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1c]'0NX]!3,+$%3!&%#!).&30!10++%3304! ##\(& 3%+ &BH- D EH QY 20##, 1>, 2%
1,&0&(1,!-,!),+3%!-(!c_d/,[8!!
9%##.#%!M6,120&0!23,3%!1003+,2E%33,3%! 10&! (#1)#, 2RV EID &3%618. %0 & 3%!
(#'3,+$%3!123RMc!%!")9=pqc_d/,[qb6cqYIb!1@%!)0+3,<,'#Q%- (&0 R2Y/AB,3(!
)+%#(/(&,+(41#Q%-(3(&$") (*1%EE(1(%&3%!2(1"'08BM&CRA! X2P(,30!,!c_d/,[O
19,2,0MY! 1J($D8_K8! R(2.#3,3(! -%#! 2%H.%&F(,/%&30! -Qop&3%$(0&%! 1X]!
-%0#3%20&%'BP!1J($'D89K!-(/023+,&0!. & QU EE (1 (Yo BA4&(&H(&!)02(F(0&%0!
7A12.)%+(0+%!,#BPa!lJ($!D8XK8!90&!$#(!,#3+(12BRMRDRE(1 (% &F, - (1%-(3(&$!&%0(!
2(3(!3,+$%3!%+,!-%1(2,/%&3%! (&E%+(0+%! 1J($.+%! 2B) 3B & 304¥S#(!,.30+(!
@&&0! 2%#%F(0&,30!/d[BP!28RMcOA!10&!c_d/,[0])9,2;0M 826+ 23.-(!-(!
%-(3(&3$!-(1>,2%!(&!<(<08!
! !

(in-frame) | Reframing (+2 nt/=1 nt) | ‘| I\ A \ ‘ | ﬂ ‘J‘ Mallp " 0:
[ Il A |\ | AR |} \ [T A12 A14 A18
u‘“ _“. ‘IHH ‘.V\ \l
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4)/'0>?GCL;?IF'GF;'OF==?>;'AGFI?0;>AE; BF G, A-REDAIXK>?=F;D?
"#1<9%330+%!)(*1.2,30! &%##%! 3%1&(1@ %! -(! %o- (3B 8K MEOL! | 2(&$O0#O!
E(#,/%&30!-(IXMc!1@%!/023+,13+0)(2/012(,1)%+! (#!/. A1@¥6#%3+(10!1@%! 1, +-(,104!
8&0&!12(1(&3%$+,1&%#1$% &0/, I-%6##Q02)(3%!%!) +% 2248t (Z1@ZA(Z (& 2% +F (0&(!
1.3,$%8%8! ccp! @,! .&! #(/(3%! -(1),1°,$(&$! {B! >41)+%1#.-M48)X022(>(#(3Z! -(!
(&3+0-.++%!#\%-(30+!c_d/,[0])9,2;0MY!|!B8S!">K4 e &B2A4&$0#0! ccp8!](!
2E+.33,1)%+3,&30!#,1+%1%&3%!210)%+3,! 1@%! (! <%3304 P2%p YO RPOR0I%! ) O(!
22%/>#,3(1%-(,&3%!3+,&202)#(1(&$!)+03%(108!!
?.%230!2(23%/,12E+.33,1-%(12%$/%&3(1)+03%(1(I-%3 3¢ BU((2HE(+%!.&0!
2)#(1(&$!,.30!1,3,#(3(10!1@%!#%$, 1#%!%23%(&%6! ) HIUH 89586 DBEH 4R, 0<, !
)+03%(&,12%&F, 1+ (1@ (%-%+%!#\, 22(23%&F,!- (!, #1.&! % & A8 10 INELR 8437 !
%I (30+!-(<(20!1J($.+,1:CKA1 2(1).j1+(,22%/>#,+%! -0) QHF(B& %! (&! .&! .&(10!
%-(30+!-(1>,2%4!11@%!/,&3(%&%%E E (1 (Y& F %! (R UBEBIRYEHR .01%H. (<, #%&3%)!
#.83@%FF,!(&3%+,8!

|

A o B . C 40
55 y N-term ABE: N-terminal ABEmax-NG + sgRNA § > )
7 P *S AEx51 g 30
 ABEmax N-term SpCas8-NG | mouse O
s BWesks 220
1 |
4.9 kb I T l < o
PO F'IZ 1 310 x
“ 7 i 2
‘&’j C-term ABE: C-terminal ABEmax-NG + sgRNA TA muscle Lﬁﬂg;‘(?g:,e o 5
IM injection A12 A14 A18
= R leq: Saline
Hilein G tom SpCasd-NG et sgRNA Lieg: N-term ABE 5x 107 vglleg
C-term ABE 5x 10" vglleg
4.2 kb
D ran Fopouse: as AEx51
On-target: GTACTTACAGGCTCCAGTAG TG njection: Cin Dual-AAY ABE
Off-target-1: GTACCTACAGAATCCAGTAG AG bp S
Off-target-2: ACACTTATAGACTCCAGTAG AG 800- v 767 bp - - =P LR WT
Off-target-3: TTTCTTACAGGCTCCAGAAA GG ) S :
Off-target-4: GTACTCACAGGATCCAGAAG AG S— — 534 b L
Off-target-5: GTGCTTAAAAGCCCCAGTAG AG 500- s - ot 010150 g 52 ABXSH
Off-target—6: GTGCCTACAGAGTCCAGTAG AG — — - 125 bp--. PP PR e 51 corrected

Off-target-7: GTACTCACAGAGTCCAGAAG AG
Off-target-8: ATATTTAGAGGCTCCAGTIG AG

m
% A14 to G14 conversion
= T
o o o o o
(0]
= H
E— .
S |

I"#$%68&'>.'<=65'47"33"5#":12"8&501' @&41'12"0"5#":12"&06 2 & DR TI96":$%"56';,<=, (%
M"-#1$$%6&'&()*+,(&-.&+-.1&-2,)% 1 HE&TBO-MQW-§8&%60-MQW

Q-#I$$%& & ()*+,(&-23801)+21- &//1-+(+&*+ (& DDERY-0, &//,-.+--),$,- - WROP
<"-K&Y%28&()1!/& +-=CM-+(-21+-d-IDD&(L),-/:&.+)H@EY/:
="-B&J1&(*&-.&9/+-€-,55-)1%9&)-)&")!)+-

W"-29%15+2,-1-2,/ (&2, (-/!-$8%628&() 11/&- .+-2,(DE&6!+; MPS-+(-2PS-+(- %.+()IH-+(-1'2+"1-" (-
%IS$I6& &()!) +-+$H+641ES55#+64L(+

Y"-28/-%1$$%& &()!)+D,-.&/-])4-_ WROP-&_ WROP-2,(-/1-2,%%&* 1)} (&H!-0
2"-B&IL&(*1-.&/-$%,.,)), +-HZK<#-23&-.+0,)%!-+/-'1]) - &9/+-&' (+-Oc-&-OP7
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"D ?<=>C==7'2'=F>BIIABE >K!10&3%&%<,!#,1 296H.%&F ,|MO3%-+/(&,#%!-('c_d/,[O
1)9,2:0MY!E.2,! 10&#Q(&3%(&,!X&,d!-%+(<,3,!- #11(,&0= 3B 6[B5-"9(. 1%!

IM).K4! 20330! (#! 10&3+0##0! -%#!)+0/030+%! 1+%, 3(8HHS(&. B! 9ES! 1 .&,!
1,22%33,1+%$0#, 30+(,| 1@%!-%3%+/(&,! #3 (H#(<Yoh# (1 QYR TA(RID! & Yo
1.210#01%1&%#!11.0+%68

"#D?<=>C==7"1'=F>B!IABE! >K4! (&<%1%4! 10/)+%&-%!#\ #3+,1)0+F (08! -%6##Q(&3%(
X&,d! -%+(<,3,1 | M).] E.2,1 ##,! 2%6H.9%&F,! 903%+/(&,#%! -(! c_dJ,fOPMY4!
29/)+%!20330!(#!1083+0##01-%#1)+0/030+%19sS!1J($8:cK8!
d&3+,/>(1(11023+.33(1)0+3,80!,&1@%!.&%#%/%&30!+%$BO 36 ADHIL 0&. #%6!-%o#!
<(+.2! -%##\%),3(3%! v00-1@.1"! 3+0&1,30! IvbRACK4! -.%I03BHERE( -(!
HO1,#(FF,F(0&%! &.1#%,+%! %! #QRMc! $.(-,! /d[BP! 2$RM UMW) ¥230!
)(110#0! RMc! 'l 10&3+0#4#,3,! - #! )+0/030+%! rD! )0230! &IBHHBA0bE<Y%o+20!
13($8:CK8! "1 -.9%! 1023+.33(! <%(10#,3(! -, (! -(<%+2(! CCREENEY0%(10! %-(30+! -(!

> 2061&%#1/.210#013+,2E%33,3041(&!2%$. (30! ##0! 2 &EAKEBEBIHY

b%+!<%(10#,+%!('<%330+(!ccp!2(1%2%$.0&0! (& RHOHOLX (&08#24! & 3%+(0+%! INCK!
2(&(23+0!-(130)(! 10&! 76! $(0+&(! -(! <(3,4! (&(%33,&-ORBORIM! <(+,#(! I<$K!)Yo+!
%&3+,/>(1(!<(+.2U!10/%!10&3+0##04!'23,3,1(&(%33,3,!.& 2 MHEE Q&M '$,/> |
-%23+,8! X0)0! 3+%! 2%33(/,&%! - ##Q(&(%F(0&%! 2(!) +ABBANRDE X #(-, +%!
#QUWEE(L(%&F,!-%##,13%1&(1,!-%#!2(&$0#0!21,/$80!-K812%!1(

"#1 2%H.%&F(,/%&30! -%#! XMc! $%&0/(104! #QRNObIRAN 2Y30IBT2 ¢ -o(!
v%23%+8&! #03! %! #Q,&,#(2(! (//.&0(2301@(/(1,! %! (2308DF1L06(/&,! >.0&,!
%EE(1(%&F,!-(1%-(3(&$!&%0##,!$,/>,12(&(23+,!3+,33,3,13($.+,:K8!!

L;=;"2I'=A>JA2 (#!12%H.%&F (,/%&30!-%#! XMc! (&-(1,! 1@ %! #Q% E X% BE &)/ (83 (0
)02(F(0&%!c7AlICBS8P!I!78BaK4!+(2)%330! ##%!)02(E1S&0(FH! 9K 8!
1='"2@@'=A&.%22.80!-%$#(1S!2(3(13%23,3(1#,! 10 &< Y62, IR & Bk (< Vot (!
)+%011.),&3(1J($!:4!),&&%0##(!X1%!dK8!
WQRNODb9R!%2%3$.(3,!.3(#(FF,&-0!)+(/%+2! 1@%! ,/)#(E @980 #4Q%RML. %! AS! !
BC!10&E%+/,! #Q,22%&F ! -%##Q%208%! BP! &%##Q/RMEYB X! LUBBHIK 8!
"&E,33(4! #Q,& #(2(! (&! $%#!/023+,!#,110/),+2,! &%(! 30)(! ud[BWB433X3¢*(330!
10++%330!-(1A6B!>)41(&2(%/%! #!3+,21+(330!ud[BIHYBTCALIYBO#H04 1, 1#.&$@%FF,!
-%#!/RMc!X/-!, N#(E(1,30!&%(!30)(IVN!'l-(1:D:1>)8!!

"#12 #30!-%##\%208&%! BP!10&2%&3%! ,##\%208 Y8A33 2% & B! ##\%208%! B64!
+()+(23(&,&-01#,110++%33,|E,2%!-(1#%33.+,!8&%0$# (| @B (Y K H#%0!|

| |
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Mouse: _WT AEx51
Injection: Cirl Dual-AAV ABE
kDa

250. T W g— g -Dystrophin

Relative intensity
dystrophin/vinculin

©c o o o =
o N e o 0 O
h 1 ] 1 1

5%

100- ---- ~Vinculin

“WT AEx51 Dual-AAV
ABE

AEx51-corrected
dual-AAV ABE

S8 PR DU

AEx51-corrected
dual-AAV ABE

!"#$%&'C.'<=65'4?"33"5#'"3%"40"5&'9&'3%2$8'@'3'5'&'5E'M)EB"';<:,%
M"A&)&%(-Q/,)- &/1:& $%&"+,(&-.&I/1-+)%,5+(H)88~(&/),$,- WROP-$%+0!-&-.,$,~+-)%!))!0&(),
Q"-FLI()+5+21*+, (8- &//D& Y&+, (&-.+-.+')%, 5+(WEBO&D!, 4., $,-(, Y60l +*1%+ (&-'1-D+(21/+(1"7-
<"-E001(,+'),23+0+2!- &//1- +)%,5+(1-(&+-01'2,/+-ZN&I-])-&-.&/-),$,-_ WROP-..$,-V-'&))+0!(&-

A (+&+ (8T +(+2N)1-1-$&Y628() 1Y/ &= +-0+,5+6%8&-$, +)+D&-//1-.+)%, 5+(1- )8+, $+-)%!)

="-< [, %1%+, (& WO!), "+/+(1-W, +(1-. &9/+-)&"+-01'2, [+-ZMT7

!

WQ,& #(2(1v%23%+8&! _#031-(/023+,! (#! +(23,> (H#(+ A(OBHAQBH) HYZB+0E (&, | &Yot!

1. 210#0INC!-%6##,1$,/>,12(&(23+,13+,33,3,11($8SCKBIMO+/, #(FEBR{BIE, 2%! #1
2%6$&,#%!033%&.30! 10&!#, ! <(&1.#(&,412(123(/,!. & ARIERAIDLY ), +(!,| BASP! !

782! 1J($8S_K8! c&1@%! #Q(/.&0(2301@(/(1,! -(/023+,! L/@WR2AHVRb! -Yoi#,!
-(23+0E(&,1'23,3,1+()+(23(&,3,!1&%#!; DABIIP4:al- Yo HH# N BEROKB!!

"&OH3+%64HA, & #(2(1(230#0$(L,%-(,&3%!10#0+, F (08 BLMIB02RE., /023 +,!

&, 2023, &F(,#%! +(-.F(0&%! -96#H#,! E(>+02(4! -%6##%LHOB(@M\% -Yot#%! E(>+%!
+($%&Y0+,&3(! 10&! .&,! +(-.F(0&%! -%(! & 1#%(! 1%8&3+ HEHE304!. &YE26330!
/($#(0+,/%8&30!-%H# E%&03()0!X=X!1J($8!SIXK8!

b+9%2(! &%¢#! #0+0! (&2(%/%4! H.%23(! -,3(! -(/023+,&08. 1 DOH(&IBEO(, 30!

- #\%-(3(&$! -(! >,2%4! -0)0! .&,! 2(&$O0#,! (&(%F(08&%! (&B+%:210 ccp;4! ).j!
+()+(23(&,+%61#\%62)+0622(0&%!-Y6#H#, - (23+0E (&R YUFD)2L(REHOE (1(!, | &HH(<Y6##0!
2(/(#%!,1H.%##01-(123.- (). >>#(1,3(/(&!)+%1%-%&F 8!
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4 71=>A=FJ:A'$8,'U<:IJEWMK X' AKKE; DA=A'A'DA>G;?B;?D;=;'CBAI;
b%+1<%+(E(1,+%!2%4#, 123 #BWS()¢+*BLO&S #(-,3,1&%#130)0IE022%!3+,-. 1 (>(#%!
&1@%! (&' 1,+-(0/(01(3(! ./,&(!-%+(<,3(! -,! (D] 9411 23,30! &I (UHEHDEYo+,+%0! .&,!
H(&%,! -(! 1%## #%! (D]92!)+(<%! -%6##\%20& %! BTKED]&EEB(4! 2040! .&,1 10))(,!
(20$%&(1,! -(1 #(&%%! -%+(<,3%! -,! (b]9! )%+/%33%! - (! (&BLHA)-O¥ER)+986330! (!
E%&03()(1+(#%<,&3(1)%+#,1/,#,33(,1X=X8!b,+3%&-0!-,.&, BRI, -, |.&!
-0&,30+%!/,21@(0!2,&04!#\%208%!B7!'123,30!+(/0220! )}, BZBY%! 1%6## #%0\#,
239%22,123+,3%$(,/9R"]bR0O9,2;!1@%!@,!1+%,30!(#!30)0!8d[B7!1J($8BKS

"HBD (HHA* & (&) 1Y6HH #96(]9)./,&%11J($8:CKI+(1@(%-%!.&,!$ ¢RI, -
H.9%##,1-(130)04! 1@%! $,+,&3(21,! .&Q,#3,! YEE(1(%&F,! (AN %4 HBERBYH 108!
1%## #%! ./,&%!6:CN! @,&&01)0+3,30!,1 10&1#.-%+%! 1 @RVGDTBA2/%633%! -(!
)02(F(0&,+%!#Q%-(3(&$!-(1]c]'0!]X]! ##\(&3%+&0RSeHH (&L, -('c_d/,[!
&%6##\%208%! BP!1J($8;_K8!W,!$.(-,'123,3,H.(&-(! 3% 263 A&BE 986! 0d[B7!
(b]92! -%+(<,3%! -,! 1,+-(0/(01(3(L! @d[BP! 2$RMcO7! %! c 92, &&0! -,30!

&Q #3,1%EE(1(%&F,!-(1%-(3(&$!0&!3,+$%3!c7Al), +(!, | G148t 04BA!

A sDS base editing C 100 I

(outot rame) T ED £ M"- - +(+21),-+(-%," - /:&',(&-OU-
- Beo 23&- $,%)!- +/- 2,.,(&- .+~ ),$7- K
(in-frame) 240 %+$%+)+(1%8&- /- 2,%%&))!- !

B : 2 5 18))1%!-"+-1$$/+21-/1-)&"1-)%!) &9
) - - - - o | - (B# 12.33.-1- 1D +H(-

T T Aez 1o $%828&.&(*14-1/)!(.,-Ib& (& O€7
ACTG \CA]AALLWCU‘A |caLatgacc _
PAN— RESDSGRNAT Q"-#&9+,(&-2,(-B=B-(&//:&',(&Oc

D hEX50 sgRNA-1 Ctl_AExs1 &/-9&(&7: -+-1,0,H-d-0,")%!),-

D SR [1$$I+10&(),-  2,(- OWROc-
'\AA J /\J. : 250. - smme -Dystrophin 'O#CM FP4- 23&- $,'+*+,(!- /MQ\
TGACCACTATTGGAGCCTq aagtatactqg &_+),%_(&//!-5+(&')%!_2,0/0.0A)&))!7
1] Fion50 KSR
ntron 100_-— w——-\/inCUlIN -
- <"- K&%2&()1Y/&- .+- =CM- 23&
on - = sgRNA-1 '16+),- & +)+(9- .&/IL&(H(1- +(
— B 100 oo ol o Soalsy, $,'+*+,(&-PS-@+(-D&%.&"7
o, PPRPRRR 2 40§50 51y 52753543
e 689 bp--- FEAITY - — AEX51 B
500- m— S.-SC0 00 ="-E/-'&J1&(*+!10&(),-B!(9&%0-.&//

okrai— AEx51-corrected

%&9+,(& 2,(- [:& (& Oc4- .$
)%!'58*+,(&-2,(-MQWOBS$<!'G>
C?-&-0WROC-'9#CNP4- .+0,")%!-
11-2,%%8&))!-2,%%&*+,(&7

|

Dystrophin/Trl/DAPI |
"#$%&'#$%E'())($*"5'E&%2"6:"6E"0"'$:&5";<=,('21%"F&0"2&'E199%%1 "G/H.

W!-M(I/+'+H#EHK <H#-. &/ HCM-&')%!)),-.1//&-2&//1/1&+KB<'-. &%+D!)&-.1-21%.+3-A2, ()%, /] 4-+KB<'-
gWROP-&-+KB<'-gWROP-2, %% &)p&H#($:+.- 17-

YN8 &Y (-Q/,)-. &1 &' $Y%& "+, (&-.&//1-$%,) &+(1-.+') %, 5+ (1- (B &-1+(&&-+KB<'A-2,()%,//,4-+KB<-
gWROP-&-+KB<'-gWROP-2,%% &B&H($#.- 17--h+(21/+(1-d-1)+/+**1)1-$8%-2,()%,//,7-
2"-M(l/+'+-+001(,+),23+0+2!- (&//&- " &"&- [+(&&- +KBZ!A%,//,4- +KB<'-gWROP- &- +KB<'-gWROP-
2,%%&))&-., &6/ (H#(:.+.-17-E(-%," -.+")%,5+(14-+(-D&%.&-Z%,$, (+(I-E-21%.+ 2H&AP/8/1-@=MKE"7
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1(&$0#(! 1#0&(! -(! (b]9! 10&! .&,! 2%H.%&F,! ]X]! /0-(E(1,30'2ZB3(! (20#,3(! %!
((EE%+%&F(,3(! (&' 1,+-(0/(01(3(8! W,! RNObOR! .3(#(FF,&90! )AHdaE 2@ #,!
+06$(0&%! - ##\%620&%! AS! | BA! %61 #\, & #(2(!-( 2% H. & | RE:Bq1023+ 80! (#!
2,#30!-%##\%208&%!BP1%61#012)#(1(&$!-%$#(1 V620858 1daB

"QOH3+%4MA, & #(2(V%23%+&!>#03!1I($8!; IK 1% (L &O{$B0YE! 1L 0&E Y%+, &O!
1@%).&,12(&$0#,13+,&2(F(08&%!1$%&Y%+,3, -, Ic_d/,[|&YoH#, 208 HERFYR20&%!BP!
061 $%8&%6! 1'12.EE(1(%&3%! )%+ 033%8&%+%! (#! 2,#30! - Yot DARBEIBBREXY 61 %
1, &Y61%61+()+(23(&, +%61#\%2) +%622(0&Y%!-Yo#, 1)+ OB, - (23+0E(
HN'1=>A=FJ;A'U0>;BF',G;=1IX' AKKE; DA=A'A'DA>G;?B!?D;=;'CBAI;

bO(1@g! 2(' " +(210&3+,30! BAEYWHE' ()*++H+&H##Q%208%! B6! ' +%6#,3(<,/%&3%!
(&YEE(1(%&3%4! ' 23,3, 2)%+(/%&3,3,! #,! &.0<,! 23HBRB(HAI*&! )%+!
10++%6$$%+%! #,1/.3,F(08%! -%6##Q%20&%! B7! &%(! 1, (OKOIL( -,! (b]9!
1J($8!7PcK8

A Prime B

edmng e 3
(out-of-frame)

i 4Reframing g A pegRNA — DNA

AEX51 reframed
(in-frame) %

‘ Nick-2
il

CCCCAGTTGGAAGAACTCATTAC
GTCAACCTTCTTGAGTAATG

Nick- 1

LT i il e \ 3
5' sgRNA
RT PBS 5
TTTTTT T T T T I T T rrT 3
GAGGCGTCCCCAGCTTTGGAAGAACTCA
%%??TTCTTGAGTAATG

CTCCGCA GTC
LLLlll |

PAM

I"H$%6& (1.4,(-.%./(0($* U6 E&Y%2"6:"6E"0"$:&5™;<=,('21%"F&0™ 2& E199$% " G/H.

M= =+ (421),- +(-%," - [:&', (& OU- 23&- $,%)!1- +/- 28 .+-"),$7-i,-'23&01- +//1')%!- /1Y %%!)&9+!- +-
4(5467.-1+(&Y%& (.- 1&-(12/&,)+.+-(&//:&' ,(&OU7
Q"-<,0$/&",-0,/82,1%8~(&28" 1%+ -$EYBAT (#(:.+.-1A-+(-%," 4-$&IHCM-@&D+.&(*+!)+-+(-D&Y6.&-+-
U-(12/&,)+.+-&R)%!"H-+(-6/14-=CM-9&(,0+2, H-+(-196!(2+,(&-/!-'&J1&(*-KML7

|

r&,! -6 %! 1@(,<(1)%-+! (#! 2.11%220! -%%6##, | 23+ 3%SE(0&AL (2 RH.1023+.330!
+/*T#' #4* *&) ,8*4# RMc! 1)%$RMcK! /0#30! %EE(1(%&3%8! ¢! 3,#%! 210)04! (#! 20E3h,+%
9R"bzR! @,! 2.$$%+(30!-(1).&3,+%! 2.1 #Q@d[B6! 2$RITH A 48! 1082%8&3%
(&2%+(1%&3(! %-! Yot (/(&,F(0&(! -(21+%F(08&#(! -(! IHBEAL!2(! "1 21%#30!
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-('E.2(08&%!(&$%$&%+(FF,3,1&9,2;03+,21+@DMBRM6S!!
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1,.2,&-01.&Q(&1(2(0&%!,1/0&3%!1~6;!&3K!0!,! < ##%! lyBEbR 368! #(20(&3,11,3.+,!
$%8%+,3,!-,! @d[B6! 2$RMCcOA!1J($8! 7P_K8!"I-.%!&(1"!| @(2&3.38(EE%+%&3(L!
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Ctrl AEx51 peg peg |
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_WROP-.,$34.7(#(:.+.-1-2,(-+-+D&Y%!*2 7-
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1,4+-(0/(01(3('od[B7!3+,33,3(/023+,&01.&+%1.)%+012($&(BEHEB<0L 1%, +(3/(L@ %!
-(11,#1(0!21%8&-080!,)%+1%8&3. #(1), +,$0&,>#(! L0&! HIH#HONOL(3(12,&(!-("
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-0))(0!3,$#(04! (&O#3+%4! @,!.&0!21,+20! (&3%+%2 290 A #,)% B NObEE (1(%&F,!
-(110++9%F(08&%! %!)%+1@g! ).j! $%&%+,+%! /0-(E (1 QI (EPHERAA-@ (#(4! 10/%!
#\(8&3%$+,F(0&Y6!-%6H#\cep! Y61\ (8&<%+2(08%!-%# X Mc8!!

i. Double-cut myoediting !"#$%&'()!'0%>?E#%K#('@<+%,-,-%0$#%
Single exon deletion 35-IC84’2C622C+%
" J IHS Y68 Yo("HS) ¥+ $-'()'(+%)"™ &(/%6H(
r - | HS%E6(HI) S () (%) & (1%
1$%, " (0+,()'1"#+2'$()'(3405%,,%6
(® B'6(4/(2(UBI*422(412&F (417/36/22/1(!
ii. Single-cut sgRNA myoediting Exon §kipping /'(6(%&3/!)(6D'2&%/&6/%2/!D%4!4!?(O!/)1
—sl—sisp— | (@ B'6(4/(2(%FI&I2&F (41)(%FA4'41(%2/37(/9
—ngﬂ} 23/5()(4%/1%/(1) (2("*(\F (DY%E(4%/!P&*/)/6
rsas 412 Exon reframing (1)(2418%$8#13(?3()2(%&Y6*4I'QH+I15433/2
—{so}—]stf 52— 23&6(29b/0)&1,#1H)ISR/16/*(8%62M6/0)&
1| % s#re!
|




"&IH.%230!23.-(0!2(1%2)#0+,1#\.20!-(1&.0<%! 3% 1 SOHDB (IR B #4* *& 1% (#!
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Duchenne muscular dystrophy (DMD) is a fatal muscle disease caused by the lack of dystrophin, which maintains commons Attribution

muscle membrane integrity. We used an adenine base editor (ABE) to modify splice donor sites of the dystrophin Noncommercial
gene, causing skipping of a common DMD deletion mutation of exon 51 ( Ex51) in cardiomyocytes derived from  License 4.0 (CC BY-NC).
human induced pluripotent stem cells, restoring dystrophin expression. Prime editing was also capable of refram
ing the dystrophin open reading frame in these cardiomyocytes. Intramuscular injection of Ex51 mice with adeno-
associated virus serotype-9 encoding ABE components as a split-intein trans-splicing system allowed gene editing
and disease correction in vivo. Our findings demonstrate the effectiveness of nucleotide editing for the correction
of diverse DMD mutations with minimal modification of the genome, although improved delivery methods will
be required before these strategies can be used to sufficiently edit the genome in patients with DMD.
S
INTRODUCTION precise single—base pair conversions without DSBs within a deéned
Duchenne muscular dystrophy (DMD) is a fatal X-linked recessigditing window in relation to the protospacer adjacent motif (PA@)
disorder of progressive neuromuscular weakness and wasting, casisecf an sgRNA1@). There are two major classes of DNA base
by mutations in th@MD gene that encodes the dystrophin proteirditors: cytosine base editors (CBESs), which convert a C:G basg pair
(1). While there are thousands of documented clinical mutatioriefo a T:A base pair, and adenine base editors (ABES), wﬁich
most DMD-causing mutations occur in a “hotspot” region encontonvert an A:T base pair into a G:C base pair. Recently, anZABE
passing exons 45 to 55 of AMD gene that encodes the centralABE7.10) was used to introduce a point mutation and a premagure
rod domain of the protein2). Mutations in theDMD gene most stop codon (p.Q871X) in exon 20 of the moDsed gene and to
commonly involve single- or multi-exon deletions that disrupt theorrect that same point mutatiod4 15). In addition to correcting 3
open reading frame (ORF) and introduce a premature stop codawint mutations, base editors can also be used to induce exen gkip
that results in the production of a nonfunctional truncated dystr@ing by mutating target DNA bases of splice mofi. (In this re §
phin protein and causes a severe muscle degeneration pher®typg#rd, a CBE (hAID P182X) was used at various canonical intrgnic
Our laboratory and others have demonstrated the use of myoeditimgtifs to modulate splicing of different genes, includingDMD g
defined as the CRISPR-Cas9 genome editing in muscle, to-pergese in DMD patient—derived iPSCE7(. However, CBEs havé
nently correct DMD mutations. Myoediting restores the productiobeen reported to introduce Cas-independent off-target edltln% at
of a truncated but functional dystrophin protein in human inducetioth the genome and transcriptome levég-21).
pluripotent stem cell (iPSC)—derived cardiomyocytes, mouse modelsThe prime editing system is composed of a prime editing guide
and large animal models with DMD mutationd—10). These RNA (pegRNA) and a nCas9 fused to an engineered reverse@;ran
myoediting strategies aimed to “reframe” the correct ORF of theriptase Z2). The pegRNA consists of an sgRNA (from 5 to @)
dystrophin transcript by introducing small insertions and deletiorthat anneals to a target site, a scaffold for the nCas9, a revers@tran
(INDELSs) via nonhomologous end joining (NHEJ) of double-strandextription template (RT template) containing the desired edit, arfl a
DNA breaks (DSBs) generated by CRISPR-Cas9. Restoration of theiRter binding site (PBS) that binds to the nontarget strand.
was also accomplished via exon skipping by using a single-guide RYAemplate can be programmed to introduce any type of editgin
(sgRNA) that introduces large INDELSs by a “single cut” at a splateding all possible base transitions and transversions, and mser&ions
acceptor site (SAS) or splice donor site (SDS) or by using two sgRat&kdeletions of nucleotides of any length. The prime editing gys
to introduce a “double cut” and remove one or more exdfls ( tem is further enhanced by including an additional nicking sgRRA
The engineered CRISPR technologies of base editing and prtina increases editing efficiency by favoring DNA repair to replgce
editing have expanded the toolbox of gene editing strategies tothe non-edited strand. Notably, prime editing has not been prévi
tentially correct genetic mutations by enabling precise edits at inolisly demonstrated as a gene editing correction strategy for D@D.
vidual nucleotides1?). In base editing, Cas9 nickase (nCas9) or In this study, we developed nucleotide gene editing correctfon
deactivated Cas9 (dCas9) is fused to a deaminase protein, allostiegegies to restore dystrophin expression in mice and human car
diomyocytes harboring a deletion of exon 51 ( Ex51) of BiD
gene, one of the most common single-exon deletion mutations in
'Department of Molecular Biology, University of Texas Southwestern Medicat Ce atients with DMD £3. We demonstrate the use of an optimized

ter, Dallas, TX 75390, USMamon Center for Regenerative Science and MedicineABE [ABEmax 24)] packaged into adeno-associated virus 9
University of Texas Southwestern Medical Center, Dallas, TX 75390°&$ator - (AAV9) using a split-intein system to restore dystrophin protein
Paul D. Wellstone Muscular Dystrophy Cooperative Research Center, U”'Vers'tyeﬁipressmn in a Ex51 DMD mouse model, in which correction

Texas Southwestern Medical Center, Dallas, TX 75390, USA. trat h t v b d ibed. We th lidate th
*Corresponding author. Email: eric.olson@utsouthwestern.edu strategies have not previously been describe € then validate the

tThese authors contributed equally to this work. efficacy of ABEmax for exon skipping in th&D gene locus by
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targeting SDSs and the efficacy of prime editing for exon reframawgur at sites in the exon that do not result in introduction of a new

in human Ex51 DMD iPSCs. Both of these gene editing toels ngremature stop codon following the targeted insertions or deletions.

stored the ORF of the dystrophin transcript and rescued dystroplioth correction strategies can restore the ORF and lead to production

protein expression. These proposed correction strategies for ¢fi@ functional but internally truncated dystrophin protein.

Ex51 mutation could theoretically restore the correct ORF in ~8% To restore dystrophin expression in the Ex51 mouse model, we

of patients with DMD 25). However, the use of a high viral dose tdecided to induce exon skipping by destroying the SAS or SDS of

restore in vivo dystrophin expression precludes safe therapeutic&en 50 or 52 by a single-swap base pair transition using base edit

ployment of these strategies without further evaluation of deseitig. The canonical SAS consensus sequence is AG, and the canoni

tration or the effects of systemic treatments. Our findings establisth SDS consensus sequence is GT, and the pairing of the SAS and

the proof of concept of two nucleotide editing strategies to corr&DS defines an exon for recognition by the splicing machig@xy (

exon deletion mutations in theMD gene through the most mini ABEs can disrupt either the SAS or SDS consensus sequences by causin

mal possible genomic modifications, resulting in restoration of dyes single swap of one of the base pairs in the dinucleotide splicing

trophin protein expression. motifs. We reasoned that destruction of either splice site bracketing
exon 50 or 52 could prevent pairing of the splice sites across that
exon by the splicing machinery. This would preclude the splicing

RESULTS machinery from recognizing that exon, thereby causing skipping of
Development of “single-swap” ABE as an in vivo nucleotide that exon and restoring the correct ORF of[Emed transcript.
editing strategy For exon skipping in Ex51 mice, we used the ABEmax ABE, as

Previously, we generated and validated a DMD mouse model vABEs produce less off-target editing than CBIBsZ1). ABEmax
deletion of exon 51 in the moufend gene ( Ex51) R6). These can edit the adenine in the sense strand of the SAS AG consensus
mice display the hallmarks of DMD, including the absence of dggquence or the adenine in the antisense strand of the SDS-G Bcon
trophin, replacement of degenerative muscle fibers with inflammeensus sequence. We identified candidate sgRNAs around tthAS
tory cells and fibrotic and fatty tissue, and an increased percentagg: SDS for both exons 50 and 52 that had PAMs with an NIGG
of centralized nuclei in myofibers, indicative of active myofiber d@AM sequence for editing with ABEmax-SpCas9 or the more relg@xed
generation and regeneration. Deletion of exon 51 irDimel gene NG PAM sequence for editing with the engineered ABEmax
results in the introduction of a downstream premature stop cod@pCas9-NG2g). These sgRNAs also positioned the target SASt or
in exon 52 and production of a nonfunctional truncated dystrophiBDS within the canonical base editing window of ABEmax (appﬂ-)x
protein (Fig. 1A, top). ThBmd ORF can be restored by skipping oimatively nucleotide positions 12 to 18; counting the PAM nucleotges
either exon 50 or 52. This allows splicing of exons 49 to 52 in &se2 to 0 for NGG or 1 to 0 for NG).

case of exon 50 skipping or splicing of exons 50 to 53 in the case ®¥e tested a total of nine candidate sgRNAs in mouse N2a—n§4ro
exon 52 skipping (Fig. 1A, exon skipping). Another correctidsiastoma cells targeting either the SAS or SDS of exon 50 or 52 (fig.
strategy involves “reframing” of exon 50 or 52 by targeted nucl&iA). We found that mouse exon 50 (mMEx50) sgRNA-4 together
tide base pair insertions or deletions. Accordingly, insertions of 3mwith ABEmax-SpCas9-NG was the most efficient sSgRNA ové&rall

2 nucleotides (nt) or deletions of 3n 1 nt within exon 50 or 52 c4fig. 1B and fig. S1B). mEx50 sgRNA-4 induced on-target editirg) of
restore the ORF (Fig. 1A, reframing). However, these INDELs mpssition A14 of 51.0 + 2.3% in the SDS of exon 50, with m&or

9
@
g
B D g
60+ <
AEx51 _ = Intron - "
(out-of-frame) | I" """""" 504 3 2
TGAGCACTACTGGAGCCT ?tacatttt = Bota s
Exon skipping ||||||||||||l||||||||l|||||||| £ 40 =
ACTCGTGATGACCTCGGAcattcatgtaaaa © 4 )
oopE e P s
PAM — mEx50 sgRNA-4 o 4 g
! < 204 o
Correction E‘ c L ;
strategies TR ; . 104 5
(in-frame) Reframlng (+2 nt/~1nt) Mallaadha, I ||, \ ,“. N il 0 S
e i ﬂ [\ U Mt AR A12 A14 A18 E
—<g- Ly | w'u Jﬂ"-'--'lm','- | N
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[J]]  Fxon50 Rl el
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Fig. 1. Strategy for in vivo exon skipping mediated by adenine base editing in the Ex51 mouse model. (A) Schematic showing exon skipping and exon reframing
strategies to restore the correct ORF of tBend transcript. Shape and color of boxesBfnd exons indicate reading frame. Deletion of exon 51 ( Ex51) in Brad gene
generates a premature stop codon in exon 52 (red). Restoration of the correct ORF can be obtained by skipping of exon 50 or 52 (gray) or reframing by a precise insertiol
of 3n + 2 nt or deletion of 3n 1 nt in exon 50 or 52 (greerB) (llustration of the mEx50 sgRNA-4 binding position in the region of the SDS (green) of nizmskexon

50. Sequence shows sgRNA (blue) and PAM (red). Adenines in the editable window of ABEmax-SpCas9-NG are numbered, starting fromGQhRdphddefitative

Sanger sequencing chromatogram of the genomic region of the exon 50 SDS in mouse N2a cells, after transfection with ABEmax-SpCas9-NG and mEx50 sgRNA-
(D) Percentages of DNA editing in mouse N2a cells after transfection with ABEmax-SpCas9-NG and mEx50 sgRNA-4. On-target edit (A14) is colored green. Dots and b
represent different transfection experiments and are means + SEM §).
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bystander editing at A12 and A18 (Fig. 1, C and D). The other c&AV vectors (Fig. 2A). The N-terminal AAV construct consisted of
didate sgRNAs showed low editing efficiency at on-target sites (fig. 3hB)N-terminal half of ABEmax-SpCas9-NG fused to one split DnaE
We therefore selected mEx50 sgRNA-4 with ABEmax-SpCas94Ni8in half fromNostoc punctiform@Npu) that was expressed under
for further in vivo base editing studies. the control of the creatine kinase 8 (CK8e) promoter. This promoter
drives high level expression specifically in skeletal muscle and heart

AAV packaging of ABE components in a split-intein system (30. The C-terminal AAV construct consisted of the other DnaE intein
for in vivo delivery half from Npu fused to the C-terminal half of ABEmax-SpCas9-NG,
Current viral-based gene editing therapies use AAVs that havelso driven by the CK8e promoter. Each AAV construct alse con
packaging limit of <5 kb, which precludes packaging of the ABEmgaéned a truncated Woodchuck hepatitis virus posttranscriptional
SpCas9-NG base editor (~5.8 kb) into a single AAV vector. Recemdgulatory element (WPRE31), two codon-optimized nucleardo
dual AAVs have been described for the delivery of split base editadization signals each flanking the ABEmax-SpCas9-NG halves,
using trans-splicing inteins, which act as protein introns to enalaled a U6-driven sgRNA in the reverse orientation. We then gener
covalent splicing of N- and C-terminal peptid@9)( Each half of ated dual-AAV9 particles encoding each of the terminal halves and
the split base editor when linked to trans-splicing inteins can mEx50 sgRNA-4 (Fig. 2A).
assemble after translation into a functional base editor that retains
similar editing efficiencies compared to its nonsplit, full-lengt8ingle-swap ABE in Ex51 mice by AAV9 delivery restores
equivalent. dystrophin production

We adapted the split-intein system by dividing ABEmax-SpCas9-N@ validate the efficacy of the single-swap gene editing strategy in
into two smaller fragments that can each be packaged within sepatete Ex51 mouse model using ABEmax-SpCas9-NG and mEéSO
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Fig. 2. Exon skipping by AAV-mediated base editing in the Ex51 mouse model. (A) Schematic of the dual-AAV9 system for in vivo delivery of ABEmax-SpCas9-NG
and two copies of MEx50 sgRNA-B) Overview for the in vivo intramuscular (IM) injection of the dual-AAV9 system in the TA muscle of the left leg of P12 Ex51 mice.
Right leg was injected with saline as a contrdl) Percentages of DNA editing of the adenines from TA injected with the dual-AAV9 system. On-target adenine (A14) is
colored green. Dots and bars represent biological replicates and are means +1ISEB) (D) Alignment of the top eight off-target sites in mouse DNA. The target adenine
(A14) is colored greenE][ Percentages of DNA editing of A14 in the top eight off-target sites from TA injected with the dual-AAV9 system. Dots and bars represent bio
logical replicates and are means + SEM=(3). F) RT-PCR analysis of RNA from the TA of wild-type (WT) and Ex51 mice injected with the dual-AAV9 system or saline as
control (Ctrl). G) Sequence of the RT-PCR product of the lower band confirms splicing of exons 49 to 52.
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sgRNA-4, we performed localized intramuscular injection of ttA G g B
dual-AAV9 split-intein system in the left tibialis anterior (TA) musclé injection: —_ Gl Dual-AAV ABE g 10
[5 x 13°viral genomes (vg) per leg for each virus] of postnatal d L %E 0.8
12 (P12) mice. The right TA muscle was injected with saline so 250 W #= s g Dystrophin - 235 ¢ N
tion as a control. Three weeks after intramuscular injection, T %ém
muscles were collected for analyses (Fig. 2B). 2%
Sequencing of genomic DNA in the treated left leg showed 1, . i =" = g -incuin ° .

efficiency of on-target editing of A14 of 35.0 + 1.5%, with bystanc WT AEx51 Dual-AAV
editing at A12 of 6.7 + 0.9% and at A18 of 10.7  1.2% (Fig. 2C). PRk
assess the specificity of base editing, we screened for pote
off-target editing of the top eight sites predicted by CRISPC |
(Fig. 2D) B2. Sequence analysis of the candidate off-target -amg
cons revealed no notable editing at any of the eight tested off-tal
sites (Fig. 2E and fig. S2, A and B).

Sequencing of the RT-PCR (polymerase chain reaction) prc
ucts generated by primers that amplified the region from exon 48
53 from the injected TA muscle revealed skipping of exon 504n n
ture Dmd mRNA (Fig. 2F, lower band). Skipping of exon 50 allov
exon 49 to splice to exon 52 and places the downsdeadrtran-
script back in frame (Fig. 2G). Accordingly, Western blot analys
showed restoration of dystrophin protein expression in the AA\
injected TA muscle to a level of 54.0 £ 1.7% compared to wild-ty
(WT) littermate controls (Fig. 3, A and B). Immunohistochemistry
showed that dystrophin expression was restored in 96.5 £ 0.7% £
myofibers (Fig. 3C and fig. S3, A and B). Histological analysis u";? )
hematoxylin and eosin (H&E) staining showed substantial redurig. 3. Dystrophin restoration following AAV-mediated base editing in the
tion in fibrosis, necrotic myofibers, and regenerating fibers with 51 mouse model. (A) Western blot analysis of dystrophin protein expressiog:
reduction in centralized nuclei from 51.5 + 2.8 to 5.9 + Ll%:l’A muscles of WT and Ex51 mice 3 weeks after intramuscular injection of sal
demonstrating amelioration of the DMD phenotype (Fig. 3D arﬁf control (Ctrl) or the du_aI—AAVIQ system fgr the expression pfABEmax—SpCas_
fig. S4, A to C). Collectively, these data demonstrate that exen STﬁ mEx50 sgRNA-4. Vinculin is the loading contrB). Quantification of dystre &

: di dbv b diti d hi . n expression from Western blots after normalization to vinculin. Dots and ba%s
ping mediated by base editing can restore dystrophin expressmﬁzﬁpesent biological replicates and are means + SEM- 8). C) Immunohisto 8

.dFj'VGI.Op'ng P12 Ex51 mouse. TA muscles .followmg 'mramuscu!a{emistry of dystrophin in TA muscles 3 weeks after intramuscular injection of ;Ee
injection of AAV9 at a dose similar to previously published studiggi-aavg system. Indicated is the percentage (means + SEM) of dystrophin-positive
(4,8,9,15 33 34). The amount of AAV9 used in this study pertainsyofibers of TA muscles of Ex51 mice receiving an intramuscular injection of tig
specifically to intramuscular injection. As our work representsdaal-AAV9 systemn(= 3). Dystrophin is indicated in green. Scale bar, 180 z
proof-of-concept study, we do not recommend extrapolating thi®) H&E staining of TA muscles from WT, Ex51, and corrected Ex51 mice 3w§ks

AEx51-corrected
dual-AAY ABE

dny wouy papeojumoq

Zm/
@

oS

AAV dose to systemic application, as it would correspond to ~1.8fter intramuscular injection. Scale bar, 16. o
10" vg/kg and would be an inappropriate amount of virus to ad é
minister systemically. exon 50 (hEx50 sgRNA-1), which has high homology to mE®50
SgRNA-4 used for the previous mouse in vivo experiments, and3wo
A single-swap ABE transition induces exon skipping SgRNAs for the SAS of human exon 52 (hEx52 sgRNA-2 and ngr%A-B)
and restores dystrophin expression in human that positioned the SAS or SDS within the editing window of ABERax
Qo

cardiomyocytes (Fig. 4, A and B, and fig. S6A). 2
Correction of theDMD exon 51 deletion mutation by skipping of In human 293T cells, hEx50 sgRNA-1 paired with ABEmax-
exon 50 or 52 can therapeutically benefit ~8% of patients with DMHpCas9 was the most efficient combination of ABE compon%ts,
(25. To test whether the single-swap gene editing strategy thatwith on-target editing of the A:T to G:C base pair in the SDSET
validated in mice was therapeutically translatable to human iPS@quence of 38 + 0.6% (nucleotide position A14) and bystagder
derived cardiomyocytes, we first generated exon 51-deleted humdits of 2.0 + 0.0 and 11 + 0.0% at nucleotide positions A12°nd
iPSCs. Starting with an iPSC line generated from a healthy nmfil8, respectively (fig. S6B). The other two candidate guides hExSZ
donor, we used CRISPR-Cas9 genomic editing to generates@gRNA-2 and sgRNA-3 paired with ABEmax-SpCas9 were betttel
isogenic disease-specific human iPSC line ( Ex51 iPSCs) with aalévely inefficient at the target A:T base pair (nucleotide position
letion of exon 51 in th®MD gene (fig. S5). This isogenic paiAl2 editing of 2.3 £ 0.6% and nucleotide position A18 editing of
lessens the possibility of potential intrinsic variations between in8i3 + 0.6%, respectively) at the SAS AG sequence (fig. S6B).
vidual iPSC lines that could lead to misinterpretation of disease-Because of its high efficiency in inducing a single nucleotide
relevant phenotypes§, 36). transition at the SDS of exon 50, hEx50 sgRNA-1 was tested for its
To evaluate the efficiency of base editing of splice sites withinahdity to promote exon skipping and restore dystrophin expression
DMD gene by the ABEmax base editor, we screened available sgitNiisman Ex51 iPSC—derived cardiomyocytes. Editing in Ex51
with NGG PAMs for editing of the SDS or SAS of exon 50 or 52R$Cs with hEx50 sgRNA-1 and ABEmax-SpCas9 generated on-target
human 293T cells. We identified one sgRNA for the SDS of hunsatiting at A14 of 87.7 + 4.1%, with bystander editing at A18 of
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Western blot analysis and immunocytochemistry showed+esto
ration of dystrophin protein expression in Ex51 cardiomyocytes
that had been corrected with hEx50 sgRNA-1 and ABEmax-SpCas9
(Fig. 4, F and G, and fig. S6D). These findings are consistent with
previous studies on exon skipping correction strategies around the
exon 50 to 51 locus in DMD patient—derived iPSC cardiomyocytes
(7,37). Together, our data suggest that a single-swap transitien gen
erated by ABEmax at the SDS GT sequenbdI@f exon 50 is suf
ficient to cause skipping of exon 50 in human DMD cells and restore
dystrophin protein expression.

Prime editing of DMD exons can enable exon reframing
and restore dystrophin expression in human cardiomyocytes
As we found base editing for exon 52 skipping to be relatively inefficient,
we developed a prime editing—based reframing strategy for exon 52
as another potential gene editing correction strategy for the exon 51
deletion mutation in iPSC-derived cardiomyocytes (Fig. 5A). We
reasoned that one of the keys to efficient prime editing is the effi
ciency of the sgRNA in the pegRNA construct. SQRNA efficiency
prediction software using CRISPOR suggested that hEx52 nggA-4
was likely to be the most efficient sgRNA in exon 52 as calculatgd by
scoring from Doenclet al. (38), so we selected this sgRNA f@r
further optimization in the pegRNA construct (fig. S7A). As prifBe
editing allows discretionary gene insertions and deletions, we @bi
trarily chose to introduce a +2-nt AC insertion at position +1 wih
respect to the nicking site generated by hEx52 sgRNA-4 (cou@ing
the PAM positions as +4 to +6). As hEx52 sgRNA-4 is in the anti
sense orientation and inserts the AC dinucleotide sequence o0& the
antisense strand, the fineMD transcript will contain a GT dinu
cleotide insertion on the sense strand upon successful prime edjting
(Fig. 5B). Following recommendations for prime editing optimiia
tion (22, we started with a pegRNA with a PBS length of 13 ntand
an RT template length of 15 nt (referred to as hEx52-PE) (Fig%B).
Fig. 4. Base editing—mediated exon skipping restores dystrophin expression We then systematically varied the lengths of the PBS and RT gem
in human Ex51 iPSC—derived cardiomyocytes. (A) Gene editing strategy to re  plate to find the most highly efficient pegRNA. We found that w@le
store the in-frame ORF by exon skipping using base editiBy The hEx50 sgRNA-1 longer lengths of the PBS and RT template correlated with increased
binding position in the region of the SDS of hum@&MDexon 50 (green). Sequence editing efficiency, the longest lengths performed comparably é_’ig_
shows sgRNA (blue) and PAM (red). Percentages of DNA editing of adenines in S7, B and C). To further optimize the editing efficiency, we also
.the editing windoyv of ABEmax—SpCagQ with hExSO sgRNA-1 following nucleofectio§e|ected two nicking sgRNAs to pair with hEx52-PE, which cage a
in human Ex51 iPSCs. On-target edit (A14) is colored green. Dots and bars—repg—ﬁck 29 nt upstream (nick-1, 29 nt) or a nick 52 nt downstream %ﬂ

sent results of different nucleofections and are means + SEM3). D) Representa A . L. .

tive Sanger sequencing chromatogram of the genomic region of the exon 50 SDS },Pe sense strand (nick-2, +52 nt) with respect to the nicking ?Ite
human iPSCs following nucleofection with ABEmax-SpCas9 and hEx50 ngN,Q?.nerated by hEXSZ_S_gRNA'4 (Fig. 5B). . . (=%
(B) RT-PCR analysis of RNA from single clones of healthy control (Ctrl), Ex51, and W€ tested the efficiency of hEx52-PE in the Ex51iPSC mciel

corrected Ex51 iPSC—derived cardiomyocytes after base editifyWestern blot  With both nicking sgRNAs. We detected a 20.2% efficiency inEin
analysis of dystrophin protein expression of Ctrl, Ex51, and corrected Ex51iPSaroducing a +2-nt GT insertion on the sense strand at the desged
derived cardiomyocytes. Vinculin is the loading contraB)(Immunocytochemistry ~ position using hEx52-PE and nick-1 and a 54.0% efficiency u%ing
of dystrophin in Ctrl, Ex51, and corrected Ex51 iPSC—derived cardiomyocyteshEx52-PE and nick-2 (fig. S8A). We then differentiated the t@m
Dystrophin is indicated in red. Cardiac troponin-I (Tnl) is indicated in green. Nuclghixture of edited and non-edited iPSCs into cardiomyocyte?to
are marked by DAPI (4 ,6-diamidino-2-phenylindole) (blue). Scale bamrt0 determine the effects of the insertion on dystrophin recovery. $he
relative quantity of dystrophin protein with respect to the healfiy
29.3 £ 4.3% and at A12 of 5.0 £ 0.0% (Fig. 4, C and D). As-thedmntrol iPSC-derived cardiomyocytes was 24.8% after editing
stander edits are located in the intron region or in the to-be-skippeih hEx52-PE and nick-1 and 39.7% after editing with hEx52-PE
exon, they are not predicted to affect the final dystrophin transcriphd nick-2, which correlated with the DNA editing efficiencies
Single clones of iPSCs containing a base-edited SDS GT din(fiteg S8, B and C).
otide sequence to a GC dinucleotide sequence were isolated arfsingle clones of iPSCs with the prime-edited insertion in exon 52
differentiated into cardiomyocytes. RT-PCR using primers that amere isolated and differentiated into cardiomyocytes. RT-PCR and
plify the region from exon 48 to 54 and complementary DN@DNA sequencing analyses confirmed the precise GT insertion on
(cDNA) sequencing analysis showed skipping of exon 50 and sphe sense strand in exon 52 (Fig. 5, C and D). The correct reframing
ing of exons 49 to 52 (Fig. 4E and fig. S6C). of the ORF was confirmed by the restoration of dystrophin protein
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Fig. 5. Prime editing—mediated exon reframing restores dystrophin expression in human Ex51 iPSC—derived cardiomyocytes. (A) Gene editing strategy to re

store the in-frame ORF by exon reframing using prime editir®). I{lustration of the pegRNA used in the following experiments (red) and the target DNA sequence (blue).
PAM is indicated in orange and programmed insertion in gredd). RT-PCR analysis of RNA from single clones of healthy control (Ctrl), Ex51, and corrected Ex51 iPSC-
derived cardiomyocytes after prime editing with nick-1 or nick-B) (Sanger sequencing chromatograms of the RT-PCR product of RNA from Ex51 iPSC—derived cardio
myocytes before and after prime editingE( Western blot analysis of dystrophin protein expression of Ctrl, Ex51, and corrected Ex51 iPSC—derived cardiomyocytes.
Vinculin is the loading control.) Immunocytochemistry of dystrophin in Ctrl, Ex51, and corrected Ex51 iPSC—derived cardiomyocytes. Dystrophin is indicated in red.
Cardiac troponin-I is indicated in green. Nuclei are marked by DAPI stain in blue. Scale bar, §&) Percentage of arrhythmic calcium traces of Ctrl, Ex51, and correct

ed Ex51 iPSC—derived cardiomyocytes. Dots and bars represent results of different biological replinat@i6 cells across three biological replicate experiments) and

are means + SENh € 3). P<0.05 and *P< 0.001 using unpaired two-tailed Studentgest.
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expression, as demonstrated by Western blot analysis and immuenad the NHEJ repair pathway to introduce random INDELs at the

cytochemistry (Fig. 5, E and F). cutting site.

Here, we investigated the use of nucleotide editing, namely base
Prime editing of DMD exons normalizes contractile editing or prime editing, to induce exon skipping or exon refram
abnormalities of human DMD cardiomyocytes ing, respectively, to correct tl¥MD exon 51 deletion mutation.

We next investigated whether genome editing of cardiomyocytesTiese two technologies do not introduce DSBs in the genome and
prime editing could rescue a possible arrhythmic defect in Ex®ffer more precision in the final editing outcome as they do not rely
cardiomyocytes. We treated 30-day-old iPSC-derived cardiomyocygtasandom INDEL generation for gene editing. However, these
with isoproterenol and performed calcium-cycling analyses. We @elvantages are tempered by the size of these nucleotide editing
tected an arrhythmic defect in the Ex51 cardiomyocytes comparsgstems, as they both exceed the current packaging size limita
to the healthy control cardiomyocytes. This observation recapition of AAV.
lates patient phenotype89) and human cardiac iPSC models of We demonstrated that ABEmax-SpCas9-NG can be delivered
DMD (5, 40), with a significant increase in the percentage -of an vivo in a mouse model as a split-intein dual-AAV system and
rhythmic calcium traces from 33.7 + 5.6% of the healthy contrel caorrect the Ex51 mutation in postmitotic skeletal muscle. We used
diomyocytes to 64.7 + 3.8% of Ex51 cardiomyocytes (Fig. 5G aBdCas9-NG because of its more relaxed NG PAM requirement
fig. S8, D and E). Our observation that a fraction of Ex51 cardioompared to other Cas nucleases with more stringent PAM require
myocytes did not exhibit an arrhythmic phenotype could stem froments @8). This increases the number of available sgRNAs that are
the transcriptional, structural, and functional heterogeneity @bsitioned to edit SAS or SDS. We selected ABEmax as base editor
iPSC-derived cardiomyocytetl(42), whereby cardiomyocytes fromas it is associated with fewer off-target consequences compared to
different lineages (i.e., nodal, atrial, and ventricular) could displ@BEs 18-21). We found that intramuscular delivery of the spl%
variable susceptibilities to arrhythmias. A similar observation wiagein dual-AAV system edits the SDS of exon 50 in muscles ofthe
reported in other studies investigating the electrophysiological progx51 mouse model. 2
erties of iPSC-derived cardiomyocytes in the setting of diseases that 3
affect cardiac electrophysiologh(43 44). In contrast, prime-edited Correction of DMD mutations by base editing of splice sites g
Ex51 cardiomyocytes exhibited a percentage of arrhythmic calciufhe single swap of a nucleotide base pair in the GT SDS cons?,nsus
traces comparable to that of the healthy control cardiomyocysesjuence was sufficient to induce exon skipping and restore-§ro
(38.0 £ 2.5% after editing with hEx52-PE and nick-1 and 41.7 + 6di%tion of an internally deleted but functional dystrophin proteis.
after editing with hEx52-PE and nick-2), confirming alleviation of tHeeletion of exon 51 eliminates 78 amino acids from the highl
arrhythmic defect in prime-edited—reframed Ex51 cardiomyocytedundant central rod domain of dystrophin. Skipping of exon 5Q;to
(Fig. 5G and fig. S8D). Together, these data demonstrate that pimable splicing of exons 49 to 52 restores the ORF of dystroghin.
editing can be used to precisely reframe the correct ORF and rede®ause exon 50 encodes only 36 amino acids in the centrg rod
functional dystrophin expression in cultured human Ex51 iPSG cadomain, the corrected form of the dystrophin protein contains 92%
diomyocytes when cells are nucleofected and sorted to isolate trahthe 3685 amino acids of the full-length dystrophin protein anﬁ is
fected cells. therefore expected to be highly functional. In contrast, “micto
dystrophins” currently used in DMD gene therapy clinical tn@s
contain approximately 30% of the dystrophin protein and are re!a
DISCUSSION tively functionally compromised.
Our results demonstrate the effectiveness of two different nucleo One of the potential concerns reported for base editors |s%ff-
tide genome editing techniques, base editing and prime editing, tinget editing. Our off-target analysis did not detect any notd®le
the correction of one of the most common single-exon mutationsaff-target edits in the tested sites. Base editors, such as ABEma( can
patients withDMD deletion of exon 51 in the dystrophin genedit all available base pairs within a defined activity window. Tﬁ’ese
(23). Our laboratory and others previously demonstrated the efficdnystander edits can potentially be disadvantageous in some gene
of in vivo gene editing to correct DMD-causing mutations by thediting applications. For exon skipping, however, bystander @Ilts
introduction of INDELSs within or surrounding out-of-frame exonswould occur in the intron or in the to-be-skipped exon and thus ot
using CRISPR-Cas8, 6, 8, 9, 34, 45-47). One approach to restoreaffect the final dystrophin transcript, which makes it an attracrg/e
the correct ORF in mutated dystrophin transcripts, referred to gene editing strategy for correction of DMD mutations.
double-cut myoediting, used CRISPR-Cas9 and a pair of sSgRNAs tddenine base editing as a gene therapy has been prev@usly
introduce two cuts in the DNA to remove intervening target exoemonstrated in an adult mouse model of DMD harboring a-n&w
for exon skipping. However, double-cut myoediting in its curresiense point mutation in exon 20. Intramuscular injection of dgal
iterations has limitations in its therapeutic applicability becausetodns-splicing viral vectors containing the split ABE and one cbpy
its low editing efficiency and its generation of unpredictable genoofesgRNA into the TA muscle of these DMD mice resulted in+esto
modifications, such as AAV integration and DNA inversi@d)( ration of dystrophin expression in a modest percentage of myofi
Another genome editing approach, single-cut myoediting, overcontess (5. Their findings of lower dystrophin expression could be
some of these limitations by using CRISPR-Cas9 and one sgRNdum to differences in the editing efficiency of the sgRNA, the ABE
introduce one cut in the DNA in the proximity of splice sites teystem, the age of the injected mice, or the splicing strategy. Their
cause exon skipping following small deletions or exon reframistydy used a trans-splicing dual-AAV strategy, which has been
following insertion or deletion of appropriate numbers of nucleshown to have relatively poor transduction efficiency of the-pack
tides within out-of-frame exongl). However, both double- and aged transgene compared to single-vector or split-intein AAV sys
single-cut myoediting rely on the generation of DSBs in the genotams, which limits its therapeutic potentidB). This is likely due to

eO!
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the need for trans-splicing AAVs to undergo complex intermoleculean theoretically be used to correct all possible point mutations
concatamerization/recombination and subsequent splicing betweraluding base pair transitions and transversions, whereas base edi
the two vectors to reconstitute gene expresst@ (Ve used a tors are limited only to transitions of A:T to G:C or C:G to T:A. In
split-intein dual-AAV system that reconstitutes the full-length baseldition, as shown here, the correction of exon deletion mutations
editor by protein trans-splicing and has been previously shownhp precise exon reframing instead of exon skipping allows retention
be as efficient as a full-length non—split-intein base edi®r That of the edited exon, therefore minimizing the number of amino acids
study also demonstrated correction of a nonsense mutation (p.Q87thét are missing from the final dystrophin protein. As prime editing
for which the human equivalent mutation (p.Q869X) has been clinecessitates the coordination of multiple pegRNA components for
ically documented in only a few patients. Furthermore, nonseresditing, such as the spacer sequence, the PBS, and the RT template,
mutations make up only 10% of the more than 7000 documenteis likely that editing events at off-target sites are minimal. However,
DMD-causing mutations and are evenly distributed across all 79 examscent preprint demonstrated that two opposite strand nicks using
of the largest human gene. On the other hand, exon deletiorr mukee PE3 system can cause undesired editing outcomes in mouse zygote
tions cluster in a hotspot region of tB&ID gene and account for injections 63). These undesired editing outcomes were reduced by
68% of all total mutations with deletion of exon 51 being the secarsihg an sgRNA that is mutation specific and can nick only after
most common single-exon deletion mutation. Correction stratsuccessful editing and resolution of the pegRNA nick (PE3b system).
gies for skipping of exon 50 would benefit not only the single exalh of these limitations, together with the large size of the prime
51 deletion mutation but also some multi-exon deletion mutatiorsliting construct that precludes single-vector AAV packaging, have
and could be therapeutically applicable to 4% of all patients withbe taken into consideration before moving to in vivo genome
DMD (2, 51). editing by prime editing.
To evaluate the clinical applicability of base editing, we also
demonstrated that the single-swap strategy restores dystrophinleoking to the future
pression in human iPSCs with deletion of exon 51 iDiki® gene. Future studies will need to address several remaining questmnsg:on
Base editing was originally envisioned to correct disease-causiming nucleotide editing as a therapeutic strategy for DMD. W8ile
point mutations in the genome; however, its utility in inducing exome have shown dystrophin restoration in a mouse model usidy a
skipping has become increasingly more intriguing because ofspdit-intein dual-AAV system, clinical translation of our work is s%
more flexible applications as a gene correction strafdgyyl this far, and it would need to be demonstrated in large animal moﬁels
work, we used ABEmax as a base editor for exon skipping; howearet, evaluated for efficacy and safety. The high editing efﬁuency
other groups also have demonstrated the use of a cytidine deamitizetenve detected in vivo is evidently influenced by the elevated Firal
base editor for exon skippin@?). In the future, the continuous dose that we used. We injected in the TA (average weight of ~6.5mg)
optimization of more efficient base editors will further increase tioé P12 Ex51 mouse a 1 x fvg/kg dose, which corresponds toga
efficiency of single-swap—based exon skipping using base editberetically equivalent systemic dose of ~1.5% ig@lkg. This is§
For exon skipping, the destruction of a splice site can activate meuch greater than the highest systemic AAV9 dose currently ger
cryptic splice sites around that exon. This potential for alternatimgtted (3 x 18 by the U.S. Food and Drug Administration. g
splicing and failure of exon skipping necessitates the need to deterraifdition, as transduction efficiency in immature myofibers of R32

ojumoq

or predict splicing outcomes after base editing. mice is likely higher than in mature myofibers, which are surrounged
by more connective tissue and extracellular matrix, the editing @ Effl

Correction of disease-causing mutations by reframing ciency in older mice should be analyzed in the future.

through prime editing Long-term studies will need to be performed to determine &le

While base editing at the exon 52 SAS for exon skipping was relagevity of rescue, potential consequences of persistent in V|vg,’ ex
tively inefficient in our initial screen, we found that prime editingression of base editors or prime editors, and the potential eostri
generated a desired +2-nt insertion within exon 52 for exon refrabution of muscle satellite cells to gene-edited skeletal muscle folldgving
ing and serves as an additional nucleotide editing strategy. Whilescle repair and regeneration. In this regard, recent work dengpn
INDEL profiles from CRISPR-induced DSBs may have somsteated that the AAV9 serotype and CK8e promoter can transcﬁjce
sequence-dependent predictability in INDEL outcont,(the and deliver editing systems to muscle satellite cells and dr=|ve ex
INDEL profiles are nonetheless heterogeneous in their outcopression of the packaged transges®85). However, further studles;
and are site specific. NHEJ-based INDEL correction thus mtaydetermine the minimal viral dose for satellite cell transductgn
produce both nonproductive edits and productive edits in restorimgd the most efficient promoters for expression of gene edifing
the ORF. Prime editing has an advantage of specifying the exkactponents need to be performed before clinical translatio® of
insertion or deletion outcome for exon reframing, thereby enswskeletal muscle gene editing. Questions about possible immun@og
ing that all of the edits are productive in restoring the correical responses to base editors or prime editors have also not%been
ORF. Furthermore, in NHEJ-based INDEL correction, a nonpraddressed.
ductive edit prevents the sgRNA from reannealing to the site andNucleotide editing technologies have the potential to eliminate
inducing a productive edit. In prime editing, a nonproductive evedisease-causing mutations following a single treatment. Here, we
(i.e., no editing as the edited strand is not successfully incorporatiinonstrate a unique utilization of these two technologies as a gene
leaving the native sequence intact) leaves the sgRNA target siteteiihpy strategy to induce exon skipping or reframing in an exon
amenable to reannealing and another attempt at inducing the deletion DMD model. These new editing tools and strategies com
sired edit. plement previous genome editing approaches developed for the
Our demonstration that prime editing can correct DMD-causingorrection of DMD and represent a step toward clinical correction
mutations opens interesting new possibilities. First, prime editio§DMD and other genetic neuromuscular disorders.

Chemelloet al,Sci. Adv2021;7 : eabg4910 30 April 2021 8 of 12



SCIENCE ADVANCERESEARCH ARTICLE

MATERIALS AND METHODS Sequencing analysis
Study design Genomic DNA of mouse N2a cells, human 293T cells, and human
This study aimed to use nucleotide editing technologies to corri®8Cs was isolated using DirectPCR cell lysis reagent (Viagen) sup
the DMD-causing Ex51 deletion mutation in theMD gene in plemented with proteinase Kiffy/nt) according to the manufacturer's
both a mouse model and a human iPSC model of DMD. This resulpedtocol. Genomic DNA of mouse muscle tissues was isolated using
in rescue of dystrophin protein expression, improvement of skeleteé DNeasy Blood and Tissue Kit (Qiagen) according to the manu
muscle fiber architecture in vivo, and reduction of arrhythmie cafacturer’s protocol. Total RNA of mouse skeletal muscles and hu
diomyocytes in human iPSCs. We tested in vitro mouse sgRNAsifam iPSC-derived cardiomyocytes was isolated using RNeasy Mini
base editing that target SAS or SDS of exon 50 or 52, and we eX&l(Qiagen) according to the manufacturer’s protocol. cDNA was
ated genome editing efficiencies using Sanger sequencing. We isetise-transcribed from total RNA using the iScript cDNA Synthesis
AAV9 to deliver, in vivo, the sgRNA with the highest efficiency am@t (Bio-Rad Laboratories). Genomic DNA and cDNA were PCR-
an ABE by intramuscular injection. We evaluated the editing oatmplified using PrimeSTAR GXL DNA polymerase (Takara). The
comes using Sanger sequencing, RT-PCR, Western blot analigsgight potential off-target sites were predicted by CRISBOR (
immunohistochemistry, and H&E staining. Mice injected witlBase editing on-target and off-target efficiencies were analyzed
saline solution served as a control. As an additional control, oneftegh Sanger sequencing by EdifR)( Prime editing efficiency was

of the mouse was injected with saline solution and the other leg veittalyzed from Sanger sequencing by TIDE anab®isRrimers of

AAV containing the base editing components. We tested in vittee PCR reactions are listed in table S1.

human sgRNAs for gene correction by base editing or prime edit

ing. The optimal sgRNAs were nucleofected into iPSCs with #h&V vector production

Ex51 mutation. Editing outcomes were evaluated in iPSC-derivéd\Vs were prepared by the Boston Children’s Hospital Viral C(ge
cardiomyocytes by Sanger sequencing, RT-PCR, Western blot aasmpreviously describefdj. AAV vectors were purified by dISCOI‘P_
ysis, immunocytochemistry, and calcium imaging. Each experiménuous iodixanol gradients (Cosmo Bio, AXS-1114542-5) and c&n
was conducted in replicate as indicatechbyalues in the figure centrated with a Millipore Amicon filter unit (UFC910008, 100 kD8).
legends. Sample size was chosen to use the fewest number of arfiislsiters were determined by quantitative real-time PCR asseg's.
to achieve statistical significance; no statistical methods were used

>
to predetermine sample size. All experimental samples were inclullick -§
in the analyses, with no data excluded. Mice were housed in a barrier facility with a 12-hour:12-hour light:dark
cycle and maintained on standard chow (2916 Teklad Global). E§51
Study approval mice and WT littermates were genotyped as previously desibed;

All experimental procedures involving animals in this study weAdl experiments used only male mice. Animals were assigned te experi
reviewed and approved by the University of Texas Southwesterntal groups by genotype. We did not use exclusion, randomizgfion,
Medical Center’s Institutional Animal Care and Use Committee. or blinding approaches to assign animals for experiments. All AAV

injections and dissections were conducted in an unblinded fasffon.
Plasmids and cloning
The pmCherry_gRNA plasmid contained a U6-driven sgRNA sc&fAV9 delivery to Ex51 mice
fold and a cytomegalovirus (CMV)—driven pmCherry fluorescei@efore intramuscular injections, mice were anesthetized by |m;ra
protein. pmCherry_gRNA was a gift from E. Welker (Addgergeritoneal injection of a ketamine and xylazine anesthetic cocldall
plasmid #80457). pPCMV_ABEmax_P2A_GFP (Addgene plasniidramuscular injection of P12 male Ex51 mice was performed‘ala
#112101)Z4), NG-ABEmax (Addgene plasmid #1241&8),(p)CMV-  slow longitudinal injection into TA muscles using an ultrafine-née
PE2-P2A-GFP (Addgene plasmid #132728), @nd pU6-pegRNA- dle (31 gauge) with 5@ of saline solution or a prepared mixture &
GG-acceptor (Addgene plasmid #132722) ere gifts from D. Liu. the dual-AAV9 viruses (5 x ¥®vg per leg of each virus).
The N-terminal ABE and C-terminal ABE constructs were adapted
from Cbh_v5 AAV-ABE N terminus (Addgene plasmid #137129)) ( Western blot analysis
and Cbh_v5 AAV-ABE C terminus (Addgene plasmid #13718) ( Western blot analyses were performed as previously descﬁ)beg (
and synthesized by Twist Bioscience and GenScript. The pSpCas9iBi&fly, for Western blots of muscles, tissues were crushed usg1g a
2A-GFP (PX458) plasmid used for the generation of isogenic Extiquid nitrogen—frozen crushing apparatus. For Western blots3of
iPSCs was a gift from F. Zhang (Addgene plasmid #48388) (iPSC-derived cardiomyocytes, 2 £ t@rdiomyocytes were harvest@
Cloning of sgRNAs was done using NEBuilder HiFi DNA Assemtapd lysed in lysis buffer [L0% sodium dodecyl sulfate, 62.5 mMtris
(NEB) into restriction enzyme—digested destination vectors. (pH 6.8), 1 mM EDTA, and protease inhibitor] with a pestle. C%II

or tissue lysates were passed through a 25-gauge syringe and‘hen a
Cell culture and transfection 27-gauge syringe, 10 times each. Fifty micrograms of total protein
N2a and 293T cells were maintained in Dulbecco’s modified Eagheas loaded onto a 4 to 20% acrylamide gel. Blots were then incubated
medium supplemented with 10% (v/v) fetal bovine serum. Faith mouse anti-dystrophin antibody (Sigma-Aldrich, D8168) at
transfection experiments, cells were seeded onto 24-well plate®’@tovernight for dystrophin detection or with anti-vinculin antibody
125,000 cells per well. The following day, cells were transfecte(Simyma-Aldrich, V9131) at room temperature for 1 hour for vinculin
Lipofectamine 2000 (Thermo Fisher Scientific), according to tHetection (loading control) and then with horseradish peroxidase
manufacturer’s instructions. Cells were harvested for downstreantibody (Bio-Rad Laboratories) at room temperature for 1 hour.
analyses 3 days later. The sequences of the tested sgRNAs areBlistedvere developed using Western blotting luminol reagent (Santa
in table S1. Cruz Biotechnology, sc-2048).
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Histological analyses of skeletal muscles coverslips coated with pohHysine and Matrigel (Corning) and
Muscles were individually dissected and cryo-embedded in a 1:2 fiwéd in cold acetone (10 min, 20°C). Following fixation, covers
ume mixture of Gum Tragacanth powder (Sigma-Aldrich) to tisslips were equilibrated in phosphate-buffered saline and then blocked
freezing medium (Triangle Bioscience). All embeds were snap-frofmml hour with serum cocktail [2% normal horse serum/2% normal
in isopentane heat extractant and supercooled to 155°C. Eigbonkey serum/0.2% bovine serum albumin (BSA)/phosphate-buffered
micrometer transverse sections of muscle were prepared on a Lsatine]. Mouse anti-dystrophin (1:800) (MANDYSS8, Sigma-Aldrich,
CM3050 cryostat. H&E staining was performed as previously @8168) and rabbit anti-troponin-I (1:200) (clone H170, Santa Cruz
scribed in established staining protocdlS)(Dystrophin immune  Biotechnology, sc-15368) in 0.2% BSA/phosphate-buffered saline
histochemistry was performed using MANDYS8 monoclonatere applied and incubated overnight at 4°C. Then, coverslips were
antibody (Sigma-Aldrich, D8168) with modifications to the manuprobed for 1 hour with biotinylated horse anti-mouse immunoglobulin
facturer’s instructions as previously describ@d mage analyses G (IgG) (1:200) (Vector Laboratories, BA-2000) and fluorescein-
were performed using Fiji softwai®d( on at least three muscles forconjugated donkey anti-rabbit IgG (1:50) (Jackson ImmunoResearch,
each condition as indicated in the figures. Myofiber diameter wakl-095-152) diluted in 0.2% BSA/phosphate-buffered saline. Unbound
calculated as minimal Feret's diameter, a geometrical parametes@mondary antibodies were removed with phosphate-buffered saline

reliable measurement of cross-sectional €ife ( washes, and final dystrophin labeling was done with a 10-mir incu
bation of rhodamine avidin DCS (1:60) (Vector Laboratories) diluted
Human iPSC maintenance and nucleofection in phosphate-buffered saline.

Human iPSCs were cultured on Matrigel-coated polystyrene tissue

culture plates and maintained in mTeSR Plus media (Stem Giman iPSC cardiomyocyte calcium imaging
Technologies). Cells were passaged at 60 to 80% confluence @atgum imaging of human iPSC-derived cardiomyocytes was ger
Versene (Gibco). One hour before nucleofection, iPSCs were trefteashed as previously describetll). Beating cardiomyocytes werg
with 10nM ROCK inhibitor, Y-27632 (Selleckchem). iPSCs wedéssociated into a single-cell suspension and seeded on a gass-
then dissociated into single cells using Accutase (Innovative ®@elitom dish at single-cell density. Cells were loaded with the fludies
Technologies). For the base editing studies, iPSCs (8 wéfe cent calcium indicator Fluo-4 AM (Thermo Fisher Scientific) gt
mixed with 1.51g of pmCherry_gRNA plasmid containing the targe2 niM for 30 min and then cultured in medium containing O om0 i
sgRNA and 4.5y of pPCMV_ABEmax_P2A_GFP. For the primésoproterenol (Sigma-Aldrich) for another 30 min before imagirg.
editing studies, iPSCs (8 **1@ere mixed with 500 ng of pmCherry_Spontaneous Gatransients of beating iPSC-derived cardiomyoc
gRNA plasmid containing the nicking SgRNA, fpof the pU6- were imaged at 37°C using a Nikon A1R+ confocal systeth
pegRNA-GG-acceptor plasmid containing the target pegRNA, aimdnsients were processed using Fiji softwa@egnd analyzed usin
4.5ny of the pCMV-PE2-P2A-GFP plasmid. iPSCs were then nucl&ticrosoft Excel.

fected using the P3 Primary Cell 4D-Nucleofector X Kit (Lonza)

according to the manufacturer’s protocol. After nucleofection, iPSSHtistics

were cultured in mTeSR Plus media supplemented withM. O All data are presented as means + SEM. Unpaired two-tailed Stu&ents
ROCK inhibitor and Primocin (10@g/ml) (InvivoGen) and then t tests were performed for comparison between the respectlve:two
switched to fresh mTeSR Plus media the following day. Three dgtyaips as indicated in the figures. Data analyses were perfOEmed
after nucleofection, green fluorescent protein (GFP) and pmChewith statistical software (GraphPad Prism SoftwdPejalues Iessm
double-positive cells were isolated by fluorescence-activated tbalh 0.05 were considered statistically significant.
sorting. Mixed population or single clones were isolated, expanded,

10°92U3I0

genotyped, and sequenced. SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
Human iPSC cardiomyocyte differentiation content/full/7/18/eabg4910/DC1

Human iPSCs at 60 to 80% confluency were differentiated into cédwi/request a protocol for this paper frorio-protocol

diomyocytes as previously describ&d)( Briefly, cells were cul

tured in CDM3 media supplemented with 4 toid CHIR99021 REFERENCES AND NOTES

(Selleckchem) for 48 hours (days 1 to 2) and then CDM3 medi@ E. p. Hoffman, R. H. Brown Jr., L. M. Kunkel, Dystrophin: The protein product

supplemented with 2M WNT-C59 (Selleckchem) for 48 hours  of the duchenne muscular-dystrophy locugell51, 919-928 (1987).

(days 3to 4)_ Starting on day 5’ cells were cultured in basal me@giak- M- Flanigan, D. M. Dunn, A. von Niederhausern, P. Soltanzadeh, E. Gappmaier, g
. . M. T. Howard, J. B. Sampson, J. R. Mendell, C. Wall, W. M. King, A. Pestronk, J. M. Flgfence,

[RPMl 1640 (GIbCO) Supplememed with B-27 Supplement (Thermo A. M. Connolly, K. D. Mathews, C. M. Stephan, K. S. Laubenthal, B. L. Wong, P. J. Morghart

Fisher SC|ent|f|C)] for 6 days (days 5to 10) On day 10 cells were, Meyer, R. S. Finkel, C. G. Bonnemann, L. Medne, J. W. Day, J. C. Dalton, M. K. Ma%ohs

cultured in selective media [RPMI 1640, without glucose (Gibco), v. J. Hinton; United Dystrophinopathy Project Consortium, R. B. Weiss, Mutational

Supp|emented with B-27 supplement] for 10 days (days 11 to zo)spectrum of DMD mutations in dystrophinopathy patients: Application of modern

and then basal media thereafter. Cardiomyocytes were used for ex4iagnostic techniques toa large cohortium. Mutat30, 1657-1666 (2009).

. . 3. F. Muntoni, S. Torelli, A. Ferlini, Dystrophin and mutations: One gene, several proteins,
periments on day 30 and harvested using TrypLE Express (Thermomultiple phenotypes.Lancet Neurod, 731740 (2003)

UOJe UO BAOPEd 1P 1pMIS 11Bap 1S)

Fisher SCientiﬁC). 4. L. Amoasii, C. Long, H. Li, A. A. Mireault, J. M. Shelton, E. Sanchez-Ortiz, J. R. McAnally,
S. Bhattacharyya, F. Schmidt, D. Grimm, S. D. Hauschka, R. Bassel-Duby, E. N. Olson,
Human iPSC cardiomyocyte immunocytochemistry Single-cut genome editing restores dystrophin expression in a new mouse model

. i . : _ : of muscular dystrophySci. Transl. Me@, eaan8081 (2017).
Dystrophln and troponin-| |mmunocytochemlstry of iPSC-derived 5. V. Kyrychenko, S. Kyrychenko, M. Tiburcy, J. M. Shelton, C. Long, J. W. Schneider,

_cardiomy(_chtes wa_s performed as pSreViOUS|y descrﬂ)EBmeﬂyv W.-H. Zimmermann, R. Bassel-Duby, E. N. Olson, Functional correction of dystrophin actin
iPSC-derived cardlomyocytes (1 X )LWere seeded on 12-mm binding domain mutations by genome editingJCI Insigh?, 95918 (2017).
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!
($121348116$78917+%7%,119)!-:,/$/:7+1%1;<=%!)98!>:%++/$7$,1?@+/$: 7+/1+A9, | VBFEES, 1!
DEAF4!@9.%+ @9/ NIRA43) 1/#1+.&1 211:(11+&$+&-1K.)+1+.&)!.211:(1Z1)-2G <)) 3+1#A(12./11#)(!
($+1+&-1.21D<D!./ID7D!a+&$+#1($!+&!I-/((&b!.2!,.3)(1(S.&)IVCL.NVW!3)+&-I<HDIEBYX AG\*!
ChIL(/'(&1#-().2!<MP!1.\M8! ($+1)!.21 &AL#/-(L1#$(&+&()!+&! 1:(1,.3)(! GWi! &L 14! (44!
A+&(1H21(N1/#&)2('1+.&1Q+1I<HOMBAZAC\! a$/+%(&!IBBFY!IK/.,. 1(/b1#&$!1:(1$+22(/(&1!
)-2G<)! a$/+%(&! 1B #1 O] K/.,.1(/b*! 7.1)! #&$! )1 /(K/()(&1! /()341)! .2! $+22(/(&1! 1/#&)28!

(SK(/+,(&1)#&$!#/(!,(#&!dIDCF!&le! Xb* !



!
($1213H2!=,:*1%%$%19)!IC97+,7$:%19)) 27:81+71%$7+%!$, I 7#+! @ I 1 1 (S@HRY . 22A1#/-(11)+1()!
21DIBH)ZAG\I&3'4(#)(1#8&S$!,CSVC!)-2G<A[1+&!,.3)(I-(&.,+17G<!+$(&1+2+($!IBI8?RDLE ?*!
<$(8H&() &L (I($+1+&-1Q+&$.Q!.2I<HCIHBA) ZAG\I#/(1: +-:4+-1 1 ($1+&Y($FIE22AL#/-(1'311+&-!
2/ 3(&'BIS(1(/,+&#1+.81a897b!) /(1)1 +&S+HL($! 2./ (#':1)+1GbEL (/' (&1#-()! .2! <MP! 1.\M8!
($+1+&-1.211:(#S(&+&()1+&! 1:(11.K!_L22A1#/-(11)+1()1+8&! 1:(1-(&.,+'1 7GIUY) ! +&F( 1($!
Q+1:11:(1$3#41<<YZ!)B)1(,12./11:(1(SK/()+.&!.21<HC #SBKBH) ZAG\I#&$!, CSVC!)-2G<A[ /!
Q+1:)#4+&(1#)!". &1/ 4417 1) H&SU#) I (K/() (&11+.4.-+HAl (KA+#1 () #&S$I#/(1, (#&dIDCF*!



!
($1213J2!5,78:@.%-.*:81 [+*$6+811 Q) 7#-+1/.:*1 ==K L1 %I1%7+@! ) 98! >:%+! +/$ 74, THBHAO,!
%BSCCS$,1! 8+%798+%! /1%789CHS,! +AC8+%%$9,! $,! DEAFA(EGEHL+%(! +#-()! .2!
+,,3&.:4)1.(,+)1/BL.21$B) 1/.K: +&1.21(&1+/(1)('1+.8)1.21P<!,3)'4()1.2! #&.&A+&T('L($!gP!,.3)(!
a81/4bI#&S$IHIUCSV"!,.3)(H#&S!.211:(N#,(IUCSV"1,.3)(+&F('L($!Q+1:!)#4-881Hi/+-: 11a?bl4(-!
NQ+1:11:(1$3#41<<YZ1)B)1(,!12./11:((SK/()+.&!.21<HC #SBK8H) ZAG\I#&S$!, CSVc!)-2G<A[!
+&11:(14(211a>bl4(-*1P: (1$B) 1/.K:+&AK.)+1+%(!,B.2+I(/).211:(!, 3) 4(!+ &FEL(GHRA+ & (1#/(1$3(! 1.

REH&F( 1+ &IAHTH-(12/.,11:(14(2114(-4+&1.11:(14..$) 1/(#, 1 7B) 1/ K:+&1+) 1#&EH&-/((&*1D'#4(!



!
I#/:1Vec! h, 1 aGh! L(/'(&1#-()! .21 $B)1/.K:+&AK.)+1+9%(! ,B.2+I(/)! 2! P<!,3)'4()! .21 UCSV"! +'(!
+&F(1($IQ+1:)#4+&(1.N1$3H#AI<<Y Z)B)1(,12./11:({(SK/())+.&!.2I<HC BBH) ZAG\I#&S$!, CSVc!
)-?G<A[M 7. 1) HE&S#N (K (&LI+.4.-+HA(KA+#1()#&$1H/(1,(#&!dI DC Rt X



!
($1213M2IN$%79*91$-*1$@C896+@+,7%!9)1%B+*+7:*1@.%-*+1)9**90$, 1 I, B EBLY) 178+ !
[ *1==KL!%I|%7+@')98!>:%+!+/$7$,1?@+/$:7+/'+A9,'%B$CC$,1!$, ' DEAEA@IA P& 1#1+%(!
+#-().21=iC) 1#+&+&-1. 21(&1+/(1) ('1+.&).2!P<!,3)'4()1.211:()#,(IUCS V"L, 3) (1+&F(L($! Q+1!
YA+&(1+&!1: (1/+-:11a?b14(-1.1Q+1:11:(1$3#41<<Y Z1)B)1(,!12./'1:({(SK/())+.&HE # S ADKSH) ZA
G\I#&3$!,CSVC!)-?2G<A[I+&!1:(14(21!a>b!4(-*I D'#A(1#/;!Vee' h@hdD+@ (1 $+) 1/+131+.&!.2!,3)'4(!
2+1(/)1.21P<!,3)'4()!.2IQ+4$A1BK (!, + (lagPb!+&f('1($!Q+1:)#4+&( B, +' (1 +&F(1($!Q+1:!

YHA+&(1.N1:(1$3#41<<Y Z1)B)L(,12./11:(1(SK/())+.&!. 21<HC #ID8H) ZAG\I#&S$!, CSVc!)-?G<A



!
[1D+@(IQH)'#A'34#1 ($1#)!,+&+ #A(/(L])1$+#, (L(*IF3) 4(124QQ (/. 3K ($!+&!)+@(1'4#)) ()).2!
"clh, H&S$!1:(1&3, (/1. 212+1(/) +&I(#:1'4#))IQ#)IK4. 11($!&leIXblaWVc!, 3) 4 (12+I(/)IK (1, 3) 4(12./!
HI1. 1441, 210V, 3)4(12+1 (/) IK (/. &$+1+. SBHH(/'(&1#-(1. 2!, 3) 4(12+1(/)|Q+1:I (& L/#4+@ ($183'4(+!
+&IP<!,3)'4().21gP!, +'(1+&f(L($IQ+1:1)#4+&(; H&SIUCS V" +(1+&HG!I Q+1: )#4+&(1./11:(1$3#4!
<<YZ!)B)1(,!2./11:(!(SK/()+.&! .21<HC #SADK#)ZAG\I#&S$!,CSVe!)-2G<A[*! 7.1) 1 #&$! 1#)!
J(KI()(&L11+.4.-+#A1(KA+#1() H&S$I#(!, (#&!d DCRla! Xb*!



|
($1213F21Q+,+8:7$9,19)1$%91+ $- I DEAFAI#.@:,1$&3P%!.%$, 1!P;53&;?P:%L? @-4/$:9@ +!
+$7$,12E b D (#1+'1):.Q+&-18?RDL2ABH)ZA, ($+#L($!-(&., +'1 ($+1+&1.21  11.1-(&(/#1(!
+).-(&+1UCSV"1+LD8)*I=(#41:B!".&1/.41+LD8)! Q(/(!&3'4(.2('1($! QB EBH) Z! #&$! 1Q.1)-?G<)!
24#8T+&1(S.&! V" al4# Th* OK.&! $(4(1+.&!.2! (S.& V"1 (S.& VW! a/($b! I(.,()! .31A.2A2/#,(1 Q+1:!
(S.&! Ve 8D 7(4(1+.&! .21 1:(1 (&, +'1 /(-+.&! " &1#+&+&M  1(S.&!IV"a";[c"l IKD*! L8?! Q+1:!
K/+,(1)124#8 T+&11:(1S(A(L($Y(-+.&ald# T/ .Q)bl-(&(HL() HHIH&S!. 2IW;"VWIIK I+&!: (BALA!
a81/4b!+LD8);1#&$!#! 1#&$! .21 V" IKI+&! UCSV" | +PDEY4&-(/!) (' 3(&'+&-!.2! 1:(lUCSV"! [#&S$!
' &2+ )L:(IS(A(1+.&1.21(S. &IV HESIL: (12./ #1+.81 2H1&(QI3&'1+. &N (1Q((&!+&1/. &IV EBEISE.

V"1 & bl ?PAL8?! #&#4B)+)! .2! ?G<! 2/.,! :(#41:B! ".&1/.4! a81/4b! #&$! UCSV"! +LDBAS(/+%($!



|

S+, B BLOML/+, (/) #(1$()+-&(S+&!(S.&)I[ H&SIV[1.2:3 #&! "l 11/#&)'[+K1*IH#&S!)+@(1+)!
ZWWI! I#)(I K#+H1 alKb! 2./1 1:(1 81/41 1/#&) [+K 1 #&$!]_ZVIKI 2./1 1:(1 UCSV"I L#&) [+K 11 +&$+#1+&11:(
$(4(1+.&1.21(S.&! V"I aWXX! IHIBH&-(/1)(3(&'+&-! .21 ?PAL8?! K/.$3'112/.,/ UCSV" +LD8A
S(+%(SI#/$+.,B.BL()!.&2+/,)11:(1$(4(1+.&1.2Y(S. &IV "H1IL: (127G <14(%(4; V() 34 IHRIL (K 4+ +&-!

20" 1(S.&IVCILY(S.&IVWERG () 1(/&!14. 11#&#4B)+)!.21$B) 1/ K:+&IK/. 1(+&!(SK/()+.&1.2!: (#41:B!

' &1/.41 a81/4b! #8$! UCSV"! +LDBAS(/+%($! '#/$+.,B. B1()*! Y+&'34+&! +)! 1:(1 4.#$+&-Qif1/.4* a
R,,3&.'B1.(,+)1/B! .2! $B)1/.K:+&! +&! :(#41:B! '.&1/.41 a81/4b! #&$! UCSV"! +LD8AS(/+%($!
#$+.,B.BL()* 7B) L/ K:+&! +)1+&$+#1($! +&! /($*I 8#/$+1'11/ K &+&! RI+)! +&$+#145! GBI 4/(¢!

#( #T(SUBI7T<LRI)1#+&!+&!143(ID'#4(I#1):Vch, ¥



I
($12!13R2IE6:*.:7$9,19)!-: /$/: 7+1%1:<=%!)98!>:%++/$7$,17@+/$: 7+/'+A9, % BSCEED: !
DEAF4!$&3P%! R443)1/#1+.&!.21:CSVW!)-2G<AWIH&SI AX! 1+&$+&-1K.)+1+.8)1+8&! 1:(1/(-+.&1.211:(
D<D! .2! :3#&! (S.&! VW! a-/((&b* <$(&+&()! +&! 1:(! ($+1#14(! Q+&$.Q! .2! <HDIBS)X! #/(!

&3,1(/($;1) 1#/1+&-12/. ) 1: (1K 1.)K# (N #$H# (&1, 1+21aL<Fb!) (" 3(&'(*! P: (1. &AL#/-(LI#$(&+&(!



[
+&1:(!D<D!a<"W!2./l:CSVW!)-2G<AW!I#&$! <" 12./1:CSVW!)-?2G<AXb! +)! +&$+#1($! -Bl-/((&*! a
L(/(&1#-()!.2! <MP! 1.\M8! ($+1+&-1 .21 1: (1 #B(&+&()! +&! 1:(! ($+1+&-1 Q+&$.Q! . QL TBIAL
:CSVW!)-2G<AW;!./I:CSVW!)-2G<AX!+&!:3 #&IWZXP!'(44)!2.44.Q+&-1 1/#8&)+(& 1! 1/#8&)2('1+.& Q+1:
<HC #SADIBH)ZI#8&$! 1:(1)-2G<)*| E&QAL#/-(1 ($+11+)1".4./($! +&!-/((& #&$! IB) 1&$(/! ($+ 1t/ (!

143(*17. 1) &SN (K/()(&11/()341)!.21$+22(/(&1!1/#8&) 2( 1+.&! (SK(/+,(&1) HRBAND CFlaz!

el Xb*IRb! D#&-(/! )('3(&+&-! .2! 1:(! ?2PAL8?! K/.$3'1! .2! 2G<! 2/.,1 UCSV"! +LD8A$(/+%($!
#$+.,B.'BL()! #21(/!-(&.,(! ($+1+&-! IB! <HC,#SADKH)Z! #&$! :CSVc! )-2G<A"l '.&2+/,)! 1:#1!
(S.&Z)KA+($I$+/(14BIL.(S.&IVW; ) T+HKK+&-1(S!8NR*1B&.'B1."(,+) 1/B!.21$B)1/. K: +&!+&!

{(#41:B! '.&1/.4! a81/4b;! UCSV";! #&$! "JI(1L($! UCSH'DRAS(/+%($! )+&-4(! ‘#/$+.,B.'B1()*!
7B)1/.K:+&!+)+&$+H1($H&Y($*18#/$+#11/ K .&+&IRH) +&$+H#1 ($1+& -/ (L HGIB(BEKLR!
)1#t+&I+&A3(*ID'#A(H#) !



!
($12!3S2ITC7$@$U:7$9,19)1:IC+1;<=1)98IC8S@+!+/$7$,17@+/$: 7+/1+A9,!8+)8'@$, 0P, !
FH2E bIL.1(&1+#41)-2G<)IQ+1:HIG\IK/. 1.)K# (/#$f# (&11,.1+21aL<Fbl)('3(&'(+&!:3,#&!(S.&!
VWIL2IL:M  1-(&(*1C22+'+(&'B)"./(1Q#)'#4'34#1($!IBI8?RDLE?*IP:(1)-2G<IQ+1:11:(1:+-:(J1
(22+'+(&'B!)'./(12:CSVWI)-2G<A[; l:+-14+-:1($1+&!B(44.QbIQ#)13)($12./11:(1$()+-&!. 2! 1: (IKE?G

2. 110:(1(21#,+8&-1.21(S.&IVWGHESPbIL (/' (8&1#-()!. 2! ($+1+&-1(22+'+(&'B!. 21#1KW!&3'4(. 1+$()!<8!
+&)(/1+.&HHLIK )+ 1+. &K IQ+1: /(K (111111 (1&+ T+&-)+1(I-(&(#1($!IBLE:CSVWIRREK) 1+&-!
21$+22(/(81183'4(.1+$(1a&1b14(&- BRI/ (Y% (/) (11/#&) 1+K1+.&11(,KA#1 (la?PBbaA: (IK/+, (/!
1+&$+&-1)+1(1aLHDbI+&!:3 #&! WZXP!'(44)*17. 1) 1#&$! /)1 /(K/()(&11/()341)! 21 $+2R) AR . &!
(SK(/+,(&1) #&$!#/(!,(#&! dI DCF! &l el Xb P!l c*cVI#&$I I$! 1 cre1 3) +&-1 B&KH+/($ 1Q. AL#+4($!

D13$(& 1 ()1* !



!
($12!3V2!;+%798:7$9,19)!/1%789C#$,! +AC8+%%$9,! /I -*-$.@?-1-*$,1! $,! DBRPASB6+/!

~:8/$9@19-17+%!>11C8S@+!+/$7FABIL (/' (&1#-()1.2!)( 3(&'()! Q+1: H#IKWI&3'4(. 1+$()1+&) (/1+.&!



|

a-/((&b!+&!:3, #&IUCSV"I+LD8)!1#21(/!&3'4(.2('1+.&! Q+1:1 1:(IK/+, (1 ($+1+&- ) BYL (18 TA"L/!

&+ TANGHG()1(/&!14. 1#&#AB)+)!.21$B)1/.K:+&IK/. 1(+&!(SK/()+.&!.2:(#41:B!'.&1/.41a81/4b;lUCSV";!
#&S$! +S($! K.K34#1+.8)! .21 K/+,(1 ($+1($! UCSV"I +LDBAS(/+%($! '#/$+.,B. BL()*! Y+&'BAH&! +)!
4.#$+8-! ' &1/ 47 RD! M3#&I+2+#1+.& .21 $B)1/.K+&! (SK/))+.&! 2/.,! gO1(/&! 14.1)! #21(/!
&/ HA+@#1+.8&! 1.1 %+& 3ABRI(K/ () (&L#L+%0(1 '#A'+3,1 L/# ()] 2/.,) #A'+3, A'B'4+&-| #&#4B)+)! .2
{(#41:B! *.&1/.4! a81/4b:! UCSV";! #&$! K/+,(! ($+1($! UCSV"! +LD8AS(/+%($! ‘#/$+.,.BERLO* a
2K/ (&1H#L1+%(1'#4+3, 1 1/#()! .20 :(#41:B!".&1/.41#//:B1: +'1 +LD8A'#/$+.,B. BLEL K#/($! 1.!
#//:B1:,+' TE7) +LD8A#/$+.,B.'B1 () ;! :(#41:B!".&1/.41 #//:B1:,+' +LD8A#/$+.,B.'B1()! '#&!
):.Q)+&-A(I(#ABH21(/I$(K.4#/+@#1+.8)!1aC<7b!+&!/()K.&)(11.1+).K/. 1(/(&.4; \QETIHLDSA
#$+.,B.BLON:. QUL ./(. KA(SH/BL: +1K: (& 1BK(1#21(//(SK.)3/(11.1+).K/. 1(/(&.4* !



" >*+13421%1;<=!:,/'C8$@+8!%+W.+,-+%2!

"#$%&( ( )* ( +,"0(01 B14
6012 7"#$% 78& CTATTAAAGAGGAAGTTAGA
6012 7"#$% 79& AAAGAGGAAGTTAGAAGATC
!"#fg/f gff‘g);;zg‘;g!:‘g.‘*& 6012 7"#$% 7:& TACAGGCTCCAGTAGTGCTC
6012 7"#$% 7:& GTACTTACAGGCTCCAGTAG
6012 7"#$% 71& ATGTACTTACAGGCTCCAGT
601 97"#$% 78& TTCTTTCAGGCAACACTGCA
I"4$% 18()+,"&-/1*8 | -B01 97"#$% T79& TCAGGCAACACTGCAAGATT
*0.,&19&!34+5%&1+"8& | 601 9N"#S% 7°& TTACTTCGATCAGTAATGAT
601 97"#$% 7:& AGACTTACTTCGATCAGTAA
!"ﬁ%f/f’g"l%";if‘S*Z;&*& & <60127"4% 788 ATACTTACAGGCTCCAATAG
HSY% &)+, "8 </-(, & <60197'#$% 79& GTTCTTACAGGCAACAATGC
*0.,&19&!34+5*&!1+"& | <60197"#$% 7:& ACAGGCAACAATGCAGGATT
6012 7B& CTGAAATGATGGCCAAGGAT
6012 TH#& CCACAAAGCCATCCAGTTTT
-6019 7B& AACTGGAGATTCATATTGTTATCCTG
-6019 7#& GCCCTACCTTCATGAAGATTACAAC
<60127B& ATGCCTGGAGAAAGGGTTTT
=)+-)18>.)&?2(,")& <60127#& CTCTCCCACAATCTCCCTTG
L*@/*,5+,"&(,(4A*! & | <60197B& GAATGAAACATATTTCCTGTTAAATTG
<60197#& GAAAGATGGCCCAGGAAGA

-185C$% 7B&

AGGTTCACTTAAAAGATTTTAGGCAG

-185C$% 7#&

TAACATTTCATTCAACTGTTGTCTCC

<185C$%7B&

TAAAAGACCTTGGGCAGCTT

<185C$%r#&

GCCAACTGCTTGGTTTCTGT

DBB787%0E6C12 7B&

CGTCTGAATGCGCTTGTCTG

DBB787/0E6C12 7#&

ACAGCCGTCCAATGTCAACT

DBB797/%E6C12 7B&

CAAGGGTTCCTCGACTGCAT

DBB797/0E6C12 7#&

TGTACATGGAAGCTGGCCAC

DBB7:7-%E6C12 7B&

AGGCTGCTGGAGACTTAGGA

S+ & )&SH)™E

DBB7:7-%E6C12 7#&

CTAGAGAGCCAGGTGGTCCT

((4AI+! &

DBB7;-%E6C12 7B&

CCTCCAGCAACTTAGGGACC

DBB7;-%E6C12 7#&

CCTTCTCCCTGTCTGCCTTG

DBB7176E6C12 7B&

CTGTGGAAAGCGGAGACACT

DBB71/0E6C12 7#&

CCAACCTTCTCAGGGCAGTT

DBB7F®0E6C12 7B&

GAGGACAACTGGAAGGCCTG

DBB7F®0E6C12 7#&

TCTGTCTGCCAGAGTTGTTTTCT




DBB7GPAE6C12 7B&

CCTAACTCTGTCTGCTGCCC

DBB7GPAE6GC12 7#&

TCAGACCGTGATTGTCAACGA

DBB7H®0E6C12 7B& | TGTCAATTGCTGGAGGGACC
DBB7H®0E6C12 7#& | GCAGACTGGCTGTGAGCTTA
<619",J=6J!3(5*) & GTAATGAGTTCTTCCAACTG
<619",J3K!8:)'88 & CGTCCCCAGGTTTGGAAGAACTCA
<619",J3K!8:)'89 & GCGTCCCCAGGTTTGGAAGAACTCA
<619",J3K!8:)'8: & GGCGTCCCCAGGTTTGGAAGAACTCA
<619",J3K!8:)'8; & AGGCGTCCCCAGGTTTGGAAGAACTCA
<619",J3K!8:)'81 & GAGGCGTCCCCAGGTTTGGAAGAACTCA
D4+".1&>.)&3)+-*&*1+'+& | <619";J3K!8:)'8F & AGAGGCGTCCCCAGGTTTGGAAGAACTCA
<619",J3K!88)'81 & GAGGCGTCCCCAGGTTTGGAAGAACT
<619",J3K!89)'81 & GAGGCGTCCCCAGGTTTGGAAGAACTC
<619",J3K!8;)'81 & GAGGCGTCCCCAGGTTTGGAAGAACTCA
<619",J3K!81)'81 & GAGGCGTCCCCAGGTTTGGAAGAACTCAT

<619";J,+5L8 &

GTTCTTACAGGCAACAATGC

<619";J,+5L9&

AAACAAGACCAGCAATCAAG
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