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Abstract In this consensus paper resulting from a Keywords CRISPR-Cas - Gene editing - Science
meeting that involved representatives from more than and society - Responsible research and innovation
20 European partners, we recommend the foundation
of an expert group (European Steering Committee) to
assess the potential benefits and draw-backs of
genome editing (off-targets, mosaicisms, etc.), and to
design risk matrices and scenarios for a responsible
use of this promising technology. In addition, this
European steering committee will contribute in pro-
moting an open debate on societal aspects prior to a
translation into national and international legislation.



Setting the stage: Where do we stand
today with CRISPR technology

* The generic name should be CRISPR

* Let's use CRISPR tools, or CRISPR
technology, or CRISPR systems, or
CRISPR-Cas, but not CRISPR-Cas9

 Many Cas-like nucleases available
(Cas9, Cpfl/Casl2a, C2c2/Casl3a,
Cas13b, etc...)

* CRISPR Is the common feature
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Fixing the DSB: NHEJ vs HDR
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Eularyotic type
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Genomic Editing Tools: 4 flavours

Sequence Homology Double Strand Break

Engineered PROTEIN PROTEIN

Meganuclease ~20 to 40 nucleotides meganuclease
recognition site

Zinc-Finger Nuclease PROTEIN PROTEIN

(ZFEN) 1 Zinc finger (3 AA) =2 3 bp Fokl

TALEN PROTEIN PROTEIN
2AA > 1bp Fokl

CRISPR-Cas9 RNA PROTEIN

1 ribonucleotide - 1 bp Cas9
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Prokaryotes
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B— DNA replacement B Human medicine
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CRISPR applications

Human gene therapy

Screens for drug target ID \ /-> Agriculture: crops, animals

The future of CRISPR-Cas9-mediated genome engineering

Ecological vector control: f—’/ \> Synthetic biology;

mosquito sterilization, etc. pathway engineering

Viral gene disruption; Programmable RNA targeting
pathogen gene disruption

Fig. 6. Future applications in biomedicine and biotechnology. Potential developments include
establishment of screens for target identification, human gene therapy by gene repair and gene
disruption, gene disruption of viral sequences, and programmable RNA targeting.

Doudna & Charpentier (2014) Science



Disrupting a gene: KO
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* The easiest approach, almost trivial
nowadays

 Many similar alleles will be generated



Deletions
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« Relatively straight forward, many alleles will be
generated

* INDELSs at both targeting sites will be also
generated

* Inversions and other rearrangements (i.e.
duplications) can also be generated




Point mutations
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* Relatively straight forward, but can be
challenging, many alleles will be generated

* INDELs will mostly be also generated



Knock-ins

 Most challenging approach, many protocols,
not really optimized

« Success unrelated to CRISPR, but to
endogenous repairing mechanisms (not really
working in plants)

* INDELSs will mostly be also generated



Current limitations of CRISPR

* On-target uncertainty: many alleles are generated
through NHEJ

« Most/all founder edited-organisms are mosaic
* Error-prone NHEJ is the default repairing pathway

* Donor template-specific HDR is not the preferred
repairing pathway

« Off-targets: similar target sequences can be altered

* Reaching a significant number of target cells (viral &
non-viral delivery systems)



Off-target effects
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Off-targets: we can deal with them

« Off-targets depend mainly on the selected guide
RNA and, to a lesser extent, on the Cas
(different Cas have different properties)

* New algorithms developed for selecting optimal
guide RNAs (Breaking-Cas, CRISPOR, Crispr-
GOLD...)

« Can be reduced to an acceptable minimum by
reducing the amount (Cas protein, not RNA or
DNA) and the time of action of Cas nucleases
(inhibitors)



What about off-targets?

chré: 99084014 - intronic (Foxp1) 50 off-target 1

478 bp il 189 bp ] 667 bp
13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
- e e e e e A e — — 667 DD 1 1
Mostly observed in vitro

SgRNA 5'0: CCTGTTATCTTGCACTGTCACAC
reference: TGCACAGGGTATTTACTGATCCGGTTATCTTGTTCTGTGACAGGCAGAATCAATCAATCAGGA ‘ ! aV‘ ! n O O u I l

TYRINS5#13_1: TGCACAGGGTATTTACTGATCCGGTTATCTTGTTCTGTGACAGGCAGAATCAATCAATCAGGA
TYRINS5#13_2: TGCACAGGGTATTTACTGATCCGGTTATCTTGTTCTGTGACAGGCAGAATCAATCAATCAGGA

- -
TYRINS5#13_3: TGCACAGGGTATTTACTGATCCGGTTATCTTGTTCTGTGACAGGCAGAATCAATCAATCAGGA O ff_ t a r et S I te S W I t h
TYRINS5#14_1: TGCACAGGGTATTTACTGATCCGGTTATCTTGTTCTGTGACAGGCAGAATCAATCAATCAGGA

TYRINS5#14_2: TGCACAGGGTATTTACTGATCCGGTTATCTTGTTCTGTGACAGGCAGAATCAATCAATCAGGA

TYRINS5#14_3: TGCACAGGGTATTTACTGATCCGGTTATCTTGTTCTGTGACAGGCAGAATCAATCAATCAGGA :
TYRINS5#13_1: TGCACAGGGTATTTACTGATCCGGTTATCTTGTTCTGTGACAGGCAGAATCAATCAATCAGGA a_ te re S e q u e n C e S I n
TYRINS5#29_1: TGCACAGGGTATTTACTGATCCGGTTATCTTGTTCTGTGACAGGCAGAATCAATCAATCAGGA

TYRINS5#29_2: TGCACAGGGTATTTACTGATCCGGTTATCTTGTTCTGTGACAGGCAGAATCAATCAATCAGGA

- -
TYRINS5#57_1: TGCACAGGGTATTTACTGATCCGGTTATCTTGTTCTGTGACAGGCAGAATCAATCAATCAGGA e n O m e - e d I te d m I C e
TYRINS5#57_2: TGCACAGGGTATTTACTGATCCGGTTATCTTGTTCTGTGACAGGCAGAATCAATCAATCAGGA g

TYRINS5#57_3: TGCACAGGGTATTTACTGATCCGGTTATCTTGTTCTGTGACAGGCAGAATCAATCAATCAGGA

TYRINS5#57_4: TGCACAGGGTATTTACTGATCCGGTTATCTTGTTCTGTGACAGGCAGAATCAATCAATCAGGA

5’5 off-target 1 chr1: 9300003 - intergenic
l 213bp I 484 bp ] 697 bp ) ) ) ,

Off-target mutations are rare in Cas9-modified mice

1 2 3 4 5 6 7 8 9 10 11 wt Vivek lyer, Bin Shen, Wensheng Zhang, Alex Hodgkins, Thomas Keane, Xingxu Huang &
William C Skarnes

e ey G S e v — 697 bp

) - ¢ . — 484 bp Affiliations | Corresponding authors
2 213 bp Nature Methods 12, 479 (2015) | doi-10.1038/nmeth.3408

Published online 28 May 2015

AR Confirmed by NGS

SgRNA 5'5: CCAAAATTGCCTAGTTTTATCAC

reference: GTATTCACGTGCACCTGTTACCAAAATTGCCTGCTTTTATCTGTGAATCTACCTTTCGTTGAC
TYRINSS5#1_1: GTATTCACGTGCACCTGTTACCAAAATTGCCTGCTTTTATCTGTGAATCTACCTTTCGTTGAC
TYRINSS5#1_2: GTATTCACGTGCACCTGTTACCAAAATTGCCTGCTTTTATCTGTGAATCTACCTTTCGTTGAC

TYRINSS5#1_3: GTATTCACGTGCACCTGTTACCAAAATTGCCTGCTTTTATCTGTGAATCTACCTTTCGTTGAC
TYRINS5#24_1: GTATTCACGTGCACCTGTTACCAAAATTGCCTGCTTTTATCTGTGAATCTACCTTTCGTTGAC
TYRINS5#24_2: GTATTCACGTGCACCTGTTACCAAAATTGCCTGCTTTTATCTGTGAATCTACCTTTCGTTGAC
TYRINS5#24_4: GTATTCACGTGCACCTGTTACCAAAATTGCCTGCTTTTATCTGTGAATCTACCTTTCGTTGAC

Seruggia et al. 2015 NAR



On-targets: the real problem

- « Founder animals are
e nearly always complex
mosaic

« Many different alleles
can be present

* Not all of them might
transmit through
germline

One 8-cell embryo = 16 possible alleles




Multiple alleles present in CRISPR founder gene-edited mice

Reference:
B9040.
B9040.
B9040.
B9040.
B9040.
B9040.
B9041.
B9041.
B9041.
B9041.
B9041.
B9042.
B9042.
B9042.
B9042.
B9043.
B9043.
B9043.
B9043.
B9044.
B9044.
B9045.
B9045.
B9045.
B9046.
B9046.
B9046.
B9046.
B9060.
B9060.
B9060.
B9060.
B9060.
B9064.
B9064.
B9064.
B9064.
B9064.

1
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| sgRNA-A476

AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGARARATGGTAGGTAACAGCACGGTAGGGTTGATTTCAGGAAATGTAA

AACATTGGAGGAGCTGC ACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTAG---———————— GTAGGGTTGATTTCAGGAAATGTAA
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTAGGTAACAGGTAGGTAGG-TTGATTTCAGGAAATGTAA
AACACTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTAG---———————— GTAGGGTTGATTTCAGGAAATGTAA
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTAGGTAACAGC-—--—-- AGGGTTGATTTCAGGAAATGTAA
CAAGCTCCTGCCCCACTTTCAAAGCTGTACTGAACTGCAGTTTCTTCTCCACCCAGATTCCTGCAAGACCTTGCACCGGGG——=====-==——— (437bp) ——————————————————
———————————————————————————————————————————— (561DP) === === ===
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTAGGTAACAGCTGTTACCTAGGGTTGATTTCAGGAAATG
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTAGGTAAC- -~ ————-— AGGGTTGATTTCAGGAAATGTAA

AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTAGGTAACA----GGTAGGGTTGATTTCAGGAAGCTGTAA
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTAGGTAACG- - - -GGTAGGGTTGATTTCAGGAAATGTAA
AACATTGGAGGAGCTGCCACTGCTATTTGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTAGGTAACA----GGTAGGGTTGATTTCAGGAAATGTAA
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTAGGTAACAGCACGGTAGGGTTGATTTCAGGAAATGTAA

AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAAT——————————————— GGTAGGGTTGATTTCAGGAAATGTAA
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAA-TGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTAGGTAACAGCACGGTAGGGTTGATTTCAGGAAATGTAA
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAAT——————————————— GGTAGGGTTGATTTCAGGAAGTGTAA
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAAT——————————————— GGTAGGGTTGATTTCAGGAAGTGTAA
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTAGGTAACAGCACACTGGTAGGGTTGATTTCAGGAAGTG
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTCCCAATCAGGAGTTGAGAAAAAT——————————————— GGTAGGGTTGATTTCAGGAAGTGTAA
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGATAGACATGTCGAGGA-————— (134bp) ~—===———————————————
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAAT——————————————— GGTAGGGTTGATTTCAGGAAATGTAA
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCCATCAGGAGTTGAGAAAAATGGTAGGTAAC----—-—-—— AGGGTTGATTTCAGGAAATGTAA
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTTGTTTAT — == === ————————————————————————— CAAGGTAGGGTTGATTTCAGGAAATGTAA
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAAT - ——————————————————— GGTTGATTTCAGGAAATGTAA
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTTGTTTAT — == === ————————————————————————— CAAGGTAGGGTTGATTTCGCGGAAATGTAA
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTAGGTAACAGCACCTAGGTAGGGTTGATTTCAGGAAATG
AACATTG-—==———————————————————————————— (87bp) === === = TAGGGTTGATTTCAGGAAATGTAA

AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTAGGTAACAGCAATGGTAGGGTTGATTTCAGGAAATGTA
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTAGGTAACAGCACCTAGGTAGGGTTGATTACAGGAAATG
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTAGGTAACA----GGTAGGGTTGATTTCAGGAAATGTAA
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAACATGGTAGGTAACA----GGTAGGGTTGATTTCAGGAAATGTAA
CACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTAGGTAACA----GGTAGGGTTGATTTCAGGAAATGTAA
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTAGGTAACAGCT - -——-——~ GTTGATTTCAGGAAATGTAA
AACATCGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTAGGTAACA----GGTAGGGTTGATTTCAGGAAATGTAA
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTAGGTAACAGCAAAAATGGTAGGTAGGGTTGATTTCAGG

AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTA----———--—-~ GGTAGGGTTGATTTCAGGAAATGTAA
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAGTGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTAGGTAACAGCAAAAATGGTAGGTAGGGTTGATTTCAGG
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTAGGTAACAGC---—— AGGGTTGATTTCAGGAAATGTAA
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCA-————————————————————————————— GGTAGGGTTGATTTCAGGAAATGTAA



Many mutant deletion alleles generated upon targeting
the 5’ Tyr Boundary by CRISPR-Cas9
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CRISPR and human embryos

3 studies from China using 3n/2n embryos
Many different alleles are produced

Most edited embryos are mosaic
Anticipate potential off-target effects
Need for careful risk/benefit analysis
Consider alternative technologies (PGD: preimplantation
genetic diagnosis)

Need to be cautious before applying

Poses Ethics dilemasl/illegal (art 13, Oviedo Convention)

Mitalipov study (Nature, 2017). Embryos generated ad
hoc. Combined ICSI and CRISPR tolos trigger HDR without
donor DNA. Reduced mosaicism and off-targets. To review.




CRISPR-Cas9 and in vivo somatic gene therapy

Science weY:
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In vivo gene editing in dystrophic mouse muscle and
muscle stem cells
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In vivo genome editing improves muscle function in a
mouse model of Duchenne muscular dystrophy

Pratiksha L Thakere,"* Eirik A, Moreb,**
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Ruth M. Castellanes Rivera,' Sarina Madhavan,'
Dongsheng Duan,' ™

' Xiufang Pan,' F. Ann Ran,**

Asokan,' Feng Zhang, ' ~'"" Clharles A. Gersbach'

Jason K. W, Cheng,' Wei Leong Chew,* Jeffroy J. Widrick,”

Science

Cite as. C. Long e o/

w5725

101126 scence

Postnatal genome editing partially restores dystrophin

expression in a mouse model of muscular dystrophy

Chengzu Long,"*™ Leonola Amoasii,"*** Alex A. Mireault,'"** John R. McAnally,"** Hui Li,"** Efrain Sanchez-

Ortiz,* Samadrita Bhattacharyya,'** John M. Shelton,' Rhonda Bassel-Duby,'*~ Erie N, Olson***
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CRISPR tools and somatic gene therapy
of human rare monogenic diseases

Adeno Associated Virus
AAV

Different serotypes
with diverse tropism
to different cellular types
Cargo ~4.7 kb

j hCas9 — —I-_>ngNA - donor |=—
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Flyn et al. (2015) Experimental Hematology






Gene Drive: Mutagenic Chain Reaction
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Gene Drive: Mutagenic Chain Reaction
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The paradigm of genetic selection/improvement

High milk production | Low milk production
Sensitive to disease X Resistance to disease X

High milk production
Resistance to disease X



The paradigm of genetic selection/improvement

High milk production
Sensitive to disease X

Low milk production
Resistance to disease X

ntermediate milk production
ntermediate susceptibility to disease X



The paradigm of genetic selection/improvement

High milk production AT Low milk production
Sensitive to disease X &\“./ Resistance to disease X
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High milk production  Low expression of transgene
~Sensitive to disease X Chromosomal position effects



The paradigm of genetic selection/improvement

High milk production Low milk production
Sensitive to disease X Resistance to disease X
—> Gene Editing —>
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The paradigm of genetic selection/improvement

High milk production Low milk production
Sensitive to disease X Resistance to disease X
——
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High milk production
Resistance to disease X



Gene-edited organisms has to be considered GMO?
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GMO ?
A gene-edited organism is NOT a GMO






The CRISPR web page at CNB

www.cnhb.csic.es/~montoliu/CRISPR/
Google for CNB + CRISPR



