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ABSTRACT

Genome editing tools such as the clustered regulary
interspaced shor palindromic repeat (CRISPR)-assod-
aled system (Cas) have been widely used to modify
genes in model systems including animal rygotes and
human cells, and hold temendous promise for both
basic research and dinical applications. To date, a se-
rious [T in our wnder of
nunupmmammmmmmmmmum
the efficiency and potential offtarpel effecls of using
technologies such as CRISPRICas) in human pre-im-
plantaion embryos. In this report, we used fripronudear
(3PN) to further tigat CRISPRIC as9
diated gene editing in human cells. We found that
CRISPRICa2D could affectwly deave the endogencus
B-globin gene (HBB). Howewer, e efficiency of ho-
malsgous. recombination directed repaic (HDR) of HBB
wias low and the edited embryos were mosaic. Off-target
cleavage was also apparent in these 3PN zypoins as
revealed by the TTE1 assay and whole-exome se-
quencing. Furthermore, the endogencus delts-globin
gene [HBD), which is homologous o HEB,

with exogencus donor oligos b act a8 the repair Bm-
plate, leading o untoward mutaions. Dur data also
indicabed that repair of the HBB locus in heds ambryos
occumed preferenially through the non-crossover HDR
pathway. Taken Bgether, our work highlights the

Euping Liang, Yamwen Xu, Xy Zhang and Gharfei Ding have
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preasing need i further improve the fidelity and speci-
ficity of the CRISPRICasd platiorm, 8 prerequisite for
any clinical applicalions  of CREPR Cafmediaed
editing.
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INTRODUCTION

The CRISPR/ Cas cemrphes, =

of e Casd prolein and e guide RNA (gRNA) (~39 al), is
based on Bie adaplve immune syskem o seplococus
pyogenss SFIT0. Il @rgels genomic sequences

e 14 mall [PAM) and
complamentary hhmwmhwﬂm
recognize vilually any gend: Mough Me manigudalon of
gRNA sequences (Che el al, 20M3; Cong el &, 2013; Jinek
eld., 212 Jnek o al, 2013; Maii & al., 2013c). Following
Cas3 binding and qu targel sile ne
deuble stand kreaks (DSBS} generaled are repained by ei-

precise repair mepecively (Jinek o al, 201 2; Moynahanand
Jasin, 200} The ease, expediance, and effisency of he
CRISPRICash syslem have lenl ikal o a vanely of agph-
fEon, and gene heapy in animak and huran cells {Chang
elal, 2013; Cho el al, 2013, Cong el al, 2013; Friedand
eld, 2013 Heu el d, 2014, Hwang el al, 2013; Kmi & al,
2014; kion ed &, 2014; Sinek elal, 2013: L e al, 2013a; Li
el al., 201 3b; Long e al., 2014; Ma el al, 2014, Maki el al,,
20432 Niu el al, 2014; Smilh o al, 201 4 Wha el ., 2013;
Wu e al, 20145 Yang & &, 2013
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Don’t edit the
human germ line

Heritable human genetic modifications pose serious risks, and the therapeutic
benefits are tenuous, warn Edward Lanphier, Fyodor Urnov and colleagues.

t1s thought that studies the G may offer of germline mod!fication, we encourage
use of genome-editing tools to modify ipowerﬁdwoachmmamybum an open discusston around the appropriate
the DNA :‘t;;‘mmln embryos will be diseases, Including HIV/AIDS, haemo- course of action.

shor

philia, sickle-cell anaemia and several

There are grave concerns regarding forms of cancer”. All techniques currently EDITING TOOLS
the ethical and safety implications of this In various stages of clinical development Genome editing of human somatic cells
research. There is 2lso fear of the negative focus on modifying the genetsic matertal of aims to repair or eliminate a mutation that
impact It could have on important work somanccdls.md;n’l‘cdh(uypedwhm could cause disease. The premise Is that

et [Foet aendeenonteead

=i Keytoall discussion and future research is
imomm Makinga clear distinction between genome
awiaw  editing in somatic cells and in germ cells. A
awae  VOluntary moratorium in the scientific com-
=i munity could be an effective way to discour-
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age human germline modification and raise
public awareness of the difference between
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A prudent path forward for genomic
engineering and germline gene modification

A framework for open discourse on the use of CRISPR-Cas9 technology to manipulate the
human genome is urgently needed

By David Baktimore” Paul Berg® fure developments. The mesting identified | CURRENT APPLICATIONS. The simplicity
Michael
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Botchan >+ Dana Carroll * immediste steps to take toward ensuring | of the CRISPR-Ca® system allows any re-
R. Alta Charo,* George Churech,” st the application of genome enginsering | sarcher with knowladge of moleeulsr bi-
JacobE. Corn®* George Q. Daley.™* technology is performed safely and ethically. | ology to modify genomes, making feasible
Jennifer A, Dowdna ¥°* Marsha Fenner.* The promise of soeslled “prcision | experiments (sl were previously difienlt
Henry T. Greely,” Martin Jinek™ medicine” is propelled in part by syner | or imposdble to conduct. For example, ihe
G Steven Martin, "m-_a Penhoet ™ gies between two powerful technologies: | CRISPR-Cas§ system emables introduc-
Jenmifer - DNA and genome tion of DNA sequence changes that cor-
Jonathan S, Weissman = Ady in DNA seq rect genetic defects in whole animals, such
Keith B. Vamamoto*™ and genome-wide association studies have | a5 replacing a mutated gene undedying
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In the near term, we recommend that
steps be taken to:

1) Strongly discourage, even in those
countries with lax jurisdictions where
it might be permitted, any attempts at
germline genome modification for clinical
application in humans, while societal, envi-
ronmental, and ethical implications of such
activity are discussed among scientific and
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A moratorium?

A s this kind of research allowed in Belgium?

A Why a moratorium?

A Which are the relevant ethical concerns? —
A Do these concerns legitimise a moratorium on clinical applications?

A Do these concerns legitimise a moratorium on research applications?
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What doesBelgianlegislationsay?

SERVICE PUELIC FEDERAL SANTE PUBLIQUE,
SECURITE DE LA CHAINE ALIMENTAIRE
ET ENVIRONNEMENT

E 2003 — 2156 [C — 2003/22592]

11 MATI 2003. — Loi relative a la recherche
sur les embryons in vitro (1)

Art. 3. La recherche sur les embryons in vitro est autorisée si toutes
les conditions de la présente loi sont remplies et notamment si :

FEDERALE OVERHEIDSDIENST VOLKSGEZONDHEID,
VEILIGHEID VAN DE VOEDSELKETEN
EN LEEFMILIEU

M. 2003 — 2156 [C — 2003/225392]

11 MEI 2003. — Wet betreffende het onderzoek
op embryo’s in vitro (1)

Art. 3. Onderzoek op embryo’s in vitro is toegelaten indien aan al de
voorwaarden van deze wet voldaan wordt en meer bepaald indien :

1° elle a un objectif thérapeutique ou vise l'avancement des
connaissances en matiere de fertilité, de stérilité, de greffes d’organe ou
de tissus, de prévention ou de traitement de maladies.

1" het een therapeutisch doel heeft of bijdraagt tot een betere kennis
inzake vruchtbaarheid, onvruchtbaarheid, transplantatie van organen
of weefsels, het voorkomen of behandelen van ziektern.

Art. 4. § 17, La constitution des embryons in vitro a des fins de
recherche est interdite, sauf si l'objectif de la recherche ne peut étre
atteint par la recherche sur les embryons surnuméraires et pour autant
que les conditions de la présente loi soient remplies.
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Art. 4. § 1. Het aanmaken van embryo’s in vitro voor onderzoeks-
doeleinden is verboden, behalve indien het doel van het onderzoek niet
kan worden bereikt door onderzoek op overtallige embryo’s en
wvoorzover voldaan is aan de voorwaarden van deze wet.
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What doesBelgianlegislationsay?

SERVICE PUELIC FEDERAL SANTE PUBLIQUE,
SECURITE DE LA CHAINE ALIMENTAIRE
ET ENVIRONNEMENT

E 2003 — 2156 [C — 2003/22592]

11 MATI 2003. — Loi relative a la recherche
sur les embryons in vitro (1)

Art. 5. 1l est interdit :

1" d'implanter des embryons humains chez les animaux ou de créer
des chimeéres ou des étres hybrides;

FEDERALE OVERHEIDSDIENST VOLKSGEZONDHEID,
VEILIGHEID VAN DE VOEDSELKETEN
EN LEEFMILIEU

M. 2003 — 2156 [C — 2003/225392]

11 MEI 2003. — Wet betreffende het onderzoek
op embryo’s in vitro (1)

Art. 3. Het is verboden :

1" menselijke embryo’s in te planten bij dieren of chimaeren of
hybride wezens te creéren;

2" d'implanter des embryons soumis & des recherches chez les
humains, sauf si les recherches ont été menées dans un objectif
thérapeutique pour l'embryon lui-méme ou lorsqu’il s'agit d'une
recherche d observation ne portant pas atteinte a l'intégrité de l'embryon;

2" embryo’s waarop onderzoek is verricht in te planten bij mensen,
behalve indien het onderzoek uitgevoerd is met een voor het embryo
zelf therapeutisch doel of wanneer het gaat om een observatiemethode
die de integriteit van het embryo niet schaadt;

3" d'utiliser des embryons, des gameétes et des cellules souches
embryonnaires a des fins commerciales:

4" d'accomplir des recherches ou des traitements & caractére eugéni-
que, c'est-a-dire axés sur la sélection ou 'amplification de caractéristi-
ques génétiques non pathologiques de 'espéce humaine;

5" d'accomplir des recherches ou des traitements axés sur la sélection
du sexe, a l'exception de la sélection qui permet d’écarter les embryons
atteints de maladies liées au sexe.
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3" embryo’s, gameten en embryonale stamcellen te gebruiken voor
commerciéle doeleinden;

4" onderzoek of behandelingen met een eugenetisch cogmerk uit te
voeren, dit wil zeggen gericht op de selectie of de verbetering van
niet-pathologische genetische kenmerken van de menselijke soort;

3" onderzoek of behandelingen uit te voeren die gericht zijn op
geslachtsselectie, met uitzondering van de selectie ter voorkoming van
geslachtsgebonden ziekten.
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3" onderzoek of behandelingen uit te voeren die gericht zijn op
geslachtsselectie, met uitzondering van de selectie ter voorkoming van
geslachtsgebonden ziekten.




What doesBelgianlegislationsay?

In a nutshell:

A Embryo researclio gain better knowledge aimed at the treatment or
prevention of diseasegsing the technigue of genome editing is allowed
(when it conforms to the other requirements of the law).

A Clinical applicationsising the technigue of genome editimgth a
WIiKSNY LISdziAO 321t F2 NJ(in@ebeorfditbashe 2
good clinical practice).

A Research and clinical applications aimed at interfering with- non
pathogenic genetic characteristics {8d- f deSigRer HabieQare
forbidden.
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Does thdegislationsufficientlytake ethicalconcerns
Into account?

Concerns linked to genome editing in human embryos for:

A Research
A basic research (research using genome editing)
A preclinical research (research into genome editing for reproductive purposes)

A Clinical applications
A diseases
AWYRSAAIYSNI oFoASaqQ
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Does thdegislationsufficientlytake ethicalconcerns
Into account?

A Research
A basic research (research using genome editing)

0@
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Basic research

Why would we want to use genome editing in embryos in basic research?

A Disease modeling

A Investigating effect of a particular mutation (on, for example,
embryogenesis)

A X
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Basic research

Moral concerns similar to any type of embryo research (e.g. human

embryonic stem cell derivation and research)

A Should human embryos be used as tools in research?

A If so, under which conditions?
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Basic research

Should human embryos be used as tools in research?

A Very diverse legislations reflect very diverse opinions about the moral
status of the early human embryo

SYOoONEB2  LISNER2Y X

embryo = person respectfully embryo = bundle of cells

absolute moral status

relative moral status no moral status

=> embryo researcls always

i —— =>Embryo research is acceptable =>Embryo research is never immorsa

under certain conditions

Belgianlegislation
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Basic research

Under which conditions can human embryos be used in research?

A Scientific goals are important, research protocol is sound, certified lab
A 14 day limit
A No alternatives with equal efficiency

A Oversight &ransparency: local ethics committeeFederal Commission
for Medical and Scientific Research on Embryagtio

In the context of genome editing research, special attention for:
A consent of donors
A issues regarding the creation of embryossdza S 2 ¥ WaLJ NBQ

Federale Commissie
voor medisch

en wetenschappelijk onderzoek
op embryo's in vitro
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Basic research

Consent of donors

A Preliminary remark: many Belgian patients decide to donate their spare
IVF embryos to research!

2006

2004

2002

2000 m donation to others

© donation for science

1998

M discarding
1996

1994

1992 | - y
0% 20% 40% 60% 80% 100%

Figure | Proportion of final EDDs chosen over the years (1992—-2006; N=1504).

Destinationof sparelVFembryosat UZ Gent 1992006.

o0 . Provoost et al., HurReprod2012;27:506514.
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Basic research

Consent of donors

A Decision whether or not to donate embryos for research is not only basec
on the attributedmoral status but also on thenstrumental value
attributed to the embryo, orknowledgeabout the research and amust
In the scientific communitysamorinhaet al, 2014Provoostet al, 2009).

A As genetic manipulation is a sensitive issue for many pecp@MC
debates), arexplicit consentshould be sought of the embryo donors, not
a generic consent. Donors should have a clear understanding of what will
be done with the embryos and for which purpose this will be done.

A NB: currently donors give consent for a specific project for fresh embryo
donation, for a category of projects for frozen embryo donation.
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Basic research

Spare IVF embryos versus research embryos

A If genome editing needs to be performed in a very early stage (e.g. zygot
stage), spare IVF embryos (dayday 5) cannot be used.

A Belgium: no other option => embryos can be created for research

A Europe (Oviedo conventionY h @A SR2 O2y @OSYGA2Yy >
human embryos for research purposes is prohibibed

A Why?
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Basic research

Spare IVF embryos versus research embryos

Whatmight be the morally relevant differences between spare IVF
embryos that are donated to research and embryos created for researct
purposes?

//_-
T LS TSE AND GETINIO AT s

LEFTONER EHBRYCS
FOR STem CELL
i\ RESEARCH<

A Increaseof total amount ofwrongdoing
doomedembryo rule omothing-is-lost-principle

A Intention
rule of doubleeffect

A Complicityof the researcher
separationprinciple
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Basic research

Spare IVF embryos versus research embryos

It is more consistent to:
either avoid the creation of spare IVF embryos all together
or allow the creation of both spare IVF embryos and research embryos

than to allow the creation of spare IVF embryos but not the creation of
NB a S| NDK wlcYi & WGy thé Belgian initiators of the bill on
embryo research denied a moral distinction between both.
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Does thdegislationsufficientlytake ethicalconcerns
Into account?

A Research

A preclinical research (research into genome editing for reproductive purposes)
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Preclinical research

Do we need genomediting in embryos ipreclinical research?

CYED

A To ensurgesponsible innovatiorin the clinic.

A Investigate, for example, the chances ofifget mutations when
trying to correct a particular diseasm®using mutation.
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Preclinical research

Do we need genomediting in embryos ipreclinical research?

A We do not need it, we havieGDfor most conditions (+ donor
conception, adoption and childlessness are valid alternatives).

A This is dad allocation of research fundshere are more urgent
healthcare needs.

A This research may havenagative effect on the regulation of non
reproductive applications of genome editing
Lanphieret al.:We are concerned that a public outcry about such an ethical
breachcould hinder a promising area of therapeutic development, namely
makingd SY SGA O OKIlIy3ISa GdKFaG Olyy2dd 0SS A
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Outline

A Clinical applications
A diseases
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Clinical applications - diseases

avoiding transmission of diseases to future generation(s)

Main ethical objections:

AaLOQa y20 al ¥S ¢

AGCKSNE Aad y2 AYF2NX¥SR O2yasSyil o¢
AdGermlineASY S Y2RAFAOFGAZ2Y A&d dzy SiKj
AaLiQa StAGS YSRAOAYS®E
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Clinical applications - diseases

Nl tos not safe. o

A Off-target mutations

A Ontarget mutations with unforeseen effects (possibly in later
generations)

A Mosaicisr?
A Longterm follow-up in experimental phase is problematic, the ideal
clinical trial should run over several generations.

A For most applications, PGD is a safer alternative.
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