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Historia genomoveho inzinierstva

* Molekularne klonovanie - Rekombinantna DNA (rekombinantné proteiny) (, e

— ldentifikacia, mapovanie a sekvenacia génov.

Host Plasmid

* Manipuladcia DNA do 150kb in vitro, realne do 20kb (plasmidy) l =====

* Restrikéné endonukleazy — Stiepia 6/8 nt palindromy (g ;\_, nnnnnnn
(6nt —> Stiepi v priemere kazdych 4°=4096bp, 8nt - 48=65536bp)

Ludsky gendm ma 3 biliony bp, pre Specifické Stiepenie by musel enzym rozpoznat aspon 18op

Sticky ends df} Recombinant

------------ Plasmid DNA

Restrikéné Sanger
enzymy sekvenovanie

1952 1977 1983



Historia genomoveho inzinierstva

Molekuldrne klonovanie - Rekombinantnd DNA (rekombinantné proteiny) (EESe «gﬁ%
e . . ., . , \~Fg '/ dlectroporation =
— ldentifikacia, mapovanie a sekvenacia génov. /

Pure population of

Homoldgna rekombindacia = definovana cielend zmena v urcitom lokuse
- funkcia génu in vivo (Knock-out/Knock-in mysi)

mozné len u par modelovych organizmov (ES bunky)
nizka efektivita (1 z miliéna)
casovo narocné (roky)

Homologna
Restrikéné Sanger oCR rekombinacia v
enzymy sekvenovanie mysich ESC PN

1952 1977 1983 1987



Historia genomoveho inzinierstva
* Molekularne klonovanie - Rekombinantna DNA (rekombinantné proteiny)

- ldentifikacia, mapovanie a sekvenacia génov.

e Homoldgnha rekombinacia = definovana cielena zmena v urcitom lokuse
- funkcia génu in vivo (Knock-out/Knock-in mysi)

Zlom v oboch retazcoch (DSB) v cielovom lokuse dramaticky zvysi frekvenciu homolégnej rekombindcie a indelov.

Site-specific DSB v
genome kvasiniek

Homoldgna sit fic DSB
Restrikéné Sanger oCR rekombinacia v s;vecgzrr)neuelrféme v
enzymy sekvenovanie mysich ESC g

— >

1952 1977 1983 1987 9 1994



Reparacny systéem buniek — endogenny
proces .

¢ Cielena tvorba dvojretazcového zlomu

_ D_ ___ grwwew

Homologna rekombinacia

Nehomoldgne
. spojovanie _m_ , ;.
Frameshift—> vofyich koncov Templat (mutacia..)>
Knock-out (NHEJ) Knock-in

* Frameshift mutation

e on | S, B — T



KI'd€ k uspechu genomového inzinierstva: metdda na tvorbu
dvojretazcovych zlomov.



Ako specificky nastiepit gendom?

Hybrid Meganuclease

Protein-based RNA-guided

nucleases

nuclease
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Meganukleazy

* NajsSpecifickejsie restrikéné endonukleazy rozpoznavajuce velmi dlhé
sekvencie (16-40nt), prirodzene sa vyskytuju malo

* Sekvencia 18 bp rozpoznana meganukleazou I-Scel sa nahodne bude
nachadyat v gendme 20x dlhsom ako ten fudsky

* Umelé vytvaranie variant je narocne, nakolko DNA vazobna a
Stiepiaca funkcia su sucastou jednej domény




ZFNs & TALENS

* Artificidalne restrikéné enzymy (2 domény):
DNA vazba (Zinc Finger a TALE)
Stiepenie (Fok | Nukleaza)

* Proteinové moduly rozpoznaju DNA sekvenciu a dimerizacia Fok |
indukuje stiepenie cielovej DNA

* Rozpoznavaju dlhé useky baz vhodné na stiepenie na urovni gendmu

* Do cielovej bunky vpravena mRNA enzymu (produkovana in vitro)



ZFNs (1985)

Nova cielova sekvencia (3-4 nt) =
nova doména

Design casovo narocny

Miera neuspechu je velmi vysoka
(medzidoménové interakcie)

Off-target velmi casté

Fava ZFN
ciefova DNA

prava ZFN
cielova DNA



TALENS (2009)

* Transcription activator-like effector nuclease
e Opakujuce sa vysoko konzervované ,,moduly” 33-34 aminokyselin

e Jednoduchsi design ako u ZNFs (kazdy nukleotid ma vlastny modul)

34 il Effector
ag repeat mo ﬂues dnrain e = T
TTTATTCCCTGACC
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Proteinové systemy

sekvencna Specifita je dana interakciou DNA-protein

editacia prebieha s presnostou az 1 nt

Pouzivaju se umelo pripravené nukleazy — modifikacia prirodzene sa
vyskytujucich

Novy ciel=novy protein = priprava casto zlozita, vysledok nie vzdy

uspokojivy

A




CRISPR/Cas: historia

* Skromny zaciatok ako exotické opakujuce sa sekvencie v bakterialnom
genome

e 1987: Ishino et al.: "exotic junk DNA" s neznamou funkciou u E.coli

frm;wwc:uanmm:mummrmmmm EAAGTGAT ATCE ATCATCGCATOCAGTGEGOC (1,451

[1.4%2 ) 0o T T T AT COC T AT RO GGG AN MO ACC CTC A CTCARATC TCACCOTOGTTGE (1, 512
(1,513 ) KCOGTTTATCCOTGETGECROGGRGANMCTCRC GOTTCAGGOCTTGC AMACCTGLOTACCORG (1, 573)
[1.574)

[1,61%)

T T TATC OGO TAAC R GCGGAAC TR T AGTCCATCATTCCACCTATETCTEAACTCE (1, 634)
GETTTATCCOCGCTRGCRCEEREARCTCE [, 664 )

COonBeEniuE:
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* 2002: Jansen et al.: v gendme vacsiny baktérii a Archae — CRISPR
Clustered Regularly Interspaced Short Palindromic Repeat

= priame opakovania (21 do 37 bp) rozdelené rovnako dlhymi neopakujucimi
sa sekvenciami (medzerniky=spacery)

- CRISPR asociated (cas) genes — vzdy pritomné pri CRISPR lokuse
e 2005: Mojica et al.: sekvencia spacerov homoldgna k bakt. fagom




CRISPR: bakterialna imunitna pamat’

CRISPR Provides Acquired Resistance
Against Viruses in Prokaryotes

Rodolphe Barrangou,® Christophe Fremaux,® Héléne Deveau,” Melissa Richards,®
Patrick Boyaval,” Sylvain Moineau,” Dennis A. Romero, Philippe Horvath®*

Clustered regularly interspaced short palindromic repeats (CRISPR) are a distinctive feature of the

genomes of most Bacteria and Archaea and are thought to be imvolved in resistance to bacteriophages.

We found that, after viral challenge, bacteria integrated new spacers derived from phage genomic

seguences. Removal or addition of particular spacers modified the phage-resistance phenotype of the

cell. Thus, CRISPR, together with associated cos genes, provided resistance against phages, and QPN Homapaga | Cantact us | Downoads | Dupomicom | Search danicacom O

resistance specificity is determined by spacer-phage sequence similarity. .
Science, 2007 DANISCO.

Bakery Beverages Confecionery Culinary Dairy Frozendessens  Fruitapplications  Meat, poultry & seafood  Oils & fats

Vyskum uskutocneny v spoloc¢nosti DANISCO.

Latest News

Intemational Cheese T&i
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Kontaminacia fagmi je najzavaznejsi problém - -
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CRISPR: bakterialna imunitna pamat’

* Infekcné experimenty s Streptococcus thermophilus a lytickymi fagmi

* Rezistentné bakt. kmene sa objavuju po fagovej pandémii -
hypotéza: ,,Bakterialna ziskana imunita proti infekcii fagmi?”
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Cim viac spacerov, tym vyssia
odolnost voci infekcii
Cudzoroda DNA rozpoznana a
zaclenena do CRISPR lokusu ako
novy medzernik (spacer)



CRISPR: bakterialna imunitna pamat
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Nové spacery su homologne ku gendomu fagowv.



CRISPR: bakterialna imunitna pamat’

Ak vlozime novy spacer do bakt. gendmu, bude tato rezistentna?

ORF

cass casi cas6 casi., . 1kb
1. TETOOO D~ R —— L

A ﬁ
~ ORF

cas5 cas1 cas6 cas7 ™,
i (TN e e~ P ——y |

b
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Sensitivi-ty to ©858
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Sensitivity to ©2972
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L WT g55+5152 :I

spacery maju schopnost poskytnut
fagova rezistencia de novo

samotné spacery nie su dostacujuce,
musia byt v konkrétnom genetickom
kontexte

niektoré cas gény su nevyhnutné k
poskytnutiu rezistencie (cas9)



CRISPR: bakterialna imunitna pamat’

* relativne mala populacia bakteriofaga si zachovala schopnost infikovat
mutanty - tieto fagy zmutovali sekvenciu koresSpondujucu spaceru -
imunita zavisi na dokonalej zhode v sekvencii

I
51 IHE

Fig. S3. Alignment of CRISPR spacer S1 with the corresponding genomic region of phage 858 and the
two mutant phages that have circumvented the CRISPR resistance of strain WTagsg =~



CRISPR/Cas systemy

* 90% archae a 1/3 baktérii ma nejakud formu CRISPR/Cas imunity.

Table 1. Classification and Examples of CRISPR Systems

Class  Type Subtype Hallmarks Example effector Example organism Studies Cited
Class 1 Typel multisubunit effector IDascade E. coli I Brouns et al., 2008
complex; Cas3 I
Type I 1I1-A multisubunit effector I['Jas1 0-Csm S. epidermidis I Marraffini and Sontheimer, 2008
complex; Csm effector
module; DNA targeting I
in-B I multisubunit effector IDmr I P. furiosus Hale et al., 2009
complex; Cmr effector
module; RNA targeting I
Class 2 | Type ll single protein effector; Cas9 I S. thermophilus Bolotin et al., 2005; Barrangou et al., 2007;
tracrBNA I I Sapranauskas et al., 2011; Gasiunas et al., 2012
I I S. pyogenes Deltcheva et al., 2011; Jinek et al., 2012;
I Cong et al., 2013; Mali et al., 2013
Type V single protein effector; Il‘;‘pﬁ I F. novicida Zetsche et al., 2015
single-RNA guided

CRISPR systems are currently organized into two overarching classes: Class 1, which contain multi-subunit effectors, and Class 2, which contain sin-

gle protein effectors. These classes are subdivided into five types (Makarova et al., 2015), with type IV remaining a putative type within Class 1.
Although only Class 2 systems have been adapted for genome engineering, the results described in this review emerged from studying a diversity
of CRISPR-Cas systems. (Type llI-B systems are not discussed but represent an unusual system that targets RNA rather than DNA [Hale et al., 2009].)




Cas9: RNA-riadena endonukleaza

tracrRNA
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cas9

CRISPR array
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Rekonstitucia CRISPR/Cas9 in vitroa v
nepribuznom organizme

d Protospacer b crilhlA tm::rFINA
| [ Fusion of
——% ——— crAMA + tracrBNA
CRISPR l l
l repeats
CIANA mm vy trecrina U oRnA
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Target DNA site | | Targel DNA site
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C
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fracrRMA 3 5
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3 zlozky su potrebné na funkciu in vitro (crRNA,
tracrRNA, Cas9)

crRNA a tracrRNA sa m6zu skombinovat do jednej guide
RNA (sgRNA)

sgRNA je kratka synteticka RNA zlozena z "kostry"
nevyhnutnej pre vazbu Cas9 a uzivatelom definovane;j
~20 nukleotidove] "spacer" alebo cieliacej sekvencie

2012: Tieto zistenia otvorili cestu pre
pripravu univerzalnych

programovatelnych RNA-riadenych
DNA endonukleaz.




,Prakticka prirucka”

Protocol

Get the reagents Prepare the mix Set up conditions

L £ 5ﬁe+(hin5 Science



Cas9

* ROzne ortoldgy (podla bakt.kmena povodu, najpouzivanejsia Streptococcus pyogenes Cas9)
e  Multifunkény protein

- 2x nukledzova doména (HNH, RuvC-like)-kaZzda stiepi iny DNA retazec

- helikdzova doména

DNA Rioop (_/FR Target DNA _ ﬁ?urn
=1\ formation _/—/m i:Ica'-.-'agﬂ f””r,.l

targeting

::”’. —”\H _||||:‘H‘:"LIL:
Nl il
. 'ilL!L'll-""-’____.—--;-"'f:

» Off-target = tolerancia Cas9 k nespravnemu parovaniu s cielovou sekvenciou
- Pocet nesparovanych bazi
- Ich umiestnenie vramci sekvencie
- Ich distribucia vramci sekvencie
- Mnoistvo Cas9 v bunke (T Cas9 = 1 off-target)



Modifikacie Cas9

* nCas9
- Mutant pre jednu z dvoch nukledzovych domén (Cas9 nickase)

- 50 - 1500x vysSia Specifita
Cas9 Wild type

e B Dvojretazcové zlomy Stiepi iba jeden retazec
o it QJ Gk Vyzaduje single gRNA Vyzaduje 2 gRNAs
i
- Y .5 Off-target Menej off-targetov
target a __,..-._:_?::
i llf_ saRNA b Vysoka efektivita Efektivi . v
el wilkenié @ iy = 16 fektivita urCena ,slabsou” gRNA

* dCas9
- katalyticky neaktivny mutant (Cas9 dead)
- RNA riadeny DNA vazobny protein RNA-guided Fokl nuclease (RFN)

- sluzi ako vyborna platforma na nabor proteinov k cieflovej DNA

==
--5-

5= =
3-- -




Vyber gRNA

* Vyber gRNA sStruktury ovplyvnuje aktivitu Cas9
- Dudlna gRNA ( crRNA a tracrRNA exprimované separatne) — vacsinou nizSia ucinnost
- Single gRNA

- 2 kritické cCasti:
* 5" koniec (20nt) viaZe cielovi gendmovud DNA (100% homoldgia v ,seed” regione — 8-12nt)
- Gendmovy ciel moze byt akakolvek DNA sekvencia (~20nt)
-tato sekvencia je jedinecna
-sekvencia bezprostredne pred Protospacer Adjacent Motif (PAM, sekvencia Specificka pre jednotlivé druhy
Cas9, napr. 5 NGG 3’ u Streptococcus pyogenes Cas9)

Target site: 5'- GTGTAAACGGATAATGGACANGG
Distal Seed PAM

* 3" koniec sa viaze na Cas9 (Specificky pre rozne ortology Cas9, pre jeden otroldg rovnaky pre rozne sgRNA)
- Schopnost multiplexovaného cielenia viacerych génov

- sgRNA sa navrhuju pomocou in silico softwarov
- Vyber génu (organizmu), Cas enzymu...



Type of
CRISPR/Cas

systam

CRISPR/Cas dasigns
- Offarg
analysis

Specias

Taal Website support Muclaases  Mickase Batch mode  Commants

AT

CRISPR
design

CRISPR

direct

CRISPR
RGEM tools

CHOPCHOP

E-CRISFR

sgRNA
Dasignar

CRISFR
MultiTargeter

CRISPR-ERA

soRNA
Scorer

CRISPRscan

http:izifit. partrars org@FT I Typa Il anly 9

http:ferispr mit_sdu Typa Il anly 16

httpeferispr.dbels jp Type Il anly 18

Diffarant 18
Tyoe Il

httpfifwnaes rganarme. net

Diffarant 25
Tyoe |l

https:fehopchap.re.fas.
harvard.adu

Diffarant <]
Tyoe Il

http:itanww . e-crisp.orgE-CRISP

publicfanalysis-tools/sgma-desig

http:ifwnaeay multicrispr.net Multlpls 12

httoferispr-era stanfard.eduf
InitAction.action

Type Il anly ]

Different 12
Type

httos-ferspr.med. harvand edw!
sgRNASconar

httofcrispracan.arg Type Il anly 7

httpefbroadingtitute argfrnail I Typa Il anly 2

Yas

Yas

s

Yas

Yas

Yes

Yas

Yes

Yes

Yes

Yes

Yes

Yes

Me

e

e

Yes

e

Yes

Yas

Mo

Ma

Yas

Yas

Yas

Yas

Yas

Yas

=
&

=
O

=
@

=
L=]

Yes

=
(=]

Yas

No

No

Na

Na

Yas

Yas

M

[+

e

Analysis DMA seguenca up to 1 kb;
one of the earliest tools for searching
patantial target sites; this software
also be applied in ZFMs dasign and
TALEMs dasign

Analysis DNA seguenca up 1o 500 bo;
display the off-targat scores in an
unambiguous manner; imited axclusivaly
o ‘NGGE' PAM sequences

Identty warious PAM sequences; display
main sequence featuras of tha
cardidate sites

Analysis DMA saguanca up ta 1 kb;
standalone version availaols; random
mismatchas can be searched

Display in dynamic graphical intarface,
dasign sgRNAs for arthogonal Casg
with diffarent PAM sequences; this
software also be apolied in
TALEM design

Start apphication and design purposs
can ba sat for specific exparimaental
goals la.g. knockout, M-tarminal
tagging, C-terminal tagaing,
CRISPRial; enabla gana
annatation filtaring

Analysis DMA sequences up to 10 kb,
standalone version available; far
hurman ard mause ganes or interest
gang anly; use experimentally
dafined scoring schame

Enable multiple CRISPR systams
sgRANA design; scan off-target sites
with the aid of GT-scar or Cas OFFinder;
basic sgRMNA targat sites search in a
set of similar ganes or transcripts
Design sgAMAs for gane regulation,
use E-score to reveal the saguence
features and S-scora to display
off-target effacts

Analysis OMA sequances up to
10 kb, scan of-<target sitas with the
ad of Cas OFFindar; uss a naw in vivo
and multiplex librans-on-library
mathodology to assess sgRMNA activity
across ~ 1400 genes
Provide & valuable resource for
pradicting the most efficient sgRNA
for in vivo targeting, especially zebrafish;
cammenly criteria to dasign sgBEMAs
arg outclassed



Rekonstitucia dvojkomponentoveho
CRISPR/Cas9

* CRISPR/Cas9 systém vyzaduje ko-expresiou 2 komponentov: sgRNA Specifickej pre cielovy gén a
endonukledzu Cas9 (na jednom/dvoch vektoroch)

- Jednovektorovy systém (napr. lentiCRISPRv2) — plasmid s 2 expresnimi kazetami (Cas9 a chimérna gRNA).
Plasmid moZe byt nastiepeny restrikcnym enzymom v lokuse gRNA, a do miesta Stiepenia vlozena cieliaca
oligosekvencia (20nt).

- vhodny napr. pre primarne bunky (iba jedna transdukcia)
cPPT

psi+ RRE| W6 2 Ab fter EFS
\ \ ) Ve

SpCasg FLAG P2A Puro WPRE
| ] ‘[[ /
O
BamBl Bamai

- Dvojvektorovy systém (napr. lentiGuide-Puro a lentiCas9-Blast) — 1 plasmid exprimuje len gRNA, druhy Cas9
(najprv sa zavedie Cas9). Plasmid moze byt nastiepeny restrikénym enzymom v lokuse gRNA, a do miesta
Stiepenia vlozena cieliaca oligosekvencia (20nt).

lentiCRISPRv2 [

——

cPPT
psi+ RRE U6 2kbfiler) EFla  Puro WPRE

lentiGuide-Puro

;
Bertfl BemB!



CRISPR/Cas9 editovanie: potrebné
kKQeszQr@ Qars! LYpecifick{/ expresny systém zavisi od konkrétnej aplikacie

Savcie expresné vektory

Lentiviralna transdukcia

Cas9 mRNA a gRNA

Cas9-gRNA riboproteinovy
komplex

Prométor Cas9 konstitutivny (CMV, EFlalfa) alebo
indukovatelny (Tet-ON); Prométor gRNA typicky U6
* Reportér. gén (GFP), selekény marker (antibiotikum)
Cas9 a sgRNA na 1/2 vektorech

* Reportér. gén (GFP), selekény marker (antibiotikum)
* Obalové plazmidy na tvorbu viru

Plazmidy s gRNA a Cas9 sa pouziju na transkripciu in vitro
na vytvorenie maturovej Cas9 mRNA a gRNA, potom sa
dodaju do cielovych buniek (napr. mikroinjekcia alebo
elektroporacia)

Purifikovany Cas9 protein a in vitro transkribovana gRNA
sa kombinuju za vzniku komplexu Cas9-gRNA a dodavaju
sa do buniek pouzitim kationovych lipidov

ahko transfekovatelné bunky (Hek293),
docasna alebo stabilna expresia

* Stabilna, laditelna expresia Cas9
a/alebo gRNA v Sirokej Skale savcich
linii

» Uzitocné pre tazko transfekované
bunky/in vivo

* Celogendmové screeningy

e Docasna expresia systému

* Expresia klesa s ¢asom (degraduje sa
RNA)

e Generovanie transgénnych embryi

DocCasna expresia systému
Expresia klesa s asom (degradacia
komplexu)



Prehlad r6znych aplikacii Cas9

e Indel

Indel (knock-out) pomocou NHE)J

b [
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dCas9 = kataliticky neaktivny protein

Specifickd zmena (mutdcia/insercia) pomocou HR

Dvojica gRNA mo6zu stimulovat velké delécie, a chrom. prestavby

dCas9 fuzovany s aktivachou doménou - zvySenie expresie

cielového génu

dCas9 fuzovany s réznymi efektormi - zmeny v epigenetickych
znackach

dCas9 fuzovany s florescenénym proteinom - florescencna
mikroskopia



Aplikacie: vyhody a nevyhody
CRISPR/Cas

| Advantages

Disadvantazes

| Examples |

Snmimary

Cut

Cut

* Fast and simple

. Efficient WHET-mediated
mutagensasis

. Fandon mutagenesis

»  Dfftarget cutting

[21]

[44]

[34]

[3%]

[43]

Production of single and multiplex
mutans mice via diress svgote
injections of Casd/sgRMAs

Production of mmtant mice and rats
via direct v gote injections of Cal/
sgRMAs

Cre-dependent {L5L) Cas®
sransgene, enabling CRISPE
editing following delivery of an
enxogenons sgRMNA

Somatic gene editing in the lung via
lentiviral delmery of Casd and
sgRINAs

Somatic gene editing in the lner
nsing hydrodynamic ransfection of
plasmid-based Cas? and sgFMNAs

Inducible genome ecditing in mice
carrving a dox-respansive Casd and
single or multiple sgFRINAs in one
Sransgene

Efficient kmock-in alleles using
Cas@-sgPMA (protem-FIA)Y
comypletes, delivered by zvpote

injection

Mick

MNick

. Fast and sunple

. Efficrent NHET-tediated
u'.utage:lel.u

. Linited off-target effacts

. Fandomn mutagetesis
. Fegquires 2 sgRMAarget

[33]

[23]

[43]

Adenoviralimediated delivery of
Cas and sgFMAs to the mouse
Irver

Greperation of knock-m and mutant
mice by direct zygote injection of
CasdnsgRNA/donor teimplate

Inducible genome editing usimeg a
dazn-responsive Casin wransgens
and multigle sgENAS in one

R CT




Advantages Disndvantages Examples | Sommary
Producton of LoxP, epitope and
[26] fliorescent reporier mice via Zygote
injection of CadsgRMAs donar
e template
’ Loy efficiency Ghety
= i eration of knock-in and mmatant
&L L S - Specific mutations 3 " [25] mice by divect zvgote injection of
5 — Frequent mutations m nop- e Tec]
Enock-im g LI Endogenous protein tags & targeted allele Cas@sgRMA/ donor template
= it fluarescent reporters e
w Ea HDE bitars ) Somatic Cinnbl gene substifution
— AETER THACHIRRLY [38] using hydrodynamic ransfection of
plasmid-based Casd/sgRINA donar
Sommatic Fah gene sabsirution
[39] using hydrodynamic wansfection of
plasmid-based Casd/sgRINA donar
Somatic chromosarmal
[50] rearrangament of EMLA-AlL locus
it the g via adenoviral delivery
. Deletions, inversions & of Cas® and sgPIMAs
= : o mranslocatios Loy efficiency
o i - Sommatic chromosaimal
Rearrange E Endogencus Mo way te specify tvpe of 43 rearrangernent of EML4-Alk lacus
@ — rearTangements (regulation rearrangement desired [#4] in the lung via lentiviral delivery of
o mxaintaied) Casd and sgFNAs
Disruption of chramain tagalagy
[52] domains by mversion and deletion
of chromessme regions in ESCs
Feversible enforced -
| wPad expression hlay require muleiple sgRMAS
I — x _ _ OF ACCESSATY Proteins
@ i Fotential for multiplexed S )
Activate E Jr activation Ehm'l.g.'l testing mqﬁg&f jufin}
[_)' identify appragpriate 4
= Endogenois transcript combinations ?
regulation maittained
m Inhibition of RXA
o i praduction
B -, . y Potential for ireversible
E w % 4 Fieversible gene silencimg repression MO
o |_| Lultiplexed gene
SUppressian
— L ) . Potential for iveversible
& ¥
E x_} Epigenome remodeling Tepression
—— £ . Activation eT sagpression b . i ND
& + 2 of promoters & enhancers Off-target affects not well

characterized




KluCové aspekty pri uprave genu
MNADICDD /MNAc

‘ Bunecny typ/linia
‘ Cielovy gén
‘ Modifikacia v’ Knock-in vs knock-out/represia vs aktivdcia
‘ Vyber sgRNA
‘ Expresny systém

‘ Screening v' Kolko klonov potrebujem na ndjdenie pozitivheho?

v' Je vhodna?

v’ Je esencidlny/exprimovany/amplifikovany?

v’ Efektivnost vs specifickost

v’ Maximalizdcia efektivity

‘ Validacia v' Je vysledok podla ocakdvani?



230 240 250 260 270 280 200
GATCTCGAACAATTTGCCAAGCTCCTAAAGCAGAAGAGGAT | ATATACCCAGGCCGATGTGGGGC IC

WT

Validacia

220 230 240 250 260 270 280 200
GATC TCG AACAATTIGCCAAGC ICC TAAAGCAGAAGAGGATATACCCAGGCCGATGTGGGGCTCACTTIGGGGET

| Cas9/sgRNA |

* DNA Lo T e Ay

priame sekvenovanie

T7 endonukleazova assay 1
Restrikcna assay ==x3=

lD!mluImthrldlﬂ
Mutacia homozygotna?, indel nasobky 37 ===F

SURVEYOR nuclease digestion
(digests mismatches)

= Full-length PCR product
1 Cleaved fragments

* MRNA

* protein

Optimalne je potrebné vylucit off-target (NGS).




Experimentalne stratégie na vylucenie
off-target

* \lyluCenie potencialnych co-founder efektov off-target mutacii
-spatné vlozenie wild-type alely by malo zvratit fenotyp

* Pouzitie viacerych sgRNA

-kazda sgRNA ma iné potencialne off-targety, ak je fenotyp
rovnaky u viacerych sgRNA, zrejme sa nejedna o off-target efekt



Day 1
Steps 1-4
fr1 sitfco design

Days 2-5

Step 5
Reagent conslruction

Days 5-8
Steps 6-126
Funclional validation

Days 9-28
Steps 54=-T0
Clonal expansion

Il
I’

T . == Repair template
. .-"_._. —— r
SpCass =-— o+’ [(optona)
pSpCas ] i
{sgRNA) o — .
* Transfect
SURVEYOR assay
—— * Genotype
n i _-' o2 ..&"‘-._.:_ m_“-
l_.r" A o 'sotate clonal lines
. T o
\.%I-.. 5 - -. q o S ===E '
& 1 . % E d:
r, i i xpan
> v <
Er e, RIS RIS

In silico navrh gRNA
Objednanie oligonukleotidov

Molekularne klonovanie
Transformacia baktérii
(tvorba viru)

Vlozenie systému
Selekcia (antibiotikum, GFP)
Validacia editacie

Tvorba izogénnych linii z
jednobunecénych klonov



,CRISPR goes viral®

Silkworm
XRmEipus Zel oresepki23, 141

The CRISPR/C
genome engi

December 2013
.2013.146

Pig

Jani Yueqgiang Wang, Zhigic
Yazhou Chen, Yongpin

Simple ani septe
Mutagene SA.

zewer GENETICS

,Jechnika, ktora dokaze presne menit gendmy vsetkého od psenice aZ po slony.”
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CRISPR... proste funguje (lepsie).

CRISPR/Cas TALEN CRisPRs [

Gene iency Efficiency of

c

=3

(St s/Clones Homozygous
5 ned)” Mutants
AKT2 chr
AKTZ chr BE142) 12.?‘!-{18!142]'
CELSRZ chr
CELSRZ chr VS {45/68) 7.4% (5/68) I
CHTA chr N
CIITA chr’ ") e6i22) 11.5%{14;122]'
GLUT4 chr
GLUT4 chr 123/185) 24 9% (46/185) I
LOLR chri
LOLR chr B80MTB)  B.0% (14/176) I
LINGOO116  chr
LINCOO116  chr 50-80% _ Efficiency 0-30% 93/162) 8.6% (14/162) I

U TALENu kazda nova target skevencia vyzaduje znacnu zmenu v proteinovej Strukture TALENu,

CRISPR/Cas vyzaduje len zmenu 20nt v sgRNA.




CRISPR

e sekvencna sSpecifita je dana interakciou DNA-RNA
* editacia prebieha s presnostou az 1 nt

* velmi efektivna editacia (hlavne na indel)

* moznost multiplexného cielenia

* novy ciel=nova gRNA - priprava menej ako tyzden
e 20-40S/gén (4000S za TALEN)



Aplikacie




Aplikacie: (1) terapia genetickych chorob

* Tisice monogénnych chor6b (napr. hypertroficka kardiomyopatia - gén MYBPC(C3, incidencia 1:5000)

* 24/8/2017,Nature: (Correction of a pathogenic gene

mutation in human embryos

a Tangeting outcomes In embryos mmnmm

WT  m Mutant = Mosaic

AT A%
a
w19 s .I I l
2 2 2
Gonlrol smbryo 5 phase Injectod embryos 1 2 3 4 5 B 7 8 8 1012 a,
emrvas
¢ Blastomens ganotypes d Overall Tangeding Crveral HDR
N mosak: Smbryos afficiency In emibryos efficiency in embryos
w Targeted = Non-tangeted HDR ® NHEJ

* Etické aspekty

Off-target efekt (latentné problémy)
e ,Designer babies”
* Do buducnosti znizenie genofondu (?)



Aplikacie: (1) terapia genetickych chorob

-t AboutUs  Our Technology  Publications News Careers  Contact
editas -1
¥ 4

MEDICIN

=

Unlocking the Promise of
to Deliver -

SPOTLIGHT

CRISPR THERAPEUTICS
Bz rlan
Transformative & . ! .
- ﬁiﬁ?ﬂasfd $89 MILLION
Inte::

For Patients with Serious Diseases

OUR MISSION

Devek genome editing treatments that
of people living with severe

INTELLIA THERAPEUTICS

Raise
$15
MILLION




Aplikacie: (2) uschovna dat

* V CRISPR lokuse sa uklada informacia od napadajucich virusov (az niekolko 100 spacerov) - potencial
ukladat aj akukolvek inu informaciu

* Moznost zakddovat informaciu do oligonukleotidovej sekvencie (protospacera), a zapisat ju do gendmu
baktérii a vytvorit tak ,Zivd Uschovriu“

Figure 1: An image into the genome.
Pixet=subor pixelov

a b c GG -50%, no monoruckeotide
Pixet repeals >3 ba,
Encoded image 2ngd base _ﬁ _ 'Gcr_‘Eﬁl;ngt;rr mn:anw m-mm'cm
T st base I c A ?_ "_'."l:b z T o TR : S %FI'
I 00000001 - '
T = :d I TE e =0 4 n]' fg
1:_1u‘m‘£ ? =T '_; . | g8
G -5 - R i0=A § %
4 1 5 1 & 1 7 JA
9 g7 lae MN=G BE
G - T | '.;1
A 18 | 17 1 18 | 19 JC ¥
2| 2 L2 |a H
] 4 5 |G E
8 1 71 g 197 E
T OO 20 O %1
| L TN I 0 . :
i1l la 1 L

- T ) v S T
Original Image Image Reconstructed From Bacte

Tento systém bude schopny zaznamenavat viacrozmerné biologické informacie.



Aplikacie: (3) kontrola infekCnych chorob

* Malaria, dengue — kontrola nosicov tychto chorob (komare)

- kmen komarov, ktory je vd'aka CRISPR/Cas editacii
rezistentny na malariu, a tato rezistencia sa prenasa na potomstvo

- Cas9 je exprimovana iba v zarodocnej linii, kde kopiruje
geneticky prvok z jedného chromozdmu na druhy s > 98%
ucinnostou, pricom zachovava transkripénu aktivitu génov

- transgén je takto velmi rychlo rozSireny do potomstva

» HIV —vyuzZitie CRISPR/Cas9 na Stiepenie virového gendmu v

infikovanych bunkach

AMERICAN SOCIETY of
Molecular Therapy \' GENE & CELyL
Original Article =& THERAI

In Vivo Excision of HIV-1 Provirus
by saCas9 and Multiplex Single-Guide
RNAs in Animal Models

Chaoran Yin,"* Ting Zhang, " Xiying Qu,”° Yonggang Zhang,' Raj Putatunda,’ Xiao Xiao,' Fang Li,' Weidong Xiao,”
Huaging Zhao,” Shen Dai,’ Xuebin Qin,' Xianming Mo,” Won-Bin Young,” Kamel Khalili,' and Wenhui Hu'

developing
embryo

.aor‘:‘-.lr germline

50Mma germline soMma germiline
) I ®. . —
wild type allele HOR, allele MHE] allele Cas? expression

Gantz et al.: Highly efficient Cas9-mediated gene drive for population modification of the malaria

vector mosquito Anopheles stephensi, PNAS 2015



ny

Aplikacie: (4) priprava modelov (linii,
organizmov)

* Oproti klasickym technikam, kedy priprava Knock-out / knock-in mysi trva najmenej 6 ~ 12 mesiacov,
CRISPR/Cas9 je bleskurychly = uz za 2 mesiace (navySe odpada nutnost ESC)

* Prekvapujuco vysoku ucinnost pri produkcii jednoduchych (95%) a dvojitych mutantov (70-80%) mysi
priamou injekciou mMRNA Cas9 a sgRNA do oplodnenych zygot

* U bunecnych linii otazka tyzdnov — moznost pripravit izogénne linie

* Moznost studovat vo velkom meritku kauzalne mutacie, i varianty objavené v GWAS

Genetic studies identify human CRISPR is used to disrupt or These mice are studied to
gene mutations linked to introduce targeted mutations in learn how each gene and
neurologic diseases. the disease-linked genes in mice. mutation affects disease, and

used to test new drugs.

_ , gene a -
Huntington’s —_ %)-__} A T m
gene b N _/—/\
) genec
Alzheimer’s — ' :
gened )‘—“ —> o

genee

Parkinson’s ' L
g - — o |,




Aplikacie: (5) celogendmovy screening

 Studovat funkciu génov na celogendmovej Urovni

* napr. GeCKO kniznica = lentivirusova kniznice CRISPR-Cas9 proti 18 080 génom s 64 751 jedinecnymi sgRNA
(3 - 4 sgRNAs na gén, sustredené v 5” konstitutivnych exdnoch) umoznuje skrining negativnych aj pozitivnych
selekcii v fudskych bunkach.

>
W

A375 c HUES62

A cPPT

psi+ RRE| U6 sgRNA EFS SpCas9 P2A Puro WPRE
[l

Step 1
gRNA oligo
ibrary design
2quency
>quency

lentiCRISPR

g

u.)

* Uplne narusuje cielové gény ¢im sa predchadza slabym signalom (ako u RNAI)
* cielenie génov systémom CRISPR presnejsSie a generuje menej off-targetov dgen‘:i_.cou,‘;‘;s e

* vyborné na systematicke studium gén. funkcii Depited Entched

e vyborny sp6sob na ziskanie informacii o tom, ktoré gény zohravaju pri¢innu dlohu v danom LW |
fenotype (hypothesis-free pristup)

g

g

8

Normalized cell count (a.
£

(=]
|

000 10000 14000 18000
Gene rank

-
L=

Shalem et al.: Genome-Scale CRISPR-Cas9 Knockout Screening in Human Cells, Science 2014



Aplikacie: (5) celogendmovy screening

e Drop-out screening na odhalenie genetickej zranitelnosti

Catalogue of AML-assential genes

RACLRE-13

5 AML lines
MOLM-13 e w11
My 4-11 B —— i
HL-G0 : ey . , ve , ’ s
OCI-AML2 g;'l‘;;‘;‘w'“e e QOdhalit esencialne gény pre Siroké spektrum ludskych
OCI-AML3 bl : .
LT . ochoreni.
/ i ociam2
Validation and phenotype analysis > . . - > o .
of candidate hits * Mnohé z nich by mohli byt Uspesne pouzité na terapiu.

] 25 B ™ 100
% BFPF-postrse normalmed by ol

Tzelepis et al.: A CRISPR Dropout Screen Identifies Genetic Vulnerabilities and Therapeutic Targets in Acute Myeloid Leukemia, Cell 2016



Aplikacie: (6) agrikultura — potlacenie
chorobnosti, a iné modifikacie

* Napr. oSipané, ktoré su odolné voci virusovym ochoreniam, ale aj rastliny (napr. ryza, kukurica...)

SCIENTIFIC REPg}RTS

OPEN; Mammalian interspecies Gene-editgd pigs are Protected from port-::ine
substitution of immune modulatory reproductive and respiratory syndrome virus

alleles by genome editing

5 SimonG. Lillico?, Chris Proudfoot?, Tim J. King?, Wenfang Tan®, Lei Zhang?, Rachel Mardjuki?,
¥20%  David E. Paschon?, Edward J. Rebar', Fyodor D. Umov?, Alan J. Mileham’, David G. McLaren”
2% &C.Bruce A Whitelaw®

of

icated species. Zin finger m wem in-embryo
RELA locu ic pi hog RELA orthologue,
-sslxlilzd-lm resilience to African Swine Fever. The al biih'lv!m lznlha(llh-lnk pecies allele
research.

 Sterilita
* Viac svalovej hmoty

e Zvierata bez rohov

RNA-Guided Genome Editing in Plants Using a
CRISPR—Cas System

Kabin Xie and Yinong Yang?

Department of Plant Pathology and Environmental Microbiology, The Huck Institute of the Life Sciences, Pennsylvania State University, University Park, PA
16802, USA

ABSTRACT Precise and straightforward methods to edit the plant genome are much needed for functional genomics
and crop improvement. Recently, RNA-guided genome editing using bacterial Type Il cluster regularly interspaced short
palindromic repeats (CRISPR)-associated nuclease (Cas) is emerging as an efficient tool for genome editing in microbial
and animal systems. Here, we report the editing and targeted gene in plants via the CRISPR-Cas9 sys-
tem. Three guide RNAs (gRNAs) with a 20-22-nt seed region were designed to pair with distinct rice genomic sites which
are followed by the protospacer-adjacent motif (PAM). The engineered gRNAs were shown to direct the Cas9 nu-:lease
for precise cleavage at the desired sites and introduce mutation (insertion or deletion) by p non-h: I

end joining DNA repairing. By analyzing the RNA-guided genome-editing events, the mutation efficiency at these targel
sites was estimated to be 3-8%. In addition, the off-target effect of an engineered gRNA-Cas9 was found on an imper-
fectly paired genomic site, but it had lower genome-editing efficiency than the perfectly matched site. Further analysis
suggests that mismatch position between gRNA seed and target DNA is an important determinant of the gRNA-Cas9 tar-
geting specificity, and specific gRNAs could be designed to target more than 90% of rice genes. Our results demonstrate
that the CRISPR—Cas system can be exploited as a powerful tool for gene targeting and precise genome editing in plants.

Reguldcia ohladom zvierat a rastlin modifikovanych CRISPR... mali by byt regulované rovnakym

sposobom ako iné geneticky modifikované organizmy, aj ked neobsahuju DNA z inych druhov?




Aplikacie: (7) produkcia lieCiv
* LieCiva produkované domestikovanymi zvieratami

* Potencial znizit naklady na lieky

* Vakcina proti chripke produkovana do slepacieho vajicka

-kurcata s komponentami pozadovanymi pre CRISPR integrovanymi priamo do ich gendmov - kurcata
CRISPi. To by umoznilo upravit ich DNA rychlejsie a jednoduchsie, ¢o by mohlo byt prinosom pre "farma-
ceutika"



Aplikacie: (8) ,de-extinction”

Porovnat gendm vyhynutého druhu a jeho najblizSieho pribuzného

druhu - multiplexny CRIPSR/Cas systém

* Pomocou CRISPR transformovat slony na mamuty

(neetické implantovat editované embrya do ohrozenych
slonov ako sucast experimentu)

Cell Reports

Elephantid Genomes Reveal the Molecular Bases of
Woolly Mammoth Adaptations to the Arctic

Graphical Abstract Authors

Vincent J. Lynch, Oscar C. Bedoya-Reina,
Aakrosh Ratan, ..., George H. Perry,
Stephan C. Schuster

Correspondence
vilynch@uchicago.edu (V.J.L),
webb@bx.psu.edu (W.M.)

In Brief

Lynch et al. sequence complete
from three Asian elephants and two
woolly mammoths and identify amino
acid changes unique to woolly
mammoths.

* Holub stahovavy (Ectopistes migratorius) z modernych
holubov



Aplikacie: (9) ,CeresniCka na torte"

= Sooam Biotech

— RESEARCH FOUNDATTON

HOITIE

About Dog
Cloning
Introduction
Cloning Frocess
Cloning Technology
[Dogs at Sooam

Research Funding & _

Donation
About Dog Cloning
Competition LK,

ABOUT US DOG CLONING RESEARCH COommuUnITY

DOG CLONING AT SOOAM

[Dogs have been domesticated for thousands of wears, Thew hawve been our protectors and friends: howewver, an
average lifespan of a dog is about 10--15 wears, much shorter than that of a human being, Sooam Biotech
Research Foundation is able to prolong the companionship with wour dog by bringing back the memaories that vou
hawe with wour friend, Cloning technology is possible at Socam for any dog no matter its age, size, and breed,
Sooam not only performs dog cloning research, but we also heal the broken hearts,

When wour dog has passed away, place the cadaver inside the freezer,
Then, patiently follow these steps:
1. Wrap the entire body with wet bathing towels,

2, Place it in the fridgelnot the freezer) to keep it cool,
+ Please take into account that wou have approximately & daws to successfully extract and secure live cells,
+ Please contact our specialists by filling out the service application form at www, notvoubutyvou,com

Email © notwoubutwou@sooam, org
Telephone @ +52 70 7722 9354

- Biopsy Instructions For Yeterinarians —
Each case is unique, please consult one of our specialists before consulting wour veterinarian

1. Pet Preparation

Use appropriate anesthesia and/or sedation as required, Apply general anesthesia if the pet's health permits, In
case of local anesthesia, please obtain the biopsy sample from the farthest possible site from the site of
anesthesia application,

Klonovanie domacich zvierat (100 000S)
>200 psov naklonovanych

Pouzit CRISPR na zlepsSenie vlastnosti



Limitacie & Buducnost

GRISPR EMBRYOS AND THE LAW

Regulations governing genetic modification in human embryos vary.
Some countries ban the practice through legislation that carries
criminal penalties; others have unenforceable guidelines.

* Nedoriesené otazky regulacie a etiky

M Ban (legislation) /

M Ban (guidelines) = Restrictive
Ambiguous Not surveyed

* Minimalizacia off-target (napr. dvojica gRNA-dCas9 + Fok |), a stratégie na ich odhalenie

» Zlepsenie expresnych systémov (expresia len v istych tkanich, vyvojovych stadiach...)

e ZvysSenie efektivity HDR oproti NHE)J



Dakujem za pozornost.
Otazky?



