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O (19) it =53] % (KR) (11) FAME  10-2021-0018131

(12) FNESFH(A) (43) AL 2021402917

(561) FAES &7 (Int. Cl.) (71) &<

CI2N 15/85 (2006.01) A6IK 48/00 (2006.01) AA e AErEE

CI2N 15/10 (2017.01) CI2N 15/113 (2010.01) AEERA MPET AHE 50 (NE%, A4

CI2N 15/90 (2006.01) CI2N 9/22 (2006.01) shal)
(52) CPCE3 &5 (72) &=}

CI2N 15/85 (2013.01) Fal e

A6IK 48/005 (2013.01) MEE™-A vlEA EFR18Y 11, 107% 1702%
(21 =Nz 10-2020-0098119 (84 %, njetd~EY)
(22) &2494# 20203084 05¢ S )

AALA L= 20201308059 MELEMA npE T npEgE 195, 1085 15033.(
(30) $-AAFH Hfi%, ulE el FEXQ)

(57) 8 o

e orluy AR 9v1mn £ W A A28, 2 ] Asge
AA7HgIe] BE R ARE oSS wel B Aelth. U PPl WE oS A2HE A
£ 43 4454 @%g g glo i 2 F

3 5 s @7l e e
PR A AR A B

Prociciad oguences for il osside ouscomes ncuding e wd yge sequance
Targetsequence o Measun

TCCAGGACCAGGACAAC TCCACGTTGECTT TCCAGGACCAGGACARCTCCACGTTGRCTT — Bk SN,
i TCCAGGACCRGGACAACTCCACGTTGGCTT ~  18% 29%
TCCAGGRCCRGGACAACTCCACGTTGGCTT —  5.0% 590%

ABE._sticency TCCAGGACSISGECANCTCCACGTTGRCTT —  4:7% 7
CBE_sthciancy DeepABE TCCAGGACCAGGECAACTCCACGTTGECTT —  1.0% o
\ DoapCBE _  yeca wﬂ(lﬁlun(l(u{n TEGCTT - 0:8% am

Base editing Diswribution of TCCAGGRECEGGRCARCTCCALETTGGCTT ~  0.4% o7
b TCCATGTTGECTT = 0.2% .
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(52) CPCE3&FH o] 4 &
CI2N 15/102 (2013.01) AFAR] ST W22 24, 3115 10235 (%
CIZN 15/113 (2013.01) &, e EH A ”“F%“WOMB
CIZN 15/907 (2013.01)

CI2N 9/22 (2013.01)
C12N 2310/20 (2017.05)
(72) gz}
754
NLEEA AT A8 210714 47, 3033 (0 E]
)

o] W& X3 F7lATIN ALY
HALGHE 1711109258
HAHE 2017R1A2B3004198
T2 3}8l7) & B E A K-

A B () 7188 AT AS
@;A}og,wg M7 A (B A B H) (R&D)
AT A Agay FAR7E e Aol AFgFS vAE QA Y o

222 (high-throughput ) HH S o] &3 48 A 7% 7|4 A
71 o & 35/100
A 4=3Y 7] Ty AA| )&kl
A1) 7 2020.03.01 ~ 2021.02.28

o] W& A Yhst I 7FATFINEAY
A LEAE 1711105621
A H & 2017M3A9B4062403
2 &7 A B EA 8
A B (A 718 AT G
AFAG vlo] 9 . o 8 7]& /1 (R&D)

A }A AA W A wgs g 25 F oF A3 Am vl g
71 o & 30/100

A3 7] AA o gkl

AF717E 2020.01.01 ~ 2020.12.31

o] g X Ast IrtA T ALY
HATFHE 1465030234
HAH T HI17C0676000020
T2 HARA 5
HA D (HE) 7188 SR AT
AFAA ;“ﬁ‘r‘liﬂ%ﬂl‘ﬂ‘(R&D)

A 2} A v A AA W A 9l NS B8 fH48 123 X
7l o & 25/100

A 4=3Y 7] Ty AA et AbetE T

A7 7¢ 2020.01.01 ~ 2020.12.31

o] WS A3 ZylA A EALY
HALFAZ 1711108917
A H & 2018R1A5A2025079
2 o7 &R EAE
AT (AT 71 8Y AT A
ATFAIE HebA 29 (R&D)

A 7A T A 8 Al ~E o]t A Al E]
71 o & 10/100

A58 7 A A 3}l

AF717E 2020.03.01 ~ 2021.02.28
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=
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719 9] 97 Ay
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L
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]

A el

=

3}

gEE EEEMTD

WA fAAse el
CHEE R TE

AT 2
A7+% 3

K

)
)

71w TR el g A HelHE ¢

7]

[e]
4 FRA7}

=

(convolutional neural network: CNN)

=

—
o

el
ol

K

Az,

=

A3} o5

=

ABE) = AJEA 97
ul

g fAATe Ay

o3
=

ol A7 A #FHA7F2] (Adenine Base Editor:
CBE)S! A<,

L
L

FAA7)

o] JojA],
A7+ (Cytosine Base Editor:

o glefA,
71wy FAAzE el 24 HolE = 71w FAAzke 7t

F1

[<]
} 2

[e]

[z
)=

o,

S,

?_
:rL

J
371

A

J

A3 5

AT 4

=

Bl ~E (context )7} il

A7 6



ZIHSd 10-2021-0018131

A3k 20 glolA
471 A7) fAATe el B elolE e
lol= RNAE mHEE Q7ML 2 ) Jlel= RWWE BHEE B ALe Egshs selunIder=s
ZstetE A2 golrEgel dAVInA FHAIE EYste B
A7) @71 FRAATEZY E9E A gfolHe g2 RE EE e DNAE o] &3l | AALE Fdste 9
\;%
A7 | AIDALZ2RE FES AQ dolHERE dAVnA ®4 14 7wEUEE M qdRE HESIE
9AE B FEEE A9, Ay fAA9e) Ay as R An o5 Azw,
AT 7
A8 30 lef A,
A7) Q7N FAA ] A vlelE=
7bol= RNAE FWsle GU7IAE 2 7] 7ol RNAVE 48t 154 AES X3ste SElawEdeHES
xgtste A2 gholreigle] d71nA FHAIE EYste @A
A7) @71nA FAAEIVE S E AR ol 2 E FEe DNAE o]&3te] | AAANS Fdske Bl
7] H ADEEREH 5% AE dHolHEREH @riuA B9 J 14 wEEEHE A3 HEE HAEse
GAE Fl F5HE AJ], 9710A FAAT Y 971u 528 9 A dF5 A
AT 8
AT 100 oA,
47 A smels BH AL 2 Xl gl 8] (b 11 o) gste] AEHE Ael, @vlwy f4
Abelel Ao mE R A elE AsE
k4] 1]
FEL L&)
_ H2972F @ ET IEY HH3 HF10) Y JEFEY FFYLHE F @& EYYE BE 4 FY & 5/ S(read)
& & E(read)
*x 100
ATE 9
A& 19 dolA,
A7) wAAI A2F30)E F7] [F8H 2]1& o] &ete] AtEHE A, 4VuAd FHAUEY 9wy §& 4
A} o A|2=HL
[+ 2]

FAEZESFEE
£F F7 - ¥ FF A FY 8 E(read)

T G2eAzT GH(ETGEE A3 HA10)VGIED BT FEALEHE FRE EGIE L5 AP F F=(read)

A3 10
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A7) 74 MDe 24 A 26709 FEULEERE AR A, A7Iwg FAAIIYe driwg &8 42 A
of| 5 Aj2El
A3 11

AT 100 SlolA,

A7) A AqEe PN AE 2 ZrEAFOA &GS Z3etE A, AVuA FHAAYY driwg a8 2
A} & Al=H]

ATE 12

AT 19 oA,

A7 A71nA FHEAERY @V §& 9 AT dF AR AT dSRAA oSH dv|wy §HAA
Sl 28 2 ZAYE Y3 2YRE FUIE 2gste A, A71nA A9 9 2§ 2 2y
oS Al2=Hl

A3 13

A7 FAAFEY 24 MEE dAseE 9A; 2

71 AAE 28 MEE AT 1o e 9ring a8 2 ZIY dF AlxHd A3l dAE X¥se o

Ny KA Ay wEk D A% oF .

b

71 A3t HEARe] "oy oM WeAd e AR dEdweld sidsls wolHE 1akR Al

W 1A R el a4 Qe 3 @] ohddWel MY ) TGO dHiel w8
S 495 A 97 Fohd(@)el v 4 7] b (Mo @ uhEle] MAskE A9 A4 9] ARAC)e]
S 7] R e el s A% BE 34 97 Rl NgE @ ARAQ R s
WS P9 A dolEF 242 st WA

A7) 2w A dlelE FolA HEAWolrt TREX~F oA e 5 whoRRE 3 WX 10 bp Al
EAsH: dolgE 332 sk Al

=i

N

A7) 3z AR dolHE A7F 10 BE rlwd Ak % A% 3 Axge] 485t wAE e
CHEE %L 37 M% g 5 Qe A7 AEWe] B A% tfF AuE Age Wy

A3 15
A3 120 Qo] A,

7] A7 AEdo] AH ASe o)A =3+ (Usher syndrome), FUFAIIA =84 A&A F7]14 =3 (INF
receptor—-associated periodic syndrome: TRAPS), w}# Z3<*(marfan syndrome), A|3¥ Hdr] 49 dnH
(Type 3 form of Maturity-Onset Diabetes of the Young: MODY3), A XAl wxaA o= (Congenital

_5_
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stationary night blindness type 1F), 7}5/4d 1ZFe|~EHEE S (Familial hypercholesterolemia), A5
2597 (congenital myasthenic syndrome: CMS), HX]ZF%a(Lynch syndrome) -so] &<1%UiL, CBES] 7

Zol-tof| = T3+ (Loeys-Dietz syndrome: LDS), oM AWAZF(retinitis pigmentosa), #E AY E& &
of (Leptin deficiency ¥ dysfunction), 7}5Al nZFd~v|E33(Familial hypercholesterolemia), A%

A A4 A7l (autosomal recessive deafness), FE~HE R AthA] 23 (cholesterol monooxygenase

=
=
froxiies 3
T

(side-chain-cleaving) deficiency) % &4 7+ 74 (progressive myoclonus epilepsy)® o] 5oz
S RRE AYxes o= sl A, AV FHAVIE AT § e QI FdEQd¥e] B A3 o
St ARE AFshs WH.

AT 16
e 13 WA 150 wE WS AFER AYsy] 98 2 o] V) =E AFYH A5/ 71E50A).

rir

HAE

Egate AEY fAANA EH FEFASESE AYsE

H:

AmA §AAAE Ax w et
=

A217h9]= (i) RNA-7}ol= fpEelobA] &

4 = o)z
T ’
FAR, W (i) B4 A9 B4 T 5 UE ol= RNA B 0§ ;Y FAAE

oo e

A7) EA Qe P A, ZRExHolA Ad, @ Jhol= Rl RA AAS T,

A}7] 7Fo]= RNAO] ArH Al M A& 5'-TAC-3', 5'-TAT-3', 5'-TAG-3', 5'-GAT-3', 5'-CAC-3', 5'-GAC-3', 5'-
CAT-3', 5'-TAA-3', 5'-CAG-3', 5'-GAG-3', 5'-AAC-3', 5'-CAA-3', 5'-GAA-3', 5'-AAT-3', 5'-AAG-3', 5'-
AMA-3', 5'-TCC-3', 5'-TCG-3', 5'-TCT-3', 5'-TCA-3', 5'-CCC-3', 5'-CCT-3', 5'-ACC-3', 5'-CCA-3', 5'-
CCG-3', 5'-ACG-3', 5'-ACT-3', 5'-ACA-3', 5'-GCC-3', 5'-GCT-3', 5'-GCG-3', @ 5'-GCA-3'o.& o]Fojx +
oRXVE HUEE= NdE £3sla,

o
[

Mol A otdld HE= AEAlS Eolrmstsls A Bom sk Al FAA
]

AT 18
A3 179 oA,

A7) RNA-7Fol = FE g obAlE SpCas9, nCas9, 2 dCas9z o] Fojxl FozRE HEmE= A, MEe §A4A)
oM %A FEFELE=E HHS= Y.

A3 19

B 170 2delA,

A7 ®A rRUQEEE ZREAACAM o] 5 o R E 3 WA 10 bp A EAlske A9l AlES
Ao 24 I EE Hgste U

BTF 20

A7 FAATHE EAshs QIR HEivo] d Agte] oY e A 88 ofetH 2AFEEA

A7 @71 FAATRE (1) RNA-ZRel= rEelobdl i olg :Ydhe A, (i) "oprlmEa ®i



[0001]

[0002]

[0003]
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ol A= A, B (i) 24 M A3 & + = 7hol= RNA B o]E AYshe fdAE 23
sha,
471 A4 ML PN MY, ZREAFH oA Ad, 9 7ko]= RNAC] AR A M ES Eestal,

A}7] 7Fo]= RNAO] Ar® Al M A& 5'-TAC-3', 5'-TAT-3', 5'-TAG-3', 5'-GAT-3', 5'-CAC-3', 5'-GAC-3', 5'-
CAT-3', 5'-TAA-3', 5'-CAG-3', 5'-GAG-3', 5'-AAC-3', 5'-CAA-3', 5'-GAA-3', 5'-AAT-3', 5'-AAG-3', 5'-
AMA-3', 5'-TCC-3', 5'-TCG-3', 5'-TCT-3', 5'-TCA-3', 5'-CCC-3', 5'-CCT-3', 5'-ACC-3', 5'-CCA-3', 5'-
CCG-3', 5'-ACG-3', 5'-ACT-3', 5'-ACA-3', 5'-GCC-3', 5'-GCT-3', 5'-GCG-3', @ 5'-GCA-3' o2 o]Fojx +

cmyE Aeds AQL 2o,

A

rir

rlr
o

}

Q17 HEAol

L, = |

o

A AGel A obeld EE AEAS Eopu] s} Eqow

AT 21
A3 200 o)A,

A7) Q1 AEdAWo] ¥ Age oA FF 7 (Usher syndrome), TLXIALCIA =44 B3 5717 Z37(TNF
receptor-associated periodic syndrome: TRAPS), v}# ZF% < (marfan syndrome), A|38 7] &¥ T
(Type 3 form of Maturity-Onset Diabetes of the Young: MODY3), x4 ux &4 oFWZ(Congenit
stationary night blindness type 1F), 7}=4 129 ~H =38 Z(Familial hypercholesterolemia), AdZ4
2 =35 (congenital myasthenic syndrome: CMS), #X]Z3:*(Lynch syndrome) So] &%, CBES 74
2ol-fo = FF 7 (Loeys-Dietz syndrome: LDS), AWM AZF(retinitis pigmentosa), FE 2P X
of(Leptin deficiency ¥+ dysfunction), 7F5A Z#|2~e]lE3d 5 (Familial hypercholesterolemia), 3<%

A 94 HAZ ol (autosomal recessive deafness), FdAHZE EXx=2A|thA] ZA3F (cholesterol monooxygenase

2 od o dr 2 oE

(side-chain-cleaving) deficiency) ¥ Z&A A 7HE (progressive myoclonus epilepsy) 2 ©]FoZ

omRE AEHE ol shbel A2, A7 AEAN] Bl Ao ol E: ARG oHH 2AE,

pul

e 4y

A71nA FARE O d7lnd 58 9 A oS5 A2, B Y] Al&EE o] &ete] vuA
7

I

HAEdAWHolx= Qlztol A HWUA (pathogenic) TE FAPH DA (likely pathogenic) S¢wole] Aut o]AS 1A
S 7P dubEel Hele] WA Aoy, o] MixE #2 #5 A9 (short-read sequencing) HHH
Sk Abgo R Qld] HEE S olvt. Y ME Z {FUIAA ol HUAd HEAW| AL Td A3 w
do] wag olojd 4 . MR, EdWolE 77 AE E Fr)AdA HYA HEAWole wAHL o3t
HqEAmolo] 3o that Aol H25428 (isogenic) RS AT = vk, w3, ojgd HAAH HE
Awlole] WAL B At 3 X84 e El(modality)7} 2 & At HUA HEAHo|o A 2
A B 9o, A7 AR 7F (base editors)+ ©]5 7 e (double-strand break) S AASAY &
o2k DNA 8-S 8738k A 1 R4std WA o= she] Vs thE |Ues A3 HEs 4 Qo] wig-
of 2l A ¢l A A (genome) HBF ZToltt. oldld A7) wA §HA7FY (Adenine base editors: ABEs)+ A, T ¢
71%%E& G, C @718 e =2 A 4 9a, AEA A7|wA FAA7F] (cytosine base editors: CBEs)&= G, C
Q7S A, T 7oz Ase 4 9l

a8y, 1) @71 |Ax &&ol Ha/dAY 1) 97 HHY AYE dX @v A EdWol(concurrent
mutations)’} WA= A9, 3] AHYE d=$(editable window) - & 97 A HY o o9 24 7
SHE =Y = A, oy |rlug FAAVE frd A3 2d 2 oA Sl gL o
T Y. wEbA, 97 HAFPY 58 2 AyE =F Adnd AA Hdolu AAEE Fob, HAA EdWol9
AgA WA TF Aoz FAEY. ey, olgf e AdF Hrle ddrie Jlo]l= RNA(single-guide
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ALY 5

447971
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71 nl A
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A% BFEA A

[e)
719

=
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sk, et

A
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=

=

2z

=23 (high-throughput screening)
A3
gy o] g
3

R

Eal
=
o]

=i

aa

A

ﬂy!

[0004]

s

7]

2 Aol o]

-~
It

14,0004 71 2]

=i
=

13,0009 71

1

Z}

she] 2}

in silico

AAp7Est el o

)

-

sl 4

7] Fwlel A AEAES B

BR

=

=

pud

3t Y 2]d (Deep learning)

7] gL dlolEfel A

—~
o

i

oy

=aE

CHEEIEREMOE

A

AATAE T

)

i

AR

[0005]

=K

A7)

71aA

[e2]
=4

[0006]

K
=
M
A
=
Sl
1o
el
BN

—

"’
22|

0|
s

R

71

[0007]

e
=

A F3h=

=

=

FAA7e e @7 A
715w} A

o

71 ERI(T)o] g 947] AIEAI(C) o= nhr o]

z]

=

[e;
Za90] J1=H AFE BE7

/g—

g

s
hvA

R0l oo 5 drtezyE 3 A 10 bp A0

‘_
=
s

A

at7] <]

Edule] s}
[e)

]
™

AeE 5

=

o dolHzyE FEdAnell 44 A47] ohdld(A)e] HAY @] Fohd () whHlol

7] e AFEHE AR

A7}l o)

)

i

A

L

],

A
57 A7l

o]
g FAA

71 nl A
A

471 1= AAEE delE ol A
71 eakz AdEE dHoly Fl

NwA FAAA9e @A
7] 332 AwE Blole)

=

[eZ]
o
==
p.

[0008]
[0009]
[0011]
[0012]
[0014]
[0015]
[0016]



[0019]

[0020]

[0021]

[0022]

[0023]

[0024]
[0025]

[0026]

[0027]

[0028]

[0029]

[0030]

[0031]

[0032]
[0033]

[0034]

[0035]
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A7N0A FRAAINE Hxo =YsteE A & X2FsE Axe fAAA x4 FEUdSEE=E HAske
HFH O 7 X

A7) AN FARIYE (1) RNA-7tol= FEgolAd e ol& mYstE FHAH, (ii) Zolmwigh e
ol IYsteE FHAF, F (iii) %4 AEH 243 & F d+ 7Fel=E RN EE olE Idste f3AE X£F
é}l,

(3

A7) BH AGe PAN A, TREAF o] M, ¥ 7ol RNAY ARAQ I L,

il

7] 7Fe]= RNAG FRAA AE2 5'-TAC-3', 5'-TAT-3', 5'-TAG-3', 5'-GAT-3', 5'-CAC-3', 5'-GAC-3', 5'-
CAT-3', 5'-TAA-3', 5'-CAG-3', 5'-GAG-3', 5'-AAC-3', 5'-CAA-3', 5'-GAA-3', 5'-AAT-3', 5'-AAG-3', 5'-
AAA-3', 5'-TCC-3', 5'-TCG-3', 5'-TCT-3', 5'-TCA-3', 5'-CCC-3', 5'-CCT-3', 5'-ACC-3', 5'-CCA-3', 5'-
CCG-3", 5'-ACG-3', 5'-ACT-3', 5'-ACA-3', 5'-GCC-3', 5'-GCT-3', 5'-GCG-3', ¥ 5'-GCA-3'°o.& o]Fz +
ombY AesE Nde EYsHa,

o sk AES] fFHA

o}
o
=
b
ol
B~
rlr

]
Y

J ru&
=2
>
o
=

o)

F(‘

c
>,
m
127
o
g
3
=)
i
oty
ol
rlr
Py
o
Bl

@71mg FAANNE LS A AEAWe] B AP o mE Ang oty 2ABA

A7 d71ug AR E (1) RNA-7Fol= wEd oAl e ol& IYsteE Ak, (i) olveas e
o =YSHe FA, 2 (i) X4 Ad3 EYS G F s JlolS RN EE olF mYet: 048 X3P
shat,

(3

A7) B4 ADe PA MY, ZaEAHA Ad, B sbol= RNAY] FRAQ NI& TFEL,

i

7] 7Fe]= RNAS FRAA AEL 5'-TAC-3', 5'-TAT-3', 5'-TAG-3', 5'-GAT-3', 5'-CAC-3', 5'-GAC-3', 5'-
CAT-3', 5'-TAA-3', 5'-CAG-3', 5'-GAG-3', 5'-AAC-3', 5'-CAA-3', 5'-GAA-3', 5'-AAT-3', 5'-AAG-3', 5'-
AAA-3', 5'-TCC-3', 5'-TCG-3', 5'-TCT-3', 5'-TCA-3', 5'-CCC-3', 5'-CCT-3', 5'-ACC-3', 5'-CCA-3', 5'-
CCG-3", 5'-ACG-3', 5'-ACT-3', 5'-ACA-3', 5'-GCC-3', 5'-GCT-3', 5'-GCG-3', ¥ 5'-GCA-3'o.& o]Fz +
omyE s 4G Lo,

A7) "ohmmaas ¥H MAA ofHld e AEAS Doprstile e SHOR s kF HEivol
we Ao o Ee Ang oA 2= Agste Zlolt

A9 HE 78

© oA JiAE Zzbe] An B AAgH= A4z e A B AAFHCE H8E ¢ . 5, & &
ol A 7hAlE gt 2250 EE o] & W £33, B3, 7] vled FAAR el 9

71 FA4 ME dETolA 9 w2 524 MLS 58 o5 2l 3 wgdy oS5 2l 74zt A8ste] o
71ng fAAkele] a8 R wAgd A30ls d5ekal, A7) ad AFojeh WA A50lE ko] 97
Wy FARTEY] ad % AARE Aol dSshs 2y d5FE e AV AR d71nA
228 3% Ay A5 AaEs Aedt

BdellA, &of "A7]wA FHA7F (Base editor)"= 44t FAATES] Zlsolgtal BEle ARad FHAt
AlM FeE A= Brgel A Zheloltt. 71w FAAEelE DNA R 7 e B E Z}EE 71 34
AR o HEAl, @l 7S wAshs WA oR et 971nd fAdAE = DNA R TheS A2
i+ Nickase Cas9(nCas9)¢t otdld Tx= AEAS Faldts "opnmgiz F4Hol lon, FAHoR

_9_



[0036]

[0037]

[0038]

[0039]

[0040]

[0041]

[0042]

[0043]

[0044]

[0045]
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CRISPR/Cas92] ©o|F7Fe DNA Hd7]sS AA% dCas9("dead" Cas9) 5= nCas9ol O}H]LJ ol =g A
(Adenine deaminase)E ZAE3sle] ofdld(A)S Fold(®ez wAFT 4 Ji= otdd AriwA FAAIY
(Adenine Base Editor: ABE)®} A|EAl Eolw:=g A (cytosine deaminase)E Z g3}l DNA *1 A F A|EAI(C)eH
ghol ElRI(T) o2 wAE 4 e AEL 9710A F3127F (Cytosine Base Editor: CBE)7F I}, dl& &

CBE®] 749 nCas9 & dCas9= Z#Z DNA 3 7lgollA] "oln| =g vl A BEA(C)S e ()2 uAshd,
A E AH 9715 DNA B0 el o&) HR(D)o] ¥+ de2 Zsdtt. 471w FHax7EeE o] &3t

W Eg Qe wASAY 2As] FAA4E AeAyAY deke g A8 5 Ao

B o258 -z g2k (high-throughput) 23S E3] TREAHolA gH99 5 Weko ZHE 3 WA 10 bp
$A1(20 bp HIX= PAM A A (5'-NGG'-3")<] HIZ ARl Aglsh) oA Holx 3lite Eﬁ otdl & E3Fsh=

13,5047, Aolw 3hte] mA ANEAS X&st= 14,157709 BH A g ) °ﬂ71ﬂ%§ AR e 4 &
1 B 7] wAARe] digh diatR dolHE grstal, AEFA WS AT JEdoR 753 a8 d
= md g wgdyn oF mde 27HA] RaS Ajtete] dvluA g8 4 %ﬁﬂﬂ@ FAATE7E v S 2l
T EE 97 Ay AxEEd U3 o5 3ol 7153 DeepABE @ DeepCBE o5 AlA~ElS sfubslal
(DeepBaseEditor), 7471 ¢ Al2=®e] ALY AFS T3l A71nd FAA7H &8 4 wgd431Es s

AT + A FARA.

w A2 A7 s 9wy FAAEe e dvlnd 28 2 A o5 Ala"e] dEHdd VA S
(machine learning) 7]¥F &ag]&ol vl 53 A 7}7<]§ A golaledr).

Bdoll A gof, "7ko]= RNA (guide RNA)"= % DNA 5ol%Ql RNAS eom|etr, 4 M3 dHF = dF
drAow Agsto]l 71ny FAATEee] obEld Hopnmga He AR dolnmF vt 24 ME T 7
ZF otdld (A)& 2ol Fohd(G) e, ABA(O)S Zol Bl(T) ez wAd 4 3lv.

Ao 7 7to]= RNAE= F 7He] RNA, =, crRNA (CRISPR RNA) % tracrRNA (trans—activating crRNA)S T4
QA2 ¥39}35= o]F RNA (dual RNA); & ¥2 DNA U] My AF == dF FEAQ AIdE 335+ Al

9 RNA-7Hol = wE o9 FEAEste AEE Xk A2 F9E xdste FHE wehy, @7 wA
AAL7E91e] RNA-7Hol & FEElolAl7E 24 A oA 48 71 5 dv FHEH Ag glo] & o] e
o x3E 4 Q).

wgh, 47] 7Fel= RNAE RNA-7hol= wEdlolAl7E F&uE AS 5+ SMES(scaffold) AES 28T F
sk,

oA §ol, "EH N EE A AQ' e 47wy AL BHes @ AoR daus 97149
& o, FAHOR, GrlaA FAAAL Jfls RAE Bal BEAOE T AOE ogsE AIRA,
a7 FAAZINE BYL dehlE AoE ded A9 F du, wE B owge) As8g ogske
Pk BAFIA e DS Pz AAR ADY FE dout, @rlwA FAANL BYS 2AG, ©
= ba RoE dgso] EAsuA s Adolehu, B wwe Wil A% glol £¥E & dvh.

oA, Q7lad fAA7ESS B4 dolEE, Flol= RAR mRal: 97149 @ A7) sjol= Rk =4
3 & %% FEALEEE TPt AT golueleld 4710y FAANAE FATE
[e]

st w4 A9e e 2dn

2R 52 F Jdon, old ASEA k=

EH A, &of "RNA-7Fol= wEHOMA"= HHshe A G BEA A& A5t daE 4 e wEE
obA| 2 A, 53] 7lol= RNAC] 93] HH EolAdS zte wEHoAE Eth. 7] RNA-7Hel = wEEotAl= o]
o AstE]E= AL ol}, Cas9 (CRISPR-Associated Protein 9) % Cpfl So] ®3E 4 v},

HAo A, "Cas9 wHZ"L (CRISPR/Cas9 Al~Hle] Fo wwla A Q4% crRNA(CRISPR RNA) ¥
tracrRNA(trans-activating crRNA)®} H3AE FAste] EAste dxwZd oAl (endonuclease) B H7fo}
Al (nickase)& B4},

Cas9 ©@lza = FHx AKX = NCBI(National Center for Biotechnology Information)®] GenBank®} Z-2 &
A 9] dlolg] o]z A& = oy, Jle|= RNASH A 1F 5ol wEH oA EA4& 7 7 e Aol
g % B odwe] W] 3" = drd. B3, Cas9 v AS A Hdek =<l (protein transduction

4
domamM A49 5 ok, A7) @ud dg mvele ZEolErd i HIV fe] TAT @Add 5= glont,
% wolzk, 371 Cas9 e I Eo upel At ofsf F7pH<l mr]le] Hds}
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SERIEES

A7) Cas9 @z Cas9 ¥t oluye}, E8A43}lH Cas9 (dCas9), = Cas9 YAo|Z(nickase)9} T
Cas99] WolAE BF X3d 4= Qlt}. 7] E&A3E Cas9S dCas9ell Fokl wEdlokA] =WQlS AZ3SH REN
(RNA-guided Fokl Nuclease), Hi= dCas9ol HAFEAQIAL (transcription activator) HE JAAF Z=wQl
(repressor domain)S GZ3 AL = iz, A7) Cas9 YAle]ZE DIOA Cas9 FEE H840A Cas9Y < dont,

ofell ANgE = AL ohtt.

47] Cas9 ©AL I fefdlx AFEHA ek, Ut A7) Casd dHALS 2EFEIAL oAU~
(Streptococcus pyogenes), Z@A|AEL  wHIAITE  (Francisella novicida), ZEJEIAZ: HEIHX:
(Streptococcus  thermophilus), @A de}t 7EI2} (Legionella pneumophila), Bl&E|Eo} oo}
(Listeria innocua), =¥ ~EREFA~ F&2 (Streptococcus mutans) e 5 SATh.

o A= Cas9S wlolg s WEo| A LHA7]7] 93] Cas9e] IF-5 AT & A= HEHE AZsdnt. =,
Cas9 @A ulolg]~ WMEA F7]H o] 7}5e 7|2 o] Zhzhe] #WEfd A HEA| 7)1z} i), 7]
o e Ao g AAE Cas9 TMAS split-Cas9olet a1, split-Cas9S 7]Eel A77F AA] npole] 2~ WY
o B3 #71Y HA &FW Cas9 @A S A7) shed AVIE UrolA] olE A7t WHE S EEAY
HEE AE el 2 7158 oA 248 o= ).

B A Cas9 @A L v#+A5l A= dCas9, nCas9 & SpCas9L & o] Fojx ForRE Helg o= 3ud <
k. A FA A= eIl (intein)-"H7/HE split-Cas9-7]¥+e] ABE 2 CBEZS AF&3}%t}.
__]_L

oA P& W& golHE o] &3t HEFHA AW (convolutional neural network: CNN)S 7]
< = WHAE S AdEE AL 5 Ao

A7) A 121791 o] w27 dHolHE 98 we AE JEFE S 948 2w oA ¢

A7) AR JEFolA fdFH w2 dolHE o] &3t AEFH AT (convolutional neural network: CNN)<= 7]
Hto 2 3 J#de st w4y JoF RS YAt dAE T3 AAEE AL 5 STt

2o Al 8o, AVInA FAXIIY "' QrIng FAATF e 9§ d4d @U7F A= €4, S
2 e oA, ﬁlxilx—q.ii Cas9o] FAAE dAdtsh

FA A delA RNA-7Fo] = a 7h obdd (M) S T
ofd(®mez, e AEANOS EHR(T)LR s dds ndin. 24 4 HeolE"= 54
FA4 AL 7] 71wy FAAR Y] BAE FE R ST 5 s dHolHd sdei, & 2] AAE
= 371 24 HelHE o&dte]l 3d A5 Eds A4S 5 Ao

TAA O R, *¥7] A7|wWA FARIIS el &4 dolE =
o, 9 APA (deep sequencing), T+ RNAseqe
o HES %f& A7 WA FAATFE L A4 dle]

E]

G7IwA FHAAFA 7 24 Aol dEld = @45 veERd 4 Aok, diol"e dE, TR, 37 52 A
k=] =t
Q71w FARI e &4 dolHE 7€ A" A dol"Hd = i, e, IR 448 Age
T e doe o AR 5% &4 dHolHY 4 Jow, B W] EXA, Arluy xR &
AE 5T # e 4 dF EdeS AAdE & Qe dolggd, dolErt 5= WHS ATEHA
=
A FAA A JoiAl, A7) G FARTEEe] & dolHe fE71ug FAAME S8 24 wEY
SEIE FWo Ad Ads E(context)7} aEE AL & Uy

oAl o] "XE ZAEYXAE(context)"s @7 FAATILII HHse 24 wEIQLHE FEH MY

<
HE om|gint.
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a4 FAel Qi A7) A71wA fFAAII9) A dlolE =

=

(3

¢

b= RAE @ @749 R ] Jlol= RWE BASe B4 Ade e eduyIdercog
| 4

S
Egets AL eolnefelol FARNAE EQehe 9

Al
El
o

o

)

ro

47 @7mR FAA

f

A7F =iE A eloluaRy £ D

=

AS o]&ste] | AAAE FHsk= A,

2RE £5@ A dolgzyE /ad W9 W B4 FI2AeUs Ad g PEse

=]

oo Aol A, 7] "d7Iay et 7ho]l= RNAY

AE$-(editable window)"= EFZl A QoA 7wy F3
] }_ I
Al ZRE~F oA U 20719 91X F 5'oA] 3" W o R 9% 3 A 10 bp Alele] WS onal | o]

g B2 A37bsd dmsga A A FANA, FL2 HYIHe A%9-9 A4S, 7he]= RNAZF 4
= ZaETolA U 20719 $1A & 5'eA] 3" WEFoZ 9% 4 U] 8 bp Ato]e] WS oju]git},
B o], A7|wA A "mAAI EE "HY Aae g Adel dig dr|nd FAA7H)
o] AnE wrEolNE A A (product) S omlgitt. g, Av]wA WL (ARTFsE AE9) el AF
7Feer Bl w2l E =7 v ) EAlEE A9 Ak & d7IvF #3E 5 glon, 2o o, "a
AR AR EE Q] 93 VR B A1y A nE"E 91ag R 2o A whEolA
7} AnEo WIRE ongit}. Izt HEdwel #d A rhed AEeE Aviad W1l dd 4 41 o
7 ) Astar 9o, @vlad FAAEE ks AMEEY] fEiME YA A\ WEE nE «dSse
7ol F sttt

A A A, A

}7] A7 wA HrRA7E o] WA AT dolE =
o

o= RAE FEEHE A7149 B A7) Jlelm RAE BHe: B4 Ade Zdes 2YunsdeHss

ek Al gtolu el 7w FAAE mshs wA;
71 71 TR e AR Solueg 2R E 27 DNAE ol &ste] § AFAEE FAshE Bl

47 | ARYORRE FEG AQ dolHzry d/wg W9l 0 BH ¥FULHS A% NEE dEshe
= =)
=

A7 A7 nA FHEAE Y wAgAT velEE V€Y X dHolHY Fr I3, EE, TRV 4435 A
B3 4 Qe doje] WMo R AR £5% &4 dolgd ¢ Jdom, & o] HAA, fVuA {fHAAI
o] WAHARE dFT F UE AHAY oF Zdg AFT 5 e deol"Hed, dHolH b FEHE YHS A
e A] =T
oA &8 oS 2d 9 wAHAT oF Bd 4742, AV|wAg FRATY @4 dolE e wgdn db
olEI7} AgE FAE HolE o] A5 o] &3taL, 7] dHolHHo| AR E ¢ w2 g R HolEE o] &3t
Hed Vles T AME 5 dvk. S, 971nd fAA e €4 doly EE WA volHe AF =
gste] 5% A o, FAE dolgulolx, Fd S FEAY, A7) dHolEuel~ EE FPORHEH
F5 dolgHE 222 JtEstd 58 4 glon, 34 Ad dVdx 2§ BE 47)Ef Hx ke 3
& FEst, A7 &Y BEAS 23ete] oo A A Ui dviwg fFHAkele] £& 2 AF¥Ad
E dST & e ulolEFgH s glo] AR 4 Sl

Y FEULEE (oligonucleotide)"E 4 WA 9 7o) FFULE =7} EFAFET oo A

2
AdE E2E& Wi, B dyo] HA4 7] S2awFdLEEE olFuaA DNAY & gk B
A7 P AFEHULE EE Ay HIFEELEEE 10 WX 300 bp, vEASAE 50 X

pel Aol 7bd & glovt, ofo] Algss Ae ohm, B4 B4

)
S
S
o
©
fz
i)
g
=
o
o
o
ol
X
s
—
o
S
=
>
—_
oo
o

2dolA 7] L AFIUEEE Jtel= RN 7Y 4714 2 EA
= ~

A 3
FUoEEE PR 359 5+ JuS Zebelnt A%E 5+ i Fobe] AEe 23T 5 Ak,

A7) B4 AL 10 WA 100 bp, HFEASAE 20 WA 50 bp, Bt} o #pEAS A= 20 WA 30 bp, 7HF H}
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FAAE 24 ) 26 bpel AolE 4 = Yovk, SE3 ool ARHE AL ohr,

T3, 7] 7le]= RNA 2H A E2 10 WA 100 bp, vl#ASHAIE 15 WA 50 bp, XUl uld2AsAIE 20 WA
30 bpe] HolE 7H F oy, EHI] oo A= A2 ofr}.

0%
N
ffo
)
b
I
il

FeEHEE vRE A9 ¥ T3 5 9l

[
=
=
=
HE,
T
H
:
=]
)

x )

e i)

_O‘ =

rlr

S [ o

2

oo 2

oN & —

lo 15 i)

A2

o [

Lo off

= o

r o2 o

i

i)

)

\}

ofN

)

ox

H

o

o

e}

aY)

o

o

=3

o

-

o

3

=

®

=

2

tilo

o,

=)

[

ox

9

O

il

N}

ofN

o

o

o,

X,

o=l

wE —H
&
t

rlr o

By

oo
9
=
i)
i
o
N,
filo
K
4
(U
=
to
NI
Iy
i
X
K
=
2
rN
i)
o Mot
ol
30,
ki
S
_O,L‘
rlr
1=
N T

=2
>
RN
i
N
N
10
N
N
o,
i
=
=
o=
2
ol

e no
1o,
=
_O|L -
rlr

J
o)
(o
f
f
o Mo

L]
s
4 r
¥
o
O E o &

fu) b

o

=)

e

i)

[>

=)

n
1 Lg ox I
<y -

2

)

ir oo

g
T

oL

o,

I
2

o

i)

ox

FRAH R, 47 W= AR A
L g AEbse AdE Ben

el
s
ri
Y
P,L‘
fr
o
o
jid
o
e
N
fiio
i)
=
=
il
)
to
ful
[
_}l_‘
(=)
ol
)
ol
%0,
iy
Jh

5

!
i)
fo
[
il
o=}
%t
i)
-
%0,
o)

9
ofo
o
o
)
2
BN
A
o
2,
i
12
=,
==

g

i 5
ox
~
&

o Lo
I oy
R

e
Ir

o 32

ki

Jju

ol

ol

rlr

2
e by e

|

o

=

>

Ko

S ¢
r =

we r o O

~

4

¢

s
2

N

N
ofr T

g,
i)
I
A
9
v
O,
Ll
2
BN
P,E
N,
Ho
%
X,
ke
2
2
)
P,E
rlr
ok
finid
rlo
oft
ins
N
2
K
> i
i)
(7
o
ok

[ o= ¥ ox

Yol Al AzH ME golHeg = 7lo]E RNA-E4 ANEE XEsle SZAFIEdHE ) B9 Ax Jd
Gt ol Zzte] AZEe W, PANCE welusd FR WEE 47 A 98 29

A7 WE7E =4d ¢ e AlEY R, 9HY i 9/EE BAXste AEY FR wet AdeA 99
27 AEE ¢ glon, 1 dR, g gy, 2EEAL, ARde gy ies 5o wEHEe ME; &8 A
% Ao} Gands S| FRAY; ERxud, A¥EIee 59 AE 5o BF AX: C(FF B2
W4 M ¥, chinese hamster ovary cells), SP2/0(m}$-2~ ZT4E), <17 Y=ol (human lymphoblastoid),

C0S, NSO(w}p$-2~ FF), 293T, H-$ HEwemp A2, HT-1080, BHK(®|o]®] ~E AIZA X, baby hamster
kidney cells), HEK(¢17F wjo}Al=F M|3E | human embryonic kidney cells), PERC.6(QIZFubA|E) So ZE A

E; EmE A% A% 9 5 o
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%0 o N - M o O ) o A il N wﬁ <0 lo o K
KON N S - SO S S F P W RERD RT T . T
oV Wp M BOF R T R PR N T H FFTNODT O ORRET A RN TR
3 3 z &z &5 =8 = T T g SR
S S, S S S s = S S = = S S S

toZHE 3 WA 10 bp W9 el &

]
gl

al

=

so] A9l 5

Ea

TEE
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=ddol7t
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[0121]

[0122]

[0123]

[0124]

[0125]

[0126]

[0127]

[0128]

[0129]

[0130]

[0131]

[0132]
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g Wb, /e TR E XA 0)A ] 3+ (downstream) ol PAM Aol U= -5
oA, A7 |71ng H Wl 4 E71(A == O7F vAg%d 471G e DE vhy oA SASALY; &
A71nAgH W A G716 =2 T)7F A 971 =5 OF v oA wAlsls dgolw A|dkgle] xg4

=

oM, A7) ezt HEdAWo] B HEe oM FIF 7 (Usher syndrome), FU3|AOIA}F =84 2
=9 (INF receptor-associated periodic syndrome: TRAPS), v} &% (marfan syndrome), #3%
Ad7] 98 JF (Type 3 form of Maturity-Onset Diabetes of the Young: MODY3), A XA wn|R Al o
(Congenital stationary night blindness type 1F), 7HEA 2FY e Ed 5 (Familial
hypercholesterolemia), XS54
syndrome) F°] A=A, CBES] 7
(retinitis pigmentosa), &l 4y XF
< (Familial hypercholesterolemia), *+$34Y

=3

=% a*(congenital myasthenic syndrome: CMS), ® X531 (Lynch
L Zo]l-fo|= Z3Z (Loeys-Dietz syndrome: LDS), ™ubAliwAAd=
+ Aoll(Leptin deficiency £+ dysfunction), 754 ZFH=HEY
A DA H 7o (autosomal recessive deafness), Zdl~EHE =
=2 At A3 (cholesterol monooxygenase (side—chain-cleaving) deficiency) % Z&A I3t 7H4
(progressive myoclonus epilepsy) & ©]Fo] FOo2RE MElx= o dud = glort, o)d A== A

& ofut},

o2 ¢Fe A7 WHE AFEHE Adsr] g% 22 ade] 7|EE AFH #E7bs ZISuAE AlE st

A7) Z2ade A Y Arlag FHAISY dAVInA a8 2 A dF5 A2E Be 9rlag §HA)
219 A7y 528 9 Ad 45 PHS HFE Z2aY Aoz FE s Ad ¢ o, dAvug fHdxrt
o] A7|nAg &8 % A3E dFsed olgd 4 Ak

B odmgol Zggds pHEs 4 glE AFY TR g Aol Python, C, C++, AuF(Java), EES
(Fortran), Y574 ®lo]&(Visual Basic) &°] Yo old Aty A v, 4r] =L USB HEF,

CDROM(compact disc read only memory), 3t= Tl2A=A, A7| fxdl, T 18 fAFSE oA == 7| S9o] 7]

E AR AGE ¢ dor, Ui Ee gF YEYI Axgd AZ29 F Jduh. dE E¥, HIFEH A2"e
HTTP, HTTPS, =+ XML TR2EES o] 839 GenBank(http://www.ncbi.nlm.nih.gov/nucleotide)9} #S AYg
o] o] 2o &t 4 2 2 7] fHRe] 2d g9 I ES HAE 5 Q).

47 ZEaRe el wi
4 AT @y &
gz Azd 5 Ak

Fge A7 FAATIIE AE st dAlE E3ske AES fFAANA 24 wEUHHES

ZeRlew Aled 4 oy, AFHE s AA7)7Ieh AgE ol 971
A~ A

2
& 2 A 5 ARFE Al

o2
>,
al
o
o
N
fl
=2
2
2
2
o
i,
o
=l
An)
1=
fr
[
i)
o K

A7 wA FHAZEIE (1) RNA-7Rel= 47
A= FAA, D (ii1) 23 AdH EX

O_u m
Lot
e
4
¥o rr
rlr
)
o
[
=
=
=
4
rlr
o
-
I
ol
o
rlr
Ho
2
>
il
[
o e

A7) 4 MEe PAL MG, ZRE2AWoIN M, 2 7lo]= RNAY ARAHQ HIS 2geta

7] 7¥o]= RNAC] AH A<l HE& 5'-TAC-3', 5'-TAT-3', 5'-TAG-3', 5'-GAT-3', 5'-CAC-3', 5'-GAC-3', 5'-
CAT-3', 5'-TAA-3', 5'-CAG-3', 5'-GAG-3', 5'-AAC-3', 5'-CAA-3', 5'-GAA-3', 5'-AAT-3', 5'-AAG-3', 5'-
AAA-3", 5'-TCC-3', 5'-TCG-3', 5'-TCT-3', 5'-TCA-3', 5'-CCC-3', 5'-CCT-3', 5'-ACC-3', 5'-CCA-3', 5'-
C0G-3", 5'-ACG-3', 5'-ACT-3', 5'-ACA-3', 5'-GCC-3', 5'-GCT-3', 5'-GCG-3', @ 5'-GCA-3' o o]Folzl +#
O RVE HUEE= AdE L3slal,

471 o a e FA4 AMEolA otEld Exe AEAS gotrkdlels AL SHCRE k= AlEe] FHA

= AL
A EH 72AeEEE APt PHe AT,

A Al A, 7] RNA-7Fol = FFE e obAl= Splas9, nCas9, B dCas9= o] Fojxl o 2RE Hes= 2d
T At

d AN, 7] FA4 FEULEEE ZREAACN g9 51 WHorRE 3 WA 10 bp A EA 8t
=AY F Ao
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[0133]

[0134]

[0135]

[0136]

[0137]

[0138]

[0139]
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#d A oy wE As

m

18 o)

)
o,
it
ft

A7 FAAZFIE (1) RNA-ZFol= wEEolAl e ol Idste FAAF, (i) EPO}HI ik
ZPeE FAA, 2 (iii) B3 AL £43 & £ Qe JFo]= RNA e ol mYEE fAAE

o
N

o o,

S
H bR
oo fff

ox
N
=3
o
>
g
rlo
-
=
=
>
g

(o2

, ZREZ2o]A Ad, 9 ste]= RNAY A NDE E3sha,

il

71 7Fo]l= RNAol AR ARl A E& 5'-TAC-3', 5'-TAT-3', 5'-TAG-3', 5'-GAT-3', 5'-CAC-3', 5'-GAC-3', 5'-
CAT-3', 5'-TAA-3', 5'-CAG-3', 5'-GAG-3', 5'-AAC-3', 5'-CAA-3', 5'-GAA-3', 5'-AAT-3', 5'-AAG-3', 5'-
AAA-3', 5'-TCC-3', 5'-TCG-3', 5'-TCT-3', 5'-TCA-3', 5'-CCC-3', 5'-CCT-3', 5'-ACC-3', 5'-CCA-3', 5'-
CCG-3', 5'-ACG-3', 5'-ACT-3', 5'-ACA-3', 5'-GCC-3', 5'-GCT-3', 5'-GCG-3', % 5'-GCA-3'o.Z o]Fojz
S RFEH AYs= A L,

3 AQolA oldld EE AENES GolrlmBets A4S PO S Q3 FEAvol

yigel a3y

A Pl e F AsUL AEAE, FAANE Aol AZeel AFT Wa glo] B PYoR &
& 9 Q3o dZo] sbsetel AT WAl F5E FAANNE AT + Ark. ok, WAR/ AR
4 Qg AEQNel A% 3 Vw4 FAAMIR ABS WEAY WAT 5 A A9E BE 2 A W
%9 dFo] spsdtel @Y fAAIAL B AR HE & A}

=W 2Ed 49

%1 WitE 84 deled] suste] oy 1EA 9717 R4S S4S BAE Solrh

(a, b) ZTEE2Ho|M (protospacer) W A7 (a) oftld T (b) AEAY X9t Fdd %3 4

(integrated target sequences)ollA] l-x]2]aF W2 o o] . I

1H ZRE A g A 1 X 2004 SAHE @7 AR HNEE %E}lﬂ‘}iﬂr. A 20 PAM(NGG)«1 u}
el AEgtk, 24" 24 ADe F)e vhe3 2k (a) ABES A9 n = 2,427 WA 2,898 (b)

CBEA 4% n = 2,847 WA 3,858. Wl gk, F e 747k 25 HMH 50 WA 275 WA e

£ YEhdYh. 9 (whiskers)S Z42F 1 WA, 99 WA MR ¢ ghS LERATE.

(c, d) Tdg T3d w4 Mgl disl SpCas9-fr 2L (c) ABE- Hi= (d) CBE- =4

% A=A, 97] HY &g U 17] 91A1e] &2E wAIEH] ¢
, 2golx G ﬂ% Ao Pt A7E Z2E BF WEkATt. d]E(heat) A
2 H74 Wli(bin) W BH ML #& vEpdr. 4% 14 A4 F()E e 2ok (c) ABE<] ﬁ% n
= 2,172 WA 2,307; (d) CBE®l EHoH n = 2,746 WA 2 o]

(Pearson) F#AF(r)E HEAISHITE.

é
o
2

4 4" FHo2HE 4 YA 8 bp A4 (e) ABE- % (f) CBE- A HH 7] HA

FY9 HE HAEAE(context)e] &3, B4 7] H3 WxE 2 XA T}
A7 HxEEs Jehle HE REZY Fokg wxEz Aarsiyo]l, Adl Wi(relative

frequency)”} AFEEATH. E ¥4 REZ F(n)E v #rh: (e) ABEY A% n = 383 WA 1,413;

(f) CBE®] 79 n = 498 WA 1,110. Bf=oA ek, T 9 shebde Zh2h 25 WA, 50 #x 5 75 HA

THFE YL, Y2 474 1 A, 99 ®A WESe s JERIt. 14 7] HEE R A FAAS

2 FYng Zolrt gle AH2E MAo HEHT (subset)S a, b, ¢, ... @ he} FE EAE EASNTH

(P<0.05; one-way ANOVA & Tukeyo] A% 7 Aol s 2A4%).

T 2% 7 fIAeA A7) d e EH?E} ( ES ®

Bl To|tl. ®A ¢dv]E wrlao },\,\1 ”E}VH 0‘37] HH NEe 7 AAA 7MY =S Sk A

e

= Al —]14 -
A HEE Uehlle A9 REZ F4 L2 AarstEdn. 24" 124 ALY F)e e 2
YA 4949 ABE: n = 159 (TAC), 106 (TAT), 99 (TAG), 126 (GAT), 143 (GAC), 176 (CAT), 219 (CAC), n =

=
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78 (TAA), n = 169 (GAG), n = 267 (CAG), n = 146 (AAC), n = 144 (GAA), n = 158 (CAA), n = 123 (AAT); n
= 166 (AAG), n = 154 (AAA);

21| 5ol A9l ABE: n = 153 (TAC), 97 (TAT), 70 (TAG), 155 (GAT), 161 (GAC), 205 (CAT), 252 (CAC), 2
(TAA), 165 (GAG), 268 (CAG), 140 (AAC), 181 (GAA), 189 (CAA), 123 (AAT), 129 (AAG), 142 (AAA);

912 6941 ABE: n = 186 (TAC), 103 (TAT), 117 (TAG), 163 (GAT), 188 (GAC), 168 (CAT), 226 (CAC), 80
(TAA), 194 (GAG), 306 (CAG), 135 (AAC), 165 (GAA), 117 (CAA), 130 (AAT), 176 (AAG), 143 (AAA);

$1%] 7ellA41€] ABE: n = 168 (TAC), 108 (TAT), 119 (TAG), 127 (GAT), 155 (GAC), 169 (CAT), 235 (CAC), 78
(TAA), 174 (GAG), 289 (CAG), 125 (AAC), 178 (GAA), 134 (CAA), 97 (AAT), 162 (AAG), 121 (AAA);

AR 8ellAe] ABE: n = 170 (TAC), 105 (TAT), 76 (TAG), 148 (GAT), 169 (GAC), 221 (CAT), 240 (CAC),
(TAA), 165 (GAG), 282 (CAG), 118 (AAC), 194 (GAA), 170 (CAA), 125 (AAT), 134 (AAG), 134 (AAA);

9] 4942 CBE: n = 186 (TCC), 101 (TCG), 176 (TCT), 211 (TCA), 230 (CCC), 219 (CCT), 183 (ACC), 243
(CCA), 183 (CCG), 115 (ACG), 153 (ACT), 177 (ACA), 203 (GCC), 220 (GCT), 170 (GCG), 194 (GCA);

Y] 500A¢ CBE: n = 173 (TCC), 93 (TCG), 173 (TICT), 173 (TCA), 182 (CCC), 231 (CCT), 181 (ACC), 219
(CCA), 170 (CCG), 91 (ACG), 178 (ACT), 157 (ACA), 222 (GCC), 223 (GCT), 148 (GCG), 84 (GCA);

2= 6149 CBE: n = 198 (TCC), 108 (TCG), 157 (TCT), 174 (TCA), 192 (CCC), 195 (CCT), 193 (ACC), 195
(CCA), 176 (CCG), 104 (ACG), 152 (ACT), 161 (ACA), 228 (GCC), 159 (GCT), 154 (GCG), 200 (GCA);

QX 7o4¢ CBE: n = 195 (TCC), 125 (TCG), 171 (TCT), 232 (TCA), 180 (CCC), 208 (CCT), 198 (ACC), 248
(CCA), 175 (CCG), 118 (ACG), 165 (ACT), 165 (ACA), 213 (GCC), 213 (GCT), 158 (GCG), 173 (GCA);

Y 8ol A CBE: n = 163 (TCC), 93 (TCG), 152 (TCT), 199 (TCA), 177 (CCC), 233 (CCT), 211 (ACC), 205
(CCA), 171 (CCG), 70 (ACG), 126 (ACT), 193 (ACA), 227 (GCC), 225 (GCT), 172 (GCG), 200 (GCA).

bxo A ek FoF 9 slde ZkzF 25 WA, 50 WA D 75 WA WEYSE et #9847 1
HA, 99 HAl Mg S vERdTh. 97 HY 2 QA HlikoA Eﬂﬂoﬁ-WJQﬁ‘ﬂﬂ1‘$E'ﬁ@i
E ME FEH-3(subset)> a, b, ¢, ... ¥ jo 72 ZTXE2 BAISTH(P<0.05; one-way ANOVA 2 Tukey
o] AFE Al o 2AH)

T 32 ZREAVo|A g9 5 Uho2RE 4 A 8 bp ANA Splasd-FrEH AP W] tiEt £3 A
71 () F99 AE dYAES] gdE YEbd Zolth. (a) B (b)) 28 MES 44 & 19 (e, D F
dairt. 1l WEE 7 AAA M =2 T4 A REE UEhE Mg BEHEZ St RERE Aqts)
HAATh. 3/ wEHLHE RHE 3 249 124 A9 F)e o3 2o

(a) n = 807 (TAC), 478 (TAT), 464 (TAG), 685 (GAT), 1,142 (GAC), 787 (CAT), 903 (CAC), 350 (TAA), 832
(GAG), 1,379 (CAG), 638 (AAC), 823 (GAA), 738 (CAA), 558 (AAT), 735 (AAG), 620 (AAA);

(b) n = 915 (TCC), 520 (TCG), 829 (TCT), 989 (TCA), 961 (CCC), 1,086 (CCT), 966 (ACC), 1,110 (CCA),
875 (CCG), 498 (ACG), 774 (ACT), 853 (ACA), 1,093 (GCC), 1,040 (GCT), 802 (GCG), 951 (GCA).

wtzo A Aok, S H oSS 27 25 WA, 50 WA 2 75 WA WELeE yehdt. 9 474 1
HA, 99 HAl M9 S veRdth. 97 dJ3 2 AP HiEoA EﬂﬂOE_WAMﬂ—ﬂﬂﬂ-mt G s
E MEe] HFEHZ(subset) a, b, ¢, ... ¥ o} 12 EXE FAFATHP<0.05; one-way ANOVA 2 Tukey
o] AFE A o Z2AH)

T 4 7 A7 8 71w & 9 Vs d wAAREY] NEE d5ce 45 2dd
AeFzolnt, Ay 7hsgh A= (2 2 1E) Yo Al 7i9 otuld (Mo R HA)S A EA YERAS AL,
ABE-HAE Aol digh AL oS 2 A¥AoE H4"E REE JUEUT. ZEEAF A QIR HEX
(protospacer adjacent motif: PAM)S Ighloz FASAL d7] ARE FEILEZ=E LEA=E

EAB.

% 5% ABE_efficiency, CBE_efficiency, ABE_proportion ™ CBE_proportion®@e] 7o QlojA  wAHSS
AHg3le] 3lE dolof(hidden layer)e] F°9F QIE Ade Aol& AAe BHE& Y Zo|t). 3 E(heat) ¥
< 108 wxF AF(n=10)2] BF (a) Spearman &3 A5, (b) TW-gol&e] WAt gh& YVERd ol
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FA Mol aBe- B Be-fried @71 Ao a8 3% AAE dFdke oS 2o )

e
)
2

(integrated) % W21 Al (endogenous) 9o A ABE_efficiency, ABE_proportion % DeepABES] A& H
H 3 ALY 4, wAAY ve 2@ 74 Ao a8 () 44 gy 2o 58E 99X HA$-n =
438, n = 1,976 2 n = 2,124; WAA YA A9 n =94, n =435 ¥ n = 462. Spearman F& AF[R) =

Pearson 4¥# Al (r)E EAISII U

=
o H
=]
=4

X

(b) 3 = WA $XolA CBE_efficiency, CBE_proportion 2 DeepCBES] /‘é% Brr, BAH
F, WA RE 2 7 A3 a8 ()2 47 oo 2ok BgE 99 49 n =482, n = 2,
10; WelA F99o A n =522 % n =553,

2 ¥4 Aol s, WA F-91olA (ABE_proportion = CBE_proportiono] 2]3l) &%
A7 JH WA % vs. SAE 97 91 wgAd7 9= 7he] gl A (symmetrized) KL #AF gh(Kullback-
Leibler divergence value)S AF&3F ABE_proportion % CBE_proportion? A% H7F. %3 39| (HT_ABE_Test
(=we] HT_ABEel 3&4) 5‘3‘: HT_CBE_Test (X=we] HT CBEoﬂ ) vs. WA F-$](Endo_ABE_HEK293T T+
Endo_CBE_HEK293T)oll A &4 ¥ 47] AH AAY Wx 7he] KL A g =z nazA yYehfdo. £49
T4 AL =)= E]”ﬁ‘i]' ZJ_B}: (AZHH = OE) n=59, n=62 n=269, n=62 n=52, n=65 n
=290 % n = 65.

(d) DeepABE / CBE % DeepABE / CBE-CA(EAZ HA)9 AHe v, ZF & SAHE A4 Hixe}l o459 3
A 7+9] Spearman 4 AlFE YERAIY. &= 10 o] A (n = 2 X 5) vAZA(fine-tuning) 2 F% HXZE
A}E YERHATHNS: @A A &),

% 72 DeepABE ¥ DeepCBE 7He] 7|9 E el Zo|t}.

= 8 ¥ & 9+ HEK293T (a-c), HCT116 (d) % U20S (e, f) AlES] WAdA H-olA ABE_efficiency,
ABE_proportion % DeepABE®] A5 7} A& yeld Zolv}. 4% mA AN 4, A¥ H 7 A% &
S(n)e 27 923 Zt)h: n = 94; n = 435; HEK293T M, replicate 1¢] % n = 462; n = 87; n = 353;
HEK293T, replicate 29 7% n = 379; n = 75; n = 316; HEK293T, replicate 39 2<% n =337; n = 41; n
213; HCT116 A|E°] 9 n = 244; n = 24; n = 100; U20S A3, replicate 19 45 n = 124; n = 25; n
91; U20S A=, replicate 29 7% n = 116. Spearman A% AF(R) L Pearson A% AF(r)E ZEASTE.

£ 10 % = 112 HEK293T (a—c), HCT116 (d) % U20S (e, f) Al Uil F-9lellA CBE_efficiency,
CBE_proportion 3 DeepCBE®] %5 @7} ZA¥E vebdl olvh. &A% 34 AMde 4, A3 9 7 23] &
S 242 bg3 2ok n = 102; n = 522; HEK293T, replicate 1¢] A% n = 553; n =95 n = 531;
HEK293T, replicate 29 7% n = 559; n = 83; n = 413; HEK293T, replicate 39 2<% n = 436; n = 36; n
193; HCT116 Al3E2] 49 n = 203; n = 28; n = 149; U20S A|3E, replicate 19] 4§ n = 170; n = 23; n
136; U20S A3, replicate 29 % n = 159. Spearman ¥ AS(R) E Pearson A& AF(r)E FAISHS ).

T 12¥ ABE ¥ CBE-frxd = 2 H3-#d A7F dEdwele wAd gk o A3, v 994 Ee
AP Y AEddols Ade A PAMINGG) ¥ o+ 1D%, A2 o7 oA (wild-type) ALZEEH A

AEAY 94 3 WA 109 BUFH DRSS ALESHE ABE EE CBEO] o8 opdEe] Adw dad A
+
(a) RHA o2 ABE(SA) Ei (BE(EFAE AHgste] 44E 4 ol A8-va AEduole] &

_L_4

(b) 9xH o=z ABE(:=A]) X (BE

~

el
=
i
>
>
ofo
EL
2
El
o
i)
¥
0,
il
i
rﬁ
r J

d HEdoele]

ﬂ>

=
(c, d) €I17F iPSCollA A3-7#E H=edole mulg ] 3k (¢) ABE_proportion 2 CBE_proportion % (d)
DeepABE % DeepCBEQ] A5 H7F. REw2 ABE T CBEAl sl A Qb iPSCAlA B/ FAEEAE &dW
olF EYTo =M G = AT}, Spearman ‘g ﬁ]—’F(R) 2 Pearson & AF(r)E FTASIAT. (c)olA Arte
FE n = 465 (ABES] 7Z%) = 767 (CBEQ ZA%) (d)olAd HAA/FAMAA EdRe] B9 $+ n = 31
(ABES] 749-) 2 49 (CBEQ] 7$-)olt}.

T 138 ABE- ¥ CBE-f=% mdd 2 Asl-#d Q7 JEdAe] wHgARE o 53 ol
(a) ABE- % CBE-H=9 ndy 2 d3-3d <z dEdwo] wAd W in silico ¥ AF}E b B



[0140]

[0141]
[0142]

[0143]

[0144]

[0145]

[0146]

[0147]

[0148]
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Zolth. sho] AE(pie chart)ol E& > 5% (B7HA) Ei <56 (Ao 44 EE wAd & Qe P9y
% fAPEU AEQElS] £8 vehiglnh, 971wy W9l W B A EE CF 2t PEAWClE 98w
4 mE Qg Meden e, @vlmg 89 Ul 27) ol A EE CE 1 AEUWE e wa
EE Qe nedoR vehigln, 7 stole] gge At FEAM|9 o v,

S Az 41, BAmY FAAA
dehd Aow, B g o]’ 'wAAR Lmel'd B
A3te el AESHAT.

(b) A71wA FHAAZRIR e 5 s wgAHe] oAS vkl ol

st H 17} w\t 740@ C’ﬂzd'

Bl 4o Kl o2
oxl _1[)1' ol N, 2

] Oob\o]'% AAjel 2 A E Foto]l wrh s AWt 19
AA o
I

1. &gawedEE FolBudy & Fav| = Folue 9 A%

Twist Bioscience Co.dl ¢&ste] & 17,8407 LT FFHLEE E(pool)e golB &S A&str)t. &7
AFEUEE Fo i 24 ALRA, 9o FA AL sghNA e HAY/FE A% Uo] A == C X
g o5 Soll digk ojmdt JrE glo] AAEHAJT. SR FIHULEE F2 GeCKOvl ZholH e Z5E Qo=

AelE 9 824709 & ME, AE XW vAE 7Y (encoding)dhs FHAAZH-E AEle 1,804712 £2 M4,

Feted, AFWEY 9 6-Elegobdel i Uldn deE FHARRE MEE 2484709 B4 A4h, GC

ol 53] WAY HL&(<20% = =80%) 7hol= MES FHrshE 9987 Q1E A 2 Al FHAbe #E e
A =Y B HlFY FHAARNE 546709 1A Ado] EIEUATE. A7) 546709 HA A de] Ag %A AL
g oAl wpEEE ARESte] 7 A H-9lol s 5-fold AWM A (coverage)E AT, T4,
17,8407019] LA FZHSEE A EL 9,824+1,80442,4844998+(546X5) 7N L1 F UL =R FAE L,
9,824+1,804+2,484+998+546=15,656 42 sgRNA-TW % 4 HFS F33th. o] o]&sto], HT_ABE_Train
9 HT_CBE_Train HlolE] AEZS AAstaL, o] 3 54642 HI_ABE_Test % HT_CBE_Test ©lol8] AE Aol A}
B3t

F

7Fol= RNA ¥ A-$3te B4 Ad AS dfste Sgav= goluggls 3 oA E2](Gibson assembly) <}t
T&sle Aetase 93 Ak (cutting) © AZ(ligation)d 2 ©A F2Y HAE Fukste] A ZE AT,

2. STH2FE HHY Ax

N split-ABE Zefaw|=o] AZE $18], ABE7.10-79 A< (Addgene, no. 102919) 2 AE|A-vl7} split-
Cas9-7Y A<Ee wHS PR ZEA7]3 lentiCas9-Blast(Addgene, no. 52962) = pX601(Addgene, no.
61591) ZgtamEg Z2Ysgrt. AAE ZHAUE=Z Lenti_Split-ABE-N-Blast, Lenti_SplitABE-C-Hygro-
eGFP, AAV_Split-ABE-N 2 AAV_Split-ABE-CZ ™™ 3}3itc}.

W split-BE4 Zgtav|=o] AzE 9, BE4-7Y A< (Addgene, no. 100802) = <le|el-wj7) split-
Cas9-79 Adeol ©HE PR FZA7]2L lentiCas9-Blast(Addgene, no. 52962) - pX601(Addgene, no.
61591) Z&Av|=2 F2438t. AAHE Z84u =2 Lenti_Split-BE4-N-Blast, Lenti_Split-BE4-C-Hygro,
AAV_Split-BE4-N 2 AAV_Split-BE4-CE 833},

A% ABE7.102 FYsh= #Empolel~ WEHE A X357 918, plenti6/Vo-GW/LacZz Z8~v|=E Suldhal
(ThermoFisher) &% HAlE 98] HFA|ZHT: EcoRV A3 &4 (NEB)E LacZz ©HE Ea&slar, =24 7+dnfo]
2] AALS ZH- Q A (posttranscriptional regulatory element of woodchuck hepatitis)e] A <ES Kpnl &A-
A2 H-Slol AF]lstgith. pCMV-ABE7.10 (Addgene, no. 107723)22R-Eje] A% ABE-3ZW AMES W
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pLenti6/V5-GW/LacZ Z&}xnm| o] ZF243t1 AYAHA Z8~v]=E Lenti-ABE-Blast® W33 tF. pcDNA-BSD
Z8}Av == BSD FAAS PCR ZFA) 7] Kpnl 2 EcoRIZ E388F 3 pcDNA 3.1(+) ¥WE (Invitrogen)ol] =
J3te] 1|3k ).

3. WEHpolZ 2] Yt

gdlEjulole s glolB gl Aaks 98, <1zt wio} A% Al E Q] HEK293T H]E(ATCC)?— s, 2§24,
psPAX2 E plD2.GE sl 3719 Ad ZEav =g 4:3:19 FHFUE B85 F 20ugd Zgav= B3
=5 *Mé}ﬂ 2 EHE 2000 (Invitrogen)S AR&3lo] o]= HEK293T AlEol]l FAZAAAT. AT F

12 AJZrel AA%E viXE A Eo 7tstar, 4 749 F 36 AlFte] wlolH 25 i3t AFAS 5T, F
=4 }E)L%QH% Millex-HV 0.45 m A-v+2 Agt @B gl (Millipore) .2 o]3}star, ENL A& A|71A] -80T
of B3t vlol# A &L Lenti—X p24 Rapid Titer Kit(Clontech)® =#A3}o] AZ3} L. wlolgjx o

7} &S 98, 2 349 vlolgls EAS 8 pugnl 4 Z2] B (polybrene) ] FEAJl A HEK293T Aol 3=
=9sta, 2 ﬂgmﬂil FFEupo]2l TEE 20 /.zgmﬂi Egt2E|lA]d (blasticidin) S (InvivoGen)2] Exfoll A nj 3}e]
A&

Zug AEulole] s gloluele]e] FAEAS 98, HEK293T AE(9.0X10)S ujok Ao uba] wjkalgic.
ZAAds = (multiplicity of infection: MOI) 0.39] #E]nlo]ejx glolHeg]= 8 ugmﬂilgl ZgBndle] &9
A HEK293T Mo FAweta, AEE 15-1843F Bt M. MEE 2 gl Fzufol Aol Exjol A
Wgale] AR E A ke MEE AAS L, 9.0X10 XS] Fow AE FolnE FAHUT.

4. AX golB# e ABE, (BEY] A

ABES] 79-, Lenti_Split-ABE-N-Blast ¥ Lenti_Split-ABE-C-Hygro-EgfpE 1:1¢] F#H|Z &3] F 240ng
o] Zolavle EFELS AT, LAY 20008 AHEEA] o]F 5.2X10° 7] %o ME golnew AW

SIS i= CBE«] 4%, Lenti_Split-BE4-N-Blast, Lenti_Split-BE4-C-Hygro % pcDNA-BSDZ 9:9:29] FZHH|2 &
Fotol F 20pge ESokav= EFES AAdsta, vl FE7Y9 A=¥ (ThermoFisher Scientific)& AR8-3}

o} 2x10°" gelmel AT W7 AFAATH. TS W WS 10% FBS7F HEE DMEM, 40pg ml Sehxs
B4R S (InvivoGen) @ 80pg ml  8Fo] 2&ulo]dl (hygromycin) B F= (InvivoGen)® wAsh:, @27 5
d T adEs FHske AREESlT.

. WelA B9 (endogenous sites)ollA] ¢7] R ¥z =4
WelA 9ol el ABE % CBE 24 H7IE 98, 54670 WA B4 5 5 15370 %3 5971 AeasATHDHS
e 7070, ®]-DHS ¢ 8370). HEK293T A|¥ol sghNAS FY3t+= Z22~n= 100ng (pRG2; Addgene no.

104174) 2 A &-7o] ABE7.10(Lenti-ABE-Blast) H+= split-BE4(lenti-BE4-N-Blast, lenti-BE4-C-Hygro; 1:1
SE Sy Earis gl EWER JAUNA A% BYS Sl K06 A

sgRNA(pRG2) & FH 3t Z2F2~7 = 100ng, split-ABE (AAV—Spl1t—ABE7 10-N, AAV-Split-ABE7.10-C; 1:1 ¥]&)
= split-BE4 (AAV- Sp11t -BE4-N, AAV-Split-BE4-C; 1:1 H]& Yot S8 = 200ng 2 eGFP 2 F=2

ulo] Al N-olMEEMNAHTA S FAY3+= ZAuE=E 50ngl 2 &2 1%0&/\];3\1:}_ HEK293T =+ HCT116 A)3E+=

A I.OXIO\ T 4.OX1049] Az JAZZAAAT. U20S MEE sghNAS ZYsl= Z8~u = 11g(pRG2,
Addgene no. 104174), eGFPE I HY3te= ZTFAv|= 500ng ¥ F=Ewulo]al N-olA €l E dll ~ 3 2} A (pEGFP-Puro,
Addgene no. 45561) % A% ABE7.10(Lenti-ABE-Blast) =+ split-BE4 (Lenti-BE4-N-Blast, Lenti-BE4-C-
Hygro; 1:1 H]&)E IZQsle Zg2vE 1lugd EFEZ FALEANAY. Sgare EFE58 = 34 7
& Al (ThermoFisher Scientific)& AF&3}¢] 1x10° U205 AEZ A7) AEAFHC. 9 vfoket & vk j
A= 10% FBS % 2ug mlilgl F2nrlo]4l (InvivoGen)o] BE% DMEMCO = i A|3+9ith. ABE7.10 =+ BE4= & A
a9 AEES FH¥3ta 59 F(HEK293T A=E 2 U208 xﬂp) = 3.5 A(HCT116 AlE) F A4 (Deep
sequencing) dFit}.

6. 3% zdgy 9 AFP-A7 gHo|9 uF

A fFrEvteE7|AEd A A7y FAAR v & s 28 2dd 2 A 2ddel uAS
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gelagith, WA, Clinvar dloleulo]ze] Agk el FEAMOE F 4 A(Hol® 37) o] BA A =
E0ES TPIL FS AAAET AES(SIA 4 U4 9ol 9T F 057) BAwelE Adsirt. B
2t

iPSCZ Essential 8 ®iA](ThermoFisher Scientific)ollA wj%aldct. d3-#AH HEAHo|E FEd7] 9
©17+ iPSCE split—-ABE (AAV-Split-ABE7.10-N, AAV-Split-ABE7.10-C: 1:1 H]&) X split-BE4 (AAV-
Split-BE4-N, AAV-Split-BE4-C; 1:1 H]€), sgRNA (pRG2, Addgene no. 104174)E #HslE= Zekxm= 150 ng
2 eGFPS} FFErulo]al N-olAdE M A~v 24 (pEGFP-Puro, Addgene no. 45561)5 #F Y3l Zghin= IOOngJ
E3E 500 ngo 2 FALAAAT. ABE 2 CBE-miriE Ze-#e dEdWol wY &S SAHs 4,

4 AEAWelE: x3she 34 BA AES wEuboly = Ak QIZE iPSCol HEaklvh. wigE iR 4ug

nl | BEAEAYS Arlste] PAEQE A e AEES AASYC oz, g xHAEl A2k (ThermoFisher

Kel
=
Scientific)g AF&3te] T4 Mol =UH iPSCE A7) 3F7FY Zekav= 235 JARAAHAL. 247

o

H
@~?%M]ﬂ%%$ﬁHM}%ﬂ%lm%Y27%@gmﬂdﬁw)mlugmﬂ%iﬁﬂﬂmwwﬂﬁii%ﬂ
Essential 8 WX 2 mAEAT, FRufo]roz MA@t F 2447k HXE AA o]-El 4 o 10uM Y-27632%
B 2% Essential 8 HiX|Z AlXo] 7taiFdet. A0S 38 3, AEE s 44 DNAS o A DA 3]
AR 58 2 97 HHe dHE SA3SI.

7. ° A A4 (Deep sequencing)

Wizard Genomic DNA A 7]E(Promega)E& AF&3ste] AXZFH A DNAE 30, PR 2X pfu PCR
Smart mix (Solgent)& AR&3te] Faatgivt. A-AuF AFES &, AHA PCRoA 2+ Al gto]Bejg]o] o
a ZF 264uge] FAA DNAE o] & O}Oq ol H e gel sl 1,400x o] AWAI} HEF ik, 449
PCR 2HES @Y Z(pool)Z &3k & MEGAquick-spin total fragment DNA BA| 7| E (1NtRON Biotechnology) =
AA AT, AAE AE F 20 ng?] AEE Illumina 9JHE % vlz= HES 3F3 ZdolmE AFEEte] 2
2+ PCR 53%3}3itt.

S LFEULLEE F(pool) TFHE Zijo|n

- A&k TTGAAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACC (M E 1)
- 8k GAGTAAGCTGACCGCTGAAGTACAAGTGGTAGAGTAGAGATCTAGTTACGCCAAGCT (M E¥ & 2)
ZF PCR WH&-§ Zijo|n

- A8k ACACTCTTTCCCTACACGACGCTCTTCCGATCTCTTGAAAAAGTGGCACCGAGTCG (M E¥ & 3)

—

ACACTCTTTCCCTACACGACGCTCTTCCGATCTTCTTGAAAAAGTGGCACCGAGTCG (A B & 4)
ACACTCTTTCCCTACACGACGCTCTTCCGATCTCGCTTGAAAAAGTGGCACCGAGTCG (A E™E 5)

- A3 GTIGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTTAAGTCGAGTAAGCTGACCGCTGAAG (A B & 6)
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTATTAAGTCGAGTAAGCTGACCGCTGAAG (M EWE 7)
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTATTAAGTCGAGTAAGCTGACCGCTGAAG (A EH <. 8)

22k PCR WE-G-8 Zefo|H (A7 E T4 oAl 8bp HbRE M ES ovledh)

- 433k AATGATACGGCGACCACCGAGATCTACACt at agec t ACACTCTTTCCCTACACGAC (A8 & 9)
AATGATACGGCGACCACCGAGATCTACACat agaggcACACTCTTTCCCTACACGAC (AE¥ & 10)
AATGATACGGCGACCACCGAGATCTACACcctat cct ACACTCTTTCCCTACACGAC (AMEW & 11)
AATGATACGGCGACCACCGAGATCTACACggct ¢t gaACACTCTTTCCCTACACGAC (A EWl s 12)
AATGATACGGCGACCACCGAGATCTACACaggcgaagACACTCTTTCCCTACACGAC (AEW & 13)
AATGATACGGCGACCACCGAGATCTACACt aat ct t aACACTCTTTCCCTACACGAC (A EW & 14)
AATGATACGGCGACCACCGAGATCTACACcaggacgt ACACTCTTTCCCTACACGAC (A EW & 15)

AATGATACGGCGACCACCGAGATCTACACgt act gacACACTCTTTCCCTACACGAC (A& 16)

b
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- A8 CAAGCAGAAGACGGCATACGAGATcgagtaat GTGACTGGAGTTCAGACGTGT (M YW= 17)
CAAGCAGAAGACGGCATACGAGATt ct ccggaGTGACTGGAGTTCAGACGTGT (M ¥R Z 18)

19)

foi

CAAGCAGAAGACGGCATACGAGATaat gagcgGTGACTGGAGTTCAGACGTGT (M E ™

CAAGCAGAAGACGGCATACGAGATggaat ct cGTGACTGGAGTTCAGACGTGT (M &R Z 20)

fol

CAAGCAGAAGACGGCATACGAGATt t ct gaat GTGACTGGAGTTCAGACGTGT (M EWZ 21)

fol

CAAGCAGAAGACGGCATACGAGATacgaat t cGTGACTGGAGTTCAGACGTGT (M EW & 22)

foi

CAAGCAGAAGACGGCATACGAGATagct t cagGTGACTGGAGTTCAGACGTGT (M EWE 23)
CAAGCAGAAGACGGCATACGAGATgcgcat t aGTGACTGGAGTTCAGACGTGT (M ER & 24)
CAAGCAGAAGACGGCATACGAGAT cat agecgGTGACTGGAGTTCAGACGTGT (M EWE 25)
CAAGCAGAAGACGGCATACGAGATt t cgcggaGTGACTGGAGTTCAGACGTGT (M EWE 26)
CAAGCAGAAGACGGCATACGAGATgcgcgagaGTGACTGGAGTTCAGACGTGT (M ERE 27)
CAAGCAGAAGACGGCATACGAGATct at cgct GTGACTGGAGTTCAGACGTGT (MW & 28)
8. ¥7] B3 A& 3 AN W= £4

7] HY 28 ¥ wAAe XS 98 Python scripts TEIHS WM AL fo|EHE EA39T).
A e
=

5-nt HhEE NS ol§3tel 247 bol= RVA % EH AE AL A

o

S

2

do
T
o

fn

A

L
—

o Ado] o g Fo(Hdd 9] spdle] HXg 8-nt FH) FH Y T AHLS FEUoAR
freE AdR gtk 9] Ao a8 9 AnE 243 8, 55 vas AE9R A" (sorting) gt
2l=(read)E Python script® A H3st3, Needleman-Wunsch ¥iE]F& AREste] Hx Mgzt vuwE F3
JES EFtete H=g Rt WRTbsd A9 We] ABE ¥ CBES] %A wEUHE= N 474 T e G
2 HBHIJES o, o]E ¢V HFHE AR FLEFGUY. L v, s3] FEe wel Zb A4 ¢
- o A

FEL L&)

=gggﬁz§§%fngg#ﬂ3%m@wﬁﬁfgfﬁ#gﬁzﬂsé§§fﬁﬂfi§4§ﬁ§dﬂwm)
& & E(read)

X 100

r o
i)
tlo
Fd
oot
o
o
rir
td
rn
ultA
N
Uy
o
B
©
%
B3
o B
ultA
N
()
o
iz
ki
2
4
o,
g
>
lo
ol
fot
ox
o
ofN
N
L
>,

o
ultA
N
ﬂ
N

g o
iy
&
to
o
iyl
=
>
o
)
rit
fol
o
_V_lt
e
L)
-
o

fo n
N
X

A
o
=)
m
N
ofr
=
o
i
Jdo T
2
o
aY)
QL
—L .
1o,
o 2
i1
o
of 1o i
=
o
Mo m [

(¢} )
ol £4 FRUALEEA EAlste] @7

fHoHo mY X g o

do & &
=2

rll
=
to
o
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84 2

FAEZIF UE

EF F7- HFE FF AEF2 &/ E(read)
e ey G EF FEHG A3 FA10)NWAFYIEL FF 7S EE FRE FTFHE 5 HF 9 F 5 E(read)

97 A Aol B B AHYL wolV] A, WY ALESL 100 viwel B AA(EE PCE AHE
Agel A% 200 e FEPsa, JusA g FFALHE ABS TS J=8 A, 9]
A Aol AE MR 92 DY A NEs 47 B BEL Fokol HET £ Qor), /] oA
whet AR 5 9l

7814 3

SF F7 - BHE FF A7 F 9 3 E(read) p—

7] BE EF9] FHH HE(%) = % 2 S(read)

_ H287aF @i EF Y HA3 FH10) R4 GEFEY FFHLHE FRE EFFHE EE A FY # 3 E(read)
# Z E(read)
5 £F §7- BPE FF AEFY F E(read)
F2FAEE GH(EF T G A1) HIER EF IR HE FEFE FFIE LE 4 FY F 2 E(read)

x 100

= F7EBH & x ZFEF UVE %

9. d44 H2AH9 17
il

ENCODE42 2 H-E] 28 DNase-seq < ¥ HolHE AMA HZA (chromatin accessibility) ILg]ol AR&3FS
L= A -‘n’/]ﬂ"ﬂ th3le] | bowtieddS ARE3le] 2370 7)o PAM + TR2EAH oA LS hgly A7 FZE
A dEeqlh. DNase-seq F< A SHAE A F9E5 DHS F-H=2 1HF33ict.

10. AEFAH A4S AHS3 92

Z%Z(pooling layer)o] f1= HAEFA A% (Convolutional neural network: CNN)S AFg3te] A3 Hlo]
B AEo dd gueds Fdstn @rng ARV a8 uAANE dFee EAS NSl &
% dlolE AEC Rdo]l A3t (overfitting) e e WA 3l AT 2=FolE 7Ntez X7 FX
(early stopping)E AF&38tal, 7} ZF(layer)olA] =Fol-E 0.3 AHE8sit. ZE 29 IE 2U(1,3);
Ad A, 45 2EFo|E=(stride) (1,1) 2 AEFHA F(layer)> o] HEHA &
ABE_proportion, ABE_efficiency, CBE_proportion % CBE_efficiency X@eol| ths}] z}z} 150, 60, 60 % 150
E (filter)E A&, ABFH F o]Fo|= S (ABE_proportion, ABE_efficiency) T F 7
(CBE_proportion, CBE_efficiency)®] #3] A" Fo] AL&EHSoH, 3 doloj9 wZ(node) F%
ABE_proportion, ABE_efficiency, CBE_proportion % CBE_efficiency’} Z+Zt 256, 500, 256/256 % 500/500]
Aok, FAF ANES AR F | RelU FAI3} 45 2 gato] ALttt

U
©
c 1o

r;‘ﬂ“

[e:
A= AL

11. AR F KL T2 (Symmetrized KL divergence)

47 HA A Fxo FAMES Aldte] sk giAd A E-gle] &Y kS AFESIATE. 002 YH A= A
S 938l7] 98, 5 dHolE ME® 0.001, HIZAE dHolg MES 0.59 AA 7+E(pseudo count)E F7}g+
H b7l FEHAe o3 KL ks ALts e Pk e 4 dF 9 HrkE RIEE onsit
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P.
Symmetrized KL = ZPilog—‘ + z Q; logg
Qi i P:

i

12. ClinVar Holg &4

A7 A3-#d EdRicole 2y B X84 wAds A% 97 69y 2§ 2 AHE AFs] Sdskd, ﬂﬂw
o2 AFg7Fsd ClinVar(v. clinvar_20190219_hg38) dlolE MEZS HE
PAMINGG) A gellx g Agel AowA, 912 3 WA 109 HH7Fsdh A= dd
HolZ Mels ¥ ClinVar dlolgm]o]2 oA MYy EE SAIEA o= =
£ 29ARE FPHAT.

13. A4 fo4

DHS F-91¢} H|-DHS ¥-9 2+ 9471 A &&& Hushy] 98 45 =FUE t-test(two-tailed Student's t-
test)E AFE3}2IT}h. DeepABE/CBESH DeepABE-CA/CBE-CA(RAA HAS el mel) 7+ 452 nlwss] 9
o Steiger's test® ALgaGT. B4 @71 7919 AQ AHAET §7 WY WEel WAL FFE A
218 one-way ANOVA 2 Tukey®] AFF HAS ARSIt BA4 #2942 PASW Statistics (v.18.0, IBM) 2
Microsoft Excel (v.16.0, Microsoft Corporation)& AF&3le] A s}

u!

14. Python script ¥ d A|dA dolg

g TA A A, DeepABE, DeepCBE, DeepCBE-CA<] Python scriptE github
(https://github.com/MyungjaeSong/Paired-Library, https://github.com/CRISPRIWCHOI/BaseEditing tool)elA]
AgEa, A FAdelA A @ AR dlo]E+=  NCBI  Sequence Read Archive  (SRA;
http://www.ncbi.nlm.nih.gov/sra/)oll A M E SRP150719 (PRINA476544) &2 3715 3tt.

PADN oql
AAd 1. FAAIe 58 € w425 Holg AE A
1-1. dHlolg AES Ak

FAZE AFAES Yall, old A7 (Kim et al, Nat Methods, 2017)°14 AM&&FE 15,656702] 7tol=
RNA 59 2 4 Mg o] dEutole] 2 gho]lHegE ARgste] FHA7E e 28 9 wAdZAd dolE AE
& Atk & 15,656700 AE & FollA, ZREAHA 49 5 Yo gRE 3 WA 10 bp A (]
2] 202 PAMINGG) 9] vl= ZdFell AFefsh el 13,5047+ Ho® shbe] 14 ofdds X33%lar, 14,1577+
ol st A AEAS XF3IGITE. Al glo|B#glE ABE7.10 E& BE4E IY3ste FEtav=2 ¥
Az, 44 24 wEULEHEAAY 7] A3 a8 9 7] 9F ZFAE Frreklvk. o]
ABE Fi= CBES %‘3}% Sekan= WE s v A2717F A7) wZel, QlEldl (intein)-"H7H®E split-Cas9-7]
Wkel ABE % CBEE ¥ AR&sEIT. 2 A3, 47ie] AR dlolH AEZE AAHJAL olE 7}
HT_ABE_Train, HT_ABE_Test, HT_CBE_Train, @ HT_CBE Test® wWwWalglvl. w3ak, 9671 2 102709 WelAg
(endogenous) ¥4 HF-SlolAe] ABE 2 CBEEAdol Wk dloly HMEE AASta, o|& 27 Endo_ABE %
Endo_CBEZ WH3ltt. =2 A3}, DNase I ZRA A (DHS)ol sFsts £4 H919 91X 3 WA] 1001A412] ABE
2 CBE 242 H]-DHS 9]l wla] Z+zh 1.1¥4(P=0.55) & 1.8¥1(P=0.0077) =4 veldS &asdet. A7)
A#NE E3), (BE @4 dd HEAo] G RYrrt) =2 RYoA] Z71elar, ABE 84S 948 iAol
A gL A 2SS FAFA.

=

o

ﬂl
ul
d
(e}
e
o
2

1-2. @71nd FAAZ @A IFS A= 2 24

a1-7 &3 (high-throughput) B7}2 %3] ABE- % CBE WEJ 9171 A 18_ 5 3 WA 109 sideleE He o
Lo A, AR oR Ho 5o 97 HPLS ABE % (BE ¥ 99X 4 WA 89 F& Ao &
AT 4 JeS FJFUTHE 19 a, b).

FA% %4 Ao Cas9e] B3} ABE & (BES] 24 vl w), ABE T CBE go] =9 W PR
A9 Cas9 A A Fol AA = e 4o AuAA FAHA(E 19 ¢, d). 2, Cas) FAo] =&
79 ABE & (BE €A4& wa2: =1 g2 o}, A3z o= ABE, (BES} SpCaS9 SdotAl 42 v gA
A FBBAE JERNAT. Yolr, BA Ade] ZF Yo ABE EE (BES] & A4 EE Cas99] 2 &4
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W EE wEUEE AEEE AAstal, 7] udAdH Fuads 24 A9 54 Al Splas9
ABE/CBE®] &l RLE|= Ma &7t Aolshr] wEds Felskdltt. Al ez, ABE/CBES] 49 4 73 F
=o mk= A FEULEH=(E4 7EULLEE £1 bp)ollAd 3 wEULEHE doert a#Efdar, o]t

T Aze 74 U E=e Al dAfle]l BEHJT.

volZk, ABE 2 CBE Aol tizh 7] Q| tidt g AYAE FHo| &S BXslr] 98 16712 e 7}
5%k NAN A EellA] ABES] ¢47] AF] a&S 4% 23, 7] 3 &2 TAB(E3S] TAY, Y=C = T)dlA] 7t
A =31, AAC, GAA, CAA, AAT, AAG 2 AAAS Zo] AV} BL i

2 2 HAY2E (A-rich contexts)olA 71 S5 &9l
SHATH = 19] e). TAAS -, Tell W& P& 3' X AR A%k ko] Fawo] 7] AY w8l =4
FAtt. AR, BE 7hed NON A dellA (BES] 9471 |F a&& 4 A3, ABESt FAekAl ¢17] A
3 A& 5 AT TY W(S, TCN) 74 =3, 5" |A7F GY wi(oAlE &9, GCC, GCT, GCG 2 GCA) 714

S A= 19 f). ABES} iAo &, TCC, CCC, CCT, ACC, CCA, CCG # GCCeF #o] 3ty & o
23t T AAAA 24 wEUHLEHEZL wEEE AedE, C 9719 A3 g0 R 9 =4 dEdE
15k

1

99 BE AR(HH 4 WA )M BAuel, @7 BY EEl QoA

o} T FYrE = 52 4
FEALLHE AY2E7F s s vHs ERIEATHE 2). FAXeRE, Ad AYxES #AaE %A
Sz Ag g&o ek Hui-wm 2Fo] (maximum—fold difference)™ ABES} CBEZ} ZFZ: 45u), 13w|=
eSS glskitt
Wb SpCas9ell &3k <1l AAjo]l 79 o]e} e AVAE MF7) 7o BEHA LU= 3).

2-1. 2& 45 2939 /T

AAje TolA e fFHA7Ee el a8 2 wAg A3 dolHe ¥ 21d (Deep learning) 7]ES o]&3te] o=
2as s, WA, Heid Zald9 a9k HT_ABE_Train ¥ HT_CBE_Train Shs5(training) HlolE] AEE
AL-g-31o] ABE efficiency @ CBE_efficiency® WHEE FAX7IY 97 AF 58 o5 mdS /fEdsict
T 4). ol W, A7) HF F&(base-editing efficiency)< 4% A DNA 719 FolA |7 AHE w34
QEI=9] F9} #AAQle], WL HH/MEE 9X9-(ABE 2 CBES A% 1% 3 W# 10) W 947 #9x¥E HNES
7kz1 DNA 71 o] WEgS A3, deid 7Moo 2 Al% W (newral network architecture)S ARE3FSITE. 10
M xS (10-fold cross validation)= AFE3Fe] 3]E #o]o](hidden layer)9] =9} QI Ao Holg 4
Ak, ABE efficiency?] A% 7 =2 oS 1Sl 27 3& #olo 2da 37 3|& #olo Bdoe] v
3 AeS Uehol (42 0.776 vs. 0.778) 2709 3= #olo] ndS HA3IT (= 5).

71 A, ABE efficiency R¥2 EH2E dloJE] AER HI_ABE Test % Endo ABE HEK293TE AHES wf Z}z}
Spearman R=0.72, Pearson r=0.70(HT_ABE_Test) % Spearman R=0.76, Pearson r=0.70(Endo_ABE_HEK293T)<] At
H AFe =gt 95 s JERAI(E 69 a), FAFSHAl CBE_efficiency % 9AA] HT_CBE_Test %
Endo_CBE_HEK293T A}& A] Spearman R=0.79, Pearson r=0.78(HT_CBE_Test) 2 Spearman R=0.69, Pearson
r=0.60(Endo_CBE_HEK293T) 2] ¥ Aol Eesdle] 943k AeS YeElW S 2339t (%= 69 b).

2-2. WAAI = nde AL

A7 A=tol sl o]de] 4 FEHEHEYE e A5 97 ¥ AR T Ado] AAFEHE
2, oyt wAAe] AUy HLEE dFsr] Y3 E= e ded ZdYaet HIABE_Train ¥
HT_CBE_Train <5 dle]EH MEE AF&3}le] ABE proportion 2 CBE proportion® WWE &= wAAY oF =4
S JiEsitt. Spearman A Al

4 Al o, dAA Fw-golEe] WAH(symmetric Kullback-Leibler (KL)
divergence) & @7 Al83te] MAZAN HEe] FAMIS HHIstsitt.

2 A3, ABE_proportion ®@2 Z+Z} Pearson r=0.95(HT_ABE_Test) % Pearson r=0.93(Endo_ABE_HEK293T) <]
=2 ATE el Z(= 69 a), FAFSHAl CBE_proportion =@ 9A] Pearson r=0.95(HT_CBE_Test) 2
Pearson r=0.91(Endo_CBE_HEK293T)¢] %o A%< UeEATHE 69 b). vrol7b, Endo_ABE_HEK293Te] w42
7} W9} ABE_proportion®ZF-E ] o5k ko] A A KL AR Hde 1% A delA] Endo_ABE_HEK293T
S} HT_ABE_Test %t KL 24 (543t KL = 0.10)3 frAbehAl sHgkom (F44k KL = 0.11), Endo_CBE_HEK293T
o] wWAHAYN Rt (BE_proportionSZFEQ] o Sgk 7he] Ul A KL ik HA] Tdg 34 A dedAe]
Endo_CBE_HEK293T} HT_CBE_Test ZF KL 4t k(53 KL = 0.18) 3 FAISHAl @3S AR (FS3E KL =

i

Ol
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0.36)(% 69 ¢).

[0232] A%E &) ® 1Y

FAROEZ, ABE W CBE 971w HAAAS @7 AW BE D wAAAE A5
} = 4o vhehpg)

3, 7] A7l RHAAMIE BEAL WAE 5 Qe A7

[0233]

[0234]

[0235]
[0236]

[0237]

[0238]
[0239]

[0240]

[0241]
[0242]

BE ME (FYNE 227E FEEH0l

XIS LtEHH

»E M2 (HE
LEAHE HEUWHOIE LIEME, F 30bps=4
bp 0|2 MY +20bp ZEEALO0A +3bp
NGG PAM +3bp 02 ME)

]

CAGCTCAATGTAAGTAGACCGTTCAGGAAC

CAGCTCAATAaTAAGTAGACCGTTCAGGAAC

CAGCTCAATGTAAGTAGACCGTTCAGGAAC

CTGTACCAAGTgCCACAAAGGTAGGGGCAA

CTGTACCAAGTaCCACAAAGGTAGGGGCAA

CTGTACCAAGTgCCACAAAGGTAGGGGCAA

CCACGGCAAGTgCAGAAACACCATTGGCAG

CCACGGCAAGTaCAGAAACACCATTGGCAG

CCACGGCAAGTQCAGAAACACCATTGGCAG

GCGTETGAAGCCCGGACTCACTGGAGGCCT

GCGTGTGAAaCCCGOGACTCACTGGAGGCCT

GCGTGTGAAGCCCGGACTCACTGGAGGCCT

ATTACAAATTAAGGCCAAAAATCTGGCTG

ATTACAAATaTAAGGCCAAAAATCTGGCTG

ATTACAAATGTAAGGCCAAAAATCTGGCTG

TGGCTACAAGTgCCAGTGTGAGGAAGGCTT

TGGCTACAAGTaCCAGTGTGAGGAAGGCTT

TGGCTACAAGTgCCAGTGTGAGGAAGGCTT

GCGGATGATQTACTGAATCTGCGCTGGCGC

GCGGATGATaTACTGAATCTGCGCTGGCGC

GCGGATGATQTGCTGAATCTGCGCTGGCGC

0| | | [ el ha| =

GCTCTCCAACTgCAGCGTCTCCTTCGGCTG

GCTCTCCAACTaCAGCGTCTCCTTCGGCTG

GCTCTCCAACTgCAGCGTCTCCTTCGGCTG

oxe Za v
(%)

kl

tH Est

(il =g

r

47.57892529

Usher_syndrome,_type 1F

44.57045926

TNF _receptor-associated periodic_fever_syndrome (TRAPS)

43.53880158

Marfan_syndrome

42.98826047

Matunty-onset_diabetes of the young, type 3

41.97446974

Congenital_stationary _night_blindness, type 1F

41.45525213

Familial_hypercholesterolemia

40.43030665

Congenital_myasthenic_syndrome_13

0o~ Ta|n| | Lo M| =

40.08395373

Lynch_syndrome

HE ME (BYME, £2ERHE HEAH0

SIAIE LIEHE)

A0S ZEBlE MY,
= UEtd E 30bps=4
bp 0|2 MY +20bp ZEEAT0|A +3bp
NGG PAM +3bp 012 MZ)

CTCCAGTTCCIGACGGCTGAGGAGCGGAAG

CTCCAGTTCCcGACGGCTGAGGAGCGGAAG

CTCCAGTTTTIGACGGCTGAGGAGCGGAAG

TACAGATTCCIGGAGGAGATGCGGCGGCGG

TACAGATTCCcGGAGGAGATGCGGLGGCGG

TACAGATTTTtGGAGGAGATGCGGCGGLGG

CAGGGGTCTCtGCAGGACATGCTGTGGCAG

CAGGGGTCTCcGCAGGACATGCTGTGGCAG

CAGGGG tGCAGGACATGCTGTGGCAG

ACCCCGTCIATCAGAAGACCACAGAGGATG

ACCCCGTCcATCAGAAGACCACAGAGGATG

ACCCCGTTIATTAGAAGACCACAGAGGATG

AGGCAGGTTCCIAAGACACAGGGCAGGCAC

AGGCAGGTTCCcAAGACACAGGGCAGGCAC

AGGCAGG AAGACACAGGGCAGGCAC

TCTGGTTCCIGGAAAGCATTAAGAAGGCAG

TCTGGTTCCcGGAAAGCATTAAGAAGGCAG

TCTGG IGGAAAGCATTAAGAAGGCAG

GCCGAGAACCIGGATACACAGCCGAGGAGA

GCCGAGAACCcGGATACACAGCCGAGGAGA

GCCGAGAATTIGGATACACAGCCGAGGAGA

@ ~| @ | & W] M| =

GTCAGAGTCCIGTGAAAGAAACACAGGCAC

GTCAGAGTCCcGTGAAAGAAACACAGGCAC

GTCAGAGTTTIGTGAAAGAAACACAGGCAC

—

=]

S
pat
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[0243]

[0244]
[0245]

[0246]

[0247]

[0248]

[0249]

[0250]
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CBE
ol5E Zat s ——
(%)
1 27.76197788 Loeys-Dietz_syndrome 2
2 27.26662656 RETINITIS_PIGMENTOSA_80
3 25.88935684 Leptin_deficiency_or_dysfunction
4 25.35618417 Familial_hypercholesterolemia
il 24.7623159 Deafness,_autosomal_recessive_3
6 23.55097809 Retinitis_pigmentosa_51
T 23.40125579 Cholesterol_monooxygenase (side-chain_cleaving) deficiency
8 22.88536345 Progressive_myoclonic_epilepsy

E 2 E 4o yER BRe} o], A7Iw FHATIAE BEAY wAT £ de A7 HEAWe] HEe] o=
A ABEC] 7% oJA F33*(Usher syndrome), FH ARz &4 @AW F7]1% FIF(INF receptor-
associated periodic syndrome: TRAPS), vl ZF%F<*(marfan syndrome), #1338 d7] ¥ Fi8(Type 3
form of Maturity-Onset Diabetes of the Young: MODY3), A4 uH]xaAd oFWZ(Congenital stationary
night blindness type 1F), 7}5A 2Fd2elEd 5 (Familial hypercholesterolemia), AJATHHFEHSE
(congenital myasthenic syndrome: CMS), #X]Z53*(Lynch syndrome) 5o] 15, CBES] 39 Zo]-to
= 5% (Loeys-Dietz syndrome: LDS), W= AWAZF(retinitis pigmentosa), HE 2 T ol (Leptin
deficiency T3+ dysfunction), 7}F5A e~ EdZ%(Familial hypercholesterolemia), AAMA IA
Zt7oll (autosomal recessive deafness), FEAHE RS A|ThA] A3 (cholesterol monooxygenase (side-

chain-cleaving) deficiency), ¥ &4 A7+ (progressive myoclonus epilepsy) ¢ gl i),

7] Axtz=RE | JidE ABE proportion @ CBE_proportion EEo] 7] #HFe] Azl NLEE =

d=3 £ USS Felsr. 3, ol e FIE HAEZQ wiAlEYd EE EE AAL(9S
AdaBoost, Boosted RT, SVM, Ridge, Lasso, ElasticNet Random Forest &)= AF&StE 4% g21xX
A Pl mE o5 A" JHdE ol &5l wel g & ASdER AVug FAXIee 97
&3 wAHARE 5T F e AYES &

H
o
ol
oX,
o
fr

’ 2

o &2
o
9

El

ol

ADES & 5 AT
ShA, H O AgzlES o)A AFE FI A HHolAe Casl2a & o5 EMd A (chromatin
accessibility)S AETO=ZA MAE 5 AS5S AsITE. oo & FEd A, (BEE OS—‘.”% HZA e o
5o dRlste], dAd d2Ad9 17t A1y FAAE 25 d5S Y

a& Wekoyk ABEE %A EeEs
A4 E=A e gk F7 "H2EE F33kltk. WA, DNase I #714 <3< (DNase I hypersensitive: DHS)
9 H|-DHS(non-DHS) 919l AlFolA AFstd 249 MEHS Fal Endo_(BE vlolH AMEE #Ao7 39 Al
E(paired subset)® o] FAFEH B]&9 DHS/H]-DHS #9417} ZF 3¢ ANEC ddH== 3tu, Zzts
Endo_CBE_1A % Endo_CBE_1B= "gWslltt. 7] 729 AWE%& WH538to] Endo_CBE_2A, Endo_CBE_2B &2
gHE 4710 deolE AEE F7hE AASAL, Endo_(BE_1A ©lo]H AJE % ENCODE(Encyclopedia of DNA
elements) ZH-H AL ojxHe AMA HA AHRE ALESIY] Deep(BEE vlAZATo=ZN, 4 AME HK
2 AAA J2Ad F B 7|2 CBE-7|HF f-42 #3 a8 2 23 o= 22l DeepCBE-CA(Chromatin
Accessibility)-1AZ 723} T},

10

tggoz, HXE fHolg AE=RZ tE dole A E(Endo_(BE_1B)E AF&3}o] Deep(BE-CA-1AZ H7}slit}h. EH X~
E dojg MES$ 8lG(training) HlolE AEE A2 vlo] nARdg 2 & HAEE W53 (4E 59,
A zAE 93 <5 HolE AERE Endo_(BE_1B, H|ZE HolE AE=Z Endo_(BE_IAZ AM&), tE 4249 T
olE] MEE AR&3te] ol& ¥HEElth. F 1039 mAxg 9 T H2ES A, oF "AxAE R
Spearman 43 ¥A= DeepCBES] Spearman A3 #AI9} FASFS (2 69] d), A AEA AHE 183 1)A
%702 Deep(BE®] AEwF FFA7|A & 218} tF. ABE 9 A], DeepABES} Endo_ABEE Ab&3le] 53}

S Fol
Z 1039 HEEE 3t 23, 9ad H2Ad AR 3EE ABEe tig oS HSLEE I 7IH 2.
2-3. DeepABE & DeepCBES] 7+

Ueom, 947 dxE 2] Ad4 R=E q5387] s Aol 2-1 3 2-2014 723 ABE efficiency<}

ABE_proportiong, CBE efficiency®} CBE proportions A3ste] 7wy as& 2 G71wA FHAA7M7F
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[0251]

[0252]

[0253]

[0254]

[0255]
[0256]

[0257]

[0258]

[0259]

[0260]

[0261]

[0262]
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rr

7] A AHEE U oF 48] 753 DeepABE 2 DeepCBE E&-8 XA sFSiT).

i

= 2= o I
ET}\)\ -

7 A}, HT _ABE_Test % Endo_ABE_HEK293T= €]~E3lS 1wl DeepABEX= Spearman R=0.90, Pearson
r=0.92(HT_ABE_Test) % Spearman R=0.86, Pearson r=0.80(Endo_ABE_HEK293T)2] <& A3 Aol =E3sle]
7] #He Ay W= oFd g Je S YEHATH(E 62 a). §AFSHAl, DeepCBE A Spearman R=0.86,
Pearson r=0.87(HT_CBE_Test) % Spearman R=0.83, Pearson r=0.71(Endo_CBE_HEK293T)9| ¥ % A4 =
gate] w58 45S HEhYS IS THE 69 b).

)

A, 47| ABE efficiency, CBE_efficiency, ABE_proportion, % CBE_proportion @& &3t AEFA
W(convolutional neural networks: CNNs)< AME3le HEld ZHAHAE 7oz siv, FA4o2 v}
2ol JPEERTE: (1) B4 AYE 2 ol2she AES Fshe Ax(input) AES 444 o]X(binary) &¥
WA (2) YA 715X vlE™ X~(position weight matrices)E ZAS 7] 98, 3-nte] 11 &
A ol WMEZAE B3 olF; (3) ¢H3 AAFE F(fully connected layers)olld, &8 5Ho] 7153
tab(weighted sum), 8% A3¥ FY(rectified linear unit: ReLU) A3} <ol wlel &44; (4) o}
(output layer)ollA, A8 3AE Fsta 2+ 4 Mo gk &4 (activity) 2Fo] e 23 HIEE 4
. DeepABE 2 DeepCBE Z=7©]+= ABE_proportion % ABE efficiency %=+ CBE_proportion % CBE_efficiency
zto]l ~30lE Fate] s AATHE 7).

2-4. DeepABE ¥ DeepCBES] A A=

oo >

H(filter)”} 4

2L oo ot

s

oo e

1.

ol

AN e ofy m

A=A BA|AlZ(biological replicate)E& AFE3le] AAle] 204 FHgk o5 =2l ABE_efficiency,
ABE_proportion, DeepABE, CBE_efficiency, CBE_proportion % DeepCBEQ] AIAHS HASsIAT. FAHo=,
HCT116 A3, U20S A2 2 HEK293T A2 WA 59l (endogenous sites)oll#  ABE_efficiency,
ABE_proportion, DeepABE, CBE efficiency, CBE_proportion 2 DeepCBES] A&& H7lsIdor. 2 A3,
ABE_proportion, CBE_proportion %k o}u2} DeepABE % Deep(BE 22 BF7F BE AX F3o] AH 3
Ass Uehds gt (= 8 A 11).

AAd 3. A AEAH] A& AT o5 2d FHE

3-1. QA Aol A oy Ug F&

WA o5 A3 ClinVardolld Haw Q17 HeEdwWo] A3k dolHE ALgste, A3 mda] 2 A7|uwA
A7) QIZE AEAWole]l N84 wAgd digk d7] A §& 2 AAE ST, 3 2L S 9
3, AAs Agld PAMNGG)©] = HA 3 WA 109 A7 A& AHEste] AAdE F e ¥gd %
A YA dEdWelE g A3, ABE ¥ (BEE AFESlo] o]&X oz AAdE & v FEAWHo = 247
2,91770 2 8,759/ d& ERl3}. ol& HEAW F =AWt & sy A = CE 7= dH#F7E
3 AE Qo A7)= A= ABES AL o]F 24%(2,91771 F 69171), CBEY] A% 13%(8,75971 = 1,11370) =

UeRger, A 76% H 87%e] HeEdMol 747t shy ool A B (5

Lo

wolrt, A7l FRAAVIE AMESte] g vhed WdAd 2 FAME AR AEQdues B Ay, 9754
o7 8,9307] 2 2,873702] E¢Wo|7} ABE ¥ CBEZ Alg&3&le] ofAE Mz 77 dsd 4 gl 313
T} o] EdAWe] &, ABES] A9 2 7 7]
AESoA] & shte] A e CE 7H] A= yewon, oF &3 tiiie] ¢17] Ay 7ted Eddols
oo 24 FEUSEEE 7Rl AESoA LTS RIS E 129 b).

471 AaE T, ABER W 4 Sl QR Ao = F 2,917, (BER W Sl QIR A8
8,75971, ABEE Al&3he] mAgst 4 = Az7F Aghe] = F 8,93070, CBEE Abgste]l wAd 4 ¢

Ao FE F 2.873MYE A3

3-2. A7t fFERSE7|HAEY g FL-

A FEWTZE7|M ¥ (human induced pluripotent stem cells: iPSCs)o} 7fHte o= mdS AL&3te], st
g 9 Qr|ndg FAAVFe At AEdWole XA wAC gk &7 AFY a& 4 AHE
o|Setqitt. 1 Ay, F3 Rk X5 EFoA dF5E uAEgEY S wAgA4AN x k) fong A
& AV S AR E 129 ¢, d)

3-3. H71nA FAATIAY BE AF
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EH3
a
v 2.57abc yoabed abc bcabdef ¢ abc  abed . f ad f
g - abd  ad
=
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% ©
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2310
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o
0
2.5
he)
8 20
3 =
£8
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ctg g 1.5
88
o= 1.0
03
2P
- 0.5
L5}
© 0
Segquence motif
RV
Prodicted Misguances ae all possibl outeomes iIncluding 1he Wikl by S0qUeRGD
Target sequance Measured Predicted
TCCAGGACCAGGACAACTCCACGTTGGCTT TCCAGGACCAGGACAACTCCACGTTGGCTT - B9% 35%
I}‘,.—._ = TCCAGGACCEGGACAACTCCACGTTGGCTT - 18% 20%
oo TCCABGRECEGEACAACTCCACGTTEECTT —  5.0% s8%
! & TCCAGGACCEGERCAACTCCACGTTGGECTT -  4.7% 17%
oy DeepABE TCCAGGACCAGGECAACTCCACGTTGECTT - 1.0% 0.4%
DeorCBE TCCAGGECCAGGACAACTCCACGTTGRCTT =  0.8% az%
T TCCAGGRECEGGRCARCTCCACGTTEEETT — 0% 07%
" ottcome proportions TCCAGGEECAGGRCAACTCCACGTTGECTT -  0.2% 06%
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R= V4
ﬁféie_n_éiﬁ of input sequences
AANSAAARAARAANA MR AN ForABE_emcfencvl 2 + 20 +* 3 - 25 bp
—— 30 bp et For CBE_efficiency, 1+20+3=24bp
1~3bp protospacer gm For ABE_proportion: 3 + 20 +3 = 26 bp
For CBE_proportion: 24 20 +3=25bp |
v
One-Hot Encoding input Layer
-"ln[ i- Il'.. )
For the prediction of
base editor efficiency [ 4 bl;;ﬂ;gﬂp‘::aglucﬂan ?:s
| B et st Pty | " Convolution Layer without Pooling
A
sk ¢
T
LF Conwolution Filters s
Convalution Filters
% (150 Fiters of length 3) & (150 Filters for ABE of fength 3)
Ji 55 ] + w (BOFilters for CBE of length 3)
e (:?:mﬂuu'on Convalution
|| SRR 4
b o
I Fully Conriecied Layers. l {_Fully Connected Layers _~‘|
3450 units for ABE
H-.-B RRED 3600 units far ABE
e 200 unis bor e 1380 units for CBE
B L B0 gt 256 units
SRl Additional A
R 8 : Additional
! 30 ynts orty I CBE | ) | 266 units only for CBE |
: . . .
Regression Output Layer Regression Output Layer
Elament-wise Mufdplication Oulpat Element-wise Multiplication Output
500 units for ABE gy ...
50 units for CBE 256 units
Predicted 255 units
N base editor efficiency Predicted outcome proportions
A \ 4
ABE_efficiency X ABE_proportion  ===> Deep ABE
CBE efficiency X CBE_proportion ~ ===> DeepCBE
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HEK233T, replicate 1 (the replicate shown in Fig. 2c)
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EHI3

a
y 3 Number of pathogeniclikely pathogenic paint mutations that can be
Number of pathogenicilikely pathogenic point mutations  ..oei0q without the introduction of other mutations by base editing

that can be generated by base editing
ABE-directed (total: 8,930) CBE-dlmd {2.873)

'L

Number of pathogenic/likely pathogenic point mutations
ml can be functionally correctd by base editing
total: 8.930) CBE-directed (2,873)
50%

ABE-directed (total: 2.817) CBE-directed (total: 8,750)

== Efficient (= 5%). single A (for ABE) or C {for CBE)

= Efficient (= 5%), multiple As (for ABE) or Cs (for CBE)
Inafficient (< 5%), single A (for ABE) or C (for CBE)

= nefficient (< 5%), Multiple As (for ABE) or Cs (for CBE) t‘|

%
7)

6%
(191)

b
Quicome sequences PfW-:lc-d outcome | Predicted ABE | Predicted outcome | Highest impact of
g (%) | efficiency (%) | proportions (0~ 1) | concurrent changes

GCTCTCCAACTACAGCGTCTCCTTCGGETG 35% NA NA N.A. (Reference seq.)
GCTCTCCAACTGUAGCGTCTCCTTCGGETG 40 % 85% 7ax10" PNo concurrent mutations
GCTCTCCAGCTgCAGCGTCTCCTTCGGCTG 36% 55% 65x%107 Modifior
GCTCTCCAACTGCGGCGTCTCCTTCGGETG 22% 55 % 4.0x 0% Moderate
GCTCTCCGACTELAGCGTETCCTTCGGLTG 0.50 % 55% 92107 Moderate
GCTCTCCAGC TgCGGCGTCTCCTTCGGETG 011 % 55% 20x 107 Moderate
GCTCTCOGGETgCAGCGTCTCCTTCGGETG 0.096 % 55 % 18x 107 Moderate
GCTCTCCGACTECGGCGTCTCCTTCGGCTG 10.0064 % 55 % 12x 0% Moderate
GETCTCOGOOTEOGCATCTCETTCO6CTG | 0.0033% 55% 58 x10% Maderate

A1

<110> Industry—Academic Cooperation Foundation, Yonsei University

<120> A system for predicting base-editing efficiency and outcome
product frequencies of base editors

<130> PN134603KR

<160> 28

<170> KoPatentIn 3.0

<210> 1
<211> 55
<212> DNA

<213> Artificial Sequence

<220><223> primer_F for oligonucleotide pool amplification

<400> 1

ttgaaagtat ttcgatttct tggctttata tatcttgtgg aaaggacgaa acacc 55
<210> 2

<211> 57

<212> DNA

<213> Artificial Sequence

<220><223> primer_R for oligonucleotide pool amplification

_39_
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<400> 2

gagtaagctg accgctgaag tacaagtggt agagtagaga tctagttacg ccaagct

<210> 3

<211> 56

<212> DNA

<213> Artificial Sequence
<220><223> primer_F_1 for 1st PCR
<400> 3

acactctttc cctacacgac gectcttceccga tctcttgaaa aagtggcacc gagtceg

<210> 4

<211> 57

<212> DNA

<213> Artificial Sequence
<220><223> primer_F_2 for 1st PCR
<400> 4

acactctttc cctacacgac gectcttcecega tcttcttgaa aaagtggcac cgagtceg

<210> 5

<211> 58

<212> DNA

<213> Artificial Sequence
<220><223> primer_F_3 for 1st PCR
<400> 5

acactctttc cctacacgac gectcttecga tctcgettga aaaagtggceca ccgagtcg

<210> 6

<211> 61

<212> DNA

<213> Artificial Sequence
<220><223> primer_R_1 for 1st PCR
<400> 6

gtgactggag ttcagacgtg tgctcttccg atctttaagt cgagtaagct gaccgctgaa

g
<210> 7
<211> 62
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<212> DNA

<213> Artificial Sequence
<220><223> primer_R_2 for 1st PCR
<400> 7

gtgactggag ttcagacgtg tgctcttccg atctattaag tcgagtaagc tgaccgcetga

ag

<210> 8
<211> 63
<212> DNA

<213> Artificial Sequence
<220><223> primer_R_3 for 1st PCR
<400> 8

gtgactggag ttcagacgtg tgctcttccg atcttattaa gtcgagtaag ctgaccgetg

aag
<210> 9
<211> 57
<212> DNA

<213> Artificial Sequence
<220><223> primer_F_1 for 2nd PCR
<400> 9

aatgatacgg cgaccaccga gatctacact atagcctaca ctctttccect acacgac

<210> 10
<211> 57
<212> DNA

<213> Artificial Sequence
<220><223> primer_F_2 for 2nd PCR
<400> 10

aatgatacgg cgaccaccga gatctacaca tagaggcaca ctctttccct acacgac

<210> 11
<211> 57
<212> DNA

<213> Artificial Sequence

<220><223> primer_F_3 for 2nd PCR
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<400> 11

aatgatacgg cgaccaccga gatctacacc ctatcctaca ctctttccect acacgac

<210> 12
<211> 57
<212> DNA

<213> Artificial Sequence
<220><223> primer_F_4 for 2nd PCR
<400> 12

aatgatacgg cgaccaccga gatctacacg gctctgaaca ctctttcect acacgac

<210> 13
<211> 57
<212> DNA

<213> Artificial Sequence
<220><223> primer_F_5 for 2nd PCR
<400> 13

aatgatacgg cgaccaccga gatctacaca ggcgaagaca ctctttccect acacgac

<210> 14
<211> 57
<212> DNA

<213> Artificial Sequence
<220><223> primer_F_6 for 2nd PCR
<400> 14

aatgatacgg cgaccaccga gatctacact aatcttaaca ctctttccct acacgac

<210> 15
<211> 57
<212> DNA

<213> Artificial Sequence
<220><223> primer_F_7 for 2nd PCR
<400> 15

aatgatacgg cgaccaccga gatctacacc aggacgtaca ctctttccct acacgac

<210> 16
<211> 57
<212> DNA

<213> Artificial Sequence
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<220><223> primer_F_8 for 2nd PCR
<400

> 16

aatgatacgg cgaccaccga gatctacacg tactgacaca ctctttccct acacgac

<210> 17
<211> 53
<212> DNA

<213> Artificial Sequence
<220><223> primer_R_1 for 2nd PCR
<400> 17

caagcagaag acggcatacg agatcgagta atgtgactgg agttcagacg tgt

<210> 18
<211> 53
<212> DNA

<213> Artificial Sequence
<220><223> primer_R_2 for 2nd PCR
<400> 18

caagcagaag acggcatacg agattctccg gagtgactgg agttcagacg tgt

<210> 19
<211> 53
<212> DNA

<213> Artificial Sequence
<220><223> primer_R_3 for 2nd PCR
<400> 19

caagcagaag acggcatacg agataatgag cggtgactgg agttcagacg tgt

<210> 20
<211> 53
<212> DNA

<213> Artificial Sequence

<220><223> primer_R_4 for 2nd PCR

<400> 20

caagcagaag acggcatacg agatggaatc tcgtgactgg agttcagacg tgt
<210> 21

<211> 53

_43_
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<212> DNA

<213> Artificial Sequence
<220><223> primer_R_5 for 2nd PCR
<400

> 21

caagcagaag acggcatacg agatttctga atgtgactgg agttcagacg tgt

<210> 22
<211> 53
<212> DNA

<213> Artificial Sequence
<220><223> primer_R_6 for 2nd PCR
<400> 22

caagcagaag acggcatacg agatacgaat tcgtgactgg agttcagacg tgt

<210> 23
<211> 53
<212> DNA

<213> Artificial Sequence
<220><223> primer_R_7 for 2nd PCR
<400> 23

caagcagaag acggcatacg agatagcttc aggtgactgg agttcagacg tgt

<210> 24
<211> 53
<212> DNA

<213> Artificial Sequence
<220><223> primer_R_8 for 2nd PCR
<400> 24

caagcagaag acggcatacg agatgcgcat tagtgactgg agttcagacg tgt

<210> 25
<211> 53
<212> DNA

<213> Artificial Sequence
<220><223> primer_R_9 for 2nd PCR
<400> 25

caagcagaag acggcatacg agatcatagc cggtgactgg agttcagacg tgt
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<210> 26
<211> 53
<212> DNA

<213> Artificial Sequence

<220><223> primer_R_10 for 2nd PCR
<

400> 26

caagcagaag acggcatacg agatttcgcecg gagtgactgg agttcagacg tgt

<210> 27
<211> 53
<212> DNA

<213> Artificial Sequence
<220><223> primer_R_11 for 2nd PCR
<400> 27

caagcagaag acggcatacg agatgcgcga gagtgactgg agttcagacg tgt

<210> 28
<211> 53
<212> DNA

<213> Artificial Sequence
<220><223> primer_R_12 for 2nd PCR
<400> 28

caagcagaag acggcatacg agatctatcg ctgtgactgg agttcagacg tgt
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