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genome engineering

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

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 gene therapy vs 3.0 gene therapy

a Gene augmentation b Gene suppression
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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)
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CRISPR Revolution
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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



Researchers can directly edit the function of DNA
sequences in their endogenous context

RuvC domain
DNA-binding domain
(ZF or TALE) [ PN \/
ZF  WHPEm Il R >
N ‘™ 3
’ 5‘

TALE lfr)mj)s @t@l, sgRNA

HNH domain

(Hsu et al., Cell, 2014)

TALEN and ZFN CRISPR/Cas9

Target binding principle Protein-DNA specific recognition Watson-Crick complementary rule

Working mode Specifically recognizes the target DNA and Guide RNA specifically recognizes the
dimeric Fok1l makes DSB target DNA and Cas9 makes DSB

Essential components Dimers of TALE/ZFN-Fok1 fusion protein Guide RNA and Cas9
Target DNA lenght 14-18 bp 20 bp

Time consumption for

. 5-7 days 1-3 days
construction

Multiple targeting context-dependent binding

el aretiching] 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
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Double strand break

Template
00D,
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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CRISPR/Cas9



CRISPR system in prokariotes is an
adaptive immunity system

Adaptation \ ' . \
Cas1-Cas2 Integration of
protospacer

cas operon CRISPR array
crRNA Maturation 1
5' R ua'
pre-crRNA

Processing of  Cas protein
pre-crRNA or cellular
ribonuclease

Mature crRNA
5' e

Interference
Invading
DNA % i

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



CRISPR/Cas9 Genome editing tool exploit

endogenous DNA repair machinery

/\jﬂ‘ sgRNA \ HDR

Ku Genomic 5" = = ———3
5 == ..y DNAS== 2Rad51 ==5

3 - ==5 Repair 5’ 3

template 3’ —@/' 5

l Premature l
stop
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5!—— _m--sf 5I-— --:3)I
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(Ran et al, Nat Protoc. 2013)



CRISPR/Cas9 Genome editing tool exploit

endogenous DNA repair machinery

(A) Nonhomologous end joining Homology-directed repair

7/ jﬁ‘:ﬁ 1 —

Gene disruption

(via small insertions or *: ////
deletions) / / 4|ﬁ/

Inversion

Insertion Gene addition Gene correction
(up to 14 kb by synchronized donor
cleavage in vivo) q//t . Provide donor
leti Provide donor template containing
NHEJ-mediated peletion template containing modified gene
ligation of broken Simultaneous 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 - - ] T ———

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

DNA target NERRERRRRREREEA N FEENETTTT
3’ . .TTACCCCTCCTGTAGCTACAGTGGAGGTTACTGATCCCACCCETTGGTG. . 5

IIIIIIIIII!IIIIIIIII

5 |G CTCCAATGACTAGGGGUUYUAGAGCUAG

LYUEE 11 g

sgRNA @UUCAACUAUUGCCUGAUCGGAAUXAAAUU CGAUA
A [ GAA
AAAGUGGCACCGA
[III111G

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

Enzyme name (re:idzjes) PAM requirement and cleavage pattern
SpCas9 /| 13681629 o JICCT T TG
Cas9
’ ; StiCaso 121 IIIIIIIIIIIIIIIIIIIINNTj‘TW
5 3, g
3 5
" ’ staCaso 1409 ||||||||||I|||||||||ECEc
Protospacer ,
NmCas9 1082 |IIIIIIIIIIIIIIIIIIIIIIINENECQIAZ.
SaCas9 1053 IIIIIIIIIIIIIIIHIIIINN55,1
SpCas9:
- More characterized; ASCpf1 /LbCpf1 | 1307 /1228 2,[;\;!llIIIIIIIIIIIIIIIIIIIITIZ

- Balance between PAM
”””'”””'”H”"ETS

. VQR SpCas9 1368
complexity and construct
o he
>1z€ _ oRspomo | 1308 S IO 04
- Tested in a variety of 1
contexts VRER SpCaso | 1368 ||||||||1||||||||T| [TIETS
RHAFICaso | 1629 s T
1 1% 20

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

NNRRT-3'
KKH SaCas 1053 Il|IIIIIIIIIIIIIIIIIINNA,WI,LS,




RNA-programmed endonucleases offer

a variety of genome editing-options

Enzyme name (re:idzjes) PAM requirement and cleavage pattern
3 8 \NGG-3
Spase) | 1368/ 1629 Z_IIIIIIIIIIIIIIIIIIII@E_S.
Cas9 ——
5 3 StiCas9 1121 IIIIIIIIIIIIIIIII}III'N'NTT'TWS
3 S
NG
" ; staCaso 1409 IIIIIIIIIIIIIIIII}rIIIgCN'Nc
Protospacer ,
NmCas9 1082 IIIIIIIIIIIIIIIIIIIIIIIINENECQIAZ.
Cpfls: o
SaCas9 1053 IIIIIIIIIIIIIIIIIIIIINNM.

- Use naturally crRNA;

- TTTN PAM at 5’ end of
the protospacer;

- Cleave the two DNA in a VORSpCase | 1308 - I ”H”H”l’r] [T
stagger configuration

AsCpf1/LbCpf1 1307 /1228

@ a

{ ,
,TLTT!IlIIIIIIIIIIIIIIIIIIIITI_a,

5- IGAG-3
EQRSpCaso | 1368 S IO LI E4S2
5" NGCG-3'

VRER SpCaso | 1368 S T LS8
T
3'-1 RC-5’

NNRRT-3

KkHsacaso | 1053 S TITTITIOITIL LI

(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***, It
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.

Cas13 | 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 (re:idzjes) PAM requirement and cleavage pattern
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NNA A
StiCas9 1121 IIIIIIIIIIIIIIIIIIIIIN'NTT'TW
R
he cone
st3Cas9 1409 IIIIIIIIIIIIIIIIIIIIgCN'c
i
L NNNNGATT-3'
NmCas9 1082 IIIIIIIIIIIIIIIIIIlllurllzLN'NwH5.
¢' RRT :
SaCas9 1053 IIIIIIIIIIIIIIIIIIIIINNm.
i
5-TT ¢ 24 3
ASCpft / LbCpft | 1307 /1228 3;1\;!IIIIIIIIIIIIIIIIIIIIIII_S.
t
VQR SpCas9 1368 |||I|||I||II|III|ﬁ|IIIET5
5" i‘ IGAG-3
EQR SpCas9 1368 34IIIIIIIIIIIIIIIIIIIIngg
ki
5" l" NGCG-3
VRER SpCas9 1368 2||||l|||l|||||||||||Ap'r'
't
RHA FnCas9 1629 5”|||||||||||||||||%|8||T?’3'
%4 R 207C
T
KKH SaCas9 1053 be NRRT-3
I|IIIIIIIIIIIIIIILrIIINN'NYu

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




Il — delivery

A Viral delivery Lipid nanoparticle delivery Direct nucleic acid injection
/ »
Adenovirus (dsDNA)
AAV (ssDNA)
Lentivirus (RNA) _\ / N\
Cas9 i
= = Cas9
- —_ protein
or or
A mRNA
B EML4-ALK (Lung cancer model)
p53 (Lung cancer model)
LKB1 (Lung cancer model) Oocyte/zygote injection and implantation
GFP (Proof-of-principle)  KRAS (Lung cancer model) (Various models)

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

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

CEBPa. (Functional interrogation)
PTEN (Liver disease model)
PCSK9 (Cholesterol reduction)
FAH (Hereditary tyrosinemia)

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




Il — delivery

A Viral delivery

Adenovirus (dsSDNA)
AAV (ssDNA)
Lentivirus (RNA)

Cas9 DNA

(7))

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

Lentivirus:

- infects non dividing cells;

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

Adenovirus:

- infects dividing and non dividing cells;

- Do not integrate 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,

- 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.#?
Gasiunas et al.*3
FnCas9 1629 NGG 20 bp ~3pb 5 of PAM Hirano et al.®9
—> | SaCas9 1053 NNGR RT 21bp ~3pb 5’ of PAM Mojica et al.>’
—» | NmCas9 1082 NNNNG ATT 24 bp ~3bp 5’ of PAM Hou et al.>3
St1Cas9 n21 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 22 bp ~3bp 5’ of PAM Kim et al.®
AsCPfl 1307 TTTV 24 bp 19/24 bp 3’ of PAM Yamano et al.>©
Kim et al. 2016
LbCpfl 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
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(Komor A.C. et al., Cell, 2017)

Lipid nanoparticle delivery:

more transient
higher DNA specificity
less off-target editing



Il — delivery

A Viral delivery Lipid nanoparticle delivery Direct nucleic acid injection
/ »
Adenovirus (dsDNA)
AAV (ssDNA)
Lentivirus (RNA) _\ / N\
Cas9 i
= = Cas9
- —_ protein
or or
A mRNA
B EML4-ALK (Lung cancer model)
p53 (Lung cancer model)
LKB1 (Lung cancer model) Oocyte/zygote injection and implantation
GFP (Proof-of-principle)  KRAS (Lung cancer model) (Various models)

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

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

CEBPa. (Functional interrogation)
PTEN (Liver disease model)
PCSK9 (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
G
Guiding ans y Q\Q \\0‘ MS2-FP
sequence Cas9 e”@“f ?/ o
sgRNA ( ) f J ‘ )
e Joo
dCas9
Cas9 PAM dCas9 dCas9
W (@)
=T
DNA

Nucleus ‘
@‘ nCas9 b

(e)] [o)]
2] [%]
© ©
b(%o& S @9 3 =
© © oo Joo
[y & Protein
APOBEC) 7 dimers dCas9-FP
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

Gl O Package Transduce € '@D Select %
OO { "3-. @
% @,@
Guide Cloning of Multiple Enrichment
library guide RNA Lentivirus library genotypes of desired
synthesis plasmid library and phenotypes phenotype
G H Live imaging Temporal control of dynamic
Effector cellular processes
4\:} Effectpr Blue ||ght
P Ixd | <
. g - NN~ Cry2 ' Ve
\/ \\/ \@/ 'A )
\BCIM
Transcriptional Epigenetic
control modulation DNA labeling Inducible regulation

(Hsu et al., Cell, 2014)



CRISPR/Cas9 system can be used in other mammals?

In vivo
M A B Con C ™M A B Con
) - - ey -
o Ppar-y —— i Ppar-y
~ = J
= Y -
- — o1 - = 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




Can CRISPR/Cas9 be used for correct genetic disorders?

G deletion

v Crygc mutation (dominant inheritance)

gagatgcctaactaccgaggccgccagtatctgctgaggcctcaagagtaccggegettc
: Il I i ' Il : 'l I Il I i

ctctacggattgatggctccggcggtcatagacgactccggagttctcatggccgcecgaag %

135 . 140 . 145 150 . :
Glu Met Pro Asn Tyr Arg Gly Arg Gin Tyr Leu Leu Arg Pro Gin Glu Tyr Arg Arg Phe

Crygc
Stop
caggactggggctctgtagatgctaaggcgggctctttgcggagggtggtagatttatac
i L 3 1 i l i i 4 L i l
y T T T T T T T ' T J T
gtcctgaccccgagacatctacgattccgecccgagaaacgectcccaccatctaaatatg

155 160 165 170
Gin Asp Trp Gly Ser Vval Asp Ala Lys Ala Gly Ser Leu Arg Ari Val Vval Asp Leu Tyr
Crygc

taaaataggttaacgctaccattttctcattttggaacctaataaagtatttagtctgta
t } + } } } } } t } : }

attttatccaattgcgatggtaaaagagtaaaaccttggattatttcataaatcagacat

175

=

Crygc

(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’ 37
sgRNA-2 5' 3!
sgRNA-1 5' 7

G dcletnon

51 ATCTGCTGAGGCCTCAAGAGTACCGGCCTTCCAGGACTGGGGCTCTGTAGATGC 3’

t t t t

} |
T 1

27 TAGACGACTCCGGAGTTCTCATGGCCGGAAGGTCCTGACCCCGAGACATCTACG 5'

3’ 5’ sgRNA-3
3 5’ sgRNA-4
G
&-3
(7]
8-0
= &5
(V)
6—0 .
K VVVV R sgRNA-4 2-5
3 83
e Cas9
§ 02-0
o<
3 =
o=
2 3
UAACUAUUGCCUGAUCGGAA AGGTCCTGAGGG GOAGACAT .5
C RN
« 1.T(()‘\(,u(;/\(r((((( ( \G
5. cccgcc '8 ATGCTA-3'
3. GGCCG ACGAT -5'
2 .

PAM A AGGTCCTGACCCCGAGACAT ©

Mutated Cryge

(Wu et al., Cell 2013)

Mutant allele F ' == =m == - ’

Deletion

5'-ACCGGC{ CTTCCAGGACTGGGGCTCTGTAGATGCTA-3'

3'-TGGCCG - GAAGGTCCTGACCCCGAGACATCTACGAT-5'
PAM Target




Can CRISPR/Cas9 be used for correct genetic disorders?

In vitro sgRNA leads to
HDR mediated
repair

sgRNA E14 ESC clones mCrygc (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 mRNA+sgRNA-4 o (o repair

/ ”

NG —» Repaired offspring

Wild type Crygc mutant

(Crygc™) \ ; >

Cataract offspring

I\
B

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
repair

mediated mediated

WT allele AGTACCGGCGCTTCCAGGACTGGGGCTCTG
Mutant allele AGTACCGGCCTTCCaAGGACTGGGGCTCTG +1

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

NHEJ
repair

WT allele AGTACCGGCGCTTCCAGGACTGGGGCTCTG
Mutantaliele AGTACCGGC === m e e ccccccccccca- -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%3‘;?5’?) ---------- CTGAGACCACAAGAGTACCGGCGCTTCCAGGACTGGGG -mmxo-
’ IDR * IDR
— -— ) - - — — — — >
Deletion T 5 ACCGGC‘CTTCCAGGACTGGGGCTCTGTAGATGCTA 3
, ' 3-TGGCCG - GAAGGTCCTGACCCCGAGACATCTACGAT-5'
5-ACCGGC - CTTCCAGGACTGGGGCTCTGTAGATGCTA-3 ‘oAM Target
3'-TGGCCG - GAA TCCTGA AGACATCTACGAT-5

PAM Target HDR mEdlatEd
e ! repair (+Oligo-2)

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

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

Control (Crygc+/-)

(Wu et al., Cell 2013)

that contains specific in frame mutation




Can CRISPR/Cas9 be used for gene therapy?

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

— progressive muscle wasting;

— no effective treatment

Exon 45-55 block skipping
Out-of-frame mRNA

DMD molecular me_Char_“sm: . 43 )) 44 1 45 )y a6 || 47 1 48 || 49 1| 50 €{ 51 |1 52 €( 53 H 54 )) 55 || 56 )) 57
—out of frame mutations in dystrophin gene (loss -l T
of function); | | o T
— common deletions in the exons 45-55 maintain inrame mBlA
correct reading frame (still functional dystrophin) Reading frame DR BT
Exon 45-55 deletion
~
”,f (336,380 bp) ~~‘s
-~ Exon 51 deletion Sso
i (~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 y PAM
GAAGGACCATTTGACGTTCAGCTCCTACTCAGACTGTTACTCTGGTGA
EGPFDVQLLLRLLTLTWF*

| Exon 47 Exon 5

Out-of-frame (A48-50)

Y PAM
GAAGGACCATTTGACGTTCAGCTCCTACTCAGACTGT==CTCTGGTGA
EGPFDVQLLLRLS LV.. Frame restored by small

| Exon 47 f Exon 51 | targeted deletion

sgRNA 1 sgRNA 2

Frame restored by genetic deletion

~
| _Exon47 | | _Exon52 | ifi
Exon 47 Exon 52 of a specific exon

96 | Out-of-frame (various deletions)

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




Is possible to correct specific mutations in DMD

patient myoblasts cell lines?

CR1 CR2 CR3 CR4

- 4+ = 4 = 4+ = 4+

aal '_'.E O ) ey )
m T2A | eGFP |  SpCas9 [ I bl bad HEK293T cells
M| sgRNA-1 | %Indels: 66 103 130 119

\——‘h—-‘u' [ W—

SoC N —d )
pCas9 b, —
ml sgRNA-2 | T2A-GFP \ : .

% Indels: 5.7 13.7 141 14.5
c Bulk population Sorted population
CR1 CR2 CR3 CR5 CR6 CR36/ CR1 CR2 CR3 CR5 CR6 CR36
- % = 4 = F = 4 = = | = & = -+ = 4 = 4+ = +
DMD myoblasts
LLLLELEEEEERLLL L L=t L T
| * N— b
s 5 ; W . —y * b
% Indels: ND ND ND ND ND NC 0.8 ND 50 6.5 2.1 1.0

(Ousterout et al., Nature communications, 2015)

In DMD sorted cells there is detectable

level of sgRNA activity




SURVEYOR ASSAY

Indel

PCR amplification

l Reannealed slowly

recognizes SURVEYOR
Only reannealed
and cleaves nuclease heteroduplex cleaved
mismatches digestion P

(Adapted from Ran F.A. et al., Nature protocols, 2013 )



Are the indels created by NHEJ able

to restore dystrophin expression?

a |ntron 50 Exon 51 | A\
AAAATATTTTAGCTCCTACTCAGACTGTTACTCTGGTGACACAA
TTTTATAAAATCGAGGATGAGTCTGACAATGAGACCACTGTGTT

(NARARRARRARARRRARR

sgRNA 5" ~GCCUACUCAGACUGUUACUC. ... ..
b Deletions

TAGCTCCTACTCAGACTGTTACTCTGGTGACACAAC (x16) Length Frame

TAGCTCCTACTCAGACT == == = === GGTGACCCAAC -8 +2

TAGCTCCTAC TCTGGTGACACAAC -12 +3

TAGCTCCTACTCAGAC === =====TGGTGACACAAC (X2) -8 +2

TAGCTCCTACTCAGAC- e - -21 +3 .
TAGCTCCTACTCAGACTGTT == === = === ACACAAC -9 +3 Sa N 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====mmmmmn—————— TGITACTCTGGTIGAC (x16) Length Frame

CAGACCACCTGTGGTCTCCTA= == ==== CTGGTGAC +9 +3

c d o
Total events: 17/33 (52%) S L
+1 Frame: 3/17 (18%) - di ;
i - ifferentiated DMD
+2 Frame: 7/17 (41%) Dystrophin [:]
+3 Frame: 7/17 (41%) GAPDH |- myoblasts

(Ousterout et al., Nature communications, 2015)

sgRNA CR3 is able to restore dystrophin reading frame

by the introduction of indels within exon 51




Is it possible to develop a single method

that can address different common patients deletions?

a b

O CR6 CR36
OQ(b Intron 44 'pA_’w ' PAM ' Intron 55
QS\V‘ o o o GAACCAAACCCACT. ./ /. . CCTCGATAGGGGATAA
O 0Q~ QQ\ OQ~ GAACCAAACC_CACT ........ ;G.G.G.TAGG"'GATAA (x5)
M | HEK293T Intron 44| Intron 55
2 | hDMD Mbs 1 TORTTY VO PP
| ‘.‘LL " i .‘ e \ _'.A{\JUV\"
©
c & d
&~
@) ©
SIS - &
S C)Q\ OQ OQ Qxe o L
(el | 2 ik FGGTATCT 1 gieaccrcce ol }'oq OQ OQ OQ
A48-50 —.-- St/ [ - Exon 44 Exon 56 Dystrophun[ -|
A45-55 —» aadi? I\ | GAPDH —_—
| AA ARW \ /N

(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

O x5
53
2o
OQ—'
Q.
D=
O
s 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?

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

— /\Rf . |||||H||||||HIIHII\IIIIIHIII\
Ipping eiraming ttttathAGGGTCAG‘TCTGACAATGAGACCAC

23 BEk-a
AEX50-51 “~~._ _.-~" AEX50-RF " intron

~,-

Dystrophin Protein
Reading Frame

| Exon 50 |  Exon 51 |
50 51} CTGACCACTGTCAGAGCCCCTCCCAGTCAGACTGTTACTCTGGTGACACAA Ta rg et
L TTVRAPZPSOQTUVTTZLVTQ

A Exon 49 | region
m E GCCACTCAGCCAGCGAAGCTCCCAGTCAGACTGTTACTCTGGTGACACAA

Areraxtruriiiwse  adjacent to

AEX50-RF -m_
51 GCCACTCAGCCAGCGAAGCTCCCAGTCMAGACTGTTACTCTGGTGACACAA h
B ATQPAKLPVKTVTLVTQteexon51

AEX50-51 —m_ |  Exon 52 | SAC

49523 GCCACTCAGCCAGCGAAGGCAACGCTGCAGGATTTGGAACAGAGGCGCCCC
AT Q P A K'ATTLOQDTLTETG QT RTR P

(Walmsley G.L., et al., PlosOne, 2010) (Amoasii L. et al., Science, 2018)



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

D AEx50-Dog-#1A-Contralateral | . AEX50-Dog-#1A-AAV9s
Uninjected A 4 ;‘11_\,:_ ot
c
£
o Y (
8 =5\ ans
‘g AEx50-Untreated AEx50-Dog-#1B-Contralateral
o Uninjected

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



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

A Contralateral B
Uninjected AAV9s %‘ -
Untreated AEX50 AEX50 S g 80 671%
WT AEx50 Dog Dog Dog Dog cc 604 52%
#1A  #1B #1A  #1B o3
8§ 40
- €S
DMD 250kDa s g 204
S 3% 1o
O WT 2Ex60 Dog Doy Dog D
~150kDa WIT AExS0 Dog  Dog Dog Dog
VCL Untreated . #1A #1B #1A  #1B
AEX50 AEX50
R Contralateral
Uninjected Anves
& AEx50-Dog-#1A-Contralateral = © = AEx50-Dog-#1A-AAV9s

(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: 2x10vg/kg

Semitendinosus

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



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

>
w

m WT-Untreated

m AEX50-Untreated

Untreated D09 #2A  Untreated D9 #2A Untreated D09 #2A ® AEx50-Dog #2A
AAVOs AAVOs AAVY:

Cranial Tibialis Triceps Biceps

\VOs > 100
2c
WT  AEX50 AEX50 WT AEX50 AEX50 WT AEx50 AEX50 %% 80
g RS 28
g -, . i
e o { | ~ 250kDa §§40
8
€8
— p— - " — -150kba T F o9
veL = S p— ——— T — :\25‘0
Cranial i i
Yioimys Triceps Biceps
c Cranial Tibialis Triceps Biceps D lx\/g-um{]eaied "
m AEX50-Untreatet
Dog #2B  yntreated  Dog #2B Dog #28 m AEx50-Dog #2B
Untreated AAVOS AAVOS Untreated AAVOS 5 100 og
WT AEX50 AEX50 WT AEX50 AEx50 WT AEx50 AEX50 z,é 80
S
g3
DMDh — - 2g
2 ,, © -250kDa 2% &
SE 40
— -150kDa © &
voLz’—- w—a —— %‘on
29
Cranial i i
Tibialis Triceps Biceps
Diaphragm Heart Tongue m WT-Untreated
Dog #28  ynireateq DOQ #2B Dog #28 2 AEx30.D09 465
ntreate m AEX50-
Untreated " Avos AAVO. Untreated "5 avos . 100 °9
WT AEX50 AEX50 WT AEX50 AEX50 WT AEx50 AEX50 BE
- Z 53 80
- gl £e
DMD g — b e ‘ - 25002 g2 60
il BV 2E
- 150kDa %{E}. 40
L e oo
) " ELN

Diaphragm Heart Tongue

AExX50-Dog-#2A AEX50-Dog-#2B
WT-Untreated AEX50-Untreated AAV9s: 2x10'*vg/kg AAV9s: 1x10'vg/kg
. N - AT v sk I ; y’

Cranial Tibialis

€
5
g
£
Q
kg
Q

(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

Jms Pkl

Adult 08 weeks 6 months

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

AAVS8 systemic

5.4 x 10" vg per
vector per mouse

1 year



Can CRISPR/Cas9 sustain long term

dystrophin expression?

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

Tibialis anterior

Heart

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



‘Gene editing has to learn from 1.0 gene therapy’
Ronald Cohn, Hospital for Sick Children, Toronto

at XVII Conferenza internazionale sulla distrofia muscolare
di Duchenne e Becker,
Rome, February 15-17



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 1 [ 3' pre-trans-splicing molecule |
1 —I— 15+16 I-L 17+18 I I.l. l l Exon skipping
2 5+6 22 2425 26 27
16+1718+19

CRISPR/Cas9
EEEEEEEEEEEEEEEENEEEEEEEEEEEEEEEEEEEEEENDSN

Mutations 6 -28 8 43---4 1-35134 4- 615 313 2 5 17 26309 - Missense
1‘ 1 7 347 101-1243 122116511 11 24 14 522 5 13 212115411 - Truncating

MYBPC3 *

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)

5’ ---GGAGTTTGAGTGCGAGGTATCG---3’ ssODN-1 (200 mer)

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



CRISPR/Cas9 correction in human embryos?

CRISPR-Cas9
a Mut MYBPC34GAGT ‘
\
it ~(EEES ) - ([DED) ) - (DA ) -~
J WT Mut WT  Mut WT Mosaic
S-phase

MYBPMCLgAGAGT CI‘:“SPR—CaSQ C R I S P R_ Ca 59
was co-injected

|
MIl oocyte W]'@ / W|th Sperm IntO

injection - II ‘V; — CIDC[D

WT Mut WT HDR
MII oocytes
M-phase Uniform embryo d u rl ng I CSI
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 100 P <0.05 B WT/Mut WT/NHEJ
Py 9 100%
27.6% S 80 2.4 100% 22.2% 32.3% ° " Bl
16/58 & 60 9 6/27 10/31 80% :
( ) c 47.4 80% 52.6% Y
72.4% S 4 6% HDR
60% 60% HDR
(42/58) g 6 16.7% 22.4%
20 T
g o19|  |aosss 40% 77.8% 67.7%  40% & B
0+ 21/27 21/31 ] o
_ 20% 20% 47.4% 50% 50%
M-phase-injected embryos gn?g:r%ls m';?tize ? 0
Y : 0% 0%
embryos
ry +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
100 1
80 80
= 80+
X
5 60- 50
IS I Intact control
g O M-phase-injected
o 404
? 22 11
a
204
04
No. of Fertilized Eight-cell Blastocysts
oocytes embryos embryos

Zygotes Eight-cell embryos Blasfdcysts

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

Esicell.ling Treatment Karyotype On target Egg donor
designation 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)(p11.2921.2) WT/WT Egg donor 2
fr‘o m b I d Stocysts ES-WT4 M-phase injection 46,XX WT/WT Egg donor 2
ES-Mutl 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

204

........
Blastomere ID

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

(Ma H., et al., Nature 2017)
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NEWS - 12 DECEMBER 2018 Nhature

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 CCR5 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



NEWS - 12 DECEMBER 2018 Nhature

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.

CCR5 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
CCRS5 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.
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(Zhou M., Elife, 2016)



https://www.youtube.com/watch?v=tLZufCrjrNO&feature=youtu.be&t=1644
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https://www.youtube.com/watch?v=thOvhnOmFltc
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Can we use CRISPR without permanently
modify the genome?



CRISPR/Cas9 technologies beyond genome

editing are based mainly on dead-Cas9

Gene editing Gene regulation Epigenome editing Chromatin imaging
G
Guiding ans y Q\Q \\0‘ MS2-FP
sequence Cas9 e”@“f ?/ o
sgRNA ( ) f J ‘ )
e Joo
dCas9
Cas9 PAM dCas9 dCas9
W (@)
=T
DNA

Nucleus ‘
@‘ nCas9 b

(e)] [o)]
2] [%]
© ©
b(%o& S @9 3 =
© © oo Joo
[y & Protein
APOBEC) 7 dimers dCas9-FP
Base editing RNA targeting Chromatin topology Chromatin imaging

(Adli M., Nature communications, 2018)



CRISPR/Cas9 technologies beyond genome

editing are based mainly on dead-Cas9

Gene regulation

&)

n

of, 1S,
ooy o

CRISPR Target Gene Activation (TGA) System

(Adli M., Nature communications, 2018)



Limits of CRISPR TGA system in vivo

Gene regulation

’a,
)
eﬁreC[o&

(Adli M., Nature communications, 2018)

Insufficient transduction of the Cas9 fusion protein
Low level of in vivo TGA

Size (sequences of dCas9/gRNA and co-transcriptional
activator)

Not yet able to induce a physiologically relevant
phenotype in a postnatal mammal



A

Viral delivery

Adenovirus (d NA)

AAV (ssDNA)
Lentivirus (RNA)

Cas9 DNA

or
Cas9 mRNA

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

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,

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



s it possible to increase the TGA efficiency?

MS2 loop Increases in vivo TGA
Size — 14bp ]]D
dgRNA H]D MS2-P65-HSF1 (MPH)

dead guide RNA \ /

Activ Cas9 mice
Cas9 L__

l

dgRNA
TN ) transcriptional
m) modules

Transcriptional activation in Cas9 mice

(Liao H.K., et al, Cell, Oct 2018)

Adapted module with dead guide RNA (Cas9/MS2dgRNA)




Optimzed
scaffold by
changing
G:C

and/or
shortening
repetitive
sequences

Tetraloop + MS2 stem-loop
JUUL UAGGCC AUGAGGA
i [RLARARR ey
UC—GGAAUAAAAUUGAACGAUCCGGGACGUCUGUAC—CCAC

A Stem-loop 2 + MS2 stem-loop 1 4bp_MSZgRNA
GUCCGUUAUCAACUUGGCC———~~. -AACAUGAGGA

(IR Y (dead gRNA)
AGCCACGGUGAACCGGGACGUCUGUAC-CCA

2GII ]
UCGGUGCUU

stem-loop 1

loop 3

stem

JUUU. UAUGCUG CAUGAGGA
1 [NLERANAR ey
Uc_rr AUAAAAUUGAACGAUACGACGACGUCUGUAC-CCA'

v 14bp-SE-
GUCCGUUAUCAACUUUGCUG-———— AACAUGAGEA | MS2dgRNA
[ARRRRRRRE e
AGCCACGGUGAAACGACGACGUCUGUAC-CCA

GILLIIN
UCGGUGCUU

NNNNNNNNNNNNNNGUUUCAGA--GCUAGGCC——— -~ AACAUGAGGA
(AR [(RRRRAAN! e v
C-GGAAUAAAGUUGAACGAUCCGGGACGUCUGUAC-CCA'
v 14bp-TC-
GUCCGUUAUCAACUUGGCC ————~ AACAUGAGGA MS2dgRNA
[ARAREREN e
AGCCACGGUGAACCGGGACGUCUGUAC*CCAC

GILIII
UCGGUGCUU

JUUL A 'UAGGGCC: AUGAGGA
i [ERARARAN [RRAREY! ‘CJ
C-GGAAUAAAAUUGAACGAUCCCGGGACGUCUGUAC-CCA
u 14bp-5GC-

A
GUCCGUUAUCAACUUGGGCC———~-. AACAUGAGGA MSngRN A
[ARARRRARN e
AGCCACGGUGAACCCGGGACGUCUGUAC-CCA
Gl
UCGGUGCUU

NNNNNNNNNNNNNNGUUUCAGA--GCUAGGGCC——--- AACAUGAGGA
[ L oy
UC-GGAAUAAAGUUGAACGAUCCCGGGACGUCUGUAC—CCAC

A 14bp-TC5GC-
GUCCGUUAUCAACUUGGGCC—===~. -AACAUGAGGA
TR T MS2dgRNA
AGCCACGGUGAACCCGGGACGUCUGUAC-CCA

Gl
UCGGUGCUU

NNNNNNNNNNNNNNGUUUCAGA--GCUAGGCC-=~~~. AGCAUGAGGA
il L |||||||g
UC—GGAAUAAAGUUGAACGAUCCGCGACGUCCGUAC—CCA 14bp_TCAG_

A
GUCCGUUAUCAACUUGGCC—~~~~. AGCAUGAGGA, MS2ngNA
L [ g
AGCCACGGUGAACCGGGACGUCCGUAC-CCA
GIIIHI
UCGGUGCUU

s it possible to increase the TGA efficiency?

Luciferase reporter with minimal

promoter (tLuc reporter)

= POlyA

*kk
[
*k%
70 A [ *
*%
60 A
n.s.
1

Fold Luc upregulation

Cas9/MS2dgRNA shows high levels of TGA

C)v~ Liao H.K., et al, Cell, Oct 2018)



s it possible to increase the TGA efficiency?

*k %
40000 - n.s. kok ok _
r Vo | Cas9 mice
=) Intramascular (IM) o fore
- ] injection with \nalysis o
& 30000 electroporation induction
s | |
“ 20000 -
g Day0 Day9
Q
3 10000 - .
8 Cas9 mice
0 : ,
Cas9type dCas9vP64  Cas9 Cas9 4 \
MS2gRNA type glLuc dgLuc gLuc
transcriptional MPH MPH MPH
complex

(Liao H.K., et al, Cell, Oct 2018)

Cas9/MS2dgRNA TGA efficiency is comparable to dCas9VP64

but is smaller and works in vivo



s it possible to use MS2dgRNA for TGA of a reporter gene

in vivo with AAV?
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Cas9 mice




s it possible to use MS2dgRNA for TGA

of a reporter gene in vivo with AAV?
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(Liao H.K., et al, Cell, Oct 2018)

AAV9-MS2dgRNAs induces transcription of a reporter gene in vivo




Is it possible to use MS2dgRNA for TGA of

an endogenous gene and cause a phenotype?

Follistatin o/e increases muscle mass

C
Intramascular  Analysis of -
|nject|on (IM) induction e P21 3 months
A 2 5 50 i
60 | I : @ *kk
50 1Fst — — 2 4
'g 40 P2.5 P21 2mo 3mo é 15 30
S é 10 20
% 20 £ 5 10
- ! 3 0 0
0 o
. 5 w dgMock  dgFst dgMock dgFst
@ < <
& & o
¥ © - TA muscle
F < 0.5 ,
(®)] *kk
D 2 04 ok
dgFst dgMock 203

dgFst

g 02
G 0.1
0

No treat dgMock dgFst

%

QF muscle

-— ***
c 1
o
(]
¢ 08
.§~ 0.6
o 04
—
© 02
R

0

No treat  dgMock dgFst
(Liao H.K., et al, Cell, Oct 2018)

AAV9-MS2dgRNAs induces transcription of FST and induces muscle mass increase




Is it possible to use MS2dgRNA for TGA of

an endogenous gene and cause a phenotype?
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(Liao H.K., et al, Cell, Oct 2018)

AAV9-MS2dgRNAs induces sustained phenotypic changes after 3 months




s it possible to use MS2dgRNA for

ameliorate mouse models of human diseases?
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(Liao H.K., et al, Cell, Oct 2018)

TGA of Klotho/IL-10 is sufficient to provide a prophylactic interventions




s it possible to use TGA for in vivo

cell transdifferentiation?

Pdx1 can transdifferentiate hepatocytes into pancreatic B-like insulin producing cell
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(Liao H.K., et al, Cell, Oct 2018)

TGA of Pdx1 is capable of transforming liver cells into insulin-secreting cells in vivo




Is the TGA system working in no-Cas9 expressing mice?
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(Liao H.K., et al, Cell, Oct 2018)

TGA of AAV-Cas9 + AAV-dgRNA ameliorates Dystrophic phenotypes of Mdx Mice
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