Editace genom u

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

Postupy genoveého inzenyrstvi, pfi nichz se do vybraného mista v
cilové DNA pomoci uméle pripravenych nukleaz (tzv. molekularnich
nuzek) vnasi inzerce, delece a nebo se stavajici sekvence nahrazuje
za jiné (nahrada alel).

Tyto nukleazy vytva freji na ur éenych mistech genomu dvou retézcove
zlomy (DSBs: double-stranded breaks), €imz vyvolavaji p firozené
endogenni bun é¢né procesy vedouci k reparaci zlom U:

a) Homologni rekombinaci (HR)

b) Nehomologni spojovani volnych koncti (NHEJ: nonhomologous end-joining)
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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

crfRNA = CRISPR. RNA

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

HDER. = Homology-Directed Repair

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

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

FuvC = an endonuclease domain named for
an E. coli protein involved in DNA repair

sgRNA = single guide RNA
tractRNA, rtBNA = trans-activating crRNA

TALEN = Transcription-Activator Like
Effector Nuclease

ZFN = Zinc-Finger Nuclease

(RGENSs) = RNA-guided engineered nucleases



Procesy probihajici po vytvo feni DSB um élymi nukleazami
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Procesy probihajici po vytvo Feni DSB um élymi nukleazami
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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.



Typy nukleaz pouzivané pro editaci genom U
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Typy nukleaz pouzivané pro editaci genom U

Zinc Finger Nucleases (ZFNs)

- 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)

e e - Widely proven in many cells and organisms
Recognition site Spacer Recognition site = ; i
9~15 bp 5~6 bp 9~15 bp - Relatively lower resolution of target sequence programmability

- Relatively lower specificity

TAL Effector Nucleases (TALENS)
- 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
Recognition 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)



Nukleazy pouzivané pro editaci genom U
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MEGANUKLEAZY

Meganukleazy se vyskytuji u r aznych druh G mikroorganism 0, maji velmi
dlouhé rozpoznavaci sekvence (>14bp) ajsoutak p  Firozen & sekven €né velmi
specifické.

Nevyhodou je, ze je jich znamo relativn € malo, a tudiz po ¢€et cilovych
sekvenci je omezen.

Mutagenezi byly um éle pfipraveny varianty meganukleaz, které rozpoznavaji
dalSi jedine €né sekvence. Byly p fipraveny rovn €&z hybridni varianty
meganukleaz fuzi dvou s odliSnymi cilovymi misty.

Byl pouzit téz postup zam en aminokyselin v doménach interagujicich s DNA

a docileno vysoké specifity rozpoznani  (method named rationally designed
meganuclease (US Patent 8,021,867 B2).

Meganukleazy jsou mén é toxicke pro bu nky nez ZNF diky tomu, ze maji vySSi
specificitu/stringenci rozpoznani cilovych sekvenci DN A.

Jejich navrhovani je vSak €asov é naro éne.

LAGLIDADG family of homing endonucleases (kddovany intr ony nebo
inteiny), €asto v mitochondriich a chloroplastech

I-Scel 18-bp z mitochondrii Saccharomyces cerevisiae

I-Crel chloroplasty Chlamydomonas reinhardtii

I-Dmol archema: Desulfurococcus mobilis.




NUKLEAZA Fokl

Enzym Fokl pfirozené se vyskytujici u Flavobacterium okeanokoites je
restrikéni endonukleaza typu I1S. Je tvofena N-terminalni vazebnou
doménou a nespecificky Stépici doménou na C-konci.

Vyhody Fokl pro jeji vyuziti v GlI.

- Rozpoznavana sekvence je oddélena od sekvence, ktera je Stépena — to
umoznuje izolovat doménu enzymu, ktera Stépi sekvenéné nespecificky.
Tato doména pak miize byt spojena s doménou zodpovédnou za
rozpoznani cilové sekvence.

- Fokl vyzaduje pro svou nukleazovou €innost dimerizaci — zvySi se tim
specifita rozpoznani cilového mista.

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



Struktura proteinu obsahujiciho zinkové
prsty (zinc finger)

Kazdy zinkovy prst sestava asi ze 30 AA v
konformaci BBa. Kazdy prst kontaktuje 3
nebo 4 bp ve velkém zlabku DNA.
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Dimer Zinc-finger nukleazy (ZNF) navazany
na DNA. Cilova mista pro vazbu ZNF
sestavaji ze dvou vazebnych mist pro
zinkoveé prsty, ktera jsou oddélena 5-7 bp
dlouhou sekvenci, ktera je rozpoznavana
Stépici doménou Fokl.




Figure 1: Each Zinc Finger Nuclease (ZFN) consists of two functional
domains: a.) A DNA-binding domain comprised of a chain of two-finger
modules, each recognizing a unique hexamer (6 bp) sequence of
DNA. Two-finger modules are stitched together to form a Zinc Finger
Protein, each with specificity of = 24 bp. b.) A DNA-cleaving domain
comprised of the nuclease domain of Fok I. When the DNA-binding
and DNA-cleaving domains are fused together, a highly-specific pair of
'‘genomic scissors' are created.
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BENEFITS
- Rapid disruption of, or integration into, any genomic loci Mutations made are permanent and heritable
- Works in a variety of mammalian somatic cell types
- Edits induced through a single transfection experiment
- Knockout or knock-in cell lines in as little as two months
- Single or biallelic edits occur in 1-20% of clone population
- No antibiotic selection required for screening
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C NARPd - - + +
b HA or COMPa - + - +
mye 4.2
WXl zrF N FokCD Ei’zﬁ - 27 0CR4-NARP-G
Short linker 1.9
(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 F1B-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).



TAL effectory (Transcription Activator-like effectors)

Gram negativni bakterie r. Xanthomonas infikuji fadu rostlinnych druhd, u nichz
mohou zpUsobovat onemocnéni. Injikuji svymi sekreénimi systémy do rostlinnych
bunék rfadu efektorovych proteinli véetné TAL efektorll. TAL effectors (Transcription
Activator-like effectors) maji nékolik motivu véetné NLS, proto mohou vstupovat do
jadra, kde se vazou na promotorové sekvence a aktivuji transkripci rostlinnych gent,
které napomahaji bakterialni infekeci.

TAL obsahuji v centralni ¢asti opakujici se sekvence aminokyselin v poctu az 33,
které jsou dlouhé obvykle 34 AA.

Typicka repetice: LTPEQVVAIASHDGGKQALETVQRLLPVLCQAHG, avSak v
pozicich 12 a 13 se vyskytuji rizné aminokyseliny (misto oznacované jako repeat
variable diresidue n. RVD)

Byly navrzeny TALE (Engineered TAL effectors) schopné se vazat na jakekoliv
sekvence DNA diky zaménam aminokyselin.Takové umélé TALE Ize vyuzit pro
aktivaci nebo represi endogent u rostlin i zivo&ichu.

Engineered TAL effectors Ize fuzovat se Stépicimi doménami nukleaz (Fokl) a
vytvaret tak TAL Effector Nucleases (TALENS).



Struktura TALEN




Protein TALE v komplexu s cilovou DNA.

Jednotlivé repetice proteinu TALE obsahuji 33-
35 AA, které rozpoznavaji jednotlivé pary bazi
prost Fednictvim dvou hypervariabilnich zbytk
(repeat-variable diresidues — RVDs)

CTCCAACCAGGTGCTAActgtaaaccatggaaaaggaTTAGCACCTGGTTGGA
GAGGTTGGTCCACGATTgacatttggtaccttttcctAATCGTGGACCAACCT
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Dimer TALEN navazany na DNA. Cilova mista
pro TALEN jsou tvofena dvéma vazebnymi
oblastmi pro TALE oddélenymi mezernikovou
sekvenci rizné délky (12-20 bp). TALE Ize
upravit tak, aby rozpoznéaval jedine¢né sekvence
vlevo a vpravo.
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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 acids
in each repeat were counted on the basis of the following combinations of eight effectors and



Schéma strategie pro p Fipravu genetickych konstrukt G exprimujicich
chimericke proteiny TALEN — postupna ligace klonovanych monomer U
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K dispozici jsou knihovny monomer  u, dimer a, trimer 0 a tetramer



Sysem CRISPR/Cas
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Fungovani systému CRISPR-Cas
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- Useky cizorodé DNA jsou za élenény do bakterialniho genomu do lokus 0 CRISPR
- Lokusy CRISPR jsou p fepsany a upraveny do crRNA (crRNA biogenese)

- Béhem interference vytva Fi endonukledza Cas9 komplex s crRNA a tracrRNA,
ktery pak St épi cizorodou DNA obsahujici sekvenci 20-ti nukleotid a
komplementarnich k crRNA pobliz sekvence PAM.



Fungovani CRISPR-Cas9 komplexu

Leader sequence

Spacers
fracrRNA Cas—genesl 2P CRISPR

r cas? mm locus
' I structure
Expression ., Direct repeats

pre-crRNA
Cas9

Maturation

tracrRNA

\ 4

RNase Il

tracrRNA:crRNA:Cas?

Interference ',
complex

Invading DNA

M
Double-strand
break

Invading DNA
degradation ‘

/--\-—/-\._./_\_1



A

Genomic CRISPR locus

Maturation and interference Adaptation
i 11 |
tracrRNA cas9 casl cas2 csn2
o ) =—mom
| L |
cas operon CRISPR repeat-spacer array

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

*/RNase [

pre-crRNA (precursor crRNA)

tracrRNA

RNA-guided cleavage of target DNA

R-loop
formation

Target DNA
—_—
cleavage

DNA
—_—
targeting

iy

\_\\_

S



SgRNA vytvo fena fuzi crRNA a tracrRNA
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Struktura chimerické sgRNA a kompexu sgRNA s Cas9 pro vytvareni DSB v
cilovych mistech.

SgRNA je vytvorfena spojenim crRNA a tracrRNA.

Linker
loop




Srovnani struktury crRNA:trancrRNA a sgRNA

Cas9 programmed by Cas® programmed by
erRNAtracrRNA duplex single guide RNA

3 crRMA
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Priprava konstruktu exprimujiciho CRISPR/Cas element

Mammalian

Ué promoter SQRNA promoter

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

3' CNNNNNNNNNNNNNNNNNNN S

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

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



Moznosti editace genom 0 pomoci systému CRISPR/Cas9
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Pusobeni modifikovaného systému CRISPR/Cas9
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A. Genome Engineering With Cas9 Nuclease B. Genome Engineering By Double Nicking C. Localization With Defective Cas9 Nuclease
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A. Wit Cas9 nukleaza stépi specificky dsDNA, vytvafi DSB a tim navozuje reparaci. Za nepfitomnosti
homologni sekvence miize dojit k nehomolognimu spojovani konct (NHEJ) a vzniku indel(,
prerusujicich zasazeny gen. Za pritomnosti homologni sekvence miize dojit k reparaci s vyuzitim této
sekvence a jejimi vloZzeni do mista zlomu.

B. Mutantni Cas9 nukledza vytvari mistné specifické jednofetézcové zlomy. Dvojice takovych sgRNA
muZze zavadét posunuté zlomy, které mohou byt reparovany s vyuzitim homologni DNA.

C. Mutantni Cas 9 nukleaza muze byt pfipojena k riznym efektorovym doménam, které umistuje na
specifické sekvence. Mohou to byt TF, represory, fluorescenéni znacky aj.



Obecna strategie genomového inzenyrovani

TALEN or CRISPR/Cas construction
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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.



Current and future delivery systems for engineered nucleases: ZFN,
TALEN and RGEN
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Genomic engineering using TALEN and CRISPR /Cas
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TALEN | Bomm"’z‘ e _blosz -kout -[1331

WeStem cl;‘:d:{;g etsl fa.w:d3 grp78 /bip, hhex, noggin, ptﬂa/p48 sox9, vppI m
Rat (Rattus norvegicus) bmprz IgM [197 198]

Cattle Bostaurus 179, 199] |

‘dnmt3b-tdTomato 146, 51 78,
Human cells 2 ockout,
p¢m5_f1(oct4), emx1, dyrkla, grin2b, egfp, ccr5, c4bpb, pvalb, aavs, -
S saniens/ akt2, celsr2, ciita, glutd, inc00116, sortl, ldir TErhon 202

e Em‘ﬂh sten) | vellow, white, rosy, cg14251 (k81), cg3708¢q17629 (Ki-3), light

CRISPR/ I Frog (Xenopus tropicalis _m_

S out, | [83, 144,

| (usmeatusy | (et e et sy, uty, rosa28, et g b, rheb, whef2 | RSN | Jog 51ty
PhE pds33, fls2, bril, jaz1, gaj, chl, chi2, 5513930 If,f‘sféf;: [31743 v
ods, badh2, mrk2, 02923823, roc5, spp, ysa, mybl, caol, lazy], [86, 150,
Oryza sativa i sweetl], sweetld insertion | 152] _
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HEKZ93 Mice Rice Kitveramyces hESCs
205 Rats Whieat Chlamydomonas iFSCs
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Arabidopsis
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