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Genome Editing in mice (pre-GE era)

A. Gene targeting of embryonic stem cells
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Finding the needle in
the haystack!!
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Dolly breaks a dogma

Gurdon 1962
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Sir John Gurdon, Nobel laureate 2012 Dolly 1996-2003, with Sir lan Wilmut
(together with Shinya Yamanaka)
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Genome Editing in farm animals (pre-GE era)

Efficiency of successful targeting:
1x10°

Efficiency of pig cloning:
3-5x107

Feasible, but very

- Inefficient!!
T4kb
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Genome editing tools

[Foto: Gernot Krautberger - Fotolia.com]
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Promises of Genome Editors
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Genome Editing Publications

PUBLICATIONS

The number of papers about CRISPR has outstripped the numbers mentioning the
gene-editing technologies known as TALENs and zinc fingers.

1,600

Papers mentioning
induced pluripotent stem
(iPS) cells, another rapidly
adopted technique, are
shown for comparison.
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Classes of genome editing tools

Meganucleases
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General mechanisms of genome editors

Cleavage domain

Recognition site
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Genome editing begins with dsDNA cleavage

BfR-Symposium, Berlin, 06.12.16

FRIEDRICH-LOEFFLER-INSTITUT
‘ Bundesforschun
Federal Researct

gsinstitut fiir Tiergesundheit
Institt



General mechanisms of genome editors
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General mechanisms of genome editors
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General mechanisms of genome editors

Single endogenous nuclease-induced DSB Two endogenous nuclease-induced DSB
k-3 = —'.‘. - 3 -——
- - -
No donor template Donor template with point mutation Donor template with insertion
e - E— )
_________ s NHEJ between the two cut sites

l produces specific, large deletions

B

NHEJ produces variable length *®
insertions and deletions (indels). These ‘ l

often result in frameshifts generating &
premature stop codons

HDR results in site-specific gene HDR results in targeted gene insertion
correction or single base pair change.

Knockout Knock-in Knock-In Knockout

Modifiziert nach Maeder&Gersbach, Molecular Therapy 2016,(24),3,430-446
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Differences between Genome Editors

Zink-Finger- TAL-Effektor-
Nucleases Nucleases
(ZFN) (TALEN)
Recognition
domain: ~24-30 bp ~36 bp
In use since: seit 2003 seit 2011

CRISPR/Cas

seit 2013
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Classes of genome editing tools
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Genome Editing by CRISPR/Cas

5-
guide RNA tracr RNA
: _?__— 3
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CRISPR/Cas In action

pBR322_origin

CAG_enhancer

FFFFFFFFFFF
FLAG

G LH???V??UUUG’
_ AGCCACGGUGAAAAAGUU

A
A

.............
ccccccccccc

cocaf | | ]
AUCGAGAUUUUGGGACUUGAUGUUCCGAGCCG

5-CACCGCCTGAAC . 1  CGoC o
3 -CGGACTTGATGTTCCGAGCCGCAAA-5

TARGETED LOCUS: 20nt
ATTGCAGGTTGCATTAGCUCTENNCITIA
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Universal application of Genome Editors

Ratte + Maus

ZFN/ TALEN/ CRISPR

Mensch
Forsch.
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Genome Editing

Gene-correction

Donor-DNA (Afunctional)

G en Am utated
—e
G en A‘ unctlona‘

Advantage: Gene correction and Gene Inactivation

Gene-
Knockout

.

Gen Afunctional
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Genome Editing

- Use of Genome Editors to correct a genetic information

Es kann der Dimmste nicht in Frieden leben, wenn es dem bdsen Nachbar nicht gefallt.

Es kann de mste nicht in Frieden leben, wenn es dem b&sen Nachbar nicht gefallt.

X X

kann der Frommste nicht in Frieden

|

Es kann der Frommste nicht in Frieden leben, wenn es dem bdsen Nachbar nicht gefallt.

(Friedrich Schiller, Wilhelm Tell)
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HDR
(10%)

NHEJ
(90%)
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Nuclease

Cas9 domains
Nontarget
"
’0
Target
HNH
Distal Proximal

Richardson et al., Nature Biotechnol (2016), Vol 34 (3), 339-44
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Asymmetric donor design facilitates HDR

Asymmetric PAM or Non-PAM strand ssDNA annealing
Base substitution

0 PAM65-35
;1 bss  SSDNA oA 3 5 65nt 135Nt PAM
Non-FI;'j“AI\IC/Ig’ g — —> Non-PA m%nt of 5’ 3’U'LI—-IIDIN0”'PAM
Resection annealing 39Nt
Non-PAM65-35
PAM ssDNA is defined as the PAM-containing strand (a) (b)
Asymmetric donor design HDR efficiencies
o Base substitution
+1
5 Ly 3' PAM
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) . . Liang et al., Journal of Biotechnology 2016, of GFP+ cells
BIR-Symposium, Berlin, 06.12.16 doi: 10.1016/j.jbiotec.2016.11.011



Correlation between cut-to-mutation distance

Estimated distance-zygosity ranges:

Zygosity at mutation M:
S— WT/WT = s.d.

e \WT/Mut + s.d
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Paquet et al., Nature (2016), Vol 533, 125-29
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Correlation between cut-to-mutation distance

Cas 9

Genomic locus _guide RNA pam
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Ways to a “Correct” HDR

f CORRECT (re-guide)

WT sgRNA Casg

WT cell line Y
X s X
~  MB template
Step 1 *
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Paquet et al., Nature (2016), Vol 533, 125-29
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2015 NOBEL PRIZE
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Inhibition of key molecules of DNA repair by NHEJ

Daf-2

AGF recepiod SCR-7, Ad4 proteins E1B55K, E4orf6

\ Sir-2
[nistone

Daf-12 deacetylasa)
Age-1 {nuclear hormone .
P13 racepton DNA Ligase IV
kinaze)

Akt \

(tumor suppressor Daf-16

gene) (transcription
factor)
SGK-1 HSF-1
(glucarticaid {heat shock
inducible Tactor)
kinasa) ﬁ‘\"\--.\_'.l FOXD3a
(farkhead
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mutant nol a5 H“‘*-._ nautraizanon
eniiaiant requction in oxidant DNA repair
praduction 5\\’
oy nw ¥ ey, '.“
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d_,r’”'k. ! N i ’
OiiA rapair i ’
Tert -
(talomerase
reverse

transcriptase)

Suppression of KU70 and DNA ligase IV promotes HDR efficiency 4-5-fold

Co-expression of AD4 proteins improved HDR up to 8-fold
(Chu et al. 2015, Nature biotechnol. 33 (5), 543-48)

Image credits: FRIEDRICH-LOEFFLER-INSTITUT

David Gohara, Saint Louis University, and Tom F L I

BfR-Symposium, Berlin, 06.12.16 Ellenberger, Washington University School of Medicine in o s R T
St LOU|S Federal Research Institute for Animal Health




Programmable Editing without DNA cleavage

dCas9
sgRNA
3!
Cytidine % G?ﬁfc
deaminase binding  3... 5
and opening " o
—p
Protospacer PAM
B e A Yo NS Deamination
§| of target C
5’---IIIIIIII- cee 3'
Genomic DNA
DNA
replication
3 e 5 or repair ’ ;
‘T‘ < p 3’... 5
5 eee e 5’ eee e 3

Base-edited DNA

Komor et al., Nature (2016), Vol 533, 420-24
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Programmable Editing without DNA cleavage

protospacer and PAM sequence: 5-TTCCCCCCCCGATTTATTTATGG-3’

sequence % of total reads
N e i e 62.4
e 18.2
~TTTTTTTC.. 13.4
SITTTTTTT.. 3.3
e | R .. 0.8
B v e T el 0.3
..CCCTTTCC... 0.3
s 1 1 1 T 0.3
Sl TEGE.. 0.3

Komor et al., Nature (2016), Vol 533, 420-24
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Genetic variants from ClinVar, that could be corrected by Base editing

entries in ClinVar

unique SNPs in ClinVar

pathogenic SNPs in ClinVar
pathogenic>normalis C2>T or G2A

proper distance from NGG PAM

iy

single C in base-editing window

100 101 102 103 104 10° 108

number of examples
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Familial Hypertrophic Cardiomyopathy (FHC)

FHC: - Prevalence 1:500, most frequent disease of the myocard
- frequent cause of sudden death, particularly in young adults including athletes
- inherited as a mendelian autosomal dominant trait, caused by mutations in any 1 of 10
genes

Typical symptoms:
+ asymmetric left ventricular

hypertrophy
+ cardiac arrhythmias
from Maron, BJ, JAMA 2002 * fainting
Hypertrophy of LV and * ventricular fibrillation
Septum

-~ frequent cause of sudden
death, particularly in young

Adapted from G. Farrer-Brown, Farbatlas der

Herzkrankheiten, 1980 ath Ietes
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FHC is mainly caused by mutations in genes encoding proteins of the
cardiac sarcomere

¢ Sarcomere b

: ‘\ ;l‘]_l ' ,\ l\'c\
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Myosin head domain with some mutations studied in
biopsies from FHC patients

ATP-Bindungs-
Regulatory tasche
light chain domain

Actin binding
region

light chain

Adapted from Rayment et al., Science 261,
993

-
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Known proteins with mutations and the frequency of the mutations

HCM Disease Genes and Mutation Frequency”

Gene Protein Number of mutations

MYH7* [i-Myosin heavy chain @ - 42°/O of the genetica"y
MYBPC3® Cardiac myosin binding protein C 138 characterized cases
TNNT2? Cardiac troponinT 33

TNNI3® Cardiac troponin | 32

CSRP3* Cardiac muscle Lim protein 12

wPMmI1° 2-Tropomyosin 11

MYLZ2® Regulatory myosin light chain 10

ACTC? Cardiac actin 7

MYL3® Essential myosin light chain o

PRKAGZ2* AMP-activated protein kinase 1

PLN* Phospholamban 2

TNNCI® Cardiac troponin C 1

TTN Titin 2

MYH6 2-myosin heawy chain 2

TCAP Telethonin 2

CAV3 Caveolin-3 1

Total 455

*According to HGMD (www.hgmd.cf.ac.uk/ac/index.php). Nach: Fokstuen et al.,

“Gene sequences placed on the Geneva HCM resequencing chip. Hum Mutat 29, 2008
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Sequence analysis of porcine MYH7 gene

Codons 717- 744
DNA-Alignment

R 500 VA3 IF36T TR

Exon (2

pO ICINe GACTTC CEECAGAS GTATCGCATC CTGAACCCOTE CGGECCATCCC COAGGECCAG TTCATTGACA CUAGGAAACS AGCACACALG

QEFMAN * 7771 7 e e e s e

JANAFACE - -« -+ < v eee e e e e e e e

FEEHXEE HEIXEXEIXNETE XXX EFTHAEHE FFEAFTHETERE * HxEEFEHEEFTEHE FEFEEHE EKHEE FEEEEEEXEXE X O EFEEEEEE O EE FHEEEEREIEX

Amino Acid-Alignment
b Lo

pOrcin€ oprRORYREILN PAATPEGQFI DERKGAEELL

human FThEFEEXET L FTEXxEFEXELETEEETHE TEXEETEEIETEE
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The project:
Generation of transgenic pigs that carry FHC-related MYH7-mutations

Analysis of porcine Identification of CRISPR-restriction site
MYH7 gene
‘?  — co-transfection into
fxf-} orcine fibroblasts
| L E S
genomic
from: SZV BW e.V. DNA P

/" \ R723G
ot 1430 I /
\ donor DNA

SCNT

transgenic plg\

with point
mutation in s ~
MYH?7 gene from: SZV BW e.V.

00000000

Codon 723: Wildtyp: CGC
R723G:. GGC
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Summary and Conclusions

.. S ” © o=
» Genome Editors offer sophisticated new opportunities to mp&te |
mammalian genome with a previously unknow precision an iciency.

* HDR can be used to integrate point mutations, short inse 'on@r longer
sequences at a desired locus within the genome.
B 9 a @

» HDR efficiency can'B’blncreased by the use of an asynwetrlc don@DNA

(>50%). s Q o
e The mutation shoulMthm the range of 0-5 bp to@e cut to easure

integration.of the mutation., '~ -3
_— A
g
can be prbnted by the use of specific inhibitors &DNA Ligase IV.

e
o Additional NHEJ e canz repaired by a second rgmd enome editing or

e N

can be prevented by modifi
cutting the DNA. . :
A c %
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genome editors that lead to a direct base editing



Biology’s IT toolbox

- DNA structure/sequencing
- Restriction enzymes
- PCR

- Genome editing
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Specificity of Genome Editors

Activity and Specificity (Precision)

Activity Profile
CRISPR/Cas9-Nuclease targeting VEGF-A

- On-target
- Off-target
— High Activity at targeted locus
- On-Target
— No Activity at non-targeted loci
- Off-Target

< EE

12345678910111213141516171819202122 X

Quelle: Tsai et al., Nature Biotechnology 2015
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Asymmetric donor design facilitates HDR
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Target 2: CMAH (Neu5GC epitopes)

N-Acetylneuraminic acid

(Neub5Ac) h uman

OH

cooH N-Glycolylneuraminic acid

(Neu5Gc) all other mammals

[o}s .

- Humans can’t produce Neu5GC

- Uptake by animal products

- Preformed antibodies

- Necessary to knockout the porcine CMAH
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Target epitopes on the pig endothelium

Alphal,3Gal:
-major antigen
-1% of all
preformed
antibodies
-Locus:GGTA1

NeubGC:

-not present in
humans

-role in
xenotransplantation
to be determined
-Locus:CMAH cytidine

monophosphate-N-
acetylneuraminic acid
hydroxylase

pig endothelium

B4GalNT2:

-not present on
human endothelium
-5% lack functional
gene

-role in
xenotransplantation
to be determined
-Locus:B4GalNT2

beta-1,4-N-acetyl- galactosaminyl
transferase 2

10th Spring Meeting Working Group Transplant Immunology, Wirzburg 08./09.05.2015

FRIEDRICH-LOEFFLER-INSTITUT

FLI

Bundesforschungsinstitut fiir Tiergesundheit
Federal Research Institute for Animal Health




CRISPR/Cas In action

Guide RNA

- Target specific

. e o
PP PPTPPPTTS

RIS
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CRISPRs: Hallmarks of acquired immunity in bacteria

Phase1: immunization

CRISPR:

,-" Infection
Clusters of regularly interspaced Vil ONA_/
short palindromic repeats el R
___Cleavage Shacer
- Insertion of a
A new repeat-
B "\ spacer unit
complex

TracrRNA
][ Z <—|

Phase 2: immunity
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Cas9 Casi Csn? i Ere-CHISPH RMA transcription
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d Protospacer tracrRNA
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‘CRISPR
l repeats

] l
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Cas9:crRNA-
tracrRNA Cas9
complex
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Target DNA site
cleavage by Cas9
Cas9:crRNA-
tracrBRNA complex
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