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Point mutations and human diseases

The vast majority of human genetic diseases are caused by single-nucleotide substitutions or point
mutations rather than small insertions/deletions (indels) or large chromosomal rearrangements in the

genome (cystic fibrosis, sickle cell disease, genetic prion diseases etc.).

Correct these mutated nucleotides to wild-type by base editing holds promises of gene therapy.



General strategy for gene targeting in ES cells

Step 1 Gene targeting In ES cells
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Limitations of conventional gene targeting methodology

Low frequency of gene targeting v.s random integration by conventional method (1 in 10°%-10°

transfected cells or 0.1% in selected clones);
One allele is targeted, sometimes not sufficient to completely rescue the diseases;

Not applicable for gene therapy in vivo.



CRISPR-Cas9 mediated homology directed repair (HDR)
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CRISPR-Cas9 mediated homology directed repair (HDR)

Standard editing
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Figure 1: Techniques to improve editing efficiency.

 Limited improvement: 0.1%-5%
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DNA-nucleotides-bases
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Programmable editing of a target base in genomic
DNA without double-stranded DNA cleavage Nature. 2016

Alexis C. Komor"?, Yongjoo B. Kim"?, Michael S. Packer"?, John A. Zuris"? & David R. Liu"?
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Which cytidine deaminase?
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The linker between deaminase-dCas9 and the activity window of the target

dsDNA

USER: Uracil-Specific Excision Reagent

RV [ "—
J E ] 5 al

Uracil DNA

Glycosylase (UDG)

ﬂ

- 3

5

l Endonuclease VIl

T EEE— [

_:_;H

e
5 3| -
v
Denature

Gel separation

T

USER® Enzyme

]

c

d

e

f

2 3456 7 8 91011121314 1518 — 8U

b 5 o e ™ =

: cleaved
u —=— |J-containing

—

2 3 4 5 6 7 8 9 10 11 12 13 14 15 18 -

8u

C-containing
substrate

products

e <

u cleaved
—=— L-containing

-HHH“

2 3 4567 8 91011213141518 —

i = guww“w

HHUHH o

products

s C-containing
substrate

cleaved

]""— U-containing

2 3 45 6 7 8 91011121314 1518 - 8U

o 1 e =

e e B iy

)

products

C-containing
substrate

cleaved
—=— |J-containing
products

GGS

(GGS);

XTEN (16 residues)

(GGS),



The specificity of BE1: rAPOBEC1-XTEN-dCas9
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» BE1 show base editing only when specific sgRNA is presented
* BE1 editing window: position 4-8



Fixed C,
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Base editing by BE1 in Cells
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_ _ BE1
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Base editing by BE1 in Cells
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BE2: rAPOBEC1-XTEN-dCas9-UGI
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Base editing by BE2 in Cells
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BE3: rAPOBEC1-XTEN-dCas9(D10A)-UGI
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Base editing by BE3 in Cells
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» Editing efficiency up to 37%
o 2-to 6-fold decrease compared to BE2
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a

BE3 and Cas9/HDR in editing disease-relevant mutations
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Summary |

Development of base editing tools (BE1, BE2 and BE3) advanced both scope and effectiveness of
genome editing;

BE2: very little indel (<0.1%); BE3: higher efficiency with <1% indel;

No DSB, no donor templates and no stochastic DNA repair processes;

Only applied to C:G-T:A correction; target C:G need to be in the editing window of PAM sequence
NGG;

Efficiency...



Targeted nucleotide editing using
hybrid prokaryotic and vertebrate
adaptive immune systems

Keiji Nishida, Takayuki Arazoe, Nozomu Yachie, Satomi Banno, Mika Kakimoto,
Mayura Tabata, Masao Mochizuki, Aya Miyabe, Michihiro Araki, Kiyotaka Y. Hara,
Zenpei Shimatani, Akihiko Kondo*

Science, 2016

Vertebrate somatic Bacterial CRISPR/

hypermutation Cas9 system Target-AlD (CRISPR-AID)

AID - co-factor Cas9 AID—_ @ Linker
! (PMCDAD () )
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Transcribed RNRANA pebymerese Nucleaseaamain A/ntas?
1. Inyeast;
Cytosine mutation frequency 2. AID (PmCDA1, 268aa, 30kD) instead of rAPOBECI;
18 3. Deaminase in C- instead of N- terminus of dCas9;
II 4. Editing window: 3-5bp surrounding -18 (BEs: 5bp
-I m -1 PAM sequence
@34 20 b non-complementary strand Surrounding -15 (_12 to _16));
5'=NNN - NNN =3’
”N%,@Q“”” 5. UGI and nickase (dCas9(D10A) increased efficiency;

6. Cto T editing



Targeted AID-mediated mutagenesis (TAM) enables
efficient genomic diversification in mammalian cells

Yunqing Mal4, Jiayuan Zhang!4, Weijie Yin!, Zhenchao Zhang!, Yan Song? & Xing Chang!-
Nature Methods, 2016

1. In mammalian cells HEK293;
Mutant human AID P182X (198aa, 24kD), deletion of putative nuclear

N

exporting sequence;

dCas9-AlD P182X;

Editing window: -12 to -16;

Co express UGI or Cas9 nickase increases efficiency;
C to T editing

o g~ W



Programmable base editing of A-T to G-C

in genomic DNA without DNA cleavage

Nature, 2017

Nicole M. Gaudelli"?*3, Alexis C. Komor"??1, Holly A. Rees"?3, Michael S. Packerb??1, Ahmed H. Badran"%3,

David I. Bryson'?3t & David R. Liu>%3

a
Pathogenic human SNPs

(32,044 total)

c Cas9
nickase 5~

Protospacer PAM
A

e LT i rJ‘j
.. T

Genomic DNA

m Corrected by AT — G+C
M Corrected by G+C — T*A
m Corrected by C*G — G+C
M Corrected by AsT — T+A

= Corrected by G*C — AT
B Corrected by A*T — C*G

Bind and open
genomic DMNA

NH, o H,N OH NH; 0
NSy 275 N NH N NH
¢ ﬁ — ( I\J AN )
N VN N
R R R
Adenosine Inosine (I)

(A) (read as G by
polymerases)

Deaminate

target A in

ssDNA bubble

e ——
Nick non-edited

strand
Hinpmm
wes5’ Alenn waa 5’
P Blens seadf

DNA repair or
replication

YT LT
ser LTINS,

Base-edited DNA

* No enzymes are known to deaminate adenine in dsDNA!



Natural adenine deaminase could not edit A to G in HEK293 cells

da
Lt T:ﬁ Protospacer and PAM seguence
1 CaG | GEAACA CARSETATAGALTACEED
. TaT |GAGTA TGAGGCATAGASTGOAGS
a MG |GTEAA GAAGEAGAGAETEEOES
d CAA | GAGEAAAGHACAATAGACTETAGS
h GAG | GATEA GATASTGATGNG T AGEE
] G | GGATTGA,CCCAGGLCAGGGITRG
T TALD |GAATACTANGCATAGACTRCAGE
B AR ETM&,.EMGEATAEAGTGAGGG
i GAl | GAAGEA, CEAAGEATASACTEETES
10k CAT |G A TAARGAATAGAATEATGG
11 CAG | GEACAGGUAGLATAGACTGTESE
18 | Gt TG e T AT ST G R
13 GAT | GEAAGA TAGAGAATAGACTGETEG
14 TaA | GGRETAAAGACDCATAGACTETEEE
ik TG |[GTCTAGAMMGETTASASTEETES
16 AAT |GEEGAA TAAATCATASAATCCTES
17 A8 | GEACHAS AGAGEAAGAGAEACGEEGEE -
18 CAC | A CACACACALCTTAGAATCTETGS A
18 | can |ca e na CA CTTARAATOTRTRGR TR IRTRRT!
ecTadh-—Cagd A DA R-Cass A A-CasD haOaR2-Casd
nickase (ABED.1) nickasa nickass Pickase Unimaled cola
Site 1 0.21+0.073% 0,14+0,18% 0,080:0,092% 0.0800.075% 0.17+0.052%
Sibe 2 0.084+0.035% 0.050:0.017% 0.067:0.012% 0.04040 0253 0.06240.068%
Site 3 0.096+0.045% 0.023:0.012% 0.023:0,011% 0.023:0.010% 0.051+0.062%
Site 4 0.034+0.022% 0.02840.021% 0.028+0.019%, 0.020.0.013% 0.026:0.010%,
Site 5 0.027:0.015% 0.022+0.008% 0.065:0.057 % 0.024:0.016% 0.034+0.015%
Site & 0.045:0.020% 0.16+0,20% 0.065:0,0094%, 00200, 006% 0.028:0,025%




Evolve an adenine deaminase Iin bacteria

A defective antibiotic resistance genes (chloramphenicol acetyl transferase CamR)
that carry mutations (A:T to G:C);

Reverse the mutations by BE2 (APOBEC1-dCas9-UGI, bacteria lack nick-directed
mismatch repair machinery) restore antibiotic resistance (chloramphenicol);

BE2 could correct the G:C to A:T, therefore restore antibiotic resistance in bacteria;

Introduce another C:G to T:A mutation to CamR, confers minimal chloramphenicol
resistance;

TadA (176aa, 18kD) is a tRNA adenine deaminase that converts A to | in the single-
stranded anticodon loop of tRNA in E.coli, TadA shares homology with the APOBEC;
Unbiased libraries of ecTadA-dCas9 fusion containing mutations in the adenine

deaminase portion.



Evolve an adenine deaminase in bacteria

d TadA tRNA deaminase

brary member fused TadA”variant that  Transplant TadA"  TadA-TadA’—Cas9 nickase
to dCas9in E. coli processes DNA into mammalian fusion (ABE candidate)
/ AT to G=C / cell base editor in mammalian cells
base editing architecture ’
. .-
SgRNA Selection with
antibiotic
CLLUHUATTER O I LTTRSTH AT
Mutant antibiotic resistance Edited antibiotic resistance

gene (non-functional) gene (functional)
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E. coli TadA amino acid
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Evolve an adenine deaminase in bacteria

Linker 1 Linker 2
length  length
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15t round of evolution: chloramphenicol resistance

A106V, D108N enriched

% D108-OH group in uracil upstream of the adenine.

* D108N mutation are likely to abrogate the hydrogen bond,
decreasing the energetic opportunity cost of binding DNA.

¢ Mutations near 108 enable TadA to perform adenine

deamination on DNA substrates.



ABE base editing in HEK293 cells

o wtTadA -XTEN-nCas9-NLS: ABEO.1
e TadA* (D108N)-XTEN-nCas9-NLS: ABE1.1
e TadA* (A106V, D108N)-XTEN-nCas9-NLS: ABE1.2

80 ; M ABEO.1 (wtTadA-Cas9 nickase)

' M ABE1.1 (ABEO.1 + D108N)

_ M ABE1.2 (ABE1.1 + A106V)

60 M ABE2.1 (ABE1.2 + D147Y + E155V) _ N
ABE2.9 (ABE2.1, homodimer)  ABEL.2 resulted in 3.2+0.88% editing

B ABE2.10 (ABE2.1, heterodimer) L
_ efficiency
40 4

Per cent of total sequencing reads with target
AsT base pair converted to G=C

Site1  Site2  Site3  Site4  Site5  Site6
CAC  TAT AAG CAA  GAG  GAC
Genomic target



Evolve an adenine deaminase Iin bacteria

 Based on ABEL1.2, another round of evolution using higher concentration of chloramphenicol
« Two mutations enriched: D147Y, E155V

b E. coli TadA amino acid

23 36 48 51 84 106 108 123 142 146 147 152 155 156 157 TadAstate Lnker1 Linker2

length  length
W H P R L H A 5 R E | K Monomer 16
W H P R L H A S R E I K Monomer 16
W H P H L H A S D R E | K Monomer 16
W H P R L H A S R I K Monomer 16
W H P R L H A S R | K Homodimer 32 16
W H P R L H A 5 R I K Heterodimer 32 16




ABE base editing in HEK293 cells

« TadA* (A106V, D108N, D147Y, E155V)-XTEN-nCas9-NLS: ABEZ.1

80 4 B ABEO.1 (wiTadA-Cas9 nickase)
' B ABE1.1 (ABEO.1 + D108N)
B ABE1.2 (ABE1.1 + A106V)

60. B ABE2.1 (ABE1.2 + D147Y + E155V) _
ABE2.9 (ABE2.1, homodimer) « ABEZ2.1 increased 2- to 7-fold than

B ABE2.10 (ABE2.1, heterodimer) _ _ o

. ABE1.2, resulting in 11+2.9% editing

40 1
: efficiency

Y \
20- T T

Per cent of total sequencing reads with target
AsT base pair converted to GC

“Site1 Site2  Site3  Siea  Sies  Siee
CAC  TAT  AAG GCAA  GAG  GAC
Genomic target



Evolve an adenine deaminase Iin bacteria

TadA natively operates as a homodimer, one monomer catalysing deamination, the other monomer acting

as docking station for tRNA substrate.
TadA*-TadA* (A106V, D108N, D147Y, E155V)-XTEN-nCas9-NLS:
wtTadA-TadA* (A106V, D108N, D147Y, E155V)-XTEN-nCas9-NLS: ABE2.10

a

80 ; M ABEO.1 (wtTadA-Cas9 nickase)

' M ABE1.1 (ABEO.1 + D108N)

D B ABE1.2 (ABE1.1 + A108V)
60 | B ABE2.1 (ABE1.2 + D147Y + E155V)
ABE2.9 (ABE2.1, homodimer)

B ABE2.10 (ABE2.1, heterodimer)

40 -

Per cent of total sequencing reads with target
AsT base pair converted to G=C

Site1  Site2  Site3  Site4  Site5  Site6
CAC TAT AAG CAA  GAG  GAC
Genomic target

increased 7.6+ 2.6-fold than
ABEL1.2, resulting in 20+3.8% editing

efficiency



Evolve an adenine deaminase Iin bacteria

 Based on ABEZ2.9, 3rd round of evolution using two early stop codons in the kanamycin resistance gene
« Three mutations enriched: L84F, H123Y and I156F

b E. coli TadA amino acid

23 36 48 51 B4 106 108 123 142 146 147 152 155 156 157 TadA state ng"fge{h‘ '-lgfgtrh?
W HZPR L H A S R E | K Monomer 16
W H P R L H A S R E | K Monomer 16
W H P R L H A S R E | K Monomer 16
w H P R L H A S R | K Monomer 16
W HZPR L H A S R | K Homodimer 32 16
W HZPR L H A S R | K Heterodimer 32 16

ABE31 W H P R F Y A S R F K Homodimer 32 32




ABE base editing in HEK293 cells

« TadA*-TadA* (L84F, A106V, D108N, H123Y, D147Y, E155V, I156F)-XTEN-nCas9-NLS: ABE3.1

W ABE2.9

[] ABE3.1 (ABE2.9 + L84F + H123Y + I156F)

l ABE4.3 (ABE3.1 + A142N)

I B ABES5.1 (ABE3.1 + H36L + R51L + S146C + K157N)
B ABE5.3 (ABES.1, heterodimer)

80 -

(=2
4—

60
« ABE3.1 increased 1.6-fold than ABE2.9,
40 T 11-fold then ABE1.2, resulting in
29+2.6% editing efficiency

20 -

Per cent of total sequencing reads with target
A«T base pair converted to GeC

TN ] N N Y

Site 1 Site 2 Site 3 Site 4 Site 5 Site 6
CAC TAT AAG CAA GAG GAC
Genomic target

4




Evolve an adenine deaminase Iin bacteria

Based on ABES3.1, 4th round of evolution focusing on the residues that are predicted to interact with
nucleotides upstream or down stream of the target adenine (E25, R26m R107, A142 and A143), restore
T89I mutation in the spectinomycin resistance gene.

One mutation enriched: A142N

b E. coli TadA amino acid

23 36 48 51 B4 106 108 123 142 146 147 152 155 156 157 TadAstate Hi‘ﬁg‘*{h‘ ng‘lfg{hz
W HPR R L D H A S R E | K Monomer 16
W H P R L H A S R E | K Monomer 16
w H P R L H A S R E | K Monomer 16
WHPR R L H A S R I K Monomer 16
W HPR R L H A S R I K Homodimer 32 16
W HPR R L H A S R | K Heterodimer 32 16

ABE31 W H P R F Y A S R F K Homodimer 32 32

W HPR R F Y “ S R F K Homodimer 32 32



ABE base editing in HEK293 cells

« TadA*-TadA* (L84F, A106V, D108N, H123Y, A142N, D147Y, E155V, 1157F)-XTEN-nCas9-NLS:
ABE4.3

o

W ABE2.9
80 [] ABE3.1 (ABE2.9 + L84F + H123Y + 1156F)
B ABE4.3 (ABE3.1 + A142N)
B ABE5.1 (ABE3.1 + H36L + R51L + S146C + K157N)
B ABE5.3 (ABES.1, heterodimer)

60 -
 ABE4.3 decreased efficiency compared

40-

1 to ABE3.1, resulting in 16+5.8% editing
efficiency.

20 -

Per cent of total sequencing reads with target
A«T base pair converted to GeC

] N N Y

Site 1 Site 2 Site 3 Site 4 Site 5 Site 6
CAC TAT AAG CAA GAG GAC
Genomic target

4




Evolve an adenine deaminase in bacteria

 Based on ABES3.1, 5th round of evolution using higher concentration of chloramphenicol, shorter time for
ABE (7 hours instead of 14 hours).
e Four mutations enriched: H36L, R51L, S146C and K157N

b E. coli TadA amino acid

23 36 48 51 84 106 108 123 142 146 147 152 155 156 157 TadAstate les{h1 '-lmge{hz
WHZPRTLATDH A S R E | K Monomer 16
wHPRTULAREBH A s R E | K Monomer 16
wWHPRLEBMEH A S R E | K Monomer 16
wWHPRLEBMEH A S R | K  Monomer 16
wWHPRLEBMEH A S R | K Homodimer 32 16
WHPRLIEEEEH A S R | K Heterodimer 32 16

ABE31 W H P R FIREME v A s R F K Homodimer 32 32
W H P R FINEEN Y s R F K Homodimer 32 32
w P B v N B R F Homodimer 32 32
w P B v N B R F Heterodimer 32 32




ABE base editing in HEK293 cells

o TadA*-TadA* (H36L, R51L, L84F, A106V, D108N, H123Y, S146C, D147Y, E155V, 1156F, K157N)-
XTEN-nCas9-NLS: ABES. 1

o

Per cent of total sequencing reads with target

A«T base pair converted to GeC

ABE2.9
[] ABE3.1 (ABE2.9 + L84F + H123Y + I156F)
l ABE4.3 (ABE3.1 + A142N)
B ABES5.1 (ABE3.1 + H36L + R51L + S146C + K157N)
B ABE5.3 (ABES.1, heterodimer)

H H 1
"Site1 Site2  Site3  Site4  Site5  Site 6

CAC TAT AAG CAA GAG GAC
Genomic target

ABES.1 decreased efficiency 1.6-fold
compared to ABE3.1.

Mutations may impair the abilty of non-
catalytic N-terminus TadA to play its

structural role.



ABE base editing in HEK293 cells

« wtTadA-TadA* (H36L, R51L, L84F, A106V, D108N, H123Y, S146C, D147Y, E155V, I156F, K157N)-
XTEN-nCas9-NLS: ABES.3

o

ABE2.9
80 1 , [] ABE3.1 (ABE2.9 + L84F + H123Y + 1156F)
T W ABE4.3 (ABE3.1 + A142N)
I B ABE5.1 (ABE3.1 + H36L + R51L + S146C + K157N)
B ABE5.3 (ABES.1, heterodimer)

P

60 -
\ « ABES5.3 increased efficiency 2.9+ 0.78-

40 T fold compared to ABES. 1, resulting in

w 39+5.9% editing efficiency
201 : >  ABES5.3 showed higher editing efficiency

H TH ﬂ iIn non-YAC target.

Per cent of total sequencing reads with target
A«T base pair converted to GeC

Site1  Site2  Site3  Site4  Site5  Site 6
CAC TAT AAG CAA GAG GAC
Genomic target



Evolve an adenine deaminase in bacteria

 Based on ABES5.3, 6th round of evolution using T89I mutation in the spectinomycin resistance gene.

 Two mutations enriched: P48S and A142N.

b E. coli TadA amino acid

23 36 48 51 84 106 108 123 142 146 147 152 155 156 157 TadA state 'fg:;{; “lgrfgtrhz
WHGPRTILAUDMHATSTDR R E | K Monomer 16
wWHPRTLARBMH A S DR E | K Monomer 16
WHPRILEBMEH A S DR E | K Monomer 16
WHPRILEEEH A S R I K Monomer 16
WHPRILEEEH A s R | K Homodimer 32 16
WHPRILEEEH A S R | K Heterodimer 32 16

ABES1 W H P R FINAEE Y A s R F K Homodimer 32 32
wHPR FREHE v s R F K Homodimer 32 32
w P A v N R R F Homodimer 32 32
w p A v N B R F Heterodimer 32 32
w A v N R R F Heterodimer 32 32
W F AR v R F Heterodimer 32 3p




ABE base editing in HEK293 cells

o wtTadA-TadA* (H36L, P48S, R51L, L84F, A106V, D108N, H123Y, S146C, D147Y, E155V, 1156F,
K157N)-XTEN-nCas9-NLS: ABEG.3

C

Per cent of total sequencing reads with target

AeT base pair converted to G¢C

80,

60 -

40

20+

WE

g

M ABE5.3 B ABE6.3 (ABE5.3 + P489S)

B ABEG6.4 (ABE6.3 + A142N)
ABE7.4 (ABE6.3 + W23R + S48A)

B ABE7.9 (ABE6.3 + W23L + S48A + A142N + R152P)
M ABE7.10 (ABE6.3 + W23R + S48A + R152P)

T T

% N N

Site 1
CAC

Site 2 Site3  Site4  Site5

TAT AAG CAA GAG
Genomic target

Site 6
GAC

ABEG6.3 increased efficiency 1.3+ 0.28-
fold compared to ABES.3, resulting in
47+5.5% editing efficiency



ABE base editing in HEK293 cells

« wtTadA-TadA* (H36L, P48S, R51L, L84F, A106V, D108N, H123Y, A142N, S146C, D147Y, E155V,
1156F, K157N)-XTEN-nCas9-NLS: ABEG6.4

C

Per cent of total sequencing reads with target

AeT base pair converted to G¢C

80,

60 -

40

20+

WE

g

B ABE5.3
B ABE6.4 (ABE6.3 + A142N)
ABE7.4 (ABE6.3 + W23R + S48A)
B ABE7.9 (ABE6.3 + W23L + S48A + A142N + R152P)
M ABE7.10 (ABE6.3 + W23R + S48A + R152P)

%

1

4

i

B ABE6.3 (ABE5.3 + P489S)

N

T

l

Site 1
CAC

Site 2
TAT

Site3  Site 4
AAG CAA
Genomic target

Site 5

GAG

Site 6
AC

ABEG6.4 increased efficiency 1.5+ 0.13-
fold compared to ABEG6.3, 1.8+ 0.16-fold
compared to ABES.3 at site 6



Evolve an adenine deaminase in bacteria

 Based on ABEG, 7th round of evolution using stop codon Q4stop and D208N mutaion in the kanamycin
resistance gene
« Three mutations enriched: W23L/R, S48A and R152P

b E. coli TadA amino acid
Linker 1 Linker 2

23 36 48 51 84 106 108 123 142 146 147 152 155 156 157 TadA state length  length
w H PR L A D H A § D R E I K Monomer 16
w H P R L AgEH A S D R E I K Monomer 16
W H P R LR H A S D R E | K Monomer 16
W H P R LR'ssmeH A S| & R0 | K Monomer 16
W H P R L'ssmeH A S| & R |0 | K Homodimer 32 16
W H P R Lp'/mmmeH A S| & R |0 | K Heterodimer 32 16
ABE3.1 W H P R F R'SaE Y A S| ¢° R |~ F K Homodimer 32 32
W H P R F R'SmE Y 'l S | & R |0 F K Homodimer 32 32
WHES P BE F IR Y A Eem & R 8 F Homodimer 32 32
WHE P B F IR Y A Eem .S R 8 F Heterodimer 32 32
WHEEE-TEE A Y A e R S F Heterodimer 32 32
B L S LE@ Vv N EBE N C Y EEV B Heterodimer 32 32
R L A LESVY NSNS C 'Y NNV B Heterodimer 32 32
L L A LV N@m@EN CY BNV B Heterodimer 32 32
L L A LpgV N@m@N CI¥Y PV B3 Heterodimer 32 32
R L A LESVY NS C 'Y P V B Heterodimer 32 32




ABE base editing in HEK293 cells

o wtTadA-TadA* (W23R, H36L, S48A, R51L, L84F, A106V, D108N, H123Y, A142N, S146C, D147Y,
R152P, E155V, I156F, K157N)-XTEN-nCas9-NLS: ABE7.10

C

Per cent of total sequencing reads with target

AeT base pair converted to G¢C

80,

60 -

40

20+

WE

g

M ABE5.3 B ABE6.3 (ABE5.3 + P489S)
B ABE6.4 (ABE6.3 + A142N)
ABE7.4 (ABE6.3 + W23R + S48A)
B ABE7.9 (ABE6.3 + W23L + S48A + A142N + R152P)
Il ABE7.10 (ABE6.3 + W23R + S48A + R152P)

T T

% N N

Site 1
CAC

Site 2 Site 3 Site 4 Site 5 Site 6
TAT AAG CAA GAG GAC
Genomic target

ABE7.10 increased efficiency 1.3+ 0.20-
fold compared to ABEG6.3, 29+ 7.4-fold
compared to ABE1.2, resulting in 58+4.0%
editing efficiency.

Comparable to BE3 for C-T editing
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A-G correction of disease-related mutation by ABE7.10
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Summary Il

Development of new base editing tools (A:T to G:C);

ABE1s and ABEZ2s with weak efficiency, ABE3s, ABE4s and ABES5s limited efficiency, ABE6s and
ABET7s highly active;

ABE7.10 for general A to G base editing;

Depending on the context sequences, ABE6.3, 7.8 and 7.9 may offer higher efficiency;

Greatly expanded the capabilities of base editing for pathogenic SNPs.



Overview

lll.Application of BE in animal models and human embryos



Highly efficient RNA-guided
base editing in mouse embryos

Kyoungmi Kim!"3, Seuk-Min Ryu!-?, Sang-Tae Kim!,

Gayoung Baek!,

Daesik Kim?, Kayeong Lim!?2,

Eugene Chung!-2, Sunghyun Kim!-2 & Jin-Soo Kim!-2

Wit

D102, j

D103, <

D107, o
D108, 4
D109,

Dystrophin gene

Dmd

I Exon 20 I

Gin
AAGCCAGT TAAAAATTTGTAAGG
AAGCTAGTTAAAAATTTGTAAGG
Stop

Frequency (%)
CAATTAAAAGCCAGTTAAAMATTTGTAAGG

CAATTAAAAGGTAGTTAAAAATTTGTAAGG 50
CAATTAAAAGCTAGTTAAAAATTTGTAAGG 49 (QB71Stop)

(

(
CAATTAAAAGATAGTTAAAAATTTGTAAGG 53 (SB70R, Q871Stop)
CAATTAAAAGTCAGTTAAAAATTTGTAAGG 46 (SB70S)
(
(
(

SB870R, QB71Stop)

CAATTAAAAGCTAGTTAAAAATTTGTAAGG 90 (QB71Stop)
CAATTAAAAGCTAGTTAAAAATTTGTAAGG 100 (QB871Stop)
(oY) G--AGG 90 (—20bp)

o

Laminin

Dystrophin

Nature Biotechnology, 2017

Microinjection of BE3 and sgRNA or
electroporation of BE3 ribonucleoproteins
(RNP)

11/15 (73%) of blastocysts contain C-T
mutation

D108

Phenotype?



Highly efficient RNA-guided
base editing in mouse embryos

Kyoungmi Kim!"3, Seuk-Min Ryu!-?, Sang-Tae Kim!,
Gayoung Baek!, Daesik Kim?, Kayeong Lim!?
Eugene Chung!-2, Sunghyun Kim!-2 & Jin-Soo Kim!-2

Wit
T110

T1114

Ti12

T113

Ti14

Ti17
T118

Tyrosinase

— Exon 1 S

Gin

ACCTCAGTTCCCCTTCAAAGGGG
ACCTTAGTTCCCCTTCAAAGGGG

Stop

GTGGCACCATCTGRACCTCAGTTCCCCTTC--AAAGGSEE

GTGGCACCATCTORACCTTAGTTCCCCTTC--AAAGGGG
GTGGCACCATCTGGACCTGAGTTCCCCTTC--AAAGGGE

GTGGCACCATCTGGACCTTAGTTCCCCTTC--AAAGGGE
GTGGCACCATCTORACCTGAGTTCCCCTTC - -AAAGGGE

GTGGCACCATCTGGACCTCA- ~———— - — oo — GGG
GTGGCACCATCTGEACCTAAGTTCCCCTTC-—AAAGGGE
(2] (c1c] TTC--AAAGGGG

GTEGCACCATCTGGACCTTAGTTCCOCTTC --AAAGGGE
GTGECACCATCTGRACCTTAGTTCCCCTTC--ARAGGGG
GTGGCACCATCTGGACCTGAGTTCCCCTTC- - AAAGGGE
GTOGCACCATCTORACCTCAGTTCCCCTTCAGAAAGGGD

Fraquency (%)

51
47

51

» Microinjection of BE3 and sgRNA or

electroporation of BE3 ribonucleoproteins
(RNP)

e 10/10 (100%) of blastocysts contain C-T

mutation

d Albino phenotype in the eyes

L

Tyr

T112 T113 T114 Ti17 Ti18



Correction of B-thalassemia mutant by base
editor in human embryos Protein & Cell, 2017

Puping Liang™?, Chenhui Ding®, Hongwei Sun’, Xiaowei Xie', Yanwen Xu? Xiya Zhang’, Ying Sun’,
Yuanyan Xiong', Wenbin Ma’, Yongxiang Liu?, Yali Wang?, Jianpei Fang®, Dan Liu®, Zhou Songyang™?4™,
Canquan Zhou®", Junjiu Huang'*"’

« B-thalassemia, hemoglobin  chain (HBB) A-G mutation at -28 is one of the three most frequent
mutations in China and Southeast Asia patients.

« Edit Cto T in the antisense strand will correct the G to A in the coding allele.

1) Test BE efficiency in HEK cells expressing an exogenous mutated HBB
2) Do BE in patient-derived primary skin fibroblasts

3) Do BE in human embryos derived from fusion of lymphocyte to enucleated human oocytes



BE3 base editing mutant HBB in human embryos

B
) . g9 1
Enucleation Remove PB1 Fusion 30 26 22 (40.9) (4.5)*
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48 hours £S5 4
S
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BE3 base editing mutant HBB in human embryos

RNA and gRNA
m andg (771] {63] {167]

Enucleation Remove PB1 Injet:tln-g YEE-BE3 ....-...-
{35]

Homozygous Heterozygous Wild-type
G_::G /G 3G s A5G /GG s A5G g/A G s
GCCAGGGCTGGECATAGAAGTCABBECAGAG GCCAGGGCTGGGCATAAAAGTCAGEGCAGAG GCCAGGGCTGGGCATAAAAGTCAGGGCAGAG
|

activation

il |
Sanger sequencing \] ] E ' U|
—_— > @ = MDA > PCR . of each blastomre L L u

Cleavage Single blastomere
without ZP



Application of BE3 in base editing

SCIENTIFIC REPg}RTS

OFEN. Precise genome-wide base editing
by the CRISPR Nickase system in

Received: 16 Famary 2017 Atsushi Satomurat2, Ryosuke Nishioka?, Hiteshi Morit, Kosuke Sato?, Kouichi Kurodal &
Accepted: 3 April 2017 i Mitsuyoshi Ueda®

Molecular Plant

Volume 10, Issue 3, 6 March 2017, Pages 526-529

Letter to the Editor
Generation of Targeted Point Mutations in Rice by a Modified
CRISPR/Cas9 System

Jingying Li ™4 Yongwei Sun 4 Jinlu Du !, Yunde Zhao 2 3 & & LanginXia ' & &

Protein Cell 2017, 8(10).776—779
DOI 10.1007/s13238-017-0458-7

LETTER

ARTICLE
oPEN

Programmable base editing of zebrafish genome
using a modified CRISPR-Cas9 system

Yihan Zhangm, Wei Qin!, Xiaochan Lu', Jason Xu?, Haigen Huangz, Haipeng Bail, Song Li' & Shuo Lin!2

Molecular Plant

Volume 10, Issue 3, 6 March 2017, Pages 523-525

Letter to the Editor
Precise Editing of a Target Base in the Rice Genome Using a
Modified CRISPR/Cas9 System

YumingLu !, Jian-Kang Zhu 1 2 & =

@ =% Protein & Cell

Highly efficient and precise base editing
in discarded human tripronuclear embryos

Guanglei Li', Yajing Liu?, Yanting Zeng', Jianan L,

Lijie Wang?, Guang Yang?, Dunjin Chen*, Xiaoyun Shang®,

Jia Chen?, Xingxu Huang?™, Jiangiao Liu"™

Precise base editing in rice,
wheat and maize with a Cas9-
cytidine deaminase fusion

Yuan Zong!>°, Yanpeng Wang!»25, Chao Lil»2,
Rui Zhang!, Kunling Chen!, Yidong Ran?,
Jin-Long Qiu#, Daowen Wang! & Caixia Gao!



Summary Il

Base editing BE3 (C to T) is applicable for many species;
More applications of ABE will be reported,;

Efficiency can be improved further;

Sites of targets can be broadened by various strategies;

Editing window can be narrowed to have higher specificity.



Overview

|. Introduction
ll. Establishment of base editing technology
lll.Application of BE in animal models and human embryos

I\V.Future directions



Increasing the genome-targeting scope and precision
of base editing with engineered Cas9-cytidine Nattre Borechnoloay. 2017
deaminase fusions AHHTE BIDIECHNONGY.

Y Bill Kim!2, Alexis C Komor!2, Jonathan M Levy!-2, Michael S Packer!-2, Kevin T Zhao!-? & David R Liu!-3

Base editor PAM
I BE3 NGG
APOBEC1 XTEN S. pyogenes Cas9n UGl == VQRB-BE2 NGAN
EQR-BE3 NGAG
-E) VRER-BE3 NGCG
SaBE3 NNGRRBT
APOBEC1 XTEN S. aureus Cas9n UG| e— SaKKH.BE3 NNNRRT
b m SaKKH-BE3 (PAM: NNNRRT)
. B SaBE3 (PAM: NNGRRT)
B 4'5-. 2 80 N Untreated
m 1
82 o
522
£2g ¥
20 20
O
[P
8 % 0
@ = c7 ca ci2 c2 C5 Cc8 C10 C11 ca ci2 C15 C11 Cc7
PAM: ) G
GAGAGT CTGGGT AAGGAT W e A,
NNGRR oy | O %&
#1 #1 #2 #1 #2 #3
LN . PN v R v ]
FANCF HEK?293 site 3 HEKZ293 site 4

Expanded the sites that can be targeted by BE by 2.5-fold.



Increasing the genome-targeting scope and precision
of base editing with engineered Cas9-cytidine

deaminase fusions

Y Bill Kim!2, Alexis C Komor!2, Jonathan M Levy!2, Michael S Packer!2, Kevin T Zhao!? & David R Liu!~3

d
50+
40 4 —»— BE3
—— H126E
30
ﬁ 20 S
-
L5 104
2%
E% 0_ T T T T T T T T T I-
5 [ T R S G- - SR T G
g_g g O COCOTCOUNNNN
mﬂ
I'.I'J‘U
= O
’g
8 o BE3
= —e— R126E
g =
£ 40
20
O T T T T T T T T

Site A: TGC,C,C.C.TC,C,C,,TC,,C,:C,,TGGCCCAGG

_ 50
%0 7—— BE3 —— BE3
40 {—— Wo0Y 409
30 H 30 ~
20 20
10 ~ 10 -
0 T T T T T T B 0 1 T T &
D}'b db CPE CJ‘::} D‘E) Q‘b D'C_': C;\Q C;{L (.'_;:b (.'_;\b‘ D,"b ‘db CP'& D‘::} D‘b db c}ﬁh CJNQ D,{L CJ,{b C;"D't
Site B: AGAGC_C.C,C,C,C,.C,,TC,,AAAGAGAGGG
—— BE3
_ —— BEB GD _
—e— WooyY —— Wa0Y
40 4 40 4 R126E
20 A 201
0 - T T T T T T T T 1 0 *— T T T T | '_'Trt 1
D,’\ 0‘:’.} D‘b D’"‘u db CJQ’ D,\Q O\’\ D,{b CJ:\ D‘:D D‘E) c‘;\ ‘db DC_': c;\(] c;:\ D\‘b

Narrow the editing window from 5 nt to 1-2 nt by engineering deaminase



Base editing with a Cpfl-

cytidine deaminase fusion

Xiaosa Li' =3¢, Ying Wang*®, Yajing Liu! =%, Bei Yang™° Nature Biotechnology, 2018
Xiao Wang!—3, Jia Wei?, Zongyang Lu!=3, Yuxi Zhang!,

Jing Wu!l, Xingxu Huang!, Li Yang*® & Jia Chen!

PAM: TTTV
h UGl
APOBEC N-terminal ~Fused Free  Editing  Editing Cto-T
5’ Mame Cas PAM APOBEC MLS UGl UGl window  efficiency fraction
’ dCas3-BEZ2 dCas9 MGG il - + - 4-8 ~3—16% ~31-9B8%
Cas¥  Cass-BE3 nCas?  NGG A1 - . - 48 -D1-46% -B2-99%
3
Cas9-BEs dCpf1-BED dcpft TTTV rA1 _ + - 813  ~10-31% -~B9-99%
dCpfi-BE dcpfi  TTTV rAd + + - 8-13  -20-44% -85-99%
dCpfi-BE-YE dcpfi  TTTV rA1-YE + + - 10-12  -2-29%  -02-98%
dCpfi1-eBE dCpfi TTTV rid + + TR 813 ~15-30%  ~97-99%
dCpf1-=BE-YE dCpf1  TTTV rA1-YE + + it 10-12  -2-28%  -095-99%

s dCpf1-BEs Based on the DYRK1A-, FANCF- and RUNX1-target sites



Evolved Cas9 variants with broad PAM

compatibility and high DNA specificity

Johnny H. Hu"%3, Shannon M. Miller’?3, Maarten H. Geurts®3, Weixin Tang"%3, Liwei Chen>?3, Ning Sun>%3,

Christina M. Zeinab®3, Xue Gaob%3, Holly A. Reesb?3, Zhi Lin"?3 & David R. Liub2?

Host E. coli cell

Nature, 2018

Phage assisted continuous evolution (PACE)

AP Recognition of PAM
E. coli RNAP and target site by
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Cas9 variants bind broader PAMs



Evolved Cas9 variants with broad PAM
compatibility and high DNA specificity
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Summary IV

Tools for base editing C.G —»T:Aor A:T —»G:C;

High efficiency and little unwanted indels;

Applicable for in vivo;

By protein engineering of Cas9 or other nuclease, more sites can be targeted,;

Careful validation of the efficiency and specificity in vitro before applied for patients.



Human PRNP mutations

LEads ks M ITEE

before {neutral, disease): ol T

Human mutations in context
SiF g i Soide )

after {neutral, diseaze):

SN miits i ours wpdsted 4 MR oW melwssiter

atggogaaccttggotgotggatgotggttctotbtgbggocacatgga gt gacoctgggo
i &4 ¥ L & < W M L ¥ L F T & T W 5 I L &

ctobgoaagaagogoocogaagoct ggaggatggaacactgggggoagoogataccogggg
L ¢ K KEER P KEP & & F¥F I T GGG S5 EY P G

cagggoagocctgaggcaaccgotacccacctcagygoggtogtogctgyogacagoct
7 & &8 P & & N E Y P P QG &G & TG 0 F

catggtagtggoctgggggecagoctocatggtggtggotgggagoagococcatggtgghgge
HGGGGWEOQFPF HGGEGEGWTEQFP HGGE G

tggogacagoctcatggbggtggetoggotcaaggagotggraccoacagtcaghggaac
T 0 F HG FGFWTGEQGEGEGTH S Q0 TN

aagocgagtaagocasaaaccaacatqaagoacatgyotggtoctocagoagotggagca
E F 5§ E P KE T N MM E H II & & & & & & F &4

gtogtggggggocctbggoggotacatgotgggaagtgocatgagoaggooccatcatacat
¥ ¥y &L & & ¥ I L & 5§ & M 5 B F I I H

ttoggoagbgactatgaggacogttactatogbgaasscatgracogtbacooocaaccas
F & &% D[] E DE Y ¥ R E N UM HE ¥ E_N @

gtotactacaggoccatggatgagtacagoasccagaacaactttgbgoalogac
T Yy Yy R P M DEVY 5 O X N F T

aatatcacastocaagoagoacacggboacoacaaccaccaagyggaagaact toacogag

¥ I T T K Qg HTTTTTTTE TG E N F
accqacohttaaqatgatgqagooocgtgottgagoagatgbgtatcacccagha J3 07

T o v E MM M E R T T E 0O MM ¢ I T g ¥
qaatoctocaggoctattaccagagaggatogagoatgghoctocttctoctctocacctghg
E 0o &a ¥y ¥QqQ B & 5 5 0O ¥ L F 5 5 F P T
atococtoctgatoctotttoctocatotboctgataghggga
I L LI % F L I F LI T G

atggogaaccttggotgotggatgotggbtctotbtgbggocacatgga gt gacoctgggo
i &4 ¥ L & < W M L ¥ L F T & T W 5 I L &
ctobgoaagaagogoocogaagoct ggaggatggaacactgggggoagoogataccogggg
L 2 K KE R P K P G & T T GG 5 B Y P G
cagggoagocctgaggcaaccgotacccacctcagygoggtogtogctgyogacagoct
7 & &8 P & & N E Y P P QG &G & TG 0 F
catggtgotggot gogggcagoctoca tggtgghggct gggogcag
HG&G&WTGEQ P HGEGEGE TG OQ - - -

————————— ccccatggtggtggutggggtcaaggaggtggtacccacagtcagtggaac
P H & & W EFQ & 6 TH S Q0 TN

aagotgagtaagotasasaccaacatqaagoacatgyotggtoctocagt ogotggogca
E L 5 EL KET N UMM EHI & & & & T & F &4

gtogtggggggtcttggoggotacotgotgggaagtgocatgagoaggoccatoatacat
T T & L 5 &Y T L G S5 4 M S EPF I I H

ttoggoagbgactaggaggacogttactatogbgaasscatgracogtbacoocaactas
F 50 - EDERUY Y EE N M HE Y B N -

gtatactacaggoccatggatgagtacagoagocagaacaactbbgbgos goato
H/jc I

T ¥y ¥y P M DEY 5 5 0 HHNF T
aatatocgoastcaagoagogoaggghoacoacaaccaccaagygggagaactcoacoaag
¥ I &4 I EKE Qg EEKEY T T T T K & E H =
accaacattaagatgatggagoacgbgattcagooaatgtgbatcaccoogha
T o &~ E M o E H ¥ I 0 F M < I T E
qaatctocaggoctattaccagagoggatogagoaggghoctocttctoctoctbcacctghg
E 5 0 & ¥ ¥ Qo B & 58 R T L F 5 5 F P T
atococtoctgatoctotbttoctocatotboctgataghggga
I L L I 5 F L I FL I ¥V 3

D178N: G—A mutation
E200K: G—A mutation

ABE7.10 could potentially be used for the correction




Thank you!
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