genome engineering

processes of making targeted modifications to the genome,
its contexts (e.g., epigenetic marks), or its outputs (e.q., transcripts).




Genome engineering technologies are enabling

a broad range of applications

engineer cells to
optimize high yield
generation of drug
precursors

reverse genetic

direct in vivo
correction of
genetic or
epigenetic defects
in somatic tissue
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algae-derived, silica-
based diatoms for
oral drug delivery

create efficient
metabolic pathways for

ethanol production in
confer resistance to

algae or corn . (Hsu et al., Cell, 2014)
environmental

deprivation or
pathogenic infection




gene therapy

transfer of genetic material to a patient to treat a disease




AIM:

2.0 gene therapy
long- term expression of the transferred gene high enough to be
therapeutic

3.0 gene therapy
long- term correction of the ‘edited’ gene high enough
to be therapeutic




2.0

3.0

2.0 gene therapy vs 3.0 gene therapy
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(Xavier M. Anguela and Katherine A. High, Annual Reviews of Medicine 2018)




Monogenic disease and cancer gene therapy

Inflammatory diseases
Ocular diseases
Neurological diseases
Gene marking

Healthy volunteers
Others

Cardiovascular diseases |
Infectious diseases

Monogenic diseases

Cancer

500 1,000 1,500 2,000

Number of trials
(updated November 2017)

(Xavier M. Anguela and Katherine A. High, Annual Reviews of Medicine 2018)
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(Fazhan Wang et al., ) Gene Med. 2019)



Adeno-associated
viral (AAV) vector

e
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Gene editing
complex

Lentiviral vector

(Fazhan Wang et al., ) Gene Med. 2019)



Bubble boy




CRISPR Revolution




2015

No hunger.
No pollution.
No disease.

s0'cq

Andtheend

oflifeas
we know it.

RSSSSSSS

Editing DNA is now

Welcome to the

as easyas cutand paste.

post-natural world.

2019

On-demand organs. Disease-proof babies. Horn-free cows.

. Crispr

could give
. us amore

. humane
I world.
Will humans

letthat




CRISPR/Cas9 - It all started with yogurt
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2005-Rodolphe Barrangou discovered that S. thermophilus contained odd chunks
of repeating DNA sequences—Crisprs



CRISPR/Cas9 - as a tool for genetic engineering

2012 : Jennifer Doudna and Emmanuelle Charpentier
discovered S. pyogenes molecular mechanism
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Researchers can directly edit the function of DNA

sequences in their endogenous context

DNA-binding domain
(ZF or TALE) [ VBN

ZF “weiniiany,
3 o

TALE lfl)l@ @l@l,

C Cas9
RuvC domain
\ 4
5 '_/A 3
37 5
sgRNA
HNH domain

Target binding principle
Working mode

Essential components
Target DNA lenght

Time consumption for
construction

Multiple targeting

TALEN and ZFN

Protein-DNA specific recognition

Specifically recognizes the target DNA and
dimeric Fok1l makes DSB

Dimers of TALE/ZFN-Fok1 fusion protein
14-18 bp

5-7 days

context-dependent binding
(multiple proteins)

(Hsu et al., Cell, 2014)

CRISPR/Cas9

Watson-Crick complementary rule

Guide RNA specifically recognizes the
target DNA and Cas9 makes DSB

Guide RNA and Cas9
20 bp

1-3 days

high specificity with multiple sgRNAs

(Adapted from Wei C. et al., Journal of Genetics and Genomics, 2013)




CRISPR/Cas9 technology increased the feasibility

of genome-editing technologies

Feasibility

Meganucleases Zinc finger nucleases TALEN CRISPR/Cas9
e D )
L% I
\
v |
))
NNNNNNNNN NNN NNNNNNNNNNN

Double strand break
Template
SCopeDOTTP0g,
Non-homology end joining (NHEJ) Homology-directed repair (HDR)

Insertions/deletions Precise DNA editing
gene disruption gene insertion

(Adli M., Nature communications, 2018)



CRISPR/Cas9 technology increased the feasibility

of genome-editing technologies
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(Adli M., Nature communications, 2018)



CRISPR/Cas9




CRISPR system in prokariotes is an

adaptive immunity system

Adaptation L “ \

Cas1- CasZ Integrat|on of
protospacer
cas operon CRISPR array
crRNA Maturation l
5" m ¥
pre-crRNA

Processing of Cas prote n
pre-chNA bo uclease
Mature crRNA ! E ) _@ ( E )

Interference
Invading |
DNA %%

Target cleavage

(Hille F. et al., Cell, 2018)



Engineered CRISPR-Cas9 system consists of a fusion between

a crRNA and a part of the tracrRNA sequence: sgRNA

Naturally occurring
CRISPR-Cas9 systems

CRISPR system in prokariotes
is an adaptive immunity system

a Protospacer tracrRNA

CRISPR
l repeats

w- tracrRNA

Complemented to
foreign DNA e

crBNA:tracrRNA ?
hybrids
/"-— T~

Cas9:crBNA- /
tracrRNA | Cas9
complex

_«—-'/_A .
Target DNA site | |
cleavage by Cas9
Cas9:crBNA-
tracrRNA complex R

Engineered
CRISPR-Cas9 systems

b crBNA tracrBNA

| | Fusion of
e crRNA + tracrBNA

|

T s

Cas9:gRNA

\
\\ / complex

| Target DNA site

Cas9 % ' cleavage by
Cas9:gRNA

complex

(Sander D. and Joung K., nature biotechnology, 2014)



CRISPR/Cas9 Genome editing tool exploit

endogenous DNA repair machinery

CﬁRNA \ HDR

Ku Genomic 5’ = = — = 3
5= --g DNAZ=~ §Rad51 ==5
3 == ==95 Repair 5’ 3

template 3’ _\%_Of 5’
l Premature l
stop
Indel mutation codon Precise gene editing
51-- _—--31 51-- --3f
31-- _—--51 3/-- --5/

(Ran et al, Nat Protoc. 2013)



CRISPR/Cas9 Genome editing tool exploit

endogenous DNA repair machinery

(A) Nonhomologous end joining Homology-directed repair

7/ j//zw,t 1 —

Gene disruption

(via small insertions or *: :l:/
deletions) //

Inversion

Insertion

Gene addition Gene correction

(up to 14 kb by synchronized donor
cleavage in vivo) ;//i . Provide donor
Provide donor

Deletion .. template containing
NHEJ-mediated simultaneous template containing modified gene
ligation of broken u u transgene (s) sequence
DNA ends cleavage by two
nucleases

(Gaj T. at al., Trends Biotechnol, 2013)



Cas9 nuclease from S. pyogenes is targeted to genome by an

sgRNA consisting of a 20-nt guide sequence and a scaffold

Genetic GPS

Genomic locus - - I —
I I

Target (20 bp) y PAM
5 . .AATGGGGAGGACATCGATGTCACCTCCAATGACTAGGGTGGGCAACCAC. . 3

DNA target ERRRRRRERRRRRERNE EEEARRERRR
3’ ..TTACCCCTCCTGTAGC FACAGTGGAGGTTACTGATCCCACCCETTGGTG. . 5

ERRRRRRRRRRRRRRRRR

5 JGTCACCTCCAATGACTAGGGGUUYUAGAGCUAG 4

YT 11T 4

sgRNA @UUCAACUAUUGCCUGAUCGGAAUXAAAUU CGAUA
211 GAA
AAAGUGGCACCGA
[1I1111G

3\ _UUUUUUCGUGGCU Cas9

(Ran et al, Nat Protoc. 2013)

The only restriction for targeting is
that the sequence must be followed
by PAM motif



RNA-programmed endonucleases offer

a variety of genome editing-options

Cas9
5y o)

Protospacer

SpCas9:

- More characterized;
- Balance between PAM

complexity and construct

size;
- Tested in a variety of
contexts

(Komor A.C. et al., Cell, 2017)

Enzyme name

Size

PAM requirement and cleavage pattern

(residues)
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RNA-programmed endonucleases offer

a variety of genome editing-options

Size

Enzyme name PAM requirement and cleavage pattern

(residues)
SPCas8/ | 1363 1620 11111111111111111111@52
Cas9 - he :
= 3 — o T 11111 HEREREKN
3’ 5
$(3Cas9 1409 311,'""""”"”'JT"ZLEW:
Protospacer ,
mmlmIHHHHHIHNENEEMZ
Cpfls: NSRAT
SaCaso 1053 IIIIIIIIIIIIIIIIIIIIINLm

- Use naturally crRNA;
- TTTN PAM at 5’ end of Ascort Locpr | 130771228 | STITN !||||||||||||||||||¢||||| d

AA
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(Komor A.C. et al., Cell, 2017)



The amazing CRISPR enzyme clan

Cas9 | The OG

Good at cutting DNA,
great for knockouts.
Already being replaced
by newer base pair
editors with more fine-
tuned control.

Cas3 | The Gobbler

Cas3 gives zero f***, [t
offers no repair
mechanism—once it finds
that target DNA sequence
it just starts cutting till
there ain’t no DNA left.

(Wired, march 2019)

Cpfl | The Stickler
Like Cas9 but not as
sloppy. It leaves
“sticky” DNA ends,
which are easier to
work with when
making edits.

Casl13 | The Cowboy

Cuts RNA not DNA. Could
knock down protein levels
without permanently
changing your genome. Pair
it with a reporter signal and
you’ve got a diagnostic.

CasX/CasY | The X/Y
Factor

Just discovered in an
abandoned silver
mine, we don’t know
yet what these tiny
enzymes’
superpowers will be.




RNA-programmed endonucleases offer

a variety of genome editing-options

PRO CONS
- Target design simplicity; - fidelity
- Higly efficiency - delivery
- Fast (4 weeks for mice); - targeting scope

- OPEN QUESTIONS:
- Immunogenicity of nucleases in vivo (?)
- Ethics (?)



| - targeting scope

RHA FnCas9 requires
only a YG PAM

(Komor A.C. et al., Cell, 2017)

Enzyme name (reSiLijes) PAM requirement and cleavage pattern
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L NNNRRT-3
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|

KKH SaCas9 shows
Relaxed PAM specifities



Il - fidelity

How to check?

- Whole genome deep sequencing;
- BLESS
-  GUIDE-Seq
- Digenome-Seq



Il - Fidelity

How to improve?

A B C
5 3 | 5 3 | 5 3
31 NG 513 NG (55 | % B
s9 or eCas9
F
Fokl
nuclease
5, v
31

FKBP-Cas9,

[ ]
—

+ Rapamycin
5

Engineered

intein
o
+ 4-HT
,,,,, 5’
/e 31

(Komor A.C. et al., Cell, 2017)




Il — delivery

A Viral delivery Lipid nanoparticle delivery Direct nucleic acid injection
/“
Adenovirus (dsQNA)
AAV (ssDNA)
Lentivirus (RNA) / N\
Cas9 DNA
= = Cas9
_ = protein
S — lasmid DNA
or
Cas9 mRNA Cas9 m
B

EML4-ALK (Lung cancer model)
p53 (Lung cancer model)

LKB1 (Lung cancer model)
KRAS (Lung cancer model)

Oocyte/zygote injection and implantation

GFP (Proof-of-principle) (Various models)

Hepatitis B (Viral degradation)
FAH (Hereditary tyrosinemia)
PTEN & p53 (Cancer model)

T

MeCP2 (Rett syndrome)
DNMT1/3a/3b
(Proof-of-principle)

CEBPa (Functional interrogation)
PTEN (Liver disease model)
PCSKS9 (Cholesterol reduction)
FAH (Hereditary tyrosinemia)

(Komor A.C. et al., Cell, 2017)




Il — delivery

A Viral delivery Lentivirus:

- infects non dividing cells;

- Packaging limit ~8.5 kb (package Cas9 genes,
gRNA, promoter and regulatory sequences)

'Adenovirus (dSDNA) Adenovirus:

AAV (ssDNA) o o . .

Lentivirus (RNA) infects ghwdmg and non dividing cells;
- Do not integrate DNA;

Cas9 DNA - Elicits strong immune response in animals;

— AAV variants:

- infect both dividing and non-dividing cells;
- do not integrate;

- do not elicit immune response in the host;
- Avariety of serotypes of AAV are known,

(Komor A.C. et al., Cell, 2017)

- AAV has a packaging limit of ~4.5 kb of foreign
DNA



Il — delivery

Table 1 Naturally occurring major CRISPR-Cas enzymes

Size PAM sequence Size of sgRNA guiding sequence Cutting site Reference
spCas9 1368 NGG 20 bp ~3bp 5 of PAM Jinek et al.#2
Gasiunas et al.*3
FnCas9 1629 NGG 20 bp ~3pb 5 of PAM Hirano et al.©
—> | SaCas9 1053 NNGR RT 21bp ~3pb 5 of PAM Mojica et al.>’
=—p [ NmCas9 1082 NNNNG ATT 24 bp ~ 3bp 5 of PAM Hou et al.>3
St1Cas9 1121 NNAGA AW 20 bp ~3bp 5 of PAM Gasiunas et al.*3
Cong et al.
St3Cas9 1409 NGGNG 20 bp ~3bp 5 of PAM Gasiunas et al.*3
Cong et al.
— [ CjCas9 984 NNNNACAC 22bp ~3bp 5’ of PAM Kim et al.”®
AsCPf1 1307 TTTV 24 bp 19/24 bp 3’ of PAM Yamano et al.”©
Kim et al. 2016
LbCpf1 1228 TTTV 24 bp 19/24 bp 3’ of PAM Yamano et al.*©
Kim et al. 2016
Cas13 Multiple orthologs RNA targeting 28 bp Abudayyeh et al. 2017

(Adli M., Nature communications, 2018)




Il — delivery

Lipid nanoparticle delivery

e Lipid nanoparticle delivery:
' - more transient

- higher DNA specificity

- less off-target editing

Cas9
protein

(Komor A.C. et al., Cell, 2017)



Il — delivery

A Viral delivery Lipid nanoparticle delivery Direct nucleic acid injection
/“
Adenovirus (dsQNA)
AAV (ssDNA)
Lentivirus (RNA) / N\
Cas9 DNA
= = Cas9
_ = protein
S — lasmid DNA
or
Cas9 mRNA Cas9 m
B

EML4-ALK (Lung cancer model)
p53 (Lung cancer model)

LKB1 (Lung cancer model)
KRAS (Lung cancer model)

Oocyte/zygote injection and implantation

GFP (Proof-of-principle) (Various models)

Hepatitis B (Viral degradation)
FAH (Hereditary tyrosinemia)
PTEN & p53 (Cancer model)

T

MeCP2 (Rett syndrome)
DNMT1/3a/3b
(Proof-of-principle)

CEBPa (Functional interrogation)
PTEN (Liver disease model)
PCSKS9 (Cholesterol reduction)
FAH (Hereditary tyrosinemia)

(Komor A.C. et al., Cell, 2017)







CRISPR/Cas9 technologies beyond genome

editing are based mainly on dead-Cas9

Gene editing Gene regulation Epigenome editing Chromatin imaging
Guiding eﬂ, Q\Q 6\\6‘ MS2-FP
sequence Cas9 e%
sgRNA ( ) v/ ‘) { ]
L.
dCas9
Cas9 dCas9 dCas9

e >
Nucleus ‘

(e} (e}
(2] n
© ©
@ S 69 S é \
© © @K D
@ Protein
Base editing RNA targeting Chromatin topology Chromatin imaging

(Adli M., Nature communications, 2018)



CRISPR/Cas9

APPLICATIONS




CRISPR/Cas engineering is enabling
a broad range of applications

Cellular models i Somatic gene modifications

F Genome-scale functional screening

Clone O Package .
— OO0 — 5%
000 &

Transduce @ &@ Select @
% @,@ @

Guide Cloning of Multiple Enrichment
library guide RNA Lentivirus library genotypes of desired
synthesis plasmid library and phenotypes phenotype
H Live imaging Temporal control of dynamic
Effector cellular processes
\ Effector Blue I|ght
— 5 Vs . @ B/ Cry2 V /%
\/ —y 1 'A )
gcnm
Transcriptional Epigenetic
control modulation DNA labeling Inducible regulation

(Hsu et al., Cell, 2014)



Why develop new tools for genome editing?

ES cells Rare targeted
— cell — —
(FESs o (St . .
&“‘Dj i S HR - Classical transgenesis:
eure populston o BERETEBema - HRisarare event (1 in 10%-10° cells —
targeted ES cells @@??;;t;;@gﬁf‘j‘ ]
E‘fﬁ-_—_—jj Capecchi, Nature, 1989);

- Time consuming (up to 6-12 months);
- Expensive;

- In most mammalian species no
established ES cell lines;

- Difficult to target multiple genes.

(Capecchi, Nature 2005)



Why develop new tools for genome editing?

One Step Generation of Mice With Mutiple Mutations

Targeted Mutations (Deletion / Insertion)

Tet2 Tet1

Ca59
NHEJ @
Mlcromjectlon Embryo Transfer

Zygote Blastocyst Mutant

Predefined Precise Mutations

Cas9 Tet1

Tet1 Oligo Tet2
&

Tet2 Ollgo
i
/ HDR (N
(&) = e I
Mlcromjectlon Embryo Transfer

Zygote Blastocyst Mutant

(Wang et al., Cell 2013)



Why develop new tools for genome editing?

Tet2

B
Tet3 Uty
Cas9 T%;%go CRISPR/Cas9-mediated transgenesis
s — &3 -
ﬁ ESCs Transfection Quintuple - Target deSIgn S|mpI|C|ty;
Targeted Clones

CRISPR / Cas retz Tet! - Higly efficiency: directly injecting
—‘P RNAs encoding the Cas9 protein and

Target SgRNA _
"am:z%) =) @ NHES gRNA into zygote (no need for ES);
Embryo Transfer

Zygote .

Y Mutant - Fast (4 weeks for mice);
Tet1 Qligo (S99 1, Tett - Multiplexed mutations
TezQligo B "

=

O S

Embryo Transfer
Zygote Mutant

(Wang et al., Cell 2013)



CRISPR/Cas9 system can be used in other mammals?

In vivo

ey - -
~ — Ppar-y
e -—
e Rag1

.
&

Ppar-y ACTCCTTTGACATCAAGCCCTTCACTACTGTTGACTTCTCCAGCATTTCTGCTCCAC (WT)
A ACTCCTTTGACATCAAGCCCTTg@CTACTGTTGACTTCTCCAGCATTTCTGCTCCAC (+1,2/23)
a
B ACTCCTTTGACATCAAGCCCTTg@CTACTGTTGACTTCTCCAGCATTTCTGCTCCAC (+1,6/23)
a

Ragl CGCTATGATTCAGCTTTGGTGTCTGCTTTGATGGACATGGAAGAAGACATCTTGGAA (WT)

A CGCTATGATTCAGCTTTGGTGTCTGCTTTGATGG: : : : : : AAGAAGACATCTTGGAA (-6,3/20)

B CGCTATGATTCAGCTTTGGTGTCTGCTTT: : : : GACATGGAAGAAGACATCTTGGAA (—4,2/18)
CGCTATGATTCAGCTTTGGTGTCTGCTTT: : - ::::::::::::::::::::::::: (-203,2/18)
CGCTATGATTCAGCTTTGGTGTCTGCTTTGAquACATGGAAGAAGACATCTTGGAA (+6,7/18)

gaagaa

(Niu et al., Cell 2013)

CRISPR/Cas can be used to insert multiple genes

mutations in monkeys zygotes




Genome editing based on CRISPR/Cas9 nucleases

is in its translational and clinical infancy
(up to 2018)




Can CRISPR/Cas9 be used for correct genetic disorders?

G deletion

gagatgcctaactaccgaggccgccagtatctgectgaggcctcaagagtaccggegettc
+ } + } + } + } + } + }
ctctacggattgatggctccggcggtcatagacgactccggagttctcatggccgcgaag

135 . . o140 L . 145 . 150 2 2
Glu Met Pro Asn Tyr Arg Gly Arg Gin Tyr Leu Leu Arg Pro Gin Glu Tyr Arg Arg Phe

Crygc
Stop
caggactggggctctgtagatgctaaggcgggctctttgcggagggtggtagatttatac
+ } t } + } + } + } t }
gtcctgaccccgagacatctacgattccgeccgagaaacgcectcccaccatctaaatatg
155 160 165 . 170

Gln Asp Trp Gly Ser Val Asp Ala Llys Ala Gly Ser Leu Ari Ari val Val Asp Leu Tyr

Crygc

taaaataggttaacgctaccattttctcattttggaacctaataaagtatttagtctgta
+ } t t ¥ } t t ¥ } t }

attttatccaattgcgatggtaaaagagtaaaaccttggattatttcataaatcagacat

175

>

Cryge

Crygc mutation (dominant inheritance)

(Wu et al., Cell 2013)

1 bp deletion in exon 3 of Crygc gene leads to cataract




Can CRISPR/Cas9 be used for correct genetic disorders?

In vitro

sgRNA-5 5' 3ji
sgRNA-2 5' 3
sgRNA-1 5’ ’

) G deletion :
¥ /I\TCT?CTGA(‘;GCCT(‘:AAGA(ISTACC(}GC'CTTCCAG(.I-ACTGIGGGCT(I:TGTA(I;ATG(E 3’ WT allele F'-____-‘
I v T v T v T M T v T 1
3’ TAGACGACTCCGGAGTTCTCATGGCCGGAAGGTCCTGACCCCGAGACATCTACG §'
3’ 5’ sgRNA-3 >HDR
3% 5’ sgRNA-4

it e = = — — N >
Q-0
6-0
3-UUUU O SgRNA-4 2-%
3 0-0
R Cas9 s
§ = Deletion
= '
O
2 =3 ' v Ky
B AUl A ucaane oi“‘ﬁ"ﬁ‘i‘x‘f'}‘?(ﬁ‘1"‘?'.‘(""‘”""'5' 5'-ACCGGC - CTTCCAGGACTGGGGCTCTGTAGATGCTA-3
Delet ] ] | ' ACOTOCTOACCCCOALANLAT )
. THCOREERGGCT CTGTAG 3'-TGGCCG - GAAGGTCCTGACCCCGAGACATCTACGAT-5
5-6666CE  of TGCTA-3'
3-666¢6 ACGAT -5' PAM Target
»Sa CT
PAM AGGTCCTGAGCCCGAGACAT

Mutated Cryge

(Wu et al., Cell 2013)




Can CRISPR/Cas9 be used for correct genetic disorders?

In vitro sgRNA leads to
HDR mediated
repair

sgRNA E14 ESC clones mCryge (Cryge™) ESC clones
Cleavage at 1 Cleavage at 2 Cleavage at WT  Cleavage at HDR-mediated
Allele/Total Alleles/Total Allele/Total Mutant Repair/Total

Allele/Total

sgRNA-1 4/36 0/36 0/36 10/36 7/36

sgRNA-2 23/36 7/36 17/36 25/36 2/36

sgRNA-3 3/36 0/36 0/36 7/36 5/36

sgRNA-4 0/36 0/36 0/36 11/36 16/36

sgRNA-5 4/36 26/36 27/36 26/36 0/36

(Wu et al., Cell 2013)

sgRNA4 show high specificity for mCrygc allele and mediates HDR




Can CRISPR/Cas9 be used for correct genetic disorders?

In vivo
| HDR mediated
Cas9 mRNAQNA-4 w /(5 repair
= NS —> \5 \ARepaired offspring
@ 4
Wild type Crygc mutant w

(Cryge™) \ -

- Cataract offspring

AN
.

HDR mediated Control
Cataract offspring repair

(Crygc™)

(Wu et al., Cell 2013)

CRISPR/Cas9 system leads to gene correction via HDR

using wt allele on the homologous chromosome




Can CRISPR/Cas9 be used for correct genetic disorders?

WT allele AGTACCGGCGCTTCCAGGACTGGGGCTCTG
Mutant allele AGTACCGGC-CTTCCAGGACTGGGGCTCTG

WT allele AGTACCGGCGCTTCCAGGACTGGGGCTCTG
Mutant allele AGTACCGGCGCTTCCAGGACTGGGGCTCTG HDR (X4)

HDR

mediated mediated
repair

WT allele AGTACCGGCGCTTCCAGGACTGGGGCTCTG
Mutant allele AGTACCGGCCTTCCaAGGACTGGGGCTCTG +1

NHEJ
repair

WT allele AGTACCGGCGCTTCCAGGACTGGGGCTCTG
Mutant allele AGTACCcag=====-~ AGGACTGGGGCTCTG -8+3

WT allele AGTACCGGCGCTTCCAGGACTGGGGCTCTG
Mutantaliele AGTACCGG C === e cccccccccccccaa- -133

WT allele AGTACCGGCGCTTCCAGGACTGGGGCTCTG
Mutant allele AGTACCGGC ========== CTGGGGCTCTG -9(X2)

WT allele AGTACCGGCGCTTCCAGGACTGGGGCTCTG
Mutant allele AGTACCGGCCTT----GGACTGGGGCTCTG 4

NHEJ non-repair

(Wu et al., Cell 2013)

NHEJ events can lead to correct reading frame




s it possible to improve CRISPR/Cas9

sgRNA4 gene correction?

Oligo-1(89bp) =-=====-=- CTGAGGCCTCAAGAGTACCGGCGCTTCCAGGACTGGGG------ 8:;2?11‘3‘(:32[?) ---------- CTGAGACCACAAGAGTACCGGCGCTTCCAGGACTGGGG - ----
' HDR ~ )HDR
B N Deletion
Deletion S 5-ACCGGC CTTCCAGGACTGGGGCTCTGTAGATGCTA-
3'.-TGGCCG - GAAGGTCCTGACCCCGAGACATCTACGAT-5'
5'.ACCGGC - CTTCCAGGACTGGGGCTCTGTAGATGCTA-3 PAM Target
3'-TGGCCG - GAA TCCTGA AGACATCTACGAT-5

PAM Target HDR medlated
TN ! repair (+0ligo-2)

NHEJ mediated HDR mediated
repair repair (+0Oligo-1)

Insertion of Oligo-1 that mimic wt allele and Oligo-2

(Wu et al., Cell 2013)

that contains specific in frame mutation




s it possible to improve CRISPR/Cas9

sgRNA4 gene correction?

Table 1. CRISPR-Cas9-Mediated Gene Correction in Cataract Mice

Blastocysts Genetic Modification
Injected (Percentage of Transferred Live-Born NHEJ-Mediated HDR-Mediated
Oligo Embryos Injected Embryos) Blastocysts Pups WT allele mutant allele Repair/Nonrepair Repair
172 157 (91%) 135 22 0 10 2/4 4
Oligo-1 245 213 (87%) 178 29 0 14 4/5 5
Oligo-2 221 190 (86%) 159 27 0 12 5/3 4

3/4 HDR used
oligo-2 donor
template

(Wu et al., Cell 2013)

Supplying of exogenous template seems to be not necessary, but it could be

useful in homozygous genetic disease




Can CRISPR/Cas9 be used for gene therapy?

Duchenne Muscolar Dystrophy (DMD):
— most common hereditary disease;

— progressive muscle wasting; Exon 45-55 block skipping

— no effective treatment Out-of-frame mRNA
DMD mOIeCUIar mQChanlsm: . 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57
— out of frame mutations in dystrophin gene (loss -l -

of function); | | o e

— common deletions in the exons 45-55 maintain iEame iR

correct reading frame (still functional dystrophin) Reading frame [T BT

Exon 45-55 deletion

~
o= (336380bD) S~

- Exon 51 deletion  ~~u
-~ (~800—1,050 bp) So

Panel of sgRNAs to create targeted
frameshifts at 5" or 3’ end of each exon

(Ousterout et al. Nature communications 2015)

Targeting hotspot region (45-55 Ex) of dystrophin gene

with sgRNA to restore correct reading frame




Can CRISPR/Cas9 be used for gene therapy?

b v PAM
GAAGGACCATTTGACGTTCAGCTCCTACTCAGACTGTTACTCTGGTGA
EGPFDVOQLLLRLTLTILTWF*

[ Exond7 [ Exonsi ]

PAM
GAAGGACCATTTGACGTTCAGCTCCTACTCAGACTGT-_—'CT(:@TGA
EGPFDVQLLLRLS L V..

Out-of-frame (A48-50)

Frame restored by small

[ Exon 47 | Exon 51 | targeted deletion

¢ sgRNA 1 sgRNA 2

T E v E Out-of-frame (A48-50)
’
\\\\\ P R4
S ’
S’ Frame restored by genetic deletion

of 8 spedific exon

d SgRNA 1 SgRNA 2

: ‘ : 6| Out-of-frame (various deletions)

v Frame restored by genetic deletion

of an entire region of exons

(Ousterout et al., Nature communications, 2015)

sgRNA are designed to restore dystrophin reading frame




Are the sgRNA able to edit the genome?

Table 1 | Measured activity of sgRNAs in human cells.

Target sgRNA # % Modified alleles at day 3 % Modified alleles at day 10 % Change day 10/day 3
Multiplex deletion of exon 51
Int 50 CR1 6.6 93 AR
Int 50 CR2 10.3 14.0 36.2
Ex 51 CR4 n9 14.4 213
Int 51 CRS 124 133 7.8
Multiplex deletion of exons 45-55
Int 44 CR6 16.1 16.9 43
Int 44 CR33 13 <1 nd
Int 44 CR34 13.2 1.0 -16.6
Int 55 CR7 6.8 71 53
Int 55 CR35 225 209 71
Int 55 CR36 26.4 24.7 6.4
Targeted frameshifts
Ex 45 CR10 149 16.3 9.3
Ex 45 CRN <1 <1 n.d.
Ex 46 CR12 <1 <1 nd
Ex 46 CR13 16.9 18.4 9.2
Ex 47 CR14 17.2 17.6 29
Ex 47 CR15 15.4 15.3 09
Ex 48 CR16 ns 10.9 5.0
Ex 48 CR17 <1 <1 n.d.
Ex 49 CR18 1.8 22 201
Ex 49 CR19 337 38.4 139
Ex 50 CR20 149 13.7 7.6
Ex 50 CR21 24.1 20.8 135
Ex 51 CR3 13.0 16.7 28.0
Ex 51 CR31 18.9 16.9 10.2
Ex 52 CR22 259 20.3 216
Ex 52 CR23 25.2 24,0 48
Ex 53 CR24 24.8 236 -4.6
Ex 53 CR25 26 29 9.5
Ex 54 CR26 245 220 101
Ex 54 CR27 13.4 126 -5.9
Ex 55 CR28 216 19.8 -84
Ex 55 CR29 19.2 19.6 2.2

sgRNA, single guide RNA.

HEK293Ts were transfected with constructs encoding human codon-optimized SpCas9 and the indicated sgRNA, Each sgRNA was designed to modify the dystrophin gene as indicated. The frequency of
gene modification at day 3 or day 10 post transfection was determined by the Surveyor assay. The ratio of measured Surveyor signal at day 3 and day 10 was calculated to quantify the stability of
gene editing frequencies for each sgRNA in human cells.

(Ousterout et al., Nature communications, 2015)

29 out of 32 of sgRNA were able to mediate

efficient gene modification




Is possible to correct specific mutations in DMD

a b CR1 CR2 CR3 CR4
- 4 = o = 4 = 4
m T2A | eGFP ]  SpCaso = eet HEK293T cells
M| sgRNA-1 | %Indels: 66 103 130 119
‘-—-“—"'_’:':*.__“__'u—-au—
SpCas9 — .y
ml sgRNA-2 | T2A-GFP
% Indels: 57 137 141 145
¢ Bulk population Sorted population
CR1_CR2 CR3 CR5 CR6 CR36| CR1 CR2 CR3 CR5 CR6 CR36
- 4+ = 4+ = 4+ = 4 = = | = F = g = = g = F = 4
DMD myoblasts
CLLLEEERIEEREL L LI =t ] B
\ * S— b
ot ] b Wt | 1
%Iindels: ND ND ND ND ND NO 08 ND 50 65 21 1.0

(Ousterout et al., Nature communications, 2015)

In DMD sorted cells there is detectable

level of sgRNA activity




Are the indels created by NHEJ able

to restore dystrophin expression?

a |ntron 50 Exon 51 ' PAM
AAAATATTTTAGCTCCTACTCAGACTGTTACTCTGGTGACACAA
TTTTATAAAATCGAGGATGAGTCTGACAATGAGACCACTGTGTT

LR RRR RN
sgRNA 5’ ~GCCUACUCAGACUGUUACUC. . .. ..

b Deletions
TAGCTCCTACTCAGACTGTTACTCTGGTGACACAAC (x16) Length Frame
TAGCTCCTACTCAGACT == = = = = GGTGACCCAAC -8 +2
TAGCTCCTAC -- CTGGTGACACAAC -12 +3
TAGCTCCTACTCAGAC === =====TGGTGACACAAC (X2) -8 +2
TAGCTCCTACTCAGAC == = = = mm = - -21 +3 .
TAGCTCCTACTCAGACTGTT == === === ACACAAC -9 +3 Sa ] ge r Seq uencin g
TAGCTCCTACTCAGACTG -=TGGTGAGGTGAC -6 +3
TAGCTCCTACTCAGAC-~~~TCTCTGGTGACACAAC -4 +1
TAGCTCCTACTCAGA CCTCTGGTGACACAAC (x2) -5 +2
TAGCTCCTACTCAGGCTG-~~~TCTGGTGACACAAC 4 +1
TAGCTCCTACTCAGACT - ~~ACTCTGGTGACACAAC -3 +3
TAGCTCCTACTCAGAC========TGTTGACACAAC -8 +2
- e = CTGGTGACACAAC -56 +2
TAGCTCCTACTCAGACTGTTA~~=====~GACACAAC -7 +1
TAGCTCCTACTCAGACT - ~~GCTCTGGTGACACAAC -3 +3
Insertions
CAGAC == == e o o o e e e TGITACTCTGGIGAC (x16) Length Frame
CAGACCACCTGTGGTCTCCTA= ====== CTGGTGAC +9 +3
C d es‘
Total events: 17/33 (52%) (OQ,Q‘ OQ@
+1 Frame: 3/17 (18%) . di ;
~ - ifferentiated DMD
+2 Frame: 7/17 (41%) Dystrophin e
. 0, —
+3 Frame: 7/17 (41%) GAPDH [_ S myoblasts

(Ousterout et al., Nature communications, 2015)

sgRNA CR3 is able to restore dystrophin reading frame

by the introduction of indels within exon 51




s it possible to develop a single method

that can address different common patients deletions?

a b
© CR6 CR36
OQEb Intron 44 PA'_'M ' EA.M ' Intron 55
Q\e?‘ © "56 6>< GAACCMA@CT Y o CCTCGATAGGGGATM
‘OQ OQ~ OQ\ OQ\ GAACCAAACC-CACT ...... ,. o ;;G.G.TAGG"‘GATAA (x5)
. | HEK293T Intron 44 Intron 55
2 | hDMD Mbs 1 TURTYY VO P
LVNVUVANVUNVI
©
c & d
Q\
O o
e?’ @ x Q‘
& © &) ) O
S & & & N o F o
| r GG rCcTY c;c cCC cC G' QQ C)Q C)Q Q\
A48-50 -»- [ - Exon44 | Exon56 | Dystrophin [:____-l
A45-55 =p —_—— A 'l - GAPDH I————J
- AN AR WATATATATARYA

(Ousterout et al., Nature communications, 2015)

Multiplexed CRISPR/Cas9 is able to generate

efficient deletion of the exon 45-55 locus




Can CRISPR/Cas9 be used for correct DMD in vivo?

Spectrin Dystrophin

DMD untreated

c
C o
52
a o
O
Quwn
.D\
@
5 O
o)

(Ousterout et al., Nature communications, 2015)

DMD sgRNAs treated myoblasts implanted in nude mice
express human spectrin and dystrophin




Can CRISPR/Cas9 be used for correct DMD in vivo?

(Walmsley G.L., et al., PlosOne, 2010)

aaaatagCTCCCAGTCAGACTGTTACTCTGGTG

A B sgRNA-ex51
AEX50 /—m PAM Target sequence
VN

Skipping

Retraming IR

W/_ﬂ_ Wﬁm ttttathAGGGTCAGATCTGACAATGAGACCAC

AEX50-51 “~~._

e aEsORE TTmen” | Fonst |

intron

Dystrophin Protein
Reading Frame

C
WT
50| 51
AEX50

AEX50-RF

4] 51

AEX50-51

4o]s22

| ____Exon 50 | Exon 51 |
CTGACCACTGTCAGAGCCCCTCCCAGTCAGACTGTTACTCTGGTGACACAA Ta rget
L T TV RAZPZPSQTUVTTL V o)
[ Exon 49 ] Exon 51 NEASH4lOJq]

GCCACTCAGCCAGCGAAGCTCCCAGTCAGACTGTTACTCTGGTGACACAA

ATQPAKELPVRLLLWSTOP adjacentto
GCCACTCAGCCAGCGAAGCTCCCAGTCAGACTGTTACTCTGGTGACACAA h
ATQPAK:LPVKTVTLVTQteexon51
GCCACTCAGCCAGCGAAGGCAACGCTGCAGGATTTGGAACAGAGGCGCCCC SAC

AT Q P A K'ATUILOQDTILTETGQT RR P

(Amoasii L. et al., Science, 2018)



Can CRISPR/Cas9 be used for correct DMD in vivo?

D AEX50-Dog-#1A-Contralateral ‘ AExSO-Dog-#1A-AAV93 .
Uninjected L2~ > AT

c

£

o & Y §| U 1!

8 s\

§ AEXx50-Untreated AEx50-Dog-#1B-Contralateral

a) Uninjected

(Amoasii L. et al., Science, 2018)



Can CRISPR/Cas9 be used for correct DMD in vivo?

o)

A Contralateral 100+
Uninjected AAV9s =
25 801 67%
Untreated AEX50 AEX50 53
WT AEx50 Dog Dog Dog Dog j=§= 604 52%
#1IA  #1B  #1A  #1B o3
8§ 401
- 2
DMD 250kDa 75;; 204
* 3% 1%
0 ==
WT AEx50 Dog Dog Dog Dog
veL Unteateq. #1A #1B #1A #1B
AEX50 AEX50
Contralateral
Uninjected ~ "AV9S
C

| I AEx50-Dog-#1A-Contralateral

&
-

| AEX50-Dog-#1A-AAV9s |

o

S

B2 !

SAEX50-Dog-#1B-Contralateral & || AEx50-Dog-#1
’ Uninjected i

cxy -

(Amoasii L. et al., Science, 2018)



Can CRISPR/Cas9 be used for correct DMD in vivo?

AEX50-Dog-#2A AEX50-Dog-#2B
WT-Untreated AEX50-Untreated AAV9s: 2x10"vg/kg AAV9s: 1x10™vg/kg
-, -

Cranial Tibialis

Semitendinosus

£
S
s
=
S
K]
[s]

(Amoasii L. et al., Science, 2018)



CRISPR/Cas9 can be used for correct DMD in vivo?

A Cranial Tibialis Triceps Biceps B m WT-Untreated
m AEX50-Untreated
Untreated D99 #2A  Untreated D09 #2A Untreated D09 #2A W AEx50-Dog #2A
AAV9s AAV9s AAV9s >, 100
=c
WT AEX50 AEx50 WT AEX50 AEx50 WT AEX50 AEx50 g‘é 80
‘ cc
DMD - -_— <5 60
2E
TE
sl 5340
— -150kpa T F oo
VOL o ey gy — W =)
B
0
Cranial i
Tibialis Triceps Biceps
c Cranial Tibialis Triceps Biceps D m WT-Untreated

m AEx50-Untreated

Untreated Dog #28 m AEx50-Dog #2B

Dog #2B  ntreated D09 #2B
Untreated AAVOS AAVOS

AAV9s o, 100
WT AEx50 AEx50 WT AEX50 AEx50 WT AEx50 AExX50 E% 80
80
DMD“ — PR — 28
. _ S -z00a 23
. 150kDa % -g' 40
— o o
VOL W e s— .-_iﬁ v—— £820
=9
Cranial Ty i
Tibialis Triceps Biceps
Diaphragm Heart Tongue m WT-Untreated

Dog #2B Dog #2B Dog #2B & AEXS0-Untreated
Untreated m AEx50-Dog #2B
Untreated  “pxvos AAVOS Untreated 9

AAVOS .. 100
WT AEx50 AEX50 WT AEX50 AEX50 WT AEX50 AEXSO ‘é% 80
28
-250kDa @2 60
ZE
- 150kDa %540
s
VL S s g -b- __..dd E5 20
=)
&0

Diaphragm Heart Tongue

AEX50-Dog-#2A AEX50-Dog-#2B
WT-Untreated AEX50-Untreated AAV9s: 2x10'vg/k AAV9s: 1x10'vg/kg

Cranial Tibialis

£
S
4
£
S
S
o

(Amoasii L. et al., Science, 2018)



Can CRISPR/Cas9 sustain long term

dystrophin expression?

AAVS8 i.m.

5.6 x 10" vg per
vector per mouse

&?‘b.‘: :

Adult 0 8 weeks 6 months

(Nelson C.E. et al., Nature medicine letters, 2019)

AAV8 systemic

5.4 x 10" vg per
vector per mouse

1 year



Can CRISPR/Cas9 sustain long term

dystrophin expression?

¢ 0o - AAVBIM. e AAVS i.m.
P =0.030 ¢
— P =0.029
N ¢ ¢ 100 1
9}0, 15 Tn/
2 2 1
S 10- 2
AAVS i.m. IS il S .
5.6 x 10" vg per =9 °l e ﬁ ®| o
%vector per mouse . i i
@ I g : : O - * I 0 —-*‘ T
& & @ & & O
Adult 0 8 weeks 6 months S Q:S Q)@ S q)$ &

(Nelson C.E. et al., Nature medicine letters, 2019)



Can CRISPR/Cas9 sustain long term

dystrophin expression?

AAV8 systemic

5.4 x 10" vg per
% vector per mouse
F B
1
08

P2 weeks 1 year
d AAVS8 systemic
20 18 k
B weeks
P=0.036 | o yoar
e 15+
()]
£
= 10 . @
8 ®
g
2 5-
[ )
0- i g | |,.
Heart Tibialis  Diaphragm
anterior

(Nelson C.E. et al., Nature medicine letters, 2019)

—h

Edited transcripts (%)

AAVS8 systemic
_ [ 8 weeks
100 - £=0.120 H 1 year
[
50 A
[
—o
°® °
° [
0 , e l,gﬂ_@a
Heart Tibialis  Diaphragm

anterior



Can CRISPR/Cas9 sustain long term

dystrophin expression?

AAV8-CRISPR
WT C57/BL6 max 1 year 8 weeks 1 year

Tibialis anterior

Heart

(Nelson C.E. et al., Nature medicine letters, 2019)



Can CRISPR/Cas9 sustain long term

dystrophin expression?

h L | ,
Tibialis anterior-AAV8 30 o oo17s
WT 1 year 8 weeks Z s oo
5% — + + + + + + + Dys E P =0.0367
_ 1 Q |
: BB < S 20 s
© 45,
Heart-AAVS8 o
=> ®! o
WT 1year 8 weeks 5 10 - .
5% — + + + + + + o 1
. | » . Dys S 1 o Ilalr=:
_ * ' — < ® O
1 L& ) o

(Nelson C.E. et al., Nature medicine letters, 2019)



Can CRISPR/Cas9 sustain long term

dystrophin expression?

30
10004 ™ ¥ &6 ] AAVS i.m.
3 e O o .
e - 2 Pl AAVS i.v. .
I 1 e P\I;' 71 AAVO i.v. .
(@) = o
2 100 E ° ] Untreated S o0 -
g % [}
(@)) X l
g 10 10
((% Al
o ° o g 10- °
e »
2 13 O
(6] 3 LL
(d))] (d))]
0 n=s|| 6 0 | feoeo—-00e
R AAVO: | =  +  +
‘\.6\ ‘\A ! ! \I'
4 O
$ & D
Adult Neonate uT éeP

IFNy-production

(Nelson C.E. et al., Nature medicine letters, 2019)



Can CRISPR/Cas9 sustain long term

dystrophin expression?

e AAVS i.m. f AAV8 systemic
100 = 100 3
10 Jf 10 4 o =5 .
- c :‘%' ° K2
o . o .
% ° ) T J_
N AN o °
o 14 * L o*
o [ J
= : T S : -
2 014 o 2 01+ .
g 13 e | B
[0 :{_ CGCJ ]
T 001 4, 0.01 -
0.001 Jueo 0.001 4—1= — —
(@)) (@)) (@))
22122132 2z 2 22 8 Z
OCFIOFICS © 5 © ©c50 5
UT 8wk 6 mo Heart  Tibialis anterior Diaphragm

(Nelson C.E. et al., Nature medicine letters, 2019)



Can CRISPR/Cas9 sustain long term
dystrophin expression?

., 0 .,
A > A
AAENSOVNS AAERSEVANRSNe
) ! * . 3 [ T R N IR T T T 5%
Unedited e —— Untreated
Deletion —— AAVE | |8k
; ibialis anterior
Indel = .m. 6 mo 4%
. . A \
8 wk
AAYV integration 1 T Heart
Inversion =—— ] 1 yr 3%
i AAV8 8 wk
Large deletion iV, Tibialis anterior
Translocation = === = = = 1yr yo
(o]
Diaphragm 8 wk
c Large deletions 1yr
Heart |8 wk 1%
gRNf” glRNAz 1k Am/g Tibialis anterior |8 wk
_ Diaphragm |8 wk .
= Phrag . : 0%
— 5’ enrichment 3’ enrichment
5" enrichment | =——.
12%
Untreated °
= AAVS , 8 wk
_~=—=|3 enrichment iV, Liver p
~— yr
0%
5’ enrichment 3’ enrichment
d 5" enrichment 3’ enrichment e Transcript editing
23 23 l Unedited
N P Untreated Treated
24 22 Il Exon 23 deleted
AAV AAV Il AAV transcript
a3 exons Il Multi-exon skip
_ [ —
(5 exons[[[TI[ 22 | 24 3’ exons [ Circular RNA
[22 }~aAGc= 23] [23 =61 _24 | [] Alternative splice site
[ Intron inclusion

(Nelson C.E. et al., Nature medicine letters, 2019)




CRISPR/Cas9 correction in human embryos?




CRISPR/Cas9 correction in human embryos?

MYBPC3 mutations account for ~40% of all genetic defects causing
hypertrophic cardiomyopathy

Therapies Gene replacement
A
Trans-splicing
[ 5 pre-trans-splicing molecule ]| 3" pre-trans-splicing molecule |
1 L 15+16 1L 17+18 l u l 1 Exon skipping
2 5+6 22 2425 26 27
16+1718+19

CRISPR/Cas9
EEEEEEEEEEEEEEEENENEENEEENEEEEEENEEENEEEENEEEEENTR

Mutations 6 -28 843---4 1-35134 4- 615 313 2 5 17 26309 - Missense
A 1 7 347 101-1243 122116511 11 2414 522 5 13 212115411 - Truncating
MYBPC3 % S

1 2 345 6 78910 12 131517 18 19 2122 23 25 26 27 28 30 3233 35

(Carrier L. et al., Gene review, 2015)

Heart failure in healthy individuals
Mostly autosomal dominant
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correct a heterozygous dominant 4 bp deletion in MYBPC3 (MYBPC3AGAGT)

GA
i
I

CU

cC
N
11
GG

2 GUUCAACUAUUGCCUGAUCGGAAUAAAA
AAAGUGGCA

A
37 UUUUUUCGU
5’ ---GGAGTTTGAGTGCGAGGTATCG---3’ ssODN-1 (200 mer)

(Ma H., et al., Nature 2017)



CRISPR/Cas9 correction in human embryos?

CRISPR-Cas9
a Mut MYBPC3A4GAGT ‘
\
WT /fr
= () ((50)- (@®)- (@O0
injection
WT Mut WT  Mut WT Mosaic
S-phase
MYBPC34GAGT . .
/ was co-injected
WT . .
MII oocyte ® | <|7L
il oocyt — - [DD with sperm into
WT Mut WT HDR
MII oocytes
M-phase Uniform embryo d u ri ng ICSI
b Targeting outcomes € Yield of WT/WT embryos d HDR with and without ssODN e Embryo genotype distribution
WT/WT WT/NHEJ WT/WT WT/NHEJ WT/WT WT/Mos
S 1001 P <0.05 B WT/Mut WT/NHEJ
- ] 1009 100%-
27.6% § 80 724 % 22.2% 32.3% 24% 27.6%
16/58 S 60 9 6/27 10/31 80% '
( ) 80%
. c 47.4 52.6% [ 9.3%
72.4% ® 404 HDR HDR
= 60% 60% 9
(42/58) = 16.7% 22.4%
20_ I
© N
) 20% 20%4 47.4% 50% | 50% |
M-phase-injected embryos Control M phase ° °
embryos injected 0
embryos 0% 0% ) ) '
+ssODN -ssODN Control S-phase- M-phase-
embryos injected injected
embryos embryos

(Ma H., et al., Nature 2017)



CRISPR/Cas9 correction in human embryos?

a Fertilization and preimplantation development of CRISPR-Cas9-injected oocytes
1007 80 80
77.3 72.7
= 801
=~
- 50
$ 60+ 50
£ [ Intact control
g O M-phase-injected
o 401
® 22 17 16 11
a
20
04
No. of Fertilized Eight-cell Blastocysts
oocytes embryos embryos

Zygotes Eight-cell embryos I31Iaét:)cysts

Origin and genotypes of ES cells derived from CRISPR-Cas9 injected embryos

Egslllin Treatment Karyotype On gt Egg donor
designat‘ion genotype

CO r re Cte d ES ES-WT1 M-phase injection 46,XX WT/WT Egg donor 1
ES-WT2 M-phase injection 46 XX, inv(10)(p11.2921.2) WT/WT Egg donor 2
ES-WT3 M-phase injection 46,XY, inv(10)(p11.2¢g21.2) WT/WT Egg donor 2

fro m b I a Stocysts ES-WT4 M-phase injection 26,XX WT/WT Egg donor 2
ES-Mut1 M-phase injection 46,XX WT/NHEJ Egg donor 1

ES-Mut2 M-phase injection 46,XX WT/NHEJ Egg donor 2

ES-C1 Intact control 46,XY, inv(10)(p11.2921.2) WT/WT Egg donorl

(Ma H., et al., Nature 2017)



CRISPR/Cas9 correction in human embryos?

No off targets events analyzed by:

Whole genome deep sequencing;
BLESS

GUIDE-Seq

Digenome-Seq

100+

80+

60+

40-

% of mutagenic indel

20+

0rrrr—rTTT
Blastomere ID

Embryo ID c2 c10 Mos1 W15 Mos7 M2-WT10 M2-Mut7

(Ma H., et al., Nature 2017)
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ETHICS

RECOMMENDATION 5-1. Clinical trials using heritable genome editing should be permitted only within a
robust and effective regulatory framework that encompasses

—> o the absence of reasonable alternatives;
= o restriction to preventing a serious disease or condition;

e restriction to editing genes that have been convincingly demonstrated to cause or to strongly predispose
to that disease or condition;

— ¢ restriction to converting such genes to versions that are prevalent in the population and are known to be
associated with ordinary health with little or no evidence of adverse effects;

—» ¢ the availability of credible preclinical and/or clinical data on risks and potential health benefits of the
procedures;

—» ¢ ongoing, rigorous oversight during clinical trials of the effects of the procedure on the health and safety
of the research participants;

—» ¢ comprehensive plans for long-term, multigenerational followup that still respect personal autonomy;
—» ¢ maximum transparency consistent with patient privacy;

¢ continued reassessment of both health and societal benefits and risks, with broad ongoing participation
and input by the public; and

¢ reliable oversight mechanisms to prevent extension to uses other than preventing a serious disease or
condition.

National Academies of Sciences, Engineering, and Medicine, Human Genome Editing:
Science, Ethics and Governance (National Academies Press, Washington, DC, 2017).



HUMAN GENE EDITING

March 2015: Chinese researchers become the first to edit genes in a human
embryo.

June 2016: He Jiankui launches a project to edit genes in human embryos,
with the goal of a live birth.

March 2017: He starts recruiting couples (each with an HIV-positive father)
for the experiments.

Early November 2018: Gene-edited twin girls are reportedly born, and a
second pregnancy with a third gene-edited embryo is established.

25-26 November 2018: The MIT Technology Review reveals the existence of
the research programme; the Associated Press quickly goes public with the
story of the girls’ birth.

28 November 2018: He offers details about his work at a gene-editing
summit in Hong Kong and is roundly criticized.

November—-December 2018: China’s National Health Commission orders an
investigation into He’s work.

January 2019: He is censured by the Guangdong health ministry and fired
from his university.

18 March 2019: A World Health Organization committee will meet to set
guidelines for human gene editing.

August 2019: Third gene-edited baby expected.

(Cyranoski D., March 2019, Nature)
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Baby gene edits could affect a range of traits

Gene targeted for its role in HIV is linked to increased severity of other infectious diseases —
and has implications for learning in mice.

The CCRS5 protein is expressed on the surface of some immune cells, and HIV takes
advantage of it to sneak into the cells. In 1996, scientists identified a mutation, known
as CCR5-A32, that makes carriers highly resistant to HIV

found naturally in about 10% of Europeans

Scientists analysing his presentation slides say that, instead, He seems to have
produced three different mutations in the girls. It is expected that these mutations
will have disabled the gene.

Slides from He's presentation suggest that both copies of the gene were disabled in
one of the twins. The other twin seems to have at least one working copy
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Baby gene edits could affect a range of traits

Gene targeted for its role in HIV is linked to increased severity of other infectious diseases —

and has implications for learning in mice.

CCRS5 also helps to protect the lungs, liver and brain during some other serious infections
and chronic diseases.

Philip Murphy, an immunologist at the National Institute of Allergy and Infectious
Diseases in Bethesda, Maryland, has done experiments that show that people without a
functional CCR5 gene are four times more likely than those with the gene to develop
these serious conditions. “CCR5 deficiency is not benign,” he says.

Influenza could also pose a greater risk to the twins . Work in mice has shown that the
CCR5 protein helps to recruit key immune cells to fight the virus in the lungs

Scientists have also found that, among people with multiple sclerosis, those with
the CCR5-A32 deletion are twice as likely to die early than are people without the

mutation
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Baby gene edits could affect a range of traits

Gene targeted for its role in HIV is linked to increased severity of other infectious diseases —

and has implications for learning in mice.

But, on the basis of the information in the consent form, none of these
effects seems to have been communicated to the parents of the girls,
or to other couples that participated in He’s experiments.

He’s informed-consent procedure “was a
disaster”, says Megan Allyse, a bioethicist at
the Mayo Clinic in Rochester, Minnesota.

He has not responded to Nature’s multiple
requests for comment
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Baby gene edits could affect a range of traits

Gene targeted for its role in HIV is linked to increased severity of other infectious diseases —
and has implications for learning in mice.
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https://www.youtube.com/watch?v=tLZufCrjrNO&feature=youtu.be&t=1644
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https://www.youtube.com/watch?v=thOvnOmFltc




BIOTECHNOLOGY

The creator of the CRISPR babies has beenreleased from a
Chinese prison

He Jiankui created the first gene-edited children. The price was his career. And his
freedom.

By Antonio Regalado
April 4,2022

MIT Technology Review
https://www.technologyreview.com/2022/04/04/1048829/he-jiankui-prison-free-crispr-
babies/?utm_source=Nature+Briefing&utm_campaign=94700c0bdc-briefing-dy-
20220405&utm_medium=email&utm_term=0_c9dfd39373-94700c0bdc-45882746




2019 - beta-thalassemia

first authorized clinical trial - turn the fetal hemoglobin gene back on
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BIOTECHNOLOGY

A gene-edited pig’s heart has been transplanted mto a
human for the first time

The procedure is a one-off, and highly experimental, but the technique could help reduce
transplant waiting lists in the future.

By Charlotte Jee
January 11,2022

https://www.technologyreview.com/2022/01/1
1/1043374/gene-edited-pigs-heart-transplant/
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