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Fixing the DSB: NHEJ vs HDR




Disrupting a gene: KO
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Deletions
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Using CRISPR-Cas9 genome editing
to target Tyr regulatory elements

Regulatory
Element

CRISPR-Cas9 genome editing




Deleting 5’ Tyr regulatory elements with CRISPRs in vivo
results in hypopigmentation

Seruggia et al. 2015 Nucleic Acids Research
Seruggia et al. 2020 Scientific Reports
Seruggia et al. 2021 Pigment Cell & Melanoma Res.
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AVATAR CRISPR mice

» Easier approach to reproduce human mutations

in animal models

OCA4 (SLC45A2) c.986delC

Patty
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Validating
treatments

Knock-ins
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Doudna & Charpentier (2014) Science

Activating a gene
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Inactivating a gene
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Switching ON-OFF

CRISPRoN

CRISPRoff

Nufiez et al. Cell (2021)
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Current limitations of CRISPR-Cas9 tools

Inactivating similar genes
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off target effects
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>100 programs available for designing sgRNA

WeReview: CRISPR Tools

Torres-Perez et al. Bioengineering 2019

on target effects - mosaicism

l HDR is

Unrelated to not the

CRISPR preferred
repairing
pathway

On-target

effects
Mosaicism
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On-targets: the real problem

» Founder animals are
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

ON-TARGET genetic variations are the main challenge

ssDNA

Reference:
B9040.1
B9040.2
B9040.3
B9040.4
B9040.5
B9040.6
B9041.1
B9041.2
B9041.3
B9041.4
B9041.5
B9042.1
B9042.2
B9042.3
B9042.4
B9043.1
B9043.2
B9043.3
B9043.4
B9044.1
B9044.2
B9045.1
B9045.2
B9045.3
B9046.1
B9046.2
B9046.3
B9046.4
B9060.1
B9060.2
B9060.2
B9060.3
B9060.4
B9064.1
B9064.2
B9064.3
B9064.4
B9064.5

L SERNA-A476 I

AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGT TGAGAAAAATGGTAGGTAACAGCACGGTAGGGTTGATTTCAGGAAATGTAA
AACATTGGAGGAGCTGC ACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTAG -GTAGGGTTGATTTCAGGAAATGTAA
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGT TGAGAAAAATGGTAGGTAACAGG TAGGTAGG-TTGATTTCAGGAAATGTAA
AACACTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTAG: -GTAGGGTTGATTTCAGGAAATGTAA
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGT TGAGAAAAATGGTAGGTAACAGC: ~~AGGGTTGATTTCAGGAAATGTAA

CAAGCTCCTGCCCCACTTTCAAAGCTGTACTGAACTGCAGTTTCTTCTCCACCCAGATTCCTGCAAGACCTTGCACCGGGG: (437bp)

(561bp)
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGT TGAGAAAAATGGTAGGTAACAGCTGT TACCTAGGGTTGATTTCAGGAAATG
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGT TGAGAAAAATGGTAGGTAAC-~~~~~~~ AGGGTTGATTTCAGGAAATGTAA

AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGT TGAGAAAAATGGTAGGTAACA----GGTAGGGTTGATTTCAGGAAGTGTAA
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGT TGAGAAAAATGGTAGGTAACG - GGTAGGGTTGATTTCAGGAAATGTAA
AACATTGGAGGAGCTGCCACTGCTATT TGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGT TGAGAAAAATGGTAGGTAACA----GGTAGGGTTGATTTCAGGAAATGTAA
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGT TGAGAAAAATGGTAGGTAACAGCACGGTAGGGTTGATTTCAGGAAATGTAA
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGT TGAGAAAAAT - -~ — === = ——— = — | GGTAGGGTTGATTTCAGGAAATGTAA
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAA-TGTTATCATTGTTTCCAATCAGGAGT TGAGAAAAATGGTAGGTAACAGCACGGTAGGGTTGATTTCAGGAAATGTAA
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAAT- GGTAGGGTTGATTTCAGGAAGTGTAA
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGT TGAGAAAAAT - GGTAGGGTTGATTTCAGGAAGTGTAA
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGT TGAGAAAAATGGTAGGTAACAGCACACTGGTAGGGTTGATTTCAGGAAGTG
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTCCCAATCAGGAGT TGAGAAAAAT -~ GGTAGGGTTGATTTCAGGAAGTGTAA
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGATAGACATGTC 134bp

AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGT TGAGAAAAAT- GGTAGGGTTGATTTCAGGAAATGTAA

AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCGATCAGGAGTTGAGAAAAATGGTAGGTAAC —--AGGGTTGATTTCAGGAAATGTAA
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTIGTTTAT: CAAGGTAGGGTTGATTTCAGGAAATGTAA
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTT! \T- TTGATTTCAGGAAATGTAA
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTIGTTTAT: CAAGGTAGGGTTGATTTCGGGAAATGTAA
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGT TGAGAAAAATGGTAGGTAACAGCACCTAGGTAGGGTTGATTTCAGGAAATG
AACATTG (87bp) TAGGGTTGATTTCAGGAAATGTAA

AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGT TGAGAAAAATGGTAGGTAACAGCAATGGTAGGGTTGATTTCAGGAAATGTA
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGT TGAGAAAAATGGTAGGTAACAGCACCTAGGTAGGGTTGATTACAGGAAATG
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGT TGAGAAAAATGGTAGGTAACA- GGTAGGGTTGATTTCAGGAAATGTAA
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGT TGAGAAAGATGGTAGGTAACA- GGTAGGGTTGATTTCAGGAAATGTAA
GACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTAGGTAACA----GGTAGGGTTGATTTCAGGAAATGTAA
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGT TGAGAAAAATGGTAGGTAACAGCT —= =~~~ GTTGATTTCAGGAAATGTAA
AACATCGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGT TGAGAAAAATGGTAGGTAACA----GGTAGGGTTGATTTCAGGAAATGTAA
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGT TGAGAAAAATGGTAGGTAACAGCAAAAATGGTAGGTAGGGTTGATTTCAGG
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGT TGAGAAAAATGGTA-—————————~ GGTAGGGTTGATTTCAGGAAATGTAA
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAGTGTTATCATTGTTTCCAATCAGGAGT TGAGAAAAATGGTAGGTAACAGCAAAAATGGTAGGTAGGGTTGATTTCAGG
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTAGGTAACAGC-—---, AGGGTTGATTTCAGGAAATGTAA
AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATC GTAGGGTTGATTTCAGGAAATGTAA
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Solutions to the limitations of
CRISPR-Cas9 genome editing tools
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Base editing a gene

n deaminase
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- dCas9
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CRISPR-derived
BASE EDITORS
(BE3)

CBE and ABE

David Liu Lab

CBE: C>U~=>T
ABE: A~2>1=>G

Komor et al. Nature 2016
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AGGATTAGAGC GATAGCATACGATCAGTACGAT

CBE

Uracil Glycosylase Inhibitor

ABE

eaminase

https://biotech.ucdavis.edu/news/dna-base-editors-genome-editing
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New base editors: CGBE C->G

Koblan et al. Nat. Biotech. (2021)

Koblan et al. Nature 2021
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In vivo base editing in cells and in mice
Koblan et al. Nature 2021

Nature (2021)
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Reduced risk of aterosclerosis
& cardiovascular diseases

Munusuru (Nature, 2021)

CRISPR genome editing and mitochondria
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July 2020

Mok et al. 2020

Prime editing a gene

n Reverse transcriptase

e
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Prime editing a gene

David Liu Lab Anzalone et al. Nature 2019

CRISPR-Cas9 mediated gene editing vs Prime-mediated gene editing

56% correct on-targeting 21% correct on-targeting
40% INDELS (mosaicism) 0% INDELS (mosaicism)

Gao et al. 2021 Genome Biol
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4 October 2021

3’ degradation of pegRNA inhibits prime editing

Nelson et al. (2021) Nature Biotechnology
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3’ structure protection of pegRNA enhances prime editing

epegRNA “enhanced pegRNA”

Nelson et al. (2021) Nature Biotechnology

Current CRISPR
variants to be used
in gene therapy
approaches

* CRISPR-Cas9

« Base editors
* Prime editors

Newby & Liu, Mol. Therapy (2021)
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CRISPR-Cas is the future

s

Doudna & Charpentier (2014) Science

Gene Therapy with CRISPR

AR

———

27



IN VIVO EXVIVO
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GENE
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Gene Therapy
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Gene Therapy

—E*—x

7
il:_ v
Gene Therapy
&— X
7

i;_\/

29



Gene Therapy

Gene Therapy
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Luxturna (Spark Therapeutics, Inc.)
Treatment of retinal degenerative diseases (RPE65 gene)

CRISPR gene therapy (currently)
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51 clinical trials today with CRISPR

Most of them are EX-VIVO

IN VIVO EXVIVO

Somatic
Gene therapy
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Cancer Immunotherapy with CRISPR

6 Feb 2020 Hamilton & Doudna (Science, 2020)
Stadtmauer et al. (Carl June Lab, Science 2020)

Treating sickle-cell anemia and beta-thalassemia withn CRISPR

Bauer Lab (Dana Farber-Boston Children’s)

First ex-vivo CRISPR therapy
approved in Europe

November 2019
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First CRISPR-treated Sickle Cell Anemia patients cured (2020)

Frangoul et al. NEJM (5 December 2020)
Victoria Gray (treated July 2, 2019)

NPR

Correcting mutations in CEP290 gene with CRISPR
Leber Congenital Amaurosis type 10

Human retina

In vivo

Dec 2018
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Adenoassociated virus (AAV)
to bring CRISPR to cells

Transthyretine Amylodosis congenital (ATTR)
NANOTECNOLOGY - Nanoparticles

Finn et al. Cell Reports 2018 22, 2227-2235DOI: (10.1016/j.celrep.2018.02.014)
Copyright © 2018 Intellia Therapeutics, Inc.

October 2020
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26 June 2021

Gillmore et al. NEJM 2021
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NHP

Gillmore et al. NEJM 2021

Gillmore et al. NEJM 2021
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COVID-19 first vaccines approved
Pfizer-BioNTech FDA 11 Dec 2020
Moderna FDA 18 Dec 2020

Reichnuth et al. Ther. Deliv. (2016)
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Katalin Kariko

Drew Weissman
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2005

Modified nucleosides does not trigger an immune response

Lipid NanoParticles (LNP)

RNA

40



2015

Encapsulating modified mRNA in LNPs extends the translation period

CRISPR & gene therapy (today) — clinical trials

* Inactivating genes = CRISPR-Cas9 or base editors
* Correcting genes - Base editors
* Technologies used - mRNA + lipid nanoparticles (LNPs)
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Diversity of CRISPR-Cas systems

An updated evolutionary classification

of CRISPR—Cas systems
Makarova et a/. Nature Rev. Microbiol. 2015
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Class |

CRISPR-Cas systems

Makarova et al. 2020

Class Il
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