jsou prepsany a upraveny do crRNA (crRNA biogenese)

- Béhem interference vytvari endonukleaza Cas9 komplex s crRNA a tracrRNA,
ktery pak stépi cizorodou DNA obsahujici sekvenci 20-ti nukleotidi
komplementarnich k crRNA pobliz sekvence PAM.
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A

Genomic CRISPR locus

Maturation and interference Adaptation
I 1 1
tracrRNA cas9 casl cas2 csn2
Yy Y ) —mom
| | |
cas operon CRISPR repeat-spacer array

tracrRNA:crRNA co-maturation and Cas9 co-complex formation

/RNase 1l

pre-crRNA (precursor crRNA)

tracrRNA

RNA-guided cleavage of target DNA

R-loop
formation

DNA

W cleavage

Target DNA %
—_—
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sgRNA vytvorena fuzi crRNA a tracrRNA

d Protospacer tracrRNA b crRNA tracrRNA
~— I | Fusion of
- :\t e — RN A 4+ tracrRNA

“CRISPR
l repeats

o
CrRNA m— vd-trachiNA W gRNA
o

crRNA:tracrRNA .-l ; F
hybrids

Cas9:crRNA- ‘
tracrRNA Cas9 Cas9:gRNA
complex complex

v v

EEEEE EEEEE EEEEE
[ Target DNA site
cleavage by
Cas9:gRNA
complex

Target DNA site
cleavage by
Cas9:crRNA-
tracrBNA complex

c
crBRNA
tracrRNA 3'- -5’
gw{a. —rcar S_pOJenl
A linkerem



Struktura chimerické sgRNA a kompexu sgRNA s Cas9 pro vytvareni DSB v
cilovych mistech.

sgRNA je vytvorena spojenim crRNA a tracrRNA.

Cas9

Linker
loop

31


http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4207558/figure/F5/

PAM sekvence — photospacer adjacent motif

- sekvence v tésném sousedstvi s cilovou DNA sekvenci

- nutna pro ucinné Stépeni Cas9 nukleazou

- pavodni systém ,NGG* (rozpoznan Cas9 ze Streptococcus pyogenes)

- dle systému cilova sekvence musi byt ve formatu N,,-GG

Genomic

: Caso-
Target Site i

HNENNNNEENNNNNNNNNNMNN

PAM

5!
3 LTI Cas9-HNH

3!
T
5

MENNEEENNNNNNNNHNNNRN

RN N REE N NN NNNNNNNNES

el

Your gRNA target sequence tracrRNA
[most critical residues for specificity in red) 3

- systémy jinych bakterii nebo upravené systémy — NAG, YG, TTTN, YTN, ...
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Srovnani struktury crRNA:tracrRNA a sgRNA

Cas9 programmed by
erRNAtracrRMNA duplex

I3 erBEMA
5 tracrRNA

- systém lze exprimovat z jediného vektoru

Cas9 programmed by
single guide RNA

Limbar
Iop

Promober
JEF e TAG, Cny)

|

Cas9
SmartNuclease™
All-in-one
Tagged Vectors

aRNA
s ol

hespCasg
H1 ! o
paomoter

WRRE

GFP or
RFP ™
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Priprava konstruktu exprimujiciho CRISPR/Cas element

Mammalian

Ué promoter SQRNA promoter

Sekvence sgRNA je navrzena tak, aby byla
komplementarni k cilové genomové sekvenci

3' CNNNNNNNNNNNNNNNNNNN 9°

hCas9 = sekvence proteinu Cas9 optimalizovana pro expresi v
eukaryotickych burikach.

sgRNA = chimericka RNA obsahujici useky crRNA a tracrRNA, ktera je
nezbytna pro dosazeni aktivity.

PAM neni soucasti klonované sekvence

- pro design Ize vyuzit dostupny software

- http://zifit.partners.orq/
- http://crispr.mit.edu/ 34
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Moznosti editace genomu pomoci systému CRISPR/Cas9

H- — = = — Indel
il
Cas9
o - —— — Insertion or replacement
H: — HH Large deletion or rearrangement

—> Gene activation L. .
TSS = transcription start site
dCas9 — deficientni na
Al nukleazovou aktivitu
—p  mawmm 7-:: Other modification,
W e.g., chromatin or DNA modification Metylazy, acetylazy ...

EGFP

" Baas — /—4: /—4: Imaging location
= W -+ dw W w _J'.;ua of genomic locus

EGFP = fluorescencni proteiny 35




Pusobeni modifikovaného systému CRISPR/Cas9

sgRNA-Cas9 double-strand DNA break

m [EREEEEEES
NHEJ HDR
i T
I R
el GRLLLLLL

Gene disruption by small
insertions or deletions

Gene correction or insertion
by assisted recombination

Cas9 Cas9 D10A nickase

c

dCas9 effector fusion

" Effector
domain

Cas9 H840A nickase

Specificita — dana pouze 20 nt sgRNA

- Uplna podobnost na 3 konci (seed) a
CasteCna na 5 konci (distal)

5'- GTGTAAACGGATAATGGACANGG
Distal PAM

Target site:

Seed

riziko vzniku off-target stépeni

......... +n bp sgRNA offset
---------------- 5" averhang

target b
A v

g m= - r
target a

Cason 2‘ sgRNAb

50 - 1500x vyssi specifita (n do 20 bp)

a3
e

RNA-guided Fokl nuclease (RFN)

jesté vyssi specifita



A. Genome Engineering With Cas9 Nuclease

Cas9 crRNA
',_— E_____‘
L Cleavage “ dsDNA
- Eluat'a 8 '\f
Target g PAM
L i —I—I ]
b — k _E ]
Dunnr ONA
Insertion/
deletion .
|~ e el
. ; | —
New DNA New DNA
Non-homologous Ho mnlng',' directed
end joining (NHEJ ) repair (HDR)

B. Genome Engineering By Double Nicking
With Paired Cas9 Nickases

Target A
Target B

Elnavagn"‘f— — ’ Eh;a'g
Analogie
ZFN a |
TALEN s
=

S — —]
Donor DNA

L ——
= —
New DNA

Homology directed
" fopair (HDR)

C. Localization With Defective Gas9 Nuclease

thti\ratnr
dCas9 5@ ™~

e —
# :

o

—e——
mRNA
Activation

ﬁ Q Repressur

; ,
Repression

\GFP
ﬁa Y

Visualization

A. Wit Cas9 nukleaza stépi specificky dsDNA, vytvari DSB a tim navozuje reparaci. Za nepfitomnosti
homologni sekvence muze dojit k nehomolognimu spojovani koncu (NHEJ) a vzniku ins/del mutaci,
pferusujicich zasazeny gen. Za pfitomnosti homologni sekvence muze dojit k reparaci s vyuzitim této
sekvence a jejimi vlozeni do mista zlomu.

B. Mutantni Cas9 nukleaza vytvari mistné specifické jednofetézcoveé zlomy. Dvojice takovych sgRNA
muze vést k tvorbé ds DNA zlomu, které mohou byt reparovany s vyuzitim homologni rekombinace &i
NHEJ (jednofetézcové zlomy zvysSuji u¢innost HDR). Tento sytém zvysuje specifitu tvorby ds zlomdu.

C. Mutantni Cas 9 nukleaza muze byt pfipojena k rGznym efektorovym doménam, které umistuje na37
specifické sekvence. Mohou to byt TF, represory, fluorescenéni znacky a;.



Obecna strategie genomového inzenyrovani
Blolnformatic analy sis

. TALEN or CRISPR /Cas construction

SASRENE. -g-r:—

. Protoplast transformation
Viral vectors P
Plasmid constructs TALEN and Agrobacterium mediated transformation

Himretin CRISPR /Cas dellvery Gene gun i.mn saction
mRMA Viral vectors

inwvitro
p 22
injection
Cell -%_
culture in vitro

Genotype or
, " phenotype
gDNA isolation selection

followed by individual
clone selection Zygote
gDMA isolation
from tissues of adult

animals and clone L ¥
~ selection Yo
@ Transgenic plants

BE Kneckout plants

Isogenic cell lines ’ ﬁ Mew crop lines

In vitro disease models _{/ | "
K.nockout cell fines g

Transgenic cell lines ﬁ)m m

Cell therapy stulf .
4

Knockout lines
Transgenic animals
Human disease models
Mew livestock strains

._..,‘

1. Selection of a target nucleotide sequence in the genome;
2. Generation of a nuclease construct directed at the selected target;
3. Delivery of this construct to the cell nucleus; and

4. Analysis of produced mutations.
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Current and future delivery systems for engineered nucleases: ZFN,

TALEN and RGEN

Genome editor

RGEN

it

G ) Tomerpeinn. Actwasr Lk Efecrs

Delivery Techniques +

Cationic
Polymers —

11-

NILVs oo
y a-:-

""-"'r

:-a-l- - RNy _

§“§§*§§§?§ Y

Nuclease induced
double strand breaks

ﬂﬁkﬂ%{

ZAV A VAV/\VIR/A\VA WA\V/,\VER/A\V L WAVAV/A\Y

Gene correction Gene deletion Gene addition
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Type of Modification Organism Gene(s) Nuclease
Gene disruption Human CCR5 ZFN, TALEN, CRISPR/Cas
Human TCR ZFN
Zebrafish gol, ntl, kra ZFN
Pig GGTA1 ZFN
LDLR TALEN
Bovine ACANI12, p65 TALEN
Human EMX1, PVALB CRISPR/Cas
Rat IgM, Rab38 ZFN
Arabidopsis ADH1,TT4 ZFN
C. elegans ben-1, rex-1, sds-2 ZFN, TALEN
Hamster DHFR ZFN
Drosophila yellow ZFN
Rice OsSWEET14 TALEN
Gene addition Human OCT4, PITX3 ZFN, TALEN
Human CCR5 ZFN
Human Fo ZFN
Mouse Rosa26 ZFN
Human AAVSI ZFN, TALEN, CRISPR/Cas
Human VEGF-A ZFN
Zebrafish th, fam46c¢, smad5 TALEN
Maize IPK1 ZFN
Gene correction Human IL2RG, A1AT, HBB, SNCA  ZFN
Tobacco SuRA, SurRB ZFN
Drosophila yellow ZFN
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Genomic engineering using TALEN and CRISPR /Cas

g cer5, akt2, e17k, angptl3, apob, atgl, cborf106, celsr2, cftr, ciita,

foxol, foxo3, glil, glut4, hbb, hdacl, hdacZ, hdac6, hmga2, hoxal3,
hoxa9, hoxc13, hprt, il2rg, jak2, kras, linc00116, maoa, map2kd,
mdm?2, met, mlh1, msh2, mpudtgh, gnyc, mycll, mycn, nbn, ncorl, (67, 68,
ncor2, nlreh, ntf3, pdgfra, pdgfrb, phf8, plinl, pms2, ppplri2e 70-72,
(fffo‘:,,mmz';“%’“s ) aavs1), ptchi, pten, rara, rbbp5, recqld, ret, runx, sdhb, sdhe, sdhd, K;}f:r‘;f:; 74,92,
e setdbl, sirt6, smad2, sortl, sox2, kifdss18, suzl2, tfe3, tp53, tribl, 176179,
tsc2, ttn, vhl, xpa, xpe, abll, alk, ape, atm, axin2, bax, belb, bmpria, 180]
breal, brea2, cbax3, cba$, condl, cdce?3, cdk4, cdh4, chd7, ctnnbl,
cyld, ddb2, erce2, ewsrl, extl1, ea:tz ezh2, fam:a, fam:c, fancf, faneg,
1 tn. 2, 0

csap Nemtud R : Z : :
e  benltes-lsde-2 | nockout | 0721
5 Silkmoth == ' ]
TALEN “m sy -
Western clawed fro
xes oAkt etsl, fo.rd.‘i grp78 /bip, hhex, noggin, ptfla/pd8, sox9, vppl m
Rat (Rattus norvegicus bmpr2, IgM m (197, 198]

Cattle Bos muru.s m

Nicotim‘fcgcfzcmium ST, SuLE, Nax: i | 156, 157)

avrxal, pthxo3, badh2, ckx2, depl, sd1 m [154, 155]
dnmt3b-tdTomato, [46 5] 78
Human cells g Knockout,
pouSfi(octd), emxl, dyrkla, grin2b, egfp, ccrs, c4bpb, pvalb, aavs, -
(Bon ’“P“"‘") ali2, celsr? mm’im line00116, sore1, ldlr insertion | ®% 71

R 2&;&‘;‘;‘“ aster) | vellow, white, rosy,cy 14251 (k81), cq3708cq 17629 (1d-3), light [130—133]

:RISCBER[ iF wpustropicalis) | tyrsimd | Knockout | [207] |

'Mouse ' ; Knockout, | [83, 144,
tt1 o2 et ry,uty,rosa2e, hpre, eafp, h, rheb,uhef2
pds33, fls2, bril, jaz1, gaj, chl, chi2, 5513930 S
ods, badh2, mrk2, 02923823, roc5, spp, ysa, mybl, caol, lazy1, [86, 150,
Oryza sativa sweetl], sweeti4 _insertion 152
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Priklady typu bunék a organismu, které byly geneticky
modifikovany pomoci Cas9

Biology

Cell lines
HEKZ93
L2208
K562

Model organisms
LE T

Rats

Front Mies
Mematodes
Arabidopsis
Salamanders
Frogs

Monkeys

Biotechnology

Crop plants Fungi

Rica Kl weramycas
Wheat Chlamydomonas
Sorghum

Tobacco

Biomedicine

Organoids
hESCs
iPSCs
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Examples of crops modified with CRISPR technology

Targeted mutagenesis Liang et al. 2014

Rice Targeted mutagenesis Belhaj et al. 2013

Sorghum Targeted gene modification Jiang et al. 2013b

Sweet orange Targeted genome editing Jia and Wang 2014

Tobacco Targeted mutagenesis Belhaj ef al. 2013

Wheat Targeted mutagenesis Upadhyay et al. 2013, Yanpeng et

al. 2014
Potato Targeted mutagenesis Shaohui efal., 2015
Soybean Gene editing Yupeng et al, 2015

EDITING OUT DISEASES: CRISPR Therapy

Publications demonstrating use of CRISPR-Cas9 for targeting diseases

Rescue of a dominant mutation in the Crygc gene that causes catarscts
Correction of the CFTR locus by HDR in cultured intestinal stem cells from
patients with cystic fibrosis
Correction of the human hemoglobin beta (HBB ) gene in induced pluripotent
stem cells from thalassemia patients using CRISPR technology
Targeting of promoters of human papillomavirus oncogenes; inhibited
tumori genesis
Correction of the Fah mutation in he patocytes of a mouse model of hereditary
1| tyrosinemia
CGeneration of homozy gous CCRS deletion mutations in iPSCs; proposed
approach toward a functional cure of HIV-1 infection. Targeting of LTR
sequences in the HIV-1 genome; inactivated viral gene expression and
replication in latently infected cells and prevented new HI'V-1 infection
High (50-100%) gene disruption of the Plasmoditm felciporum genome.
Potential to generate transgenic parasites to prevent malaria

114802015 Denarmest of Fam Bowchnology, GEIVE, LS, Bergaiun

Wu eral., 2013

Schwank et al.
2013

Xie eral. 2014
Zhen et al.,
2014

Yineral, 2014

¥i er af 2014

Hu eral, 2014

I
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nature International weekly journal of science

Home | Mews & Comment | Research | Careers & Jobs | Current Issue | Archive | Audio & Video |

N MM |zolace T lymfocytl z pacientl s raznymi

typy nadorovych onemocnéni
.<:

: . . : : Editace genomu téchto T lymfocytl —
First CRISPR clinical trial gets green light from US | editace 3 genﬂy g

panel

The technique’'s first test in people could begin as early as the end of the year.

Otestovani terapeutického potencialu takto

editovanych bunék
Sara Reardon

22 June 2016

nature International weekly journal of seience

Home | Mews & Comment ‘ Research | Careers & Jobs | Current Issue | Archive | Audio & Video ‘ For

Pacient s agresivnim nadorem plic

< & Editace genu PD-1 T lymfocytu

CRISPR gene-editing tested in a person for the first ~ Otestovani terapeutickeého potencialu takto
time editovanych bunék

The move by Chinese scientists could spark a biomedical duel between China and the
United States.

David Cyranoski
44
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