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CRISPR-Cas9 ZHIH L7z in vivo 7/ At COBIB TR OERKIGRA M SN TEY | ZORhE L
LAV REREANEEZ > TS, 7 L DNA IS H D3, Cas9 & L 37 X FEEAEICH R L, B
FZ B W T RTEEE S 72700, 7o Cas9 # o7 6 L IEFNEZ a2 — R4 % RNA F7213 DNA 12T,
BHARAIT in vivo 7/ AREEZ ENET 572 OITIE, BEEBAITHED Cas) OHENEE TH L, 7/ LRED
%é@%%#ﬁ%l_\%%%@&/Aﬁﬁ?%i%ébéﬁéﬁ7&—#y%&mh?\ﬁ/&~&y%
FA MCBT D KHER T ) AR RERH 5,

Fe & 13, Cas I KRER N 72 ifE 2 5T 2 H 57272 N T 23 7 LT-, ZORKRT %1 L7z Cas9 (Cas9-
FmC) 1%, B5EMAaCSREIR C BEIZRTE L. £ D5 7 AER S EH S 7=, Cas9-FmC 2% in vivo 7/

LIREDDHEE LA EEL 2 LN TEIUL, DRV EEE TRKIBOER (RE) DREGDL LN TE D,
% 2T, DCas9-FnC DfciEfl,, @Cas9-FmC 35 L Ol Cas9-FnC DA RARNAEARIZ F51T 2 Ml N JRTE DR
fii, @Cas9-FuC 3 X O fb Cas9-FmC T in vivo 7/ LfREE. @A % —47 v MBI HRENR L&

EVE S MRS T X DRHl-R OBAFE & FEhi L7,

7, OCas9-FmC D LIZ DOV CREEHT D, Fx L Cas9 ¥ /T HIZ~ T A Cdtl # X7 EO—
(29-132AA) ZfEA SH 7= Cas9 # /37 B (LU, Cas9-FmC & i) NSERMIL ORI FTES 2 aTREME %2
A L7e, 22T, Zd Cas9-FmC (2 FLAG BAN AN LT7= & /X7 B EARE D guide RNA OWFH & 3BT 5
Ny NEFTHRY X —Th D pX330-FmC Z4E4E L7, Z? pX330-FmC % HEK293T a2 & A L, FLAG |Z
KT B PUAZE AW Y2 L 0 Cas9 O RIFEE MRS L7=fE R, Cas9-FmC 1L @ EICICRFE LTZ, BIRO
WY, FnC DY A XL 104 7 2 VB THHID, TDa—F 4 o ZEHNT 312 st & BT 245
BREZ b OB TEHI & LTI R E W, BIR TR DT OIC Y 4 VAR Y X —5 |2 Cas9 ZH5HT D
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TeDIZlE, YA RXT T T HMERDD EE X T, 2T, FaC NO—H721F % Cas9 (2 L7z Cas9-XmC
L Cas9-YmC & Cas9-ZmC ZAEEEL7-, £ LT, ZIH D Cas9 IZ FLAG 2N L= & L0 E LEE D guide
RNA D # % Z L F N FEBLT 5 pX330-XnC, pX330-YmC, pX330—ZmC X7 Z — &AL L 7=, 24 5 D pX330-XmC,
pX330-YmC, pX330-ZmC X7 # —% HEK293T AMAIZE A L, FLAG IZXI9 2Pk % W o e 247 - 7o 4
. pX330-ZmC A L7 T 7 FAARITHIT S 7z, RIZ, Cas9-FmC X° Cas9- ZmC (235U T, Cas9
OYIWHEMEDBLE SN TORWDERGTTT 272912, Cypl9al BB T O—H %075 guide RNA Fd%l%
pX330-FmC & pX330-ZmC |2 ZNEIAIAA T, £ OUIWIEMEZ in vitro TR L7z & 2 A, W& TUIBHEM:
DHERR STz, 7ok, Wb A XF 2B LT, ZnC 2 FIZ45E| L7z Z1mC <2 Z2mC % Cas9 (ZfHN L7
B R B ORIBEBNIHTEZ Eak O 5L THEGE LT2A, B~ORORTEITMER SN o Tz, ZORERND
Cas9 ZZIZRTES D 2 & A ATREZR /N0 Cdtl SEIANRE 4L, 230, Z ORI Cas9 D UIWHEM: 4 R
LT Ex2B LT LTz,
. @Cas9-FuC 3 X Oifl Cas9-FmC (Cas9-7ZmC) D4 FAARPNARARR (2 331 2 AIBR PN JRITE DORFAmIZ DOV

naﬁzﬁ“é Cas9-FmC & Cas9-ZmC & S—Cas9(SVA0-NLS Z {101 L7= Cas9) # ENENE2H TRITH~ T A
DOBAFE A Fh Lz, BHOFHETIX, A hL— MI% Cas9 Z22H TR FBIIEL TETHS2M, #IC
< RTET % Cas9 BAH THBIT 22 & T, vV ADOREEFEORMICHEL KT T AERE b
WIZ, Cre RIFHINZE Cas9 #FBLT H~ 7 A &AEH Uiz, BEIRIIZIX, CAG 7' 1 — % —FlF|DE FIZ loxP
THEE A7z EGFP-rabbit Globin polyA (BA#%, rGpA & Fidk) ZELE L. £ D FIRICENEIN D Cas9 & rGpA
ZEWIZ A v & ROSA26 IS FHEIZ ) v 7 A 3 52O OFET — ARSI OMICRE L7z, ZhbH DN
U B =%~ RGN ) AfREE T ROSA SBIRTHEIC ) v 7 A v Licv 7 ADIEHZRATZFER, BRYD 3
TN ETERENTZ, T D%, Floxed-EGFP-Cas9-FmC < 7 A & Floxed-EGFP—-Cas9-7mC ~ 7 A [T HEH |2 7
At X7z, Floxed-EGFP—Cas9-FmC ~7 v / v 7 A < 77 A KN Floxed-EGFP-Cas9-7ZmC ~7 2 /J v 7 A
VAN OEI LI WA~ X L DIIFE2 TN AN T 5 2 & THIZRIPIZ in vitro
transcription TYERK L72 Cre mRNAZ =L 7 haRL—> 3 0 CEHBA L, FOHE . EGFP 23 Y@L N 6
i (loop—out) L, Cas9 Z & CHMIEH T H~ UV ANHAE LT, TDHK, ZhbD~T AZKRE LD,
F DR TRE BB 2RI EEKIIBE SN o7, U LOFEENS, L%k LTV /=, Cas9-FmC %
Cas9-7ZmC DOFRFEBLL~ 7 A DR EVRMIHEL G X 2N R LN E o7, FEROFIETER LK
Cas9-FmC /ﬁgf%\éfﬁvix & Cas9-7ZmC RHHBL~ T A H 18 fMk (4, I, MR, 2205, B85, 7.
W N NN N VOB, L DRER. JREE. BERE. BENED Bk - BlRME L. BT Cas9 HLik
THREGET 5 & T, %fﬂ—fﬁk fé Cas9-FmC & Cas9-ZmC DMENRTEL MR LT-, ZO/ER, WTh

DRAFRIZIB N T H Cas9-FmC & Cas9-~ZmC 1FMZITIF(E L Tz, LLEDFERD G| Cas9-FmC & Cas9-ZmC 1E 1>
?“‘ﬂ@ *””/fﬂfﬁa%%ﬁkﬂ%fﬂwﬁ IBWTCHBICHET 52 LB b Lol

. @Cas9-FuC ¥ L Ol Cas9-FuC (Cas9-ZmC) TP in vivo 7/ AREICHOWTRET 5, ik
® Cas9 ;'uéfﬁvryxmblﬂ Z sgRNA ZFRBLEH5H Z & Tinvivo 7/ LA EfE L, Z DR EEZHEE LT,
HRA~DOEVIRCEARGEZ 2 ENBRICHER SN TWA T T J BEfE T A /L & (adeno—associated virus,
DIt AAV LRt 6 20 A VAR X — L LTEHA LT, BANREE=F—TF 572012, AAV6 7 1 VAN
7 2 —IT1% sgRNA FHl = MIIMA T EGFP B2 =y M bAHINL T, BEROBISTIE Dnd BIST- & L,
F23 s Y ICHERZEANT LT A b, 2327V AHFERBESELT A Lz, AER
AT WA L DIZDD AV6 X7 X —|Z1%, sgRNA Bl = B LXOVEGFP 38l = MMz T, HDR O
oD R F—Er bz, =7 VU RETHA U TiE oA brr i3 hriixtdd
OO sgRNA FEHlL = FEBHF L7 AV6 X7 X —L Lz, £, BAR~o 2 (4% 2 H BB L ORE) O
WERERRIZ 2405 D AAVEe X7 X —Z B AL, ZOIEMZFHE L7ofE R, D~ U A THAER~ 7 2 TH EGFP
DENPBE SNz, TI T, F 27 VU RBEELTYA & LIz AAV6 N7 ¥ — % kB AR~
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Z (n=1) & FIRORER Cas9-FnC 2 FEBL~ 7 A (n=4) & iEk Cas9-ZmC RHFHBL~ U X (n=4) OPEIERH~ & %
b U7z, ZOfER, 42TD Cas9-FuC & Cas9-7ZmC ~ 7 A THBIYE YD DRKERNFEINTND Z &2 PCR
fEMTIC K VR LT, £72, SEREADTZ DO AV6 X7 X —% iR O RS ER Cas9-FuC 25 FEHL~ 7 A (n=4)
& AR Cas9-7ZmC 2H B~ 7 A (n=5) OB~ L 5 L1z, ZDfER, 2T Cas9-FnC & Cas9-ZmC < 7
ATIRABDDT ) MREERNFEINT, U EOFRIG, Cas9-FnC 35 LT Cas9-ZmC 1% in vivo 7/
LREESIER TN DD Z ERHILNE o7,

RBIZ, @F 2 =7y MBI DMmEZNE & 2ot bR T 23 IR OFFIC O W TR 5, &7
J AR TCIEAEHRIC W TRR IERNENENFEIND 2O, PRV T—v—7 A L
DI T T U T B R 2 MRRIICRIT 5 Z L A TE 22\, £ 2 FEATYIE CIEMSEIROUIBRZ A 5 &7
J LR TIE. TN ENDOEERIEALIZ indel ZRPEASNDHELH Y TOERNE—T LV B
OB cis ICEAINTZONE I T, — 72 short read ORI — 7 = AT TE 20N, 2
TRy Ty — T ANARER T )R T v— 2 =Y —% R L= RO 2 Bfg Lz, Eiboi@y |
in vivo 7/ AFREECTIIMD CTEMEELEERER T VANREHIND E PRI, Z0BtEay he—LaH
BETHZEPREETHHOIC, BEZE I~8 BEDOT LILNEHSNEZIEINGT /) ARETRAE L7 7
DR ARSI DTZ DI, T RT = 2o IR ORI S — 7 U AT RS R L
TR UNOSZHTEAI A SRRV EWIRFERH LR, U — FREOT T —R NG\ L2
R THD, I T, BFEICLV T —REMET LY 7 N =T 2% LIz, 2OV 7 b =T %H
W, REEFE < 7 AZHBT DT ) LREENNL 2T LSRR, T A vl O 8ERTLEHEAAD
Z &, BRUZRWESEFE AL OFF A/ RIBZRLER Ly 100 2> b UL Lo Kig/e k8% 1
N OIEME TR TELZ LN LNE ST, FT2, 2 D07 7 A ZFRIRFICUI S5 Z & TH
DT 2 KRS E DT ) MRELEZEINTH L7~ U A Z R LIffrics T, BRILZAREE
B L7 WEROMm )7 % 1 LA O EMEE CRINTE 2 Z RGN E o7, BIZ, BEO~Y T RADOY
TNERE T~ N T T vy 7 AT Efi LIz 2 A 1EDOT T8 7 LV T 5 Z SITkP Lz,
P EDORERNS, Box BHTICHRE LY 7 b =T 2HWD Z LT, 7 AREEIICA U ERE
JREIFH DRI EREICFHI CE 2 2 & RGN E o T2,



Clinical trials for gene therapy using in vivo genome editing with CRISPR-Cas9 have begun
and its effectiveness and safety have attracted considerable attention. Although genomic DNA is
located in the nucleus, Cas9 protein is derived from prokaryotes and does not have nuclear
localization signal. In order to effectively perform in vivo genome editing with a small amount
of Gas9 protein or RNA or DNA encoding Cas9, it is important to develop the highly nuclear-
localized Cas9. A threat to the safety of genome editing is large-scale loss of genomic regions
at on-target sites, as well as off-target mutations

We have discovered a new factor, FmC, that confers a very strong nuclear localization to Cas9.
This FmC-added Cas9, Cas9-FmC, strongly localized to the nucleus in cultured cells and fertilized
eggs, and also increased its genome editing efficiency. If Cas9-FmC can increase the efficiency
of in vivo genome editing, the therapeutic (editing) effect can be maximized with a small dose
Therefore, we carried out four tasks: (1) optimization of Cas9-FmC, (2) evaluation of subcellular
localization of Cas9-FmC and optimized Cas9-FmC in each adult tissue, (3) in vivo genome editing
with Cas9-FmC and optimized Cas9-FmC, and (4) development of an evaluation system that can also
confirm editing efficiency and safety on-target.

(1) Since the size of FmC is 104 amino acids, its coding sequence is 312 base pairs, which
is relatively large for a gene sequence of nuclear localization signal. We constructed Cas9-XmC,
Cas9-YmG, and Cas9-ZmC, in which only a part in FmC was added to Cas9. These subcellular
localizations were evaluated in HEK293T cells, and the results showed that Cas9-ZmC strongly
localized to the nucleus. From these results, we determined the smallest Cdt1 region where Cas9
can be localized to the nucleus

(2) We then generated mice that strongly expressed Cas9-FmC and Cas9-ZmC throughout the body,
respectively. These homozygous knocked—in mutants showed no abnormal phenotype, indicating that
strong expression of Cas9-FmC or Cas9-Z/mC does not affect the growth or fertility of the mice
We collected and sectioned 18 tissues from Cas9-FmC and Cas9-ZmC ubiquitous expressing mice, and
confirmed the subcellular localization of Cas9-FmC and Cas9-ZmC in each tissue by immunostaining
with anti-Cas9 antibody. The results showed that Cas9-FmC and Cas9-ZmC were present in the nucleus
in all tissues. These results indicate that Cas9-FmC and Cas9-ZmC are strongly localized to the
nucleus in the cells of both organs/tissues

(3) The results of in vivo (skeletal muscle) genome editing using AAV6 vector expressing
sgRNA and the Cas9-expressing mice described above showed that genetic mutations were induced in
the target sites in all mice treated with AAV6 vector.

(4) Since genome editing induces different mutations in each somatic cell, bulk analysis such
as PCR and Sanger sequencing cannot be used to comprehensively analyze the mutations occurring.
Therefore, we established a system using a nanopore sequencer capable of single molecule long
sequencing. Our analysis system was able to comprehensively detect not only point mutations as
designed, but also unintentional small indel mutation and unintentional deletions of 100 to

several thousand base pairs with single-base accuracy.



