CRISPR-Cas9 genome
engineering
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Y, Hatada I. Validation of microinjection methods for
generating knockout mice by CRISPR/Cas-mediated genome
engineering. Sci Rep. 2014 4:4513

e Knott GJ, Doudna JA. CRISPR-Cas guides the future of

o000 genetic engineering. Science. 2018 361:866 (recommended
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Holy grail of molecular genetics... esss’ Brewer’s yeast (Saccharomyces cerevisiae) 55:“
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Brewer’s yeast (Saccharomyces cerevisiae)
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Wine Beer Genetics
(7000 BC, China) (4000 BC, Sumeria) (1935, Copenhagen)

|

Molecular clones of yeast genes H

Yeast genes complemented bacterial mutations

Proc. Natl. Acad. Sci. USA
Vol. 74, No. 12, pp. 5255-5259, December 1977
Biochemistry

Production of a functional eukaryotic enzyme in Escherichia coli:
Cloning and expression of the yeast structural gene for imidazole-
glycerolphosphate dehydratase (his3)

(gene expression/cloned yeast genes/gene selection/yeast his3)

KEVIN STRUHL AND RONALD W. DAVIS
D of Biochemistry, Stanford University School of Medicine, Stanford, California 94305

Communicated by I. R. Lehman, August 15, 1977

Biotechnology
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Transformation of yeast os °s

Clone yeast genes could be inserted into yeast chromosomes

Proc. Natl. Acad. Sci. USA
Vol. 75, No. 4, pp. 1929-1933, April 1978
Genetics

Transformation of yeast
(gene exchange/hybrid plasmid/integration)

ALBERT HINNEN, JAMES B. HICKS, AND GERALD R. FINK
Department of Botany, Genetics and Development, Cornell University, Ithaca, New York 14853

Communicated by Adrian M. Stb, January 25, 1978
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Similar to A phage integration H Three types of yeast transformants... 4
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see Directing integration by a double-strand %3¢
. . . Irecting integration a doubie-stran
Integration by homologous recombination |3 break 9 9 y os
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Rothstein Meth Enzymol. 1992 194:281
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Excision can leave a mutation in the target (232
gene .

URA3 [

Insertional disruption in one step 4
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A yeast model for genome engineering os Gene knockouts in mammalian cells os

e Genes can be introduced into a target genome

® They can be directed to a single site
e Requires a double-strand DNA break
® This stimulates homologous recombination

e Regions of the target chromosome can be replaced
® Can be done by two-step integration/excision

e With a positive selection for the result, one-step
disruption is possible

® But, homologous recombination in higher eukaryotes is
much less active

e Something needed to be done to increase the efficiency of
site-specific recombination into the genome
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Mario R. Capecchi Sir Martin J. Evans Oliver Smithies

Prize share: 1/3 Prize share: 1/3 Prize share: 1/3

https://www.nobelprize.org/
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Inserting neomycin resistance gene into oo
mouse hprt gene .

Oliver Smithies lab Mario Cappechi’s lab

Neo'

HPRT Gene l ]
m{ 1 23 45 6 9
A 8 2 R Ro® T 1 T T I

132bp hprt*

targeting DNA

sequence
replacement

Recombination l Event

1 2 3 a5 6 7 Neo' 9

H—y T R— | [ T 1T 1T TzZZ

2 R3 S 3 R B -
R 8 hprt~G418"
Thomas &Capecchi. Cell. 1987 51:503

Doetschman et al. Proc Natl Acad Sci U S A. 1988 85:8583

HPRT = hypoxanthine-guanine phosphoribosyltransferase

How did this procedure work? -+

e Double positive selection

® Selected for resistance to G-418 (target of the neoR
resistance gene); cells that expressed the neoR gene
survived

®* Performed a second selection for resistance to 6-
thioguanine (a suicide compound that must be
phosphorylated by HGPRT to be used in DNA synthesis);
cells in which HGPRT was mutated survived

® The double selection allowed identification of transfectants
carrying the inserted gene at frequencies of about 1 in
100,000 cells

e Could this procedure work without a double selection?

®* How would that work to mutate a gene without a negative
selection against its expression?
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Lesson of double strand brakes -+ Introduction of site specific cleavage sites |:°

e The yeast work showed a targeted double-strand break
greatly increased the frequency of homologous
recombination

®* How could that be achieved in mammalian species?
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e Use of extremely rarely cutting endonuclease
® Scel: endonuclease from yeast mitochondrial intron

5... TAGGGATAACAGGGTAAT...3’
3...ATCCCTATTGTCCCAT TA...5°

e Use of site-specific recombination systems

® Cre-Lox (bacteriophage P1)
e Flp-Frt (yeast 2y circle endogenous plasmid)

e Problems?
e Severe limits on where sites can be located
®* Need to generate strains with targets in required location

® These systems are used in special circumstances but not for
mutagenesis
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Creating designer site-specific oo
endonuclease

e Zinc finger nucleases (ZFN)
® Transcription activator-like effector nuclease (TALEN)

® Clustered regularly interspaced short palindromic repeats
(CRISPR) and CRISPR Associated Protein 9 (Cas9)

Zinc-finger nuclease mechanism

taaacc [CAIGIT[TIA[GICIAICICIG]
GIGIGIAICIGIAITITIGIAIC] at ttyg [GITIGIAJATICIGITIGIGIC]

Left ZFP

Gaj et al. Trends in Biotech. 2013 31:397
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T ipti tivator-like effect 3 3
ranscription activator-iike efrector oo . . .
. Organization of TAL Proteins H+
nuclease (TALEN) mechanism . g .
(€) ! ()
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{3 A ) l|3 - - DNA Binding Domain .\J}\
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\6’;,\.\ 5 CATCGCCACTAGCCGT
) ‘ Target DNA
ha HD—>C N—=A NG—T NN—G
(D) Cleavage
Left TALE i)

N T — @@ <
CTCCAACCAGGTGCTAActgtaaaccatggaaaaggaTTAGCACCTGGTTGGA
GAGGTTGGTCCACGATTgacatttggtaccttttcctAATCGTGGACCAACCT

Key: c- -N
Hne Clesiins Right TALE
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& [JHD
[] HN or NK

Gaj et al. Trends in Biotech. 2013 31:397
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Mak et al. Curr Opin Struct Biol. 2013 23:93
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Pros and Cons about these nucleases oo CRISPR-Cas in bacteria oo
I I
Pro Cons
® Nucleases can be e Time Consuming to A Adaptation B Expression ’ Cc Interference
ifi H Cas protein: CRISPR arr: rotei C tei CRISPR ar
specifically designed for a generat.e nucleases Swids | ST Caspotons  omsary | sopiens_ CRPRaray
target sequence e Expensive . ‘ Sranseston ‘
* High specificity recognition e gingle use e G ®
(little or no off-site |
H Detecting foreign Effector nuclease .
ta rg et| n g ) genetic material Target interference
* Generate a double-strand NV Cast-Cas2 Sncende;  mieui) imraity
cut appropriate for . %
. . . . Bacterial cell
stimulating recombination
Knott & Doudna Science 2018 361:866
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Struct f Strept see see
ructure of Streptococcus pyogenes o o
- . Model of a CRISPR-Cas9 complex .
CRISPR region P
[ [
e Two types of small RNAs are encoded: Cas
® CRISPR RNA (crRNA) SERNA
e Transactivating CRISPR RNA (tracrRNA)
* These pair in the CRISPR-Cas complex
. . . . 3
e They can be combined into a single guide RNA (sgRNA)
a tracrRNA CRISPRO1 / \
;lg) - Untreated RNA 21 . =
5! 3 5 3
J—— e ] < JTTTITCATTCAATD (IO + JITTTTTTCATID (LTI &
853645 0 863732 NHE] HDR ]]I]]I[ ]]]I]I(Dnnorom\)
S0 - 9 csn ST o2
' 3! 5 e 3!
e e Y g Loty tp AR ~ TN TICCACAY 110
Ept—— e e e 39-42 nt (Loss of function) (Gene editing)
3 ARA CG&UACGACAAA'RCUUACCA \GGUUJ {2 5 it AGA 5 CCAAAAC 3"
PAM = protospacer adjacent sgRNA = single guide RNA HNH & RuvC = single strand
b 3 TR (IS W motif (= 5'-NGG-3’ for Cas9) nucleases
o A e " EANARES) HDR = homology-directed repair NHEJ = non-homologous end joining
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Mechanism

PAM = protospacer adjacent motif
(= 5'-NGG-3’ for Cas9)

lobe

Genome sampling

A Preargetstate < » B PAM
* Directional
f unwinding
i awayfom
I PAM
v

C Partial heteroduplex formation
ssDNA stabilization in nt-groove

On-target site: Off-target site:
Complete strand invasion Incomplete complementarity

D Nuclease activation:

1. HNH conformational change
2. HNH-RuvC communication
3. DNA cleavage
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CRISPR is very efficient

e Between 3 and 50% of unselected pups carry the CRISPR
induced mutation
e Analysis of 20 unselected pups, with 45% mutated

C13H90rf72 .+ - TATAAGCCCCTATCATGTCTTCAGCCTGTCCTCCACAATCTCCAGCCGTGGEC . « -
-
4 ~
donor oligonucleotide 4 i Y

[ ... 6eTcTaTAGGTTTGTATAAGCCCCTA TN T T ACCCATACGACGTCCCAGACTACGCT I CTTCAGCCTGTCCTCCAC. « o)

41 nt homology arm HA tag 49 nt homology arm
bp uninjected C9t3 Kl injected
800 —
500—

G 2 ¢+
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Uses of CRISPR-Cas

TOOLS AND APPLICATIONS BASED ON Cas9 AND nCas9

a Genome editing Cas9 nuclease or nickase

—HOHHENNND)H—

Targeted gene mutagenesis/sequence replacement
Large-scale chromosomal rearrangment
Genome-scale gene knockout screening
Generation of transgenic organisms

Disease modeling

Gene therapy

TOOLS AND APPLICATIONS BASED ON dCas9

b Gene repression/activation @ Repressor
(CRISPRi/a) . /o @ rctvator

‘\\\\\\\\ (fargetgens) \\\\\\\ )

sgRNA Targeted gene regulation
@ Repressor  Genome-scale gene activation/

A ap‘amer repression screening
. Activator  Orthogonal gene regulation

) D w\\;\\\,\\\—

scRNA
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More uses of CRISPR-Cas

€ Epigenome editing Ep.gem.c modifier Modification of
epigenetic marks near
dCas9 targeted site
Regulation of downstream

gene when targeted to
enhancer/promoter

d Genomicimaging

A A F\uovus<ml protein A A Imaging of repetitive/
1 X < < nonrepetitive genomic
4 4 4 loci targeted by dCas9

AR asy

Wang H, et al. 2016.
Annu. Rev. Biochem. 85:227-64
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Reading for next time: 4 Figure 1 oo
[ [
* Gilbert LA, Larson MH, Morsut L, Liu Z, Brar GA, Torres SE, (a)
Stern-Ginossar N, Brandman O, Whitehead EH, Doudna JA, Tetl - §2 ¢
Lim WA, Weissman JS, Qi LS. CRISPR-mediated modular P i
RNA-guided regulation of transcription in eukaryotes. Cell. TGG0GCAGGACCAAGTOTGOCTOCTTCAGGEAGETTR TGGAGACTAGGTGAGGAACT
2013 154:442 e
(b) 2
& &
§ &
«— targeted
- — WT
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Figure 2 o Table 2 & 3 o
[ [
(@ £ 100 Table 1 |/n vitro development of CRISPR/Cas introduced
B * embryos using three microinjection methods
2 3
g‘ i gRNA  microinjection method ~ survived/injected  blastocyst/survived
T S0
Blastocysts | £ DNA/Pronucleus 41/52 (78.8%) 10/41 (24.4%)
3 ] Tet1 Ex4  RNA/Pronucleus 52/61(85.2%) 17/52(32.7%)
g fﬁ | RNA/Cytoplasm ~ 46/63 (73.0%)  30/46 (65.2%)
g o ) B DNAs or RNAs of hCas? and gRNA were mixed and injected info mouse zygotes by three
DNA RNA RNA/ methods: (1) injection of DNA into the pronucleus, {2) injection of RNA into the pronucleus, and (3}
Pronucleus  Pronucleus Cytoplasm injection of RNA into the cytoplasm.
(b) " Table 2 | Efficiency of CRISPR/Cas-mediated gene targeting using three microinjection methods
= 100
< 190 gRNA microinjection method  survived/injected pups/transferred KO/pups homo/pups wild:hetero:homo
B DNA/Pronucleus 62/82 (75.6%) 5/62 (8.1%) 4/5(80.0%)  1/5(20.0%) 1:3:1
T, s Tet] Exd RNA/Pronucleus 72/81 (88.9%) 5/72 (6.9%) 5/5 (100%) 5/5 (100%) :
2 @ RNA/Cytoplasm 55/72 (76.4%) 9/37 (24.3%) 9/9 (100%) 8/9 (88.9%)
Pups £ s0 * DNA/Pronucleus 41/54(75.9%) 8/41 (19.5%) 2/8(25.0%)  1/8(12.5%)
g w0 3 TelEx7  RNA/Pronucleus 46/56 (82.1%) 15/46 (32.6%) 7/15(46.7%  3/15(20.0%)
§ . RNA/Cytoplasm 31/46 (67.4%) 19/31 (61.3%) 10/19 (52.6%)  4/19 (21.1%)
-3 0 into the cytoplasm. The injected eggs ferred into females. The ions were identified by dige of PCR amplified frag: ing farget with th
& hCos9 cleavage sites followed by agarose gel electrophoresis.
DNA RNA RNA
Pronucleus  Pronucleus Cytoplasm
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Figure 3

DNA
Pronucleus

RNA
Pronucleus

RNA
Cytoplasm
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Figure 4
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Figure 5
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