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Mendelian disorders Idiopathic diseases
e.g., sickle cell anemia e.g., idiopathic pulmonary fibrosis
and Huntington’s disease

Mutant allele

Medical Treatment

Agricelture

Humas Species

1

Resistant chicken Resistant pig

(The Conversation)
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Meganucleases Zinc finger nucleases TALEN CRISPR/Cas9

Insertions/deletions Precise DNA editing
gene disruption gene insertion

(Wikipedia)
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Right ZFP

Nelesieneiicin ey -Nies

Nature Reviews | Genetics

(Urnov et al. 2010)

A
C CC}%A%A GIT[CIAlT (‘;I,AAQI%I%EEE
GIT [CIGIGIT [GIT [T [CIALGT [ATAT CIATICITITIC
Double-strand
DNA break
A'IQITC A|GIAIAIGICIGIGIT|C]
G[T TIGIT [T [CIAIGITIAIA ITIT
Error prone
NHEJ
B

ACTGGAACACAACCACCCACAAGTCATTGGGGTAGAAGCGGTCACAGATATATC
ACTGGAACACAACCACCCACAAGTCATT  GGTAGAAGCGGTCACAGATATATC

ACTGGAACACAACCACCCACAA GTAGAAGCGGTCACAGATATATC
ACTGGAACACAACCACCCACAA GAAGCGGTCACAGATATATC
ACTGGAACACAACCACCCACAA GCGGTCACAGATATATC
ACTGGAACACAACCACCCACAA GTCACAGATATATC
ACTGGAACACAACCACCCACA GATATATC

Reference

2bp deletion (1.4%)
Sbp deletion (4.5%)
12bp deletion (2.6%)
15bp deletion (5.2%)
18bp deletion (11.2%)
25bp deletion (1.6%)

ACTGGAACACAACCACCCACAAGTCATTGGTTGGGGTAGAAGCGGTCACAGATATATC 4bp insertion (2.5%)
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Nucleolytic target site
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(Sung et al., 2013, Nat Biotech)
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Amino acid sequence
Wild-type sequence

A21 bp + aa change
A21 bp + aa change

A3 bp

A5 bp (frameshift)
A1 bp (frameshift)
WT

A5 bp (frameshift)
WT

A12bp

A21 bp

A24 bp

A11 bp (frameshift)
A1 bp (frameshift)
A27 bp + aa change
A2 bp (frameshift)
A24 bp
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CRISPR = clustered regularly interspaced palindromic repeats



CRISPR alapu gén-editalas

NOBELPRISET | KEMI 2020 ,- 7 3 VETENSKAPS.
THE NOBEL PRIZE IN CHEMISTRY 2020 AKADEMIEN

THE ROYAL SWEDISH ACADEMY OF SCIENCES

Emmanuelle Charpentier Jennifer A. Doudna
Born in France, 1968 Born in the USA, 1964

Max Planck Unit for the Science of University of California, Berkeley, USA
Pathogens, Germany Howard Hughes Medical Institute

Reuters




ugene Koonin

Rodolphe Barrangou

2010
type Il CRISPR-Cas
cuts target DNA (67) 2011
type Il CRISPR-Cas
N includes tracrRNA (66)
2005-2006
CRISPRs contain viral 2011 '
1987 sequences, cas genes Cas9 is only cas gene
CRISPRs identified, hypothesis needed for type Il
CRISPR biol ogy described (34) (35, 36, 38-40, 43, 44)/ defense function (68)
— |
O 2012
ggl(ng e CRISPR-Cas9
-Lasis is RNA-guided
1985-1991 bacterial immune {)NA en%L:)lnuclease (64) George
Zinc-finger system (45) [
proteins (25-27) ————
1979 1996-2003 2009-2010
Gene replacement Z'”‘i'f'ngeff TAL effectors;
in yeast (1 nucleases for genome TALE nucleases
- v Srgmesting o=50) Gty .Cl)?s‘9zl?l\llz mediates
é\r O {l} O ¥4 site-specific genome
engineering in human cells,
e 2003 onward other eukaryotes
Genome editing 1989-1994 Exmarmled uset (75,85, 86)
Genome break ZFNs for genome
repair by NHEJ, engineering
HDR (2; 6-9)
2010 onward
1985-1986 Increasing use of
Human genome TALENSs for genome . .
editing by HDR (3-5) engineering (Doudna and Charpentier, 2014, Science)




Egy évmillidardos fegyverkezési verseny

1915 — Frederick Twort: 1917 — Felix d’Herelle:
“Egy tenyészthetd enzim” “Bakteriofdagok — baktériumok elfogyasztoi”

=

(Foto: Eye of Science/Science Source)



Attachment Inhibition
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Phase1: immunization 4\2

Infection
Viral DNA
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CRISPR = clustered regularly interspaced palindromic repeats

(Mali et al. 2013 Nat Methods)



Phase 2: immunity

Infection
DNA targeting if & Viral DNA
Viral DNA  pap is present
i € < <
Processing to generate mature
RNase III crBNA-tracrRNA-Cas9 complex
ase .
M
m——— — e
P -
s >
LB SO N o, S o S o W o S S S
Type TracrRNA Caso  Cast Csn2[® 4 Pfe'(ff'sp R RNA transcription
CRISPR locus - - /R ER ERE K e
Cane TATTAT

Repeats Spacers

CRISPR = clustered regularly interspaced palindromic repeats

(Mali et al. 2013 Nat Methods)



Class 1

Class 2

Expression Interference Adaptation Ancillary

Pre-crRNA  Effector module (crRNA and target binding) Target cleavage Spacer insertion Regqulation Helper or
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Nature Reviews | Microbiology

(Makarova et al. 2015 Nat Rev Micro)



Target site

N G
GGAGCGIGCGGAGCGGTACAH PAM

Target site

(Hwang et al., 2013, Nat Biotech)

crBNA = CRISPR trageting RNA
tracrRNA = trans activating crRNA

PAM = protospacer adjacent motif

sgRNA = single guide RNA

d

tiall
Mutations in 17 out of 44 sequenced alleles

CCTGTGCTCTCCTGTTT T TAGGTATGTCGGEAACCTCTCCAGGGATGTTACGGAGGCCT

CCTGTGCTCTCCTGTTT TTAGGTATGTCOGGAACCT)
CCTGTGCTCTCCTGTTTTTAGGTATGTCGGGAACT
CCTGTGCTCTCCTGTTTTTAGGTATGTCGGGAN
CCTGTGCTCTCCTETTTTTAGGTATGTCGGRAACCTC

CCAGGGAT

FOGATGTTACGGAGG
TCCAGGGATGTTACGGAGSC
=CAGGGATGTTACGGAGGCCCT

CCTGTGCTCTCCTGTTT T TAGGTATGTCGGGAACCTC == =BGGGATGTTACGGAGGCCCT
CCTGTGCTCTCCTETTTTTAGGTATCTCOGGAACC====CAGGGATGTTACGGAGGCCCT
CCTGTGCTCTCCTGTTTTTAGCTATGTCGGEANCC = ===AGGGATGTTACGGAGGCCTT

CCTGTGCTCTCCTGTTITITAGGTATGTCGGGAACS
CCTGTGCTCTCCTGTTTTTAGGTATGT s m e

===AGGGATGITACGGAGGCCCT
=CAGGGATGTTACGGAGGCCCT

CCTGTGCTCTCCTGTTTTTAGGTATGTCOGGAS s r = n ey TGTTACGGAGGCCCT
CCTGTGCT T TG T T T T TAGGTATGTCGGGARCC == e =C7T

gsk3b
Mutations in 8 out of 16 sequenced alleles
GIGGTGGCGACTCCTGRACAGEGACCTEACCEGCCGCAGRAGG TCAGCTACACTGACACT

GTGETGGCEACTCCTGGACAGGGACCTGACT
GTGGTEECGACTCCTGGACAGEGACCTGACCGGCCSC ENBABRCGTCAGCTACACTGACA
GTGGTGGCGACTCCTGGACAGGGACCTGACCGGCT GGAGGTCAGCTACACTGACAC
GTGGTGGCGACTCCTGGACAGGGACCTGA GGAGGTCAGCTACACTGACAC
GTGGTGGCGACTCCTGGACAGGGACCTGACCOG == == AGGTCAGCTACACTGACACC
GTGGTGGCGACTCCTGGACAGGGACCTGACCGGTCA= === m=m==GCTACACTGACACC
GTGGTGGCGACTCCTGGACAGGGACCTGACCGGCC = GCTACACTGACACC
GTGGTGGCGACTCCTGEACAGGGACTTGACCGGL S = mmm = m mmm = TACACTGACACC

Wild-type

+14 (=1, +15)
+4 (=7,+11)
+3 (-3, +6)
-2 [%5]
~3  (-4,41)
-4

-5

]

-1 %3]
-13

-23

Wild-type

+17 (-8, +25)
+2 (-4, +6)
+1 (=2, +3)
+1 (-8, +9)
-7

-10

-11

-13



Genomszerkesztés novenyekben

- alisztharmatfert6zés feltételezi a mikod6képes MLO fehérje jelenlétét
- buzdban (hexaploid) harom par MLO homoeoallél is van, ez neheziti a védekezést

MLO homoeoallélok mutagenezise hexaploid buzaban (rezisztencia érhetd el igy)

(Wang et al. 2014 Nat Biotech)



Természetes vs. mesterseges funkciovesztés: mi a

kulonbeg...?
—-—-—-'w~l-—-'/'_
P 7

“Texel birka” “Bully” agar “Belgian blue”
“Természetes” MISTN mutansok

Wild-type lamb #48

Knock-out lamb #47

(Crispo et al 2015 PLOS One) (Zou et al. 2015 J Mol Cell Biol) (Wang et al. 2015 SciRep)

“Mesterséges” MSTN mutansok



CHOICE CUTS

Researchers are looking to source an increasing variety of living
tissues, including solid organs, from pigs. Many are attempting to
genetically engineer the animals to reduce the risk of rejection and
infection in humans.

CORNEA LUNG KIDNEY

Pig corneas were A factory farm is A kidney with six
approved for being designed to genetic modifications
marketing in produce 1,000 pig  supported a baboon's
China in April. lungs per year. life for 4 months.

- George Church csoportja képes volt az < |
Osszes sertés endogén retrovirus (PERV) ;
kdpiat inaktivalni — szamszerint 62 db-t

HEART a | y
Sy . ;.. . A geneticall [ . y o
- tovabbi 20, sejtfelszini immunreakcidt S pié Kt [ &
kivaltd fehérjét kodold gént is elrontottak Irgplaritaciin LIVER PANCREAS

a baboon’s abdomen

survived for 2.5 years. Livers could be Phase Il clinical

engineered to produce trials of insulin-
their own antibodies producing islet cells
against primate are under way.
immune cells.

(Reardon 2015 Nature)



Ex vivo

Cells are removed
from the patient

3

The therapeutically
modified celis are
expanded in culture
and returned to
the patient

CRISPR/Cas9 is
delivered to the
cells in culture
resulting in the
desired edit

In vivo

The CRISPR/Cas9
therapeutic is
packaged in a delivery
vehidle, such as lipid
nanoparticles

N

¢

The therapeutic is
delivered to a target
organ such as the
liver or delivered
systemically

(CRISPR Therapeutics)



EDITING INSIDE THE BODY
IN VIVO CRISPR MEDICINES

EDITING OUTSIDE THE BODY
ENGINEERED CELL MEDICINES

OCULAR DISEASES 3 CANCER

Autologous T cell medicines** !

Allogeneic cell medicines

BLOOD DISEASES

Sickle cell disease | =

Beta-thalassemia ! =

EARLY DISCOVERY
Liver—AATD § = %
Muscle —- DMD [

Lung — CF

U in vitro proof of biology
A_- in vivo proof of concept

L AAV delivery

(Editas Medicine)



Source: CureDuchenne™

Single Cut CRISPR

omen

guide RNA
9, Cas8

Exon Skpped Reframed

7/

Dystrophin restored

. ACTCATCAAYATATGCGTGTTAGTGTA ...3’ \)_n_v_le\-/\_u_VIk/
A 4

PAM2
. CATTGCATCCATGTCTG'ACTCTGAAT ...

PAM1

Healthy Muscle Dystrophic Muscle Corrected Muscle

Kutya — DMD model (Amoasii et al. 2018 Science)



LETTERS

Potential Biohazards of
Recombinant DNA  Molecules

Recent advances in techniques for
the isolation and rejoining of segments
of DNA now permit construction of
biologically active recombinant DNA S J P
molecules in vitro. For example, DNA - BN 4 R b
restriction endonucleases, which gen- L ' 1
erate DNA fragments containing co-

Ll i
Several groups of scientists are now
planning to use this technology to

create recombinant DNA's from a 8 NILL EREAT E
variety of other viral, animal, and - A FERF

bacterial sources. Although such experi- ; & A ‘ EDT RAE
ments are likely to facilitate the <aln. .

tion of important theoreti  S0OmMe others were Willing to accept the claims, but 'ADOLF HITLER - 911
;';2' fc':iﬁs'f:' 'I‘J‘reob::::; castigated Bevis for proceeding in secrecy, conclud-
types of infectious Dr 1N that if his results had been less favorable, if any
whose biological properti Of the babies had emerged deformed or retarded,
completely predicted in . he would not have announced them at all, in de-
(Berg et al. 1974 PNAS) fiance of the scientific and ethical “rules of the
game.” Still others overlooked the issue of credibil-

ity and, instead, shuddered at the implications of

the claims. Not long ago, Dr. James Watson, the

Nobel biologist, told a Congressional subcommittee

that a successful embryo transplant would soon

occur, Watson foresaw “all sorts of bad scenarios”

from the achievement. “All hell will break loose,

politically and morally, all over the world,” he con-

cluded, a hit rashly, some-felt. -

(15 Sept 1974 NYTimes)



BIOTECHNOLOGY

A prudent path forward for genomic

1975 februarjaban a kaliforniai Asilomar-ban
gylltek 6ssze kutatdk, hogy egy sajat
szabalyrendszert dolgozzanak ki a rekombinans
DNS-el valé munkara

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 Baltimore,’ Paul Berg,’
Michael Botchan,** Dana Carroll*

R. Alta Charo,* George Church,’

Jacob E. Corn,* Georye Q Dalcy
Jennifer A. Doudna,*” F
Henry T. Greely,” Martin Jinek *

G. Steven Martin”* Edward Penhoet,™
Jennifer Puck,” Samuel H. Sternberg,™
Jonathan §. Weissman,*¥

Keith R. Yamamoto®™

enome engineering technology offers
unparalleled potential for modifying
human and nonhuman genomes. In
humans, it holds the promise of cur-
ing genetic disease, while in other
organisms it provides methods to
reshape the biosphere for the benefit of the
environment and human societies. However,

- 2015 januar: a kaliforniai Napa-ban
Asilomar-redux, ezuttal a CRISPR

apropdjan

-

CHINESE ACADEMY OF SCIENCES
THE ROYAL SOCIETY
U.S. NATIONAL ACADEMY OF SCIENCES

U.S. NATIONAL ACADEMY OF MEDICINE

INTERNATIONAL SUMMIT ON
HUMAN GENE EDITING

December 1-3., Washington DC

#geneeditsummit



REeseaArcH ARTICLE

CRISPR/Cas9-mediated gene editing in human
tripronuclear zygotes

Puping Liang, Yanwen Xu, Xiya Zhang, Chenhui Ding, Rui Huang, Zhen Zhang, Jie Lv, Xiaowei Xie,
Yuxi Chen, Yujing Li, Ying Sun, Yaofu Bai, Zhou Songyang, Wenbin Ma, Canquan Zhou™, Junjiu Huang™

Guangdong Province Key Laboratory of Reproductive Medicine, the First Affiliated Hospital, and Key Laboratory of Gene
Engineering of the Ministry of Education, School of Life Sciences, Sun Yat-sen University, Guangzhou 510275, China

J Assist Reprod Genet
DOI 10.1007/s10815-016-0710-8

Introducing precise genetic modifications into human 3PN
embryos by CRISPR/Cas-mediated genome editing

Xiangjin Kang' - Wenyin He' + Yuling Huang' - Qian Yu' - Yaoyong Chen' -
Xingcheng Gao'! - Xiaofang Sun' - Yong Fan'

Receptor (CD4)

Co-receptor butno CCRS  plasma
(CCRS5) membrane
HIV can infect a cell that HIV cannot infect a cell lacking
has CCRS5 on its surface, CCRS5 on its surface, as in
as in most people. resistant individuals.

€1 Pt Uikt

(Liang et al. 2015 Protein&Cell, Kang et al. 2016 J Assist Reprod Genetl)



Unedited CCRS ‘_CRISPR cut site

+ IKDSHLGAGPAAACHG
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(Csiankuj Ho — 2018 november)




Meganucleases Zinc finger nucleases TALEN CRISPR/Cas9
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Insertions/deletions Precise DNA editing
gene disruption gene insertion

(Wikipedia)



1. ES cell culture ES cells
4. Homologous recombination

5. Selection of targeted

Rare cell with correctly :p"\;l_:l;o; of ES O;':;e
ing targeted

3_. ES cell transfection

Homologous

recombination D :

Target gene IR |1 o s e G s 55 SN
Targeted gene

klasszikus HR: 1:10 000
embrio (!!)

I-Scel emésztés: 50x
hatékonyabb

“klasszikus” Cas9 (mRNS inj):
1:8, CasO9RNP: 1:2
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Zygote Mouse with a short tag

(aP)

Mouse with a fluorescent reporter

Mouse with conditional allele

11 e
,r

1 o ogon
loxP oligo-L. nnm\-a

+
sﬂ__‘l-ﬁ-l. /
Zygote

D 5’ aaagaaGCTCAGTGATGCTGTTGATCaggagectyg 3/

Hindlll

I Hindlll
-
= 1l
Oct4
; Plasmid donor
HR
Hindill Hindll Hindill
—————————— 47kb — 7.2kb
= 2e3—ds 5 B oo —
Oct4 — Fucena
probe
E F
Hindll Hindll}
#1 WT #1WT
Oct4-eGFP
blastocysts 9.4— —WTokb 94— o
65— — V7.2 g5 ke
Octd-eGFP 44— 44—
mES clone .
3' external probe Internal probe

(Yang et al., 2013, Cell)

Re-Evaluating One-step Generation of Mice Carrying Conditional Alleles by

. o _ CRISPR-Cas9-Mediated Genome Editing Technology
bioRyiv

meereprintserver rorsioosy. The dataset constituted 17,887 microinjected or electroporated zygotes and 1,718

doi: 10.1101/393231

live born mice, of which only 15 (0.87%) mice harbored 2 correct LoxP insertions in

cis configuration indicating a very low efficiency of the method.



In vitro fertilization from frozen sperm

!3”

Isolate a viable
sperm cell from a
frozen mammoth.

Egg Nucleus

&

Fertilize the egg of

an elephant with the

mammoth sperm.

Cloning from a frozen cell

Cg

1
Isolate the
nucleus of a
viable mammoth
cell from a
frozen carcass.

2 ‘ —6

Remove the nucleus
from the egg of an
elephant and
replace it with the
mammoth nucleus.

Cloning from sequenced mammoth genome

Sequence the
genetic code of
the mammoth,
then take one
of two paths:

==

A\
2a
Use genetic
engineering to build
long strands of
mammoth DNA.

=1

2b

Modify elephant
genome at 400,000
locations where it
differs from a
mammoth genome.

Yt

Implant the
fertilized egg ina
female elephant.

®

Chemically or
electrically
stimulate the cell
to begin dividing.

3a

QOrganize the strands
into chromosomes,
each millions of DNA
letters long.

@

3b
Reprogram
an elephant
skin cell to
become an
embryonic cell.

T

A

The elephant will
give birthto a
hybrid—genetically
half mammoth,
half elephant.

Place the egg
in the uterus of
an elephant.

BAR..

REAE

4a

Enclose mammoth
chromosomes in
an artificial nuclear
membrane.

20000 @

4b

Inject the
modified
elephant genome
into the
embryonic cell.

R

Backeross hybrids
over generations
to create an
increasingly pure
mammoth lineage.

M

5

If the pregnancy
is successful, the
elephant gives
birth to a baby
mammoth.

Follow
the cloning
steps above.

(National Geographic)



Altered Gene Wild-Type Normal Inheritance
/ T,_

/ | ”~ T/" |

,
i s

\

Altered Gene Only
1 copy inherited from 1 parent
50% chance of passing it on

Altered gene does not increase

Gene Drive Wild-Type Gene Drive Inheritance

e A-I/‘- P-T e

Altered gene is always inherited due to gene drive

Altered Gene + Gene Drive
1 copy — 2 copies
100% chance of passing it on

(Scientific American)



IRED The Battle Over Genome Editing Gets Science All Wrong

http://www.wired.com/2015/10/battle-genome-editing-gets-science-wrong/

mTHE NEW YORKER The Gene Hackers

http://www.newyorker.com/magazine/2015/11/16/the-gene-hackers

nature CRISPR, the disruptor

http://www.nature.com/news/crispr-the-disruptor-1.17673

EMBO No time to waste—the ethical challenges created by CRISPR
reports http://embor.embopress.org/content/16/11/1421.long

SCIENTIFIC "Gene Drives" And CRISPR Could Revolutionize Ecosystem Management
AME RICANm http://blogs.scientificamerican.com/guest-blog/gene-drives-and-crispr-could-revolutionize-ecosystem-management/

STAT A debate: Should we edit the human genome?

http://www.statnews.com/2015/11/30/gene-editing-crispr-germline/



CRISPR/Cas9 method

(Wang et al. 2015 Science)

Experimental
approach

4 Human cell lines
KBM7, K562, Raji or Jiyoye

%0 O~ casy
Dariviraiiich sgRNA virus
entiviral infection 8
(CRISPR-mediated l~ * **
mutagenesis) # '-*3*
®o00
000,®
@0
~14 pop.
doublings
Comparison of sgRNA

barcode abundance via
deep sequencing

kiilonb6z6 rakos sejtvonalak vizsgalata megmutathatja,
hol van az egyes betegségek Achilles-ina, hol lehet
olyan célzott terapiat alkalmazni, ami specifikusan a

Genomic locus

S

Gene inactivation
strategy

sgRNA
Cas9-mediated
genomic cleavage

Error-prone NHEJ
DNA repair

-@—@-@-

daganatos sejteket tamadja

Viral insert

a fehérje kddold gének kb. 10%-a esszencialis
(~2000 gén) az emberi sejtvonalak in vitro
fennmaradasahoz

GO Biological Process

(Hart et al. 2015 Cell)



