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Correction of a pathogenic gene
mutation in human embryos

Hong Ma'*, Nuria Marti-Gutierrez'*, Sang-Wook Park®, Jun Wi, Yeonmi Lee*, Keiichiro Suzuki®, Amy Koski', Dongmei Ji,
Tomonari Hayama!, Riffat Ahmed!, Hayley Darby!, Crystal Van Dyken!, Ying Li", Eunju Kang!, A.-Reum Park?, Daesik Kim
Sang-Tae Kim?, Jianhui Gong®¢#¥, Ying Gus47, Xun Xu’7, David Battaglia'®, Sacha A. Krieg?, David M. Lee?, Diana H. Wu®,
Don P: Wolf', Stephen B. Heitner'®, Juan Carlos Izpisua Belmonte®$, Paula Amato™%§, Jin-Soo Kim®§, Sanjiv Kaul'’§ &
Shoukhrat Mitalipov! 10§
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CRISPR/CasOIE FHIL AL VK ELREALEZELD
IEABEELXSISRHRCT ! ?

Repair of double-strand breaks induced by
CRISPR-Cas9 leads to large deletions and ¢

rearrangements
Michael Kosicki, Kirt Tomberg & Allan Bradley

CRISPR-Cas9 is poised to become the gene editing tool of
choice in clinical contexts. Thus far, exploration of Cas9-
duced genetic alterations has been limited to the immediate
vicinity of the target site and distal off-target sequences,
leading to the conclusion that CRISPR-Cas9 was reasonably
specific. Here we report i nt on-target mutagenesis,
such as large deletions and more complex genomic
rearrangements at the targeted sites in mouse embryonic

stem cells, mouse hematopoietic progenitors and a human
differentiated cell line. Using long-read sequencing and long-
range PCR genotyping, we show that DNA breaks introduced
by single-guide RNA/Cas9 frequently resolved into deletions
extending over many kilobases. Furthermore, lesions distal to
the cut site and crossover events were identified. The observed
genomic damage in mitotically active cells caused by CRISPR-
Cas9 editing may have pathogenic consequences.

‘The utility of the CRISPR-Cas9 system for gene therapy in humans

1%

rare double-cutting events cannot be ex
analysis of the alleles generated using boll
has in most studics relied on amplificatiq
around the target and potential off-targ,
of assessment. Lesions non-contiguous
as those reported in yeast upon I-Scel m
be missed by such short-range assessmes|
lines, whose genome and DNA repair of
were often used in the context of study|
making extrapalations to normal tissues

We speculate that current
tial proportion of patential genotypes gd
cutting and repair, some of which may hay
sequences following somatic editing of L
cally active cells.

We first i 4 all

- R

at the X-linked PigA locus, which is hem
stem (ES) cells. In contrast to cancer-deri

has been recognized and extensively investigated'. Initial concerns  normal karyotype and intact DNA repair|

about the off-target activity have be dd: d by the d them f lsorl

of ive detection methods, as well a dified Cas i ES cells and embryonic fibroblasts differ = o
improved delivery protocols that limit this type of damage® 2. The  pathways, it is not known how they comp; |
vast majority of on-target DNA repair outcomes after Cas9 cutting  We introduced Cas9 and gRNA constrd  wasssm

in a variety of cell types are thought to be insertions and deletions  exonic sites of Pig into TM8 mouse ES T -

{indels) of less than 20 bp**1%. Although indels a few hundred nucle-  position. Cells with both constructs were|

otides in size were also observed in experiments using Casd or other  stained with FLAER reagent to quantify t

nucleases, they were reported to be rarelé-15, Consequently, Cas9  cient cells (Fig. 1a,b). Single gRNAS target

has been assumed to be reasonably specific and the first approved
clinical trials using Cas9 edited cells are underway (clinicaltrials g
T03081715, NCT03398967, NCT03166878, NCT027!
NCT03044743, NCT03164135).

high rates of PigA loss (59-97%). Notal
intronic sites also yielded PigA-deficient
cies. Ten different guides located 263524

caused 8-20% PigA loss, whereas two guides greater than 2 kb away
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ASHG POSITION STATEMENT

Human Germline Genome Editing

Kelly E. Ormond,''?* Douglas P. Mortlock,>!” Derek T. Scholes,*!? Yvonne Bombard,*

Lawrence C. Brody,® W. Andrew Faucett,®” Nanibaa’ A. Garrison,*” Laura Hercher,”'° Rosario Isasi,'!
Anna Middleton, %1% Kiran Musunuru,'* Daniel Shriner,!5.1¢ Alice Virani,!”.'® and Caroline E. Young?
Table 1. § 'y of Rec dations in Major Group, Organizational, and Government Statements Related to Human Germline Gene Editing

The NAS and NAM
Hinxton Committee on

Arguments Group®' Human Gene Editing®’ ISSCR*® NIH°® HFEA®'
BEWRARZITONSE X X X X
BIERRIATRZITONE X

RARZEDH. FEFTR(C—FHFLIE X"

INRE

BRERA A (FIRTEIT DSNRETIER0 X X X

(Modified Table from Ormond et al. [2017])

ENNOE AR DSEHIR

—— AZXZRICUIZY ) LitmEs

. HASCER
— 10K (20185F9HK M)
« 20164 (3K)., 2017F(4K). 20185 (3K)

- SHESHEETHA

— 2015F6H~201845H
¢ 20154 : 1K
¢ 20164 : 4K
« 20174 : 3K
« 2018 : 1K
« ANBR: 1K
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— BRCER/ T/ IV\VZAVN)

o« BRIRIGAICHI2:TEE

— WER(AHRE,EhEHraR5)
— BRCEREFbh ./ ITI\DAXDR)

s SFREAORZENMEISN TOSER
- RIFUF5S -, 5 MRETT DM, R, MR

IR XTI ) LR

« 20165F1H13H~17H
« PRI DD—REHES520%

- BiE(ET - BE)FAE

Q1. EFHBUF(EERIOFH(unborn babies)DiE{LFZiHE
IR T ORIZRFTICAIRLIARZERBNE I N, IRETHR

L\t:u\(’\ia—b\ —‘)

BHEODEBRRERE(\OF AR, )
SERUMARHETE ., FHSANOT— 1Y) 4%
DORIEVAIZIKR I DB FRE 519
e

R \ R = - 14%
Kge. BHEES . BEOLOIREAR
R G _E I 2B F IR IATE 829%

O B InE B BRI ARE TR
(STAT&Harvard 2016)
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T XY ) L©iRE

« 2016€F1H13H~17H
« AU DDO—EHES204%

. EIE(SS - BE)HRE

Q2. EFABUF IR B ez RFE I SR FERFRICE)
RINZEBVNEIH IRSTRVEBRWVEIH ?

(0 64%

(AR 30%

(STAT&Harvard 2016)

IR XTI ) LR

« 201663H2H~28H
« ZAUPO—REHERAS,726%
e e SR OF

Q. BB FENEELREBEFAE I DIRIEZNRDIKRT 25 ) AiRE
(CDWVT. FEiOFREICE MAZ BBVWARENNE(CR DS

KWFBETED HEVHFEITERN ELVNERW

11 54 32

(Funk et al. 2016)

- 2018%4H23H~5H6H
« PAUND—fEHER2,537%

. A5 -2y NEE

Q. 7/ MRESIMOFERECE MAZ BVWARCINU (LB DI5E
EERMOEZEA TS  EEKIMOEZFATSHS

(Funk&Hefferon 2018)

22/33



Chisato Yamasaki


Chisato Yamasaki



T XY ) L©iRE

« 2017458

« REIDHF=D=E301%
e A—F4I>R - UZRVA -
AT LAERVWEER

QL. (BIR(L FEEMFEATTIBIHIO) Q2. MRF+TE MAETEMRERINCY ) LiREEZ

AT METERIRE RIS LiREEz HEd BEREATAO LR () BRZsZ
M EREATTZZFFLEIN ? BEH. [E FUEIN ? 26, [FEETEHRZ RN
SRR N AETEICRIAREN B TL(Z AIECHIAZNBTEEHDER A
HOFE A

DS DHBRN

10% 10%
ASZHF

22%

A>2FF
20%

357
68%

<¥F

70%
(Musunuru et al. 2017)

« 7AUNTOHRE
— MFREBRELIE MEDS' ) LiRE. BLUETT
ANOEFENAR(CXT T D — i EOFEE (L
1L,
— MFRZBELIZE MEDT ) AREEICXT I B
RAEDFEERFFL.

« 7XUBLSVCOIRE
— iRzEHN LU MESE R RV (EMidZe S
O)YDT ) LREICT I HREE (FBAS MO TLY
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FERIC A X T NifmSe

« 2016€F1H13H~17H
« AU DD—EHER520%
- BRE(ET - BE)RE

Q. LX—FUDEH’J@EWCEEU@?&(unborn babies)DIB{LTZNZ
FRACEZETELIREEBVETH, IFER L INREEEBNET
m?

/F ;:eﬂ’?] I_&c%?’fﬁr ﬁﬁi SAK
OJ4—71E) DFEREYRIZKIRK 65%

ANEE. EENHES], BEDLIR 11%

0 &&EIRE B IFSEILINRE

(STAT&Harvard 2016)

BRRIOE X4 ) L\iRE

- 20155%6H
« SNSTUO)L— K UL7TZ10,0674

« A2 H—Fy NRE

Ql. U ToBMOrRODT ) AMREICRRLEIH ?
|
EREBNSTRBCABEIBROICTFH. |, I ale
FEEAAOHIIEY ) MRETS |
RESUIEBCAEIBLOCTH. 0, I e
FEEAAOHIEY ) LRESS |
I-
BB BEBE T I DD |
5 ) IRES

ESEBNSRBETIHI BRI
5 JIGRET S

25% 63%
PRERICREDR A2 X BT - s
5JLRESS |

12%

11%

BEEULRVN oh5R0 BEIS
(McCauhey et al. 2016)

24133



Chisato Yamasaki


Chisato Yamasaki



FSERICA XTI ) RS

- 2015465
« SNSTUZ)L— ~ULT210,0674
 (2H—Ry NEE

Q2. LIF OERICBHEDRVF I 2 NE I BT J Ltk

ITOCEICEEUEITH ? (QITIAETZIBBRUEZESE ; n=2,402)

e [ .0
won-maten [ S84

Serevrsts [ 51.3

0 20 40 60 80

(McCauhey et al. 2016)

BRRIOE X4 ) L\iRE

« 201683H2H~28H
« XU HD—fEMER4,726%
s /A5 —Rv NAR
Ql. BRLFHENEBLRIETZEZFEIE I DR IZHIRDERSESNS
) NREICODVWTESBVEIH ?
ECH9% P93 HFED---LRLY <UL
T

(enthusiastic) 15 34 30 -

(v;EJ;EEd) 22 46 23 .
Q2. BRLFHENEELREEEZFIE I DURIZHIRDIERSESNZYS )
LMRECDOVT, UTFTOLORIGE. ESBVEIH ?

ARVNTEBHEND  HIORBDSNBL BV

ZOFNEIARAICPREL.
FELBISE m 40

TNICLHOTEAODEIR
FEENRZE N HE L7 - 31 (Funk et al. 2016)
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FSERICA XTI ) RS

+ 20165382H~28H
« PRAUDD—fxHER4,726%
e L SR aF

Q3. EEIMRBZFRIAEI DAV ZIRIKT DT ) LREICL T LT DL
BRANZEHEIEFBYICERVFIN FANOEZHZ TVDER
W&EIh ?

" RAOEZBATTNS W KiiOEY)RFHETHD

SETCOEDANFELDE
(FDMCHEER

SAGFEMRALS
PR i 2z

SHOTIHNRALRD
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54 42

(Funk et al. 2016)
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BRRIOE X4 ) L\iRE

« 20165F12H~201741H
« ZAYUDD—EHEL, 6004

« A=Y NEE

Q. T/ LREOHBICEAZLEIN RIELFEAL ?

@ = @ AELAL
RO T )\ ZA _
HETERRISRFIDT S\ A
| | | | |
0 50 100

(Sheufele et al. 2017)
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FSERICA XTI ) RS

- 20165F8H~11H

- PEO—fEHE11,036%4.
BER2,165%
{5 —3y NEE

AAXBEER RS 6.9 12.5 80.6
RAXZEIHIDIERE 9.7 13.5 76.8
FHXETENRERIERR 6.0 11.3 82.7
AIEHER RS X B FiZE 23.2 20.7 56.1
FHRXBEIIIV/N\IA N 35.7 24.5 39.8

0% 20% 40% 60% 80% 100%

BEIE LR EEB5TERR )=
(Wang et al. 2017)

FERIC A X T LhitmSe

« 201688 ~11H
- PEO—fEHE11,036%.
EER/T2,165%

« ARy NEE

B FARCIHOTEINMRBZEBOANEAETED 54 9.2 85.4
BA. HEENENZITICLCEORERBLFIN ? : : :

BEFABICLOTIIVY) \ V- BIZRAMEY) (~F Y
VRRERBIDERBEARCEBA, 4BErEn 7.1 9.6 83.3
EATITEICEORERBLET D ?

BRI, AUE, HRIRTRIMBREE . B ZAMIT—1E,

B, BN REEIEREEE- TS THNSEE. 4.17.9 88.0
FHROBETERET SR T AREATUENT

T ?

EFNBAOTEICNS FHOBEIBEENET BT

ET. FROBEREEERBINTE, HRENTNE 24.2 18.9 56.9

RETIHE. K- ELOERNLR BN FEREZR L
SRBLHICENZITVEIN ?

EDBVAIEE. DB VVE B AR AR,
BET AR CEOBETARETE. HRLNE 42.8 24.8 32.5
NERETBEAE. ZNETOETH ?

0% 20% 40% 60% 80% 100%

BIE LR EE5TER EE=
(Wang et al. 2017)
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(Musunuru et al. 2017)
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