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Discovery of CRISPR

J. BACTERIOL.
VoL. 169, 1987

AATGGGAG CCAAGTGATATCCATCATCGCATCCAGTGCGCC (1,451)

(1,452) CCAGCGTCAGGCGTGAAATCTCACCGTCGTTGC (1,512)
(1,513) GGTTCAGGCGTTGCAAACCTGGCTACCGGG (1,5713)
(1,574) AGTCCATCATTCCACCTATGTCTGAACTCC (1,634)
{]—1635I L8 [lrﬁﬁd]

consensus: cccmamcccccﬁicccccccucrc

FIG. 5. Comparison of direct-repeat sequences consisting of 61 base pairs in the 3’'-end flanking region of iap. The 29 highly conserved
nucleotides, which contain a dyad symmetry of 14 base pairs (underlined), are shown at the bottom. Homologous nucleotides found in at least

two DNA segments are shown in boldface type. The second translational termination codon is boxed. The nucleotide numbers are in
parentheses.

“The biological significance of these sequences is not known.”

< Similar patterns were found in many other species of bacteria. HBCEROE O

s By 2002, this pattern had a name, CRISPR (clustered regularly interspaced short palindromic repeats).

* Nearby Cas (CRISPR-associated) genes were also described.
spacer
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) ] ) ) ) Houtman et al., FASEB, Horizons in Bioscience
But CRISPR/Cas was still a curiosity, with no known function. Marraffini & Sontheimer Nat. Rev. Genet, 2010



CRISPR/CAS, the immune system of bacteria

CRISPR Provides Acquired Resistance Against Viruses in
Prokaryotes

Rodolphe Barrangou, et al.

Science 3135, 1709 (2007);

AVAAAS DOI: 10.1126/science.1138140
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Horvath & Barangou, Science 2010



CRISPR/CAS, the immune system of bacteria and archaea
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CRISPR/CAS, the immune system of bacteria and archaea
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Marraffini & Sontheimer Nat. Rev. Genet, 2010
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3 phases of CRISPR/CAS adaptive immune system
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CRISPR vs RNAI
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CRISPR/CAS system types

Transcription
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CRISPR/CAS system types
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CRISPR/CAS system type |

a Typel

crRNA-guided survelllance

FAM %

% 3’

Protospacer

Acquisition

cas gene CRISPR

Sorek et al., Annu Rev Biochem, 2013



CRISPR/CAS system type II

b Type ll crRNA-guided surveillance
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CRISPR/CAS system type Il
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Doudna et al. (2014) Science

Type |l of CRISPR / CAS system
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CAS proteins

Prowein Dristribution Process Function

Universal Spacer acquisiton DINAse, not sequence specfic, can bind BINA;
present in all Types; seucwire available for
several Cas 1 proweins

Universal Spacer acquisition Small RN Ase specific to U-rich regions;
present in all Types; structure available from
Thermmur thermeopbilns and Sulfalolres

Type I-E (Escherichia coli) solfaearicus and others

Protein type

— om3 | oel M ce? [ cass 3 cass o cosee | oos] dmsdr [ Universal

Type I signature Target interference DMNA helicase; mose proweins have a fusion wo
HI} nuclease

Type-dependent BEESEES — — : = =
5 ;pe R ‘E-Hj- [ypeI, 1O Spacer acquisidon RecB-like nuclease with exonuclease acdvicy
ionature T
Type lI-B (Streptococcus thermophilus) = homologous w RecB
; - Casy ype crB ™/ eSS0 rotein, endoribonoclease involved
— g e Cas5 1 I REMNA exp RAMP p dorib l lved
o ] . crRINA biogenesis; part of CASCADE
Casth Type L, IT1 crRINA expression RAMP protein, endoribonucliease involved in
o P
Type llI-B (Pyrococcus furiosus) crRNA biogenesis; part of CASCADE;
T = e e e e =D = structure available from P. fariorns
Cas7 Typel crRENA TESSI0n RAMP prowein, endoribonaclease involved in
EXp p
_ crRINA biogenesis; part of CASCADE
M Twvpel crRINA expression Large protein with MerAYHNH -nuclease
: domain and RuvC-like nuclease; pare of
CASCADE

Type Il signarure Target interference Large multddomain prowein with MorA-HNH
nuclease domain and RuvC-like nuclease
domain; necessary for inverference and
target cleavage

Type I signature crTRINA expression HI} nuclease domain, palm domain, ¥n
and interference ribbon; some homologies with CASCADE
elements

Bhaya et al., Annu Rev Genet, 2011



Different Cas proteins

Table 1 Naturally occurring major CRISPR-Cas enzymes

Size PAM sequence Size of sgRNA guiding sequence Cutting site Reference
spCas? 1368 NGG 20 bp - 3bp 5’ of PAM linek et al#2
Gasiunas et al.*
FnCas9 1629 NGG 20 bp - 3pb 5' of PAM Hirano et al.??
SaCas® 1053 MNGR RT 21bp - 3pb 5" of PAM Mojica et al >’
MmiCash 1082 MMMMNG ATT 24 bp - 3bp 5’ of PAM Hou et al.*?
5t1Cas9 121 MMNAGA AW 20 bp -~ 3bp 5’ of PAM Gasiunas et al.
Cong et al.*>
5t3Cas2 1409 NGGNG 20 bp - 3bp 5’ of PAM Gasiunas et al.®
Cong et Ell.'_"5
CjCas®9 984 MMMNMNACAC 22 bp - 3bp 5’ of PAM Kim et al.®
AsCP 1307 17TV 24 bp 19/24bp 3' of PAM Yamano et al.”"
Kim et al. 2016
LbCpf1 1228 IV 24 bp 19/24bp 3' of PAM Yamano et al.*?
Kim et al. 2016
Casl3 Multiple orthologs RMA targeting 28 bp Abudayyeh et al. 2017

MICATIOIMS | (2018321911




Web resources for CRISPR analysis

Resource and web page
PILER-CR;

http://www.drive5.com/pilercr/

CRISPR Recognition Tool;
http://mww.room?220.com/crt/

CRISPRFinder;
http://crispr.u-psud.fr/crispr/

CRISPRdb;
http://crispru-psud.fr/crispr/

Pygram; http://www.irisa.fr/symbiose/projets/
Modulome/article.php3?id article=18

TIGR Comprehensive Microbial Resource;
http://rice tigrorg/tigr-scripts/CMR2/
genome propertv.spl?subproperty=CRISPR%
20regionl&select count=1

Sorek et al., Nat. Rev. Micro, 2008

Description

A software tool for the detection of CRISPRs in microbial genomic sequences; based on
local alignments in the genome that are represented by mathematical graphs*

A software tool for the detection of CRISPRs in microbial genomic sequences; based on the
detection of exact k-mer matches that are separated by similar distances*

A software tool for the detection of CRISPRs in microbial genomic sequences; based on
enhanced suffix arrays*

Automatically updated database of CRISFR arrays in published microbial genomes; also

contains CRISPR analysis tools that allow the alignment and comparison of repeats and
spacers against the public databases

Visualization application that provides a graphical browser for studying repeats

Provides a ‘clickable’ table that depicts, for each sequenced genome, the presence or
absence of the 45 Cas protein families that are defined in Ref. 17



Early applications of CRISPR

s Engineering of phage resistanceinto sensitiveindustrial bacteria ii i I
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mRNA degraded

Sorek et al., Nat. Rev. Micro, 2008



CRISPR/CAS9 in genome engineering

Multiplex Genome Engineering Using RNA-Guided Human Genome
CRISPR/Cas Systems Engineering via Cas9

1,24 4 4w A 14 s . 45 &
h‘:c?rﬁ?g’abib':; ﬁg?ﬁi‘z"ﬁ ngaﬂdxﬁ:;}n Swhﬂﬂ'u\?gf ;wbiaﬁogiﬁg:;ﬁ’g‘” Prashant Mali,"® Luhan Yang.'?® Kevin M. Esvelt,2 John Aach,' Marc Guell,’
Marraffini® Feng Zhang't g ? y 9. - James E. DiCarlo,* Julie E. Norville," George M. Church’?*

Sciencexpress’ hitp:/ www.sciencemag org/content/earlvirecent / 03 January 2013 / Page 1/ 10.1126/sc1ence 1231143

Sciet u-g‘zprﬁs/ http:/ fwww.sciencemag.org fcontent /earlv/recent / 03 January 2013; / Page 1/ 10.1126/science. 1232033

RNA-programmed genome editing in
human cells

Martin Jinek'?, Alexandra East?, Aaron Cheng? Steven Lin'?, Enbo Ma?,
Jennifer Doudna’?*4*

Jinek et al. elLife 2013;2:e00471. DOI: 10.7554/eLife.00471

George Church Jennifer Doudna Feng Zhang



Discovery of CRISPR

Hsu et al., Cell, 2014

First experimental evidence for
CRISPR adaptive immunity
Barrangou et al.

tracrRNA forms a duplex structure
with crRNA in association with Cas9

Deltcheva et al.

Type || CRISPR systems are

modular and can be

heterologously expressed

in other organisms
Sapranauskas et 2

Genome

v

First report |&eVUUe L / =
of CRISPR Coined “CRISPR” Type IIl-B Cmr First demonstration of
clustered repeats | | hame, defined CRISPR complexes Cas9 genome engineering
Ishino et al. signature Cas genes cleave RNA in eukaryotic cells
Jansen et al. Hale et al. Cong et al.
Mali et al.
>
Recognition that Identified foreign CRISPR acts upon In vitro | Genome-wide functional
CRISPR families origin of spacers, DNA targets characterization |screening with Cas9
are present proposed adaptive Marraffini et al. of DNA targeting Wang et al.
immunity function ¢ m e
jica et al. . > :
Mojica et al. Pourcel et al. converted into Gasiunas et al. Crystal structure of apo-Cas9
mature crBNAs Jineketal
I ified PAM i : : G
deggizcz e tha.‘t act as small Casg is guided by spacer
A6 QU'Bde RN‘:‘Sl sequences and cleaves Crystal structure of Cas9 in
rouhs-ota target DNA via DSBs complex with guide RNA and
Garneau et al. target DNA

Nishimasu et al.

engineering



Timeline of CRISPR research

2010
type |l CRISPR-Cas
cuts target DNA (67) 2011
type Il CRISPR-Cas
includes tracrRNA (66)
2005-2006
CRISPRs contain viral 2011
1987 sequences, cas genes Cas9 is only cas gene
CRISPRs identified. hypothesis needed for i_',rpe Il
CRISPR biology described (34) (35, 36, 38-40. 43, 44) defense function (68)

___________ 2012
gggiﬁ < s CRISPR-Cas9
et is RNA-guided
1985-1991 bacterial immune DNA endonuclease (54)
Zinc-finger system (45)
proteins (25-27) \
1979 1996-2003 2009-2010
Gene replacement E'ﬂﬂl'f'”H'E‘f]; TAL effectors;
b nucleases for genome TALE nucl
VEYRRERY engineering (28-30) {31_33?¢ . Jan. 2013

Cas8-RNA mediates
2} O O {5 O é) O site-specific genome

engineering in human cells,
ags 2003 onward other eukaryotes
Genome editing 1989-1994 Expandad uté ol (75, 85, 86)

Genome break £FNs for genome

repair by NHEJ, engineering

HDR (2: 6-9)

2010 onward

1985-1986 Increasing use of
Human genome TALENMs for genome
editing by HDR (3-5) engineering

Doudna et al. (2014) Science



CRISPR publications
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Genome engineering

Random Site Specific
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The Nobel Prize in
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2007
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/

s Acrucialfirst step for performing targeted genome editing is the creation of a DSB at the genomic locus to be modified.

Carroll et al., Genetics, 2011



Mechanism of site specific integration

DNA double-stranded break (DSE)

o v i
3 6
A/ ‘ \'\
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lamplats g’ ] T .' i Ay
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s DSBs can be repaired by one of at least two different pathways that operate in nearly all cell types and organisms:
homology directed repair (HDR) and non-homologous end-joining (NHEJ)

Hsu et al., Cell, 2014
Sander & Joung, Nature Biotechnology, 2014



Using CRISPR/Cas for DSB creation

™ Nonhomologous end joining (NHEJ)

Mutations at targeted sites
—~Cas9 (random insertions/deletions,
shift in reading frame, etc.)

—* Homology-directed repair (HDR)

Targeted sequence replacement
(mutations, gene correction,

UL gene knock-in, etc.)
Donor DNA

Wang et al., Annual review of biochemistry 2016



Other strategies for DSB creation

Meganucleases Zinc finger nucleases TALEN
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New strategies for site specific genome engineering

Conventional Gene Targeting ZFNs and TALENs CRISPR/SpCas9
5 e — ——————— 3 5’ - w———-3’ >’ e y— 3
3-9 ' . - -5 3’ —_——. 3’ - w—— -5
TALE
or ZF
: 'rokl
- e —————————— -3’ 5" ., .o |
e e T )
Walsh & Hochedlinger, PNAS 2013 or ZF
= Complex = High efficiency (1- 50 %) = Facile design
» Time-consuming = Complex = High efficiency
» Low efficiency * Time-consuming design

Capecchi, Nat. Rev. Genet, 2005
Gaj et al. Trends in Biotechnology, 2013



Zinc finger nuclease (ZFN)

Linc-finger motif consensus

% Each ZFNis composed of: CX,.,CXsFLX,HXH
A zinc-finger protein (ZFP) at the amino terminus R
The Fokl nuclease domain at the carboxyl terminus ' | Right ZFP

J/ Spacer (5-7 bp)

Left ZFP

Kim $ Kim, Nat. Rev. Genet, 2014



Transcription activator-like effector nuclease (TALEN)

LTPEQWAIASGGKQALEWQRLLWLCQAHG

Left TALE .

nght TALE

s Each TALENis composed of:
Transcription activator-like effectors (TALES) at the amino terminus
The Fokl nuclease domain at the carboxyl terminus

+ Each TALE repeat is comprised of 33—35 amino acids and recognizes a single base pair through the amino acids at positions
12 and 13, which is called the repeat variable diresidue (RVD).

Kim $ Kim, Nat. Rev. Genet, 2014



Clustered Regularly Interspaced Short Palindromic Repeats

(CRISPR) / CRISPR Associated Protein (CAS)

% RNA Guided Nuclease (RGN)

Casd

| PAM (NGO)
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Kim $ Kim, Nat. Rev. Genet, 2014



Cas9 modifications

Double
Cas9 D10A nickase

Depression of off-targets
Enhancement of specificity

Doudna et al. Science, 2014



Cpf1 as an alternative for Cas9

Cell

Cpf1 Is a Single RNA-Guided Endonuclease of a
Class 2 CRISPR-Cas System

Bemnd Zetsche,!.2:24.510 Jonathan S. Gootenberg,?:2346.10 Omar O. Abudayyeh,! 234 lan M. Slaymaker,!.2.3.4
Kira S. Makarova,” Patrick Essletzbichler,’?3* Sara E. Volz,"%34 Julia Joung,"%3* John van der Oost,® Aviv Regev,'?
Eugene V. Koonin,” an i

Cell 163, 1-13, October 22, 2015 ©@2015 Elsevier Inc.

« This feature could simplify the design and delivery of genome-
editing tools. For example, the shorter (42 nt) crRNA employed by
Cpfl has practical advantages over the long (100 nt) guide RNA in
Cas9-based systems because shorter RNA oligos are significantly
easier and cheaper to synthesize.

+ Cpfl generates a staggered cut with a 50 overhang, in contrast to
the blunt ends generated by Cas9. This structure of the cleavage
product could be particularly advantageous for facilitating
nonhomologous end joining (NHEJ)-based gene insertion into the
mammalian genome. Being able to program the exact sequence of
a sticky end would allow researchers to design the DNA insert so
that it integrates into the genome in the proper orientation.
Specifically, in non-dividing cells, in which genome editing via
homology-directed repair (HDR) mechanisms is especially
challenging ,Cpfl could provide an effective way to precisely
introduce DNA into the genome via non-HDR mechanisms.

Acidominococcus and Lachnospiraceae

Cpf1
5’ T-rich Staggered
PAM PAM target cut
[TH v
AERRERRAN L1
AAN A
Single AR RN LT '
CRISPR T <3
guide ( _g
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U6::crRNA Cpfit Genome editing
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CRISPR/CAS9 Applications

sgRNA
binding to
Cas9

Matching DNA
target sequence

PAM
sequence

———
Biology Biotechnology Biomedicine
Cell lines Model organisms Crop plants Fungi Organoids
HEK293 Mice Rice Kiuyveromyces hESCs
U205 Rats Wheat Chlamydomonas iPSCs
K562 Fruit flies Sorghum
- Nematodes Tobacco
. 4 Arabidopsis
CRISPR-Cas9 development CRISPR-Cas9 applications Salamanders
®— DNAdeletion ®B— Biological research Frogs
B— DNA insertion I Research and development Monkeys

B~ DNAreplacement B~ Human medicine
B— DNA modification B Biotechnology
B=— DNA labeling B~ Agriculture

B Transcription modulation - ...

B— RNA targeting

Doudna et al., Science 2014



Genome engineering of cell lines via CRISPR/CAS9

Mammalian promoter U6 promoter (for RNApol i) U6 promoter (for RNApol lll)
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Ran et al., Nature Protocols, 2013



Genome engineering of mice via CRISPR

5" ctocaccaiai AATATGAGACTTACG caacakt 3f
A 3" gaggtggt CCACTTTATACTCTGAATGC gttg ta 5
MNecol i, T o ____F-F-"‘f-d-_ Ncol
o S |
1 7 ——
Nanog '| \
= > HA-L l' HA-R \
& . : 7 —— - —————— Plasmid donor
Donor Cas9 HR
vector [
BE.6kb 5.8kb i
1 2 Y — 4
— —_—
Nanﬂg Internal < extemal
probe
probe

Microinjectio

/
>
Transgenic mouse

Yang et al. Cell, 2013



Transgenic monkey

m Ppar-g and Rag1

Generation of Gene-Modified Cynomolgus
Monkey via Cas9/RNA-Mediated
Gene Targeting in One-Cell Embryos

Yuyu Niu,'->7 Bin Shen,27 Yigiang Cui,?-” Yongchang Chen,'57 Jianying Wang,? Lei Wang,® Yu Kang,'® Xiaoyang Zhao,*
Wei Si,':° Wei Li,* Andy Peng Xiang,® Jiankui Zhou,? Xuejiang Guo,® Ye Bi,® Chenyang Si,"° Bian Hu,? Guoying Dong,?
Hong Wang,"-* Zuomin Zhou,? Tianging Li,'-® Tao Tan,'® Xiugiong Pu,"-* Fang Wang,'-* Shaohui Ji,’-* Qi Zhou,*

Xinaxu Huana.?* Weizhi Ji."»>" and Jiahao Sha®"*

Cell 156, 836-843, February 13, 2014 ©2014 Elsevier Inc.

Cas9 mRNA/sgRNASs injection

Embryo transfer l
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Genome engineering in human

ARTICL

L]

doi:10.1038/nature23305

Correction of a pathogenic gene
mutation in human embryos

Hong Ma'*, Nuria Marti- Gutierrez™, Sang-Wook Park?*, Jun Wu?*, Yeonmi Lee!, Keiichiro Suzuki?, Amy Koski!, Dongmei Jil, CRISPR-Cas9
Tomonari Hayama', Riffat Ahmed!, Hayley Darby', Crystal Van Dyken!, Ying Li', Eunju Kang!, A.- Reum Park?, Daesik Kim?*,

Sang-Tae Kim?, Jianhui Gong>®7#, Ying Gu®>®7, Xun Xu>%’, David Battagliab?, Sacha A. Krieg?, David M. Lee?, Diana H. Wu?, o
Don P. Wolf!, Stephen B. Heitner!?, Juan Carlos Izpisua Belmonte3§, Paula Amato!?§, Jin-Soo Kim?4§, Sanjiv Kaul'%§ &
Shoukhrat Mitalipov! 10§

éeted

24 AUGUST 2017 | VOL 548 | NATURE | 413

T

HDR-repaired
embryo



Strategies for improving specificity of CRISPR/Cas
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Komor et al., Cell, 2016



Genome regulation by CRISPR/dCAS9

CRISPRI: a modular RNA-guided genome regulation platform
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Gilbert et al., Cell, 2013
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Genome regulation by CRISPR/dCAS9

a Gene repression (CRISPRi) b Gene activation (CRISPRa) O OHSH
po5

- dCas9 ,«. = & o
@S‘L HHA % Y @w@

dCas9 alone (bacteria) dCas9-VPe4

dCas9 SAM system

65 Rta

VP64 m
y 1

s

dCas9-KRAB dCas9 SunTag system dCas9-VPR

Wang et al., Annual review of biochemistry 2016



IPSC generation by CRISPR/dCAS9
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Balboa et al., Stem Cell Reports, 2015



Reprogramming, directed differentiation & trans-differentiation
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Dominguez et al., Nat. Rev. Mol. Cell. Biol, 2015



Epigenetic modifications by CRISPR/dCAS9

d[ﬂEg .!':!!.
5 HHA -
3 - : [ac
S ﬂ f *G‘Z&WW \‘L 3
= | B '.
\‘\. = ' \ Gene "‘u\) S O\ Gene
s - e . o
dCasg-L5SD1 dCas9-p300 core

Wang et al., Annual review of biochemistry 2016



IPSC generation by CRISPR/dCAS9

Fibroblast Induced Pluripotent
Stem Cell
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Live cell imaging by CRISPR/dCAS9
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Disease Modeling (Cas9 knock in mouse)
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Hsu et al., Cell, 2014

Applications of CRISPR/CAS
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Strategies for in vivo delivery of CRISPR/Cas

A Viral delivery Lipid nanoparticle delivery Direct nucleic acid injection

Adenovirus (d NA)
AAV (ssDNA)
Lentivirus (RNA) 7 N\
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Komor et al., Cell, 2016



CRISPR/CAS?9 for targeting HIV
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CRISPR/CAS?9 for targeting HBV cccDNA
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Genetic manipulation of intestinal organoids

Cell Stem Cell

Cell Stem Cell 13, 653-658, December 5, 2013 @2013 Elsevier Inc.

Functional Repair of CFTR by CRISPR/Cas9
in Intestinal Stem Cell Organoids
of Cystic Fibrosis Patients
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Colorectal cancer modeling

Normal colon Colon adenoma Colorectal cancer

CRISPR-Cas® Lentivirus
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Salahudeen & Kuo.. Nature Medicine. 2015 Minimal tumorigenicity Tumorigenicity and metastasis



SCIENCE

Applications of CRISPR/Cas diagnostic

1 Prepare sample, release
and protect nucleic acids

Method: HUDSON

2 Amplify DNA and RNA
Method: FFA

3 Accurately detect target
and amplity signal

Method: SHERLOCK,
SHERLOCKvZ,and DETECTR

sciencemag.org

Eleauage S
Reporter
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Stimulus

Molecular recorders (CAMERA)

stimulus leads plasmids
to produce guide RNA
(gRNA) and a base editor.
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Experimental Process

Day 1
Steps 1-4
In silico design
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CRISPR tools
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Genome engineering applications
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