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> 10,000 research articles
45 completed and ongoing clinical trials
>70 active NIH RO1s

$17B valuation across >12 companies

6-year, >$100M patent lawsuit

1 person in prison

N
Emmanuelle Charpentier N |

Max Planck Institute for Infection
biology, Berlin

Jennifer Doudna

University of California, Berkeley




Early genetic engineering - selective breeding




Early genetic engineering - selective breeding

crop domestication and breeding

“the first agricultural revolution”




Early genetic engineering - selective breeding

animal breeding and
trait specialization




Early genetic engineering - selective breeding

canis lupus




The Siberian fox experiment

silver fox

Vulpes vulpes Dmitry Belyayev



The Siberian fox experiment

fear, aggression, violence indifference, curiousity
do not breed breed



The Siberian fox experiment




Genetics can be... complicated

Jean-Baptiste Lamarck - 1770s Charles Darwin - 1859
e physical changes during life are heritable e variation in traits exist across generation
e these are passed on to future generations e most “successful” variants reproduce

and stretching
until neck

I:('(("lillll“\ peppered mOth, UK
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Keeps stretching and
neck to reach
leaves higher
up on tree

stretehing

i S
yu
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Original
short-necked

ancestor

pre 1850s

after 1900




Genetics can be... complicated

“blending” inheritance - is it true?

ELs . L, .

655 &b  ove
Soo

pea plant
pisum sativum



pea plant
pisum sativum

Genetics can be... complicated

seed
flower
position
flower
plant d
height po

short tall

wrinkled

constricted

\

green

inflated

yellow



Genetics can be... complicated

smooth wrinkly smooth wrinkly

semi-wrinkly smooth
blending inheritance Mendel’s results
P generation F1 generation F2 generation

pea plant all purple 3:1 purple:white

pisum sativum



pea plant
pisum sativum

Genetics can be... complicated

A = dominant allele a = recessive allele

@AA

@) = e ~-
@ = @

(4
%EA& @ Aa @ Aa % @ Aa ':‘; aa

Mendelian inheritance



1882

Walter Flemming

“Further study of the division
phenomena... reveals a stainable
substance of the nucleus. | shall
coin the term chromatin for the
time being.”

Molecular Genetics

chromosomes as the physical hereditary molecule?

Flemming, Walther. Zellsubstanz, kern und zelltheilung. Vogel, 1882.



Molecular Genetics

1888

chromosomes are copied and sometimes assymetrically distributed

Theodor Bovori

Boveri, T. 1888.



Molecular Genetics

1903

“germ cells” contain half of chromosomes - fertilization completes the set

Walter Sutton

Sutton, Walter S. The Biological Bulletin, 1903, 231-250.



Molecular Genetics

1951

chemical structure of DNA - how is information encoded?

Lo

Rosalind Franklin Maurice Wilkins

e must be helical in shape

e water is excluded from interior

e ratioof A=T,C=G

Nature, 1953, 171, 740-741.



Rosalind Franklin

Maurice Wilkins

Molecular Genetics

1951

chemical structure of DNA - how is information encoded?

e must be helical in shape

e water is excluded from interior

e ratioof A=T,C=G

Nature, 1953, 171, 740-741.



Rosalind Franklin

James Watson

Maurice Wilkins

Francis Crick

Molecular Genetics

1951

chemical structure of DNA - how is information encoded?

NH, 0
N B NH
ST X
~
adenosine (A) thymine (T)

Nature, 1953, 171, 737-738.
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SN
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Molecular Genetics

1961

messenger RNA is made from DNA, enables protein synthesis?

OPERON MODEL

‘Operator Structural' Hipetan

Regulotor gene gene genes

_+_+_F1 {O% I } lB t— Genes
Repressor NV ANV ANV Messengers

Sydney Brenner Francis Crick L ? l l

> AT Y Proteins
Repression or induction
Metabolite —

Francois Jacob

Nature, 1961,190, 581-585.



DNA
(genome)

messenger RNA
(transcriptome)

protein
(proteome)

transcription

¢

translation

¢
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The “you” you are




The “you” you are

chromosomes occupy discrete terrorites in the nucleus
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The “you” you are

different cell types run different every cell has
gene expression programs the same genome

A
\/L\
i N~
\\.:\M/ 4 ....... o\ o 4 ....... .
wW

7

N

/// #
VZ
7
- u 1) ’
J—— 8 | v
’ .
v B v

\
A\
\
)

dETRNIE EENI D
GETNIE e D

%%.. 2 0 7
+ 000

Q)



The “you” you are

Mom
v Chr 15: 74.72 - 74.73 Mb
rs24 72297
O e \
Me
@ " cle ATTTGAAG C CCAGATG
07N N TAAACTTC G GGTCTAC
Me 77
CYP1A2 caffeine single nucleotide polymorphism (SNP)
(cytochrome P450)

Steve



The “you” you are

C C

7% % Z %

AN 7 %4

Mom

i

Steve Brother




The “you” you are




The “you” you are

Dad

Mom




The “you” you are

Blood Type

Red Blood
Cell Type
O \J/ N/ \/
Y vl - Sl ot A o
Antibodies R e T AN TN =
in Plasma ‘// \\, ’// \\( \// \\F ,,// \\(‘
Anti-B Anti-A None Anti-A and Anti-B
Antigens in
Red blood T ? ? ?
Cell A antigen B antigen A and B antigens None
Blood Types
Compatible A0 s AAS; AB’h O 5 O h
inan ' ; (AB" is the (O is the

Emergency

universal recipient)

universal donor)




Mom

The “you” you are

c v

Dad

AB AO

BO OO



The “you” you are

'Y

Dad

Mom




The “you” you are

B b

BB Bb

P @ @

® Bb bb
b ® @

B - dominant brown eye allele
b - recessive blue eye allele

b
Bb
P @
bb
b @

BB ® brown eyes
Bb ® brown eyes
bb ® blue eyes



The “you” you are




The microbial arms race

Tail

“%— Long tail fibre

/ “—Short tail fibre
Baseplate — Central tail fibre or spike

inject DNA

\4

replication by host

Nat. Rev. Microbiol., 2015, 13(12) 777-786.




Restriction enzymes

S

TITTTTTITTITITTT GAAT TCTTTTTTTTTTITTTTT »  TITTTTTTTTITITITG AATTCTTTTTTTTTTTITTIT
AL CTTAAG AL UL AL CTTAA GLLLLLLLLLILLILL
sequence recognition cleavage

Werner Arber

Methylated
recognition site

[EN Me<NH NH,
'vvv’rvv\, N N wvrwu \N "M/IMA'MG | SN
oo <1 o, | 0
Lot ) 0 oY °
o) N o
0 o O|
'V\NIIM 'VVVIJVW
N6-methyladenosine 4-methylcytidine 5-methylcytidine
m6A m4C m5C

Hamilton Smith

Nat. Rev. Microbiol., 2015, 13(12) 777-786.



Genetic engineering with restriction enzymes

S

TITTTTTTTTTTTTTTGAATTCTTITTTTTTTTITT0T
LLLLLLLUULLLLL CTTAAGLLLLLLLULLLLLLLL

sequence recognition

TTTTTTTTTTITITT G AATTCTTTTTTTTTITITIIT
LLLILLIILI)IElLE CTTAA GLULLLLLLLLULLLLL

cleavage

TTTTTTTTTTTTTTIT G AATTCTTTTTITTTITTTITIT
LU L CTTAA GLLLLLULLULIILILL

swap and splice

gene of interest

Restriction sites

v

[T

1
Restriction
enzymes .\

Sticky ends ¥

Restriction enzyme digestion

Ligation

bacterial plasmid

o . "
Restriction sites

Restriction
/‘ enzymes

Sticky ends

ALY
t

Transformed plasmid



Problem 1: restriction enzymes are permanently locked in on their targets

5 .. GGATCC...3
3...CCTAGG...5

Major Groove Major Groove

Minor Groove Minor Groove

Minor Groove

Major Groove \
\J (’ ™y
. @
~, “ %

programming recognition of new sites requires
complete redesign/evolution of enzyme




Problem 2: the recognition sequences are not that unique

bacterial plasmid
~6,000 nt

(1/4)6 = 0.02% probability
0.02% x 6000 = 1.2 sites

1 site

\

. GGATCC...3
CCTAGG...5

human genome
~6,000,000,000 nt

(1/4)¢ = 0.02% probability
0.02% x 6,000,000,000 = 1,200,000 sites

7 7

//?//




Meanwhile, in Japan

Nucleotide Sequence of the iap Gene, Responsible for Alkaline
Phosphatase Isozyme Conversion in Escherichia coli, and
Identification of the Gene Product

[TGAAAATGGGAGGGAGTTC TACCGCAGAGGCGGGGGAACTCCAAGTGATATCCATCATCGCATCCAGTGCGCC (1,451)
(1,452) CGGTTTATCCCCGCTGATGCGGGGAACACCAGCGTCAGGCGTGAAATCTCACCGTCGTTGC (1,512)
(1,513) CGGTTTATCCCTGCTGGCGCGGGGAACTCTCGGTTCAGGCGTTGCAAACCTGGCTACCGGG (1,573)

] 7 7 (1,574) CGGTTTATCCCCGCTAACGCGGGGAACTCGTAGTCCATCATTCCACCTATGTCTGAACTCC (1,634)
YOShlzumI IShInO (1,635) CGGTTTATCCCCGCTGGCGCGGGGAACTCG (1,664) '

consensus: CGG'I‘TTATCCCCGCT(:ﬁCGCGGGGMCTC

“An unusual structure was found in the 3’ end flanking region of iap (Fig.5).
Five highly homologous sequences of 29 nucleotides were arranged as
direct repeats with 32 nucleotides as spacing, and have been found in
E.coli and Salmonella typhimurium and mayacttostabilizem....

.... the biological significance of these sequences is not known.”

J. Bacteriol., 1987, 169(12) 5429-5433.



Repetitive sequences

first 20-30 nt identical next 30-40 nt always different

iap — g
termination codon CGGTTTATCCCCGCTAACGCGGGGAACTC

~—TGAAAATGGGAGGGAGTTCTACCGCAGAGGCGGGGGAACTCCAAGTGATATCCATCATCGCATCCAGTGCGCC

CGGTTTATCCCCGCTGATGCGGGGAACACCAGCGTCAGGCGTGARATCFCACCGTCGTTGC
CGGTTTATCCCTGCTGGCGCGGGGAACTCTCGGTTCAGGCGTTGCAAACCTGGCTACCGGE
., CGGTTTATCCCCGCTAACGCGGGGAACTCGTAGTCCATCATTCCACCTATGTCTGAACTCC
Ruud Jansen CGETTTATCCCCGCTEECECAGERRAACT G  wamm mimm m e
C|USte I’ed 10 11 12 13 14

Ran d om \iap T, o
Interspersed N

\_ CRISPR1
Short TW

Palindromic

Repeats

Mol. Microbiol. 2002, 43(6), 1565-1575.



Protein-coding genes are associated with CRISPR arrays

Ruud Jansen

Clustered
Random

Interspersed
Short

Palindromic

Repeats

iap
termination codon

first 20-30 nt identical next 30-40 nt always different

—— e ———
CGGTTTATCCCCGCTAACGCGGGGAACTC

~—TGAAAATGGGAGGGAGTTCTACCGCAGAGGCGGGGGAACTCCAAGTGATATCCATCATCGCATCCAGTGCGCC

\
N
b

.
A\,
S

CGGTTTATCCCCGCTGATGCGGGGAACACCAGCGTCAGGCGTGAAATCFCACCGTCGTTGC
CGGTTTATCCCTGCTGGCGCGGGGAACTCTCGGTTCAGGCGTTGCARACCTGGCTACCGGG
CGGTTTATCCCCGCTAACGCGGGGAACTCGTAGTCCATCATTCCACCTATGTCTGAACTCC

CGGTTTATCCCCGCTGGCGCGGEGAACTC G~~~ S
1 2 3 4 5. 7 8 9 10 11 12 13 14
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iap ———Cas2 Casl CasE CasD CasC CasB CasA Cas3

- ’ 1 kb |

v
(CasABCDE complex)

CRISPR-associated proteins (Cas)

Nucleic Acids Res. 2002, 30(2), 482-496.



CRISPR sequences align with bacteriophage DNA

first 20-30 nt identical next 30-40 nt always different

iap —— g
termination codon CGGTTTATCCCCGCTAACGCGGGGAACTC

——TGAAAATGGGAGGGAGTTCTACCGCAGAGGCGGGGGAACTCCAAGTGATATCCATCATCGCATCCAGTGCGCE
CGGTTTATCCCCGCTGATGCGGGGAACACCAGCGTCAGGCGTGAAATCFCACCGTCGTTGC

\ CGGTTTATCCCTGCTGGCGCGGGGAACTCTCGGTTCAGGCGTTGCAAACCTGGCTACCGGG
. ) \ CGGTTTATCCCCGCTARCGCGGGGAACTCGTAGTCCATCATTCCACCTATGTCTGAACTCC
Francisco Mojica CGET T TATCC OGO TEECECREEERACTOR i i

1 2 3 4
»D = =5 5

J. Mol. Evol., 2005, 60, 174-182.



CRISPR sequences align with bacteriophage DNA

next 30-40 nt always different

AAGTGATATCCATCATCGCATCCAGTGCGCC
AGCGTCAGGCGTGAAATCFCACCGTCGTTGC
'CGGTTCAGGCGTTGCAARACCTGGCTACCGGG
TAGTCCATCATTCCACCTATGTCTGAACTCC

Francisco Mojica

high sequence similarity

/ ' Short tail fibre
Baseplate —/ Central tail fibre or spike

bacteriophage DNA

J. Mol. Evol., 2005, 60, 174-182.



CRISPR sequences protect bacteria from infection

cas1l cas6 cas7 repeat/spacer region

L]
.
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.,
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A
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Sensitivity to ©858 Sensitivity to ©2972
Ll ] bl S ) il el ) il -

|
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W T o075 |

W 497" | |
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WT 097558 | |
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Science, 2007, 315(5819), 1709-1712.



CRISPR + Cas = an adaptive antiviral immune system

E coli cell

bacteriophage
DNA

foreign DNA
aquisition e
T T adaptive
- — - — interference
| |
DNA
RISPR ; _ .
CRISPR array Cas protein genes digestion
| | et
TS~ N e ) -~
I
pre-CRISPR RNA l
} Tk
/>
—~ —_— — o
N SN N )
Cas RNP
processed fragments loading

Science, 2008, 321(5891), 960-964.



Emmanuel Charpentier

Elucidating the CRISPR-Cas architecture

pre-crRNA

- -Csm

RNase [l

First processing WJ
event g
R &

66 nt 66 nt
Second processing
event
(o~ ;:J
- | 66 nt | 66 nt

V

39-42 nt

171/89 ntSii\

tracrRNA

V

39-42 nt

Nature, 2011, 471, 602-607.



target DNA J [} [} {11 {1f11]

Elucidating the CRISPR-Cas architecture

Cas9

trans-activating
crisprRNA

“tracrBRNA”

crispr RNA

Nature, 2011, 471, 602-607.



Later that year, in San Juan Puerto Rico

Emmanuel Charpentier Jennifer Doudna

* CRISPR architecture/regulation  RNA-protein structural interfaces

* inhibition of CRISPR in flesh-eating bacteria * how does crRNA and tracrRNA function?




Science

A Programmable Dual-RNA-Guided
DNA Endonuclease in Adaptive
Bacterial Inmunity

Martin Jinek,’** Krzysztof Chylinski,>** Ines Fonfara,” Michael Hauer,*t
Jennifer A. Doudna,™**®+ Emmanuelle Charpentier*}

Clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated (Cas) systems
provide bacteria and archaea with adaptive immunity against viruses and plasmids by using
CRISPR RNAs (crRNAs) to guide the silencing of invading nucleic acids. We show here that in a
subset of these systems, the mature crRNA that is base-paired to trans-activating crRNA (tracrRNA)
forms a two-RNA structure that directs the CRISPR-associated protein Cas9 to introduce
double-stranded (ds) breaks in target DNA. At sites complementary to the crRNA-guide sequence,
the Cas9 HNH nuclease domain cleaves the complementary strand, whereas the Cas9 RuvC-like
domain cleaves the noncomplementary strand. The dual-tracrRNA:crRNA, when engineered as a
single RNA chimera, also directs sequence-specific Cas9 dsDNA cleavage. Our study reveals a
family of endonucleases that use dual-RNAs for site-specific DNA cleavage and highlights the
potential to exploit the system for RNA-programmable genome editing.

17 AUGUST 2012 VOL 337 SCIENCE www.sciencemag.org



A Programmable Dual-RNA—-Guided DNA Endonuclease in Adaptive Bacterial Immunity

Cas9 programmed by crBNA:tracrRNA duplex

protospacer

crRNA-tracrRNA chimera

, PAM 1 better understanding of crRNA:tracrRNA interface
target DNA / :
(IO \JIIIIIIIIIIIIIIIIIIII E
||nn||||unu|n \ :
— Al :
chNA ' ; 2 crRNA sequence is programmable
——— tracrRNA E
Cas9 programmed by single chimeric RNA '
3 2 separate active sites in the Cas9 enzyme cleave each strand
g M \ ik oo 5
20t |l - . '
| ; 4 fusing crRNA and tracrRNA works just as well

Science, 2012, 337, 816-821.



A Programmable Dual-RNA—-Guided DNA Endonuclease in Adaptive Bacterial Immunity

A B protospacer 2 oligonucleotide DNA
protospacer 2 plasmid DNA

labeled strand complementary non-complementary

Glreiier Hineadted partnerstrand — + + + + + — - + + + + + -

plasmid-sp2 + + + + + + + + + + + + Cas9 — — 4+ + + + + R T T TR T

Cas9 — o P k= Fk o F crRNA-sp2 — — — + + — + —_— .— = o —

crRNA-sp2 — — + + = + = — + + — + tractRNA — — — — + + + — — — — + + 4

tracrRNA —_——— k= — = F + + crRNA-spl — — — — — O + -
crRNA-sp1 —_ e - = = —— - o -

MO™ . &' & & & & < § U o SONt » W e - e R e

23nt — - - ‘
C D > E
non-complementary strand binding primer o 5“!
. £ &
-~
Q
H 5 § .y pam protospacer 2
EQ g cP ,E.’ non-complementary 5'-'mmxmmcmucmmmmrmammmnmwcmn-3' target DNA
o o [ETELENTTT WERLTTTETEreeenrnen
i o c‘og < bg complementary 3'-AATATACTTGTATTGAGTTAAACATTTTTTCCCATAACCCCTTAAGTAAT -5
A ccec g TR N RRRRARAANARARARRAY
MPPM 5 ' ~AUAACUCAAUUUGUAAAAAA HUAGAGCUADGEUGIINNG - 2 * crRNA-sp2
s EHEe LEREREEEEr
complementary strand binding primer Aclzclzcl‘.?c‘xl;?uc».mcuucmcuwucccuswcccmumuu CGAUACGACAAAACUUACCAAGG-5'
G GAA
UCGGUGCUUUUUUU-3" tracrRNA
4 *
- <26 nt
CATAACTCAA TTTGTAARA 2= B

--4722m

Science, 2012, 337, 816-821.



A Programmable Dual-RNA—-Guided DNA Endonuclease in Adaptive Bacterial Immunity

“Our study further demonstrates that the Cas9 endonuclease family can be programmed with
single RNA molecules to cleave specific DNA sites, thereby raising the exciting possibility of
developing a simple and versatile RNA-directed system to generate dsDNA breaks for genome
targeting and editing.”

“The methodology based on RNA-programmed Cas9 could offer considerable potential for gene-
targeting and genome-editing applications.”

Science, 2012, 337, 816-821.



Mammalian (human) genome engineering using CRISPR Cas systems

/\

Feng Zhang S. pyogenes HEK293T cells

Science, 2013, 339(6121), 819-823.



Mammalian (human) genome engineering using CRISPR Cas systems

“
—> <+—
gRNA plasmid Cas9 plasmid
1
1
1
1
v
EMX1 (1) T
5~ . .AAACGGAAGGGCCTGAGTCCGAGCAGAAGAAGAAGTTTTA., . -3’ 1]
] ]
protospacer (1) v PAM =1

human EMX7 5 - - - AGGAGGAAGGGCCTGAGTCCGAGCAGAAGAAGAAGGGC TC . . -3 o

g Inm 111
3'-. . TCCTCCTTCCCGGACTCAGGCTCGTCTTCTTCTTCCCGAG. . -5°

NERRRRRERRRRRRRRRRR
crBNA 5' . GAGUCCGAGCAGAAGAAGAAGUUUUA. . -3’

Science, 2013, 339(6121), 819-823.



Mammalian (human) genome engineering using CRISPR Cas systems

0&‘ -
/mmmnmmmj\

™

\4

Non-homologous end joining (NHEJ)

I IO I I

.
o ! | TH
w
[T

insertions

I

“indels” deletions

gene disruption : CRISPR Knock-Out

!

I IO

double-stranded DNA (dsDNA) break

Science, 2013, 339(6121), 819-823.

\4

Homology-directed repair (HDR)

I I

X X

T

corrected template

!

T

correction/editing

gene insertion/correction : CRISPR Knock-In



Mammalian (human) genome engineering using CRISPR Cas systems

indel disruption

EMX1 (1)
5’-. .AAACGGAAGGGCCTGAGTCCGAGCAGAAGAAGAAGTTTTA, . -3’

protospacer (1) 4 PAM
human EMX7 5 - - -AGGAGGAAGGGCCTGAGTCCGAGCAGAAGAAGAAGGGLTC . . -3
s NERRRERRRRRNR [111]]
3' -, .TCCTCCTTCCCGGACTCAGGCTCGTCTTCTTCTTCCCGAG. . -5°
NEERRRRERRRRRRRRRAR
crBNA 5' . GAGUCCGAGCAGAAGAAGAAGUUUUA. . -3’
SpCas9
A /\[\ SpRNase llI
el ‘ A\ tracrRNA
mnae
in EMX1 5’-..AGGAGGAAGGGCCTGAGTCCGAGCAGAAGA-GAAGGGCTC. . -3 DR-EMX1(1)-DR
) : 684bp B
indels in human EMX7 locus
PAM
WT 5'-..GGAGGAAGGGCCTGAGTCCGAGCAGAAG-AAGAAGGGCTC. . -3’
D1 GGAGGAAGGGCCTGAGTCCGAGCAGAAG--AGAAGGGCTC
+1 GGAGGAAGGGCCTGAGTCCGAGCAGAAGAAAGAAGGGCTC 367bp B
D2 GGAGGAAGGGCCTGAGTCCGAGCAGAAG---GAAGGGCTC 317bp B
D3 GGAGGAAGGGCCTGAGTCCGAGCAGAAG----AAGGGCTC
D6 GGAGGAAGGGCCTGAGTCCGAGCAGAAG ==~ =~~~ GGCTC
m1, D6 GGAGGAAGGGCCTGAGCCCGAGCAGAAG-——~—~~- GGCTC indel (%) 47 5.0

Science, 2013, 339(6121), 819-823.



Mammalian (human) genome engineering using CRISPR Cas systems

precise editing (homology-directed repair)

200bp
human EMX1 — 4 -
—_
locus 84 e
) i
I\ I\
HR Template ﬁ'hﬁg‘-"\
Hindlll, Nhel
i SpCas9 + = =
SpCas9n ~ + o
HR template + + +
s i \-
AL L/ 2281bp »
%  D10A ‘28
1189bp
1092bp B

HR (%) 0.70 0.46

A A AL

\ATGACAAGCTTGCTAGCGGTGGG
Hindlll Nhel

Science, 2013, 339(6121), 819-823.



Performing CRISPR Knock-outs and Knock-Ins

gRNA plasmid
functional screening i
o fluorescence activated cell sorting
e 8o (FACS)

single cell propagation




'~ . .AAACGGAAGGGCCTGAGTCCGAGCAGAAGAAGAAGTTTTA. .

human EMX1 2 ~--
locus 5.

crBNA

EMX1 (1)

protospacer (1) v PAM

AGGAGGAAGGGCCTGAGTCCGAGCAGAAGAAGAAGGGCTC . .-3°

TCCTCCTTCCCGGACTCAGGCTCGTCTTCTTCTTCCCGAG. .

5" . GAGUCCGAGCAGAAGAAGAAGUUUUA. .

Making CRISPR Better

|

.

~10-10,000 off-targets possible



Making CRISPR Better

0 decrease off-target promiscuity

e iIncrease on-target efficiency

e reduce Cas9 size/enhance “deliverability”



CRISPR Cas systems across microbiology

A Expression Interference Adaptation

Effector component Cleavage activity

(Typel
(A~F, U)

Typelll
lass1< 'YP
Class (A~D)

Type IV

~

Typell
(A~C)

TypeV

Class 2 < (A, B, U)

Archaea Bacteria

Curr. Opin. Microbiol., 2017, 37, 67-68.



Natural alternatives and engineered Cas9 systems

a Cas9 nuclease b Casi12a nuclease

RuvC RuvC

¥ PAM

PAM V
TTITTTTITTTIT Spacer [T mnnm%

s A

HNH Nuc

crRNA
gRNA

,»° Cas3recruited by "~
P -

,-- Cascade for nuclease *,
c Cascade and Cas3 p o .

¢

¥ : Cas3

Cascade complex
PAM «--- —V

TTTTTITTITITTT Spacer TTTTITTTTTTTTTT

Nat. Rev. Mol. Cell. Biol., 2019, 20, 490-507.



Natural alternatives and engineered Cas9 systems

Table 1 | Cas9 variants with altered protospacer adjacent motif and targeting specificities

Name Description of protein variant or mutations PAM (5’ to 3) Notes

SpCas9 Native Streptococcus pyogenes Cas9 NGG* 1,368 amino acids

VRER SpCas9® D1135V,G1218R,R1335E,T1337R NGCG" Altered PAM variant; bacterial selection-based screening

VOR SpCas9® D1135V,R1335Q, T1337R NGAN or NGNG"”  Altered PAM variant; bacterial selection-based screening

EQR SpCas9®  D1135E,R1335Q,T1337R NGAG" Altered PAM variant; bacterial selection-based screening

xCas9-3.7¢ A262T,R324L, S4091,E480K, E543D, M6941,E1219V NG, GAA,GAT*®  Altered PAM variant; phage-assisted continuous evolution

eSpCas9(1.0)¢ K810A,K1003A, R1060A NGG Enhanced specificity; structure-guided protein
engineering*’

eSpCas9(1.1) K810A,K1003A, R1060A NGG Enhanced specificity; structure-guided protein
engineering"’

Cas9-HF1° N497A,R661A, Q695A, Q926A NGG Enhanced specificity”

HypaCas9' N692A, M694A, Q695A, H698A NGG Enhanced specificity”’

evoCas9¢ M495V, Y515N, K526E, R661Q NGG Enhanced specificity; yeast-based screening”

HiFi Cas9°® R691A NGG Enhanced specificity for ribonucleoprotein delivery”

ScCas9 Native Streptococcus canis Cas9 NNG? 1,375 amino acids

StCas9 Native Streptococcus thermophilus Cas9 NNACGAAW!.# 1,121 amino acids

NmCas9 Native Neisseria meningitidis Cas9 NNNNGATT*~* 1,082 amino acids

SaCas9 Native Staphylococcus aureus Cas9 NNGRRT# 1,053 amino acids

CjCas9 Native Campylobacter jejuni Cas9 NNNVRYM?® 984 amino acids

CasX Phyla Deltaproteobacteria and Planctomycetes TTCN* 980 amino acids

PAM, protospacer adjacent motif. 2S. pyogenes Cas9 variant with quadruple mutations; ®S. pyogenes Cas9 variant with triple mutations; “expanded PAM S. pyogenes
Cas9 variant; “enhanced-specificity S. pyogenes Cas9 variant; *high-fidelity Cas9 variant; ‘hyperaccurate Cas9 variant; %evolved high-fidelity Cas9 variant.

Nat. Rev. Mol. Cell. Biol., 2019, 20, 490-507.



Killing Cas

Full Cas9 endonuclease Cas9 “nickase” dead Cas9

Nat. Rev. Mol. Cell. Biol., 2019, 20, 490-507.



Bringing new life to new activity

LTI SRl

dead Cas9 - fusions... dead Cas9

Nat. Rev. Mol. Cell. Biol., 2019, 20, 490-507.



Epigenetic regulation of gene expression
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CRISPRi
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Nat. Rev. Mol. Cell. Biol., 2019, 20, 490-507.



Epigenetic regulation of gene expression

small molecule-induced dimerization

Chemical Induction

&) (a)pamycm ( § +gibberellin
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light-based recruitment

Optogenetics

Nat. Rev. Mol. Cell. Biol., 2019, 20, 490-507.



Base editing
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Nat. Rev. Mol. Cell. Biol., 2019, 20, 490-507.
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Base editing

adenosine deamination

NH, 0
S0y S
NN N~ NN
A B -
adenosine (A) inosine (1)

Nat. Rev. Mol. Cell. Biol., 2019, 20, 490-507.
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Base editing
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Base editing

adenosine deamination

Protospacer EA
’__I II.I|.1 _-5’
I- 3 _ 3/
Genomic DNA
Alexis Komor David Liu
Linker
Adenosine deaminase
( | )
Genomic Deamination
DNA of target A DNA PAM
binding and 5 and nicking replication Protospacer
opening ;IIE]]]]]I[[I]]]I of top strand or repair , | i )
3 -1 NS >3- -, TH 1M
-— . - 3 -— . o 3/

Final base-edited DNA

Nature, 2016, 533, 420-424.



Base editing

cytidine deamination

Protolspa cer PthA vwlnrw «:wlrw»
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Genomic DNA

Linker
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Final base-edited DNA

Nature, 2016, 533, 420-424.



Base editing
CG@G base editors (CGBESs)

NH, o)

SN NH
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v ; |
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deamination excision polymerization repair
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Nat. Biotech., 2021, 39, 1414-1425.
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Nat. Rev. Drug. Disc., 2020, 19, 839-8509.



Base editing

...Is limited in scope

Nat. Rev. Drug. Disc., 2020, 19, 839-8509.



Base editing

...Is limited in scope

Nat. Rev. Drug. Disc., 2020, 19, 839-8509.



Base editing

...Is limited in scope

Known human pathogenic genetic variants

2.0%

2.5%
3.6% \o \ i

6.8%
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B Transition point mutation

B Transversion point mutation
B Deletion

@ Duplication

@ Copy number loss

0 Copy number gain

[J Insertion

@ Insertion and deletion

O Other

Total variants = 75,122

Nat. Rev. Drug. Disc., 2020, 19, 839-859.



Base editing

...Is limited in scope

Known human pathogenic genetic variants

B Transition point mutation

Total variants = 75,122

Nat. Rev. Drug. Disc., 2020, 19, 839-859.



Prime editing

Reverse
transcriptase
domain

template
prime editor guide RNA pegRNA 3’ P

5’

Cas9 nickase
domain

Nature, 2019, 576, 149-157.



Prime editing

Reverse
transcriptase
domain

template
pegRNA 3’ :

* recruits Cas9 to specific loci

* encodes the edit

5’

Cas9 nickase
domain

Nature, 2019, 576, 149-157.
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Nature, 2019, 576, 149-157.
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Prime editing

Primer-  RT template Direct polymerization of edited
binding site including edit DNA from the pegRNA into
—A v—A—=R 3 the target site
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Nature, 2019, 576, 149-157.



“Twin” Prime editing
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In vivo editing - current clinical applications
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In vivo editing - current clinical applications

Duchenne muscular dystrophy (DMD)
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Science, 2018, 362, 86-91.



In vivo editing - current clinical applications

base editors

Table 1| Recent examples of preclinical work with DNA base editors in disease models

Disease targeted Gene Model Reference
targeted
HIV CCRS, Human T cells and Knipping, F. et al. Mol. Ther. https://doi.org/
CXCR4 hematopoietic 10.1016/j.ymthe.2021.10.026 (2021).
stem cells
Leber congenital RPE65 In vivo mouse Choi, E. H. Nat. Commun. https://doi.org/
amaurosis model 10.1038/541467-022-29490-3 (2022).
Adrenoleukodystrophy  ABCD1 In vivo mouse Hong, S.-A. Mol. Ther. https://doi.org/
model 10.1016/j.ymthe.2021.05.022 (2021).
Hereditary tyrosinemia FAH Mouse Kim, Y. et al. Cell Stem Cell https://doi.org/
type 1 hepatocytes 10.1016/j.stem.2021.04.010 (2021).
Hurler syndrome IDUA In vivo mouse Bose, S. K. et al. Nat. Commun. https://doi.
model org/10.1038/541467-021-24443-8 (2021).
Sickle cell disease HBB In vivo mouse Newby, G. A. et al. https://doi.org/10.1038/
model s41586-021-03609-w (2021).
Duchenne muscular DMD In vivo mouse Xu, L. et al. Nat. Commun. https://doi.org/
dystrophy model 10.1038/541467-021-23996-y (2021).
Atherosclerotic PCSK9 In vivo non-human Musunuru, K. et al. Nature https://doi.org/
cardiovascular disease primate model 10.1038/541586-021-03534-y (2021).
Hutchinson-Gilford LMNA In vivo mouse Koblan, L. W. et al. Nature https://doi.org/

progeria

model

10.1038/541586-020-03086-7 (2021).

Nat. Rev. Drug. Disc., 2020, 19, 839-8509.



Editing embryos

Correction of a pathogenic gene
mutation in human embryos

Hong Ma'*, Nuria Marti-Gutierrez'*, Sang-Wook Park?*, Jun Wu?*, Yeonmi Lee!, Keiichiro Suzuki®, Amy Koski', Dongmei Ji',
Tomonari Hayama!, Riffat Ahmed!, Hayley Darby!, Crystal Van Dyken!, Ying Li!, Eunju Kang!, A.-Reum Park?, Daesik Kim*,
Sang-Tae Kim?, Jianhui Gong>®"8, Ying Gu>®’, Xun Xu>®7, David Battaglia®, Sacha A. Krieg®, David M. Lee?, Diana H. Wu’,
Don P. Wolf!, Stephen B. Heitner'?, Juan Carlos Izpisua Belmonte*§, Paula Amato"?§, Jin-Soo Kim?4§, Sanjiv Kaul'"§ &
Shoukhrat Mitalipov!1°§

in vitro CRISPR/Cas? |mplantation of
fertilisation gene-edltlngl <" gene-edited embryo
(IVF) y 4 into mother

gene of interest

Nature, 2017, 548, 413-419.



first 30 min - 15 h ... and every 15-24 h hence




Editing embryos

“mosaicism”

‘—).’-9.9 . —

1 cell 2 cell 4 cell 8 cell

Blastocyst

Nature, 2017, 548, 413-419.



Editing embryos

Nature, 2017, 548, 413-419.



Lulu and Nana

Barring the Door | How a mutation can protect against HIV

With CCR5 Without CCR5

To enter cells, one Seme people are born
thing that most with a mutation that
HIV strains must prevents CCRS from
do is bind to appearing on their

CCRS, a molecule
White that protrudes
from the celis

cells, making them
resistant to HIV.
Some experimental

blood cell

surface, aene therapy
appreaches aim to
) . mimic this mutation
He Jiankui in AIDS patients.
SUSTech, Shenzhen
CCRS
receptor Rote: Illustration ts schematic

e 2017-2018: attempt CCR5 deletion in embryos from HIV-positive couples

e homozygous deletion of CCR5 does confer resistance to HIV

e heterozygote mosaics were obtained, but proceeded anyway (shorter life expectancy)
¢ [ulu and Nana born Oct 2018 as first engineered humans

¢ [nternational outrage, Jiankui sent to prison



The agricultural revolution

Nat. Rev. Mol. Cell. Biol., 2020, 21, 661-677.
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The agricultural revolution

Workers inspect a banana harvest at a farm in Australia.

CRISPR could save
bananas from fungus

Researchers are using the gene-editing tool to boost the
fruit’s defences against a deadly pathogen.

Nat. Rev. Mol. Cell. Biol., 2020, 21, 661-677.



The agricultural revolution

Broad-spectrum resistance to bacterial blight
in rice using genome editing

Ricardo Oliva®©'?*, Chonghui Ji*?, Genelou Atienza-Grande''°'?, José C. Huguet-Tapia®'?,

Alvaro Perez-Quintero @412, Ting Li®?>, Joon-Seob Eom®, Chenhao Li?, Hanna Nguyen®],

Bo Liu?, Florence Auguy?, Coline Sciallano?, Van T. Luu®, Gerbert S. Dossa’, Sébastien Cunnac?,

Sarah M. Schmidts, Inez H. Slamet-Loedin’, Casiana Vera Cruz', Boris Szurek*, Wolf B. Frommer © 8%,

Frank F. White ©3 and Bing Yang ©2%°*

Marker-free carotenoid-enriched rice generated
through targeted gene insertion using CRISPR-Cas9

Oliver Xiaoou Dong® 23, Shu Yu?, Rashmi Jain® !, Nan Zhang', Phat Q. Duong’, Corinne Butler', Yan Li,
Anna Lipzen®, Joel A. Martin® >, Kerrie W. Barry>, Jeremy Schmutz® >, Li Tian® 4 & Pamela C. Ronald @ 23%

Nat. Rev. Mol. Cell. Biol., 2020, 21, 661-677.



Yeast and bacterial bioproduction platforms
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Nat. Rev. Mol. Cell. Biol., 2020, 21, 661-677.



Yeast and bacterial bioproduction platforms

Nat. Rev. Mol. Cell. Biol., 2020, 21, 661-677.



Transgenic animals

e e w—

> \\\'.\ :.’—

Capra hircus

Proc. Natl. Acad. Sci., 2018, 115(35), 8757-8762.



George Church

Transgenic animals

The growing organ shortage

150,000
/Waiting list
100,000
50,000 /Transplants
Donors
Wmﬂ@"
0

| | | |
1990 2000 2010 2020

From: UNOS database, 2019

Fig. 1. The growing allogeneic organ supply/demand imbalance has resulted in
an expanding transplant waiting list.

Sci. Immunol., 2019, 4(41).



Transgenic animals

e

Genetically modified

fibroblast
Fertilized egg
George Church
Transgenics Knockouts
Complement inhibition Immunosuppressive molecules a1,3-galactosyltransferase
hDAF Anti-CD2 CMAH
hCD46 CTLA4lg B4GaINT2
hCD59 hCD47 vWF
PERVs
Coagulation inhibition PERV siRNA
hCD39 MHC genes
Human thrombomodulin Class | (NK inhibition)

Anti-inflammatory genes
HO-1
A20

Fig. 3. Genetic modifications that have been made in pigs to facilitate pig-to-human organ transplantation.

Sci. Immunol., 2019, 4(41).



Mpyostatin inhibits muscle growth, blocking it can grow muscle

Active myostatin dimer
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Nat. Comm., 2021, 12, 330.



Mpyostatin inhibits muscle growth, blocking it can grow muscle

Mstn.
wild type F66

Nat. Comm., 2021, 12, 330.



Modified Wild
mosquito

mosquito
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Gene drives
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Nat. Rev. Genetics, 2022, 23, 5-22.






Population fraction

Gene drives

Anopheles gambiae

Sex-distorter gene drive
1=

0.8

0.6

0 | T | T T T
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Generation

Nat. Rev. Genetics, 2022, 23, 5-22.
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Gene drives

Gene-drive suppression of mosquito populations in
large cages as a bridge between lab and field

Andrew Hammond© 1'2'9, Paola Pollegioni® 3'4'9, Tania Persampieri3'9, Ace North® >, Roxana Minuz3,

Alessandro Trusso3, Alessandro Bucci3, Kyros Kyrou® 1 loanna Morianou', Alekos Simoni'3,

Tony Nolan® 1610% Ruth Miller@ 378108 & Andrea Crisanti10%

(A) Swarming arena. (B) Wet resting site (bricks). (C) Dry resting site. (D) Glucose feeder. (E) Hemotek blood feeding system. (F) Sunset simulation

Nat. Rev. Genetics, 2022, 23, 5-22.



Gene drives

Phase 1 Phase 2 Phase 3 Phase 4

 Contained trials ) o

(where ‘contained’ |
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presence of

(_ artificial walls) )

f

Contained Staged open-
trials field releases

Laboratory
— | population | —>
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Laboratory
studies

——> | implementation
surveillance

! f
.

'§ Confined field
trials (where
‘confined’ refers

_ to natural or
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such as mountains
. or islands) r

: Post-

Nat. Rev. Genetics, 2022, 23, 5-22.



Gene drives

Fighting Lyme Disease in the Genes of
Nantucket’s Mice

o Giethisartice 2> []

Predator-Free
New Zealand

Rodents

Ship rat, Rattus rattus

Norway rat, R. norvegicus
Pacific rat, R. exulans
House mouse, Mus musculus

Not included

— Feral cat, Felis domesticus
White-footed mice carry the pathogen that causes Lyme disease. An ML.LT. scientist is

proposing to create mice that are genetically engineered to break the cycle of

transmission. Yousur Al-Hlou/The New York Times

Nat. Rev. Genetics, 2022, 23, 5-22.

Marsupials

L™

Brushtail possum, Trichosurus vulpecula

Feral pig, Sus scrofa

Ferret, Mustela furo
Stoat, M. erminea
Weasel, M. nivalis

OTHERS...

Brown trout, Salmo trutta

Rainbow trout, Oncorhynchus mykiss
Wasps, Vespula spp.

Hedgehog, Erinaceus europaeus
Native predators (e.g. falcon)



De-extinction

DNA t12 = 541 years

Endangered Critically Endangered

- i"m 4 fl, ; )

Dedlining Severe Bolleneck  Bxtinct in the Wild Degrading DNA No DNA

Recovenng Reintroduction Revivable

Nat. Rev. Mol. Cell. Biol., 2020, 21, 661-677.



De-extinction

Fibres and cellular structures preserved Nuclear preservation in the cartilage of the Jehol
in 75-million-year-old dinosaur specimens dinosaur Caudipteryx
Sergio Bertazzo'f, Susannah C.R. Maidment?, Charalambos Kallepitis'>#, Sarah Fearn!, Molly M. Stevens'3# Xiaoting Zheng2, Alida M. Bailleul® 34%, Zhiheng Li34, Xiaoli Wang'? & Zhonghe Zhou34

& Hai-nan Xie'34

Figure 1 | Density-dependent colour scanning electron micrographs of
samples of NHMUK R12562, an ungual claw of an indeterminate
theropod dinosaur, and NHMUK R4493, ribs from an indeterminate
dinosaur. (a) Amorphous carbon-rich material (red) surrounded by dense
material (green). Scale bar, 5 um. (b) Erythrocyte-like structures composed
of carbon surrounded by cement. Scale bar, 1um. For comparison, fixed
blood from an emu (Dromaius) is shown in Supplementary Fig. 2c, d.
Fibrous structures. Scale bar, 5um in (¢) and Tum in (d).

Nat. Comm., 2015, 6, 7352. Nat. Comm. Biol, 2021, 4, 1125.



De-extinction

1. Enucleation
The nucleus of an egg cell is removed with
a needle while holding the cell by suction

with a micropipette.

2. Clonal Fertilization
The donor cell is fused to the enucleated egg
cell with a shock, artificially fer

t&'zi}ng it.

3. In Vitro Development
Resulting single cell cloned
embryo is stimulated to develop.

4, Implantation
The forming embryo is then
implanted into a surrogate mother.

b/ f“ . }:’A’ B ‘;: ¥ 3. " R .
v e NI 2 R
m-\wh Pl 8- 0 TR < rt
Buccardo De-extinction Gastric brooding frog Northern White Rhinoceros

De-extinction De-extinction

Nat. Rev. Mol. Cell. Biol., 2020, 21, 661-677.



De-extinction

Nat. Rev. Mol. Cell. Biol., 2020, 21, 661-677.







De-extinction

woolly mammoth
extinct 4,500 years

DNA extracted fyom frozen
‘ mammoth specimens

0% @ DNA spliced with skin cells from
e ‘ l modern Asian elephant

). O Eggs stimulated to turn into embryos

= A | prsaeigyuins
Skin cells ' . '@ @,
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Final perspectives

a variety of effective tools and platforms exist for manipulating DNA/RNA

these continue to get better in every way

delivery of CRISPR in vivo remains a challenge

methods continue to get better in every way

our understanding of genetics is the biggest bottleneck

interplay of multiple genes, environment, etc

ethical debates must be had, and laws must be made
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