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Precision Medicine



Genome Editing
• Zinc-finger Nuclease (ZFN)

• Transcription Activator–Like 
Effector Nuclease (TALEN)

• CRISPR-Cas9
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A Programmable Dual-RNA–Guided
DNA Endonuclease in Adaptive
Bacterial Immunity
Martin Jinek,1,2* Krzysztof Chylinski,3,4* Ines Fonfara,4 Michael Hauer,2†
Jennifer A. Doudna,1,2,5,6‡ Emmanuelle Charpentier4‡

Clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated (Cas) systems
provide bacteria and archaea with adaptive immunity against viruses and plasmids by using
CRISPR RNAs (crRNAs) to guide the silencing of invading nucleic acids. We show here that in a
subset of these systems, the mature crRNA that is base-paired to trans-activating crRNA (tracrRNA)
forms a two-RNA structure that directs the CRISPR-associated protein Cas9 to introduce
double-stranded (ds) breaks in target DNA. At sites complementary to the crRNA-guide sequence,
the Cas9 HNH nuclease domain cleaves the complementary strand, whereas the Cas9 RuvC-like
domain cleaves the noncomplementary strand. The dual-tracrRNA:crRNA, when engineered as a
single RNA chimera, also directs sequence-specific Cas9 dsDNA cleavage. Our study reveals a
family of endonucleases that use dual-RNAs for site-specific DNA cleavage and highlights the
potential to exploit the system for RNA-programmable genome editing.

Bacteria and archaea have evolved RNA-
mediated adaptive defense systems called
clustered regularly interspaced short pal-

indromic repeats (CRISPR)/CRISPR-associated
(Cas) that protect organisms from invading vi-
ruses and plasmids (1–3). These defense systems
rely on small RNAs for sequence-specific de-
tection and silencing of foreign nucleic acids.
CRISPR/Cas systems are composed of cas genes
organized in operon(s) and CRISPR array(s) con-
sisting of genome-targeting sequences (called
spacers) interspersed with identical repeats (1–3).
CRISPR/Cas-mediated immunity occurs in three
steps. In the adaptive phase, bacteria and archaea
harboring one or more CRISPR loci respond to
viral or plasmid challenge by integrating short
fragments of foreign sequence (protospacers)
into the host chromosome at the proximal end
of the CRISPR array (1–3). In the expression and
interference phases, transcription of the repeat-
spacer element into precursor CRISPR RNA
(pre-crRNA) molecules followed by enzymatic

cleavage yields the short crRNAs that can pair
with complementary protospacer sequences of
invading viral or plasmid targets (4–11). Tar-
get recognition by crRNAs directs the silencing
of the foreign sequences by means of Cas pro-
teins that function in complex with the crRNAs
(10, 12–20).

There are three types of CRISPR/Cas systems
(21–23). The type I and III systems share some
overarching features: specialized Cas endo-
nucleases process the pre-crRNAs, and oncemature,
each crRNA assembles into a large multi-Cas
protein complex capable of recognizing and
cleaving nucleic acids complementary to the
crRNA. In contrast, type II systems process pre-
crRNAs by a different mechanism in which a
trans-activating crRNA (tracrRNA) complemen-
tary to the repeat sequences in pre-crRNA triggers
processing by the double-stranded (ds) RNA-
specific ribonuclease RNase III in the presence
of the Cas9 (formerly Csn1) protein (fig. S1)
(4, 24). Cas9 is thought to be the sole protein
responsible for crRNA-guided silencing of for-
eign DNA (25–27).

We show here that in type II systems, Cas9
proteins constitute a family of enzymes that re-
quire a base-paired structure formed between
the activating tracrRNA and the targeting crRNA
to cleave target dsDNA. Site-specific cleavage oc-
curs at locations determined by both base-pairing
complementarity between the crRNA and the tar-
get protospacer DNA and a short motif [referred
to as the protospacer adjacent motif (PAM)] jux-
taposed to the complementary region in the tar-
get DNA. Our study further demonstrates that
the Cas9 endonuclease family can be programmed
with singleRNAmolecules to cleave specificDNA
sites, thereby raising the exciting possibility of

developing a simple and versatile RNA-directed
system to generate dsDNA breaks for genome
targeting and editing.

Cas9 is a DNA endonuclease guided by
two RNAs. Cas9, the hallmark protein of type II
systems, has been hypothesized to be involved
in both crRNA maturation and crRNA-guided
DNA interference (fig. S1) (4, 25–27). Cas9 is
involved in crRNA maturation (4), but its direct
participation in target DNA destruction has not
been investigated. To test whether and how Cas9
might be capable of target DNA cleavage, we
used an overexpression system to purify Cas9
protein derived from the pathogen Streptococcus
pyogenes (fig. S2, see supplementary materials
and methods) and tested its ability to cleave a plas-
mid DNA or an oligonucleotide duplex bearing
a protospacer sequence complementary to a ma-
ture crRNA, and a bona fide PAM.We found that
mature crRNA alone was incapable of directing
Cas9-catalyzed plasmid DNA cleavage (Fig. 1A
and fig. S3A). However, addition of tracrRNA,
which can pair with the repeat sequence of crRNA
and is essential to crRNA maturation in this sys-
tem, triggered Cas9 to cleave plasmid DNA (Fig.
1A and fig. S3A). The cleavage reaction required
both magnesium and the presence of a crRNA
sequence complementary to the DNA; a crRNA
capable of tracrRNAbase pairing but containing
a noncognate target DNA-binding sequence did
not support Cas9-catalyzed plasmid cleavage
(Fig. 1A; fig. S3A, compare crRNA-sp2 to
crRNA-sp1; and fig. S4A). We obtained similar
results with a short linear dsDNA substrate (Fig.
1B and fig. S3, B andC). Thus, the trans-activating
tracrRNA is a small noncoding RNAwith two crit-
ical functions: triggering pre-crRNA processing
by the enzyme RNase III (4) and subsequently ac-
tivating crRNA-guided DNA cleavage by Cas9.

Cleavage of both plasmid and short linear
dsDNA by tracrRNA:crRNA-guided Cas9 is site-
specific (Fig. 1, C to E, and fig. S5, A and B).
Plasmid DNA cleavage produced blunt ends at
a position three base pairs upstream of the PAM
sequence (Fig. 1, C and E, and fig. S5, A and C)
(26). Similarly, within short dsDNA duplexes,
the DNA strand that is complementary to the
target-binding sequence in the crRNA (the com-
plementary strand) is cleaved at a site three base
pairs upstream of the PAM (Fig. 1, D and E, and
fig. S5, B and C). The noncomplementary DNA
strand is cleaved at one or more sites within three
to eight base pairs upstream of the PAM. Further
investigation revealed that the noncomplementary
strand is first cleaved endonucleolytically and
subsequently trimmed by a 3′-5′ exonuclease ac-
tivity (fig. S4B). The cleavage rates by Cas9 un-
der single-turnover conditions ranged from 0.3 to
1 min−1, comparable to those of restriction endo-
nucleases (fig. S6A), whereas incubation of wild-
type (WT) Cas9-tracrRNA:crRNA complex with
a fivefold molar excess of substrate DNA pro-
vided evidence that the dual-RNA–guided Cas9
is a multiple-turnover enzyme (fig. S6B). In
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Bacterial and archaeal CRISPR systems rely on crRNAs in complex 
with Cas proteins to direct degradation of complementary sequences 
present within invading viral and plasmid DNA (1–3). A recent in vitro 
reconstitution of the S. pyogenes type II CRISPR system demonstrated 
that crRNA fused to a normally trans-encoded tracrRNA is sufficient to 
direct Cas9 protein to sequence-specifically cleave target DNA sequenc-
es matching the crRNA (4). The fully defined nature of this 2-
component system suggested that it might function in the cells of eukar-
yotic organisms such as yeast, plants, and even mammals. By cleaving 
genomic sequences targeted by RNA sequences (4–6), such a system 
could greatly enhance the ease of genome engineering. 

Here we engineer the protein and RNA components of this bacterial 
type II CRISPR system in human cells. We began by synthesizing a 
human codon-optimized version of the Cas9 protein bearing a C termi-
nus SV40 nuclear localization signal and cloning it into a mammalian 
expression system (Fig. 1A and fig. S1A). To direct Cas9 to cleave se-
quences of interest, we expressed crRNA-tracrRNA fusion transcripts, 
hereafter referred to as guide RNAs (gRNAs), from the human U6 pol-
ymerase III promoter. Importantly, directly transcribing gRNAs allowed 
us to avoid reconstituting the RNA processing machinery employed by 
bacterial CRISPR systems (Fig. 1A and fig. S1B) (4, 7–9). Constrained 
only by U6 transcription initiating with G and the requirement for the 
PAM (protospacer-adjacent motif) sequence -NGG following the 20 bp 
crRNA target, our highly versatile approach can in principle target any 
genomic site of the form GN20GG (fig. S1C; see SI for a detailed discus-
sion). 

To test the functionality of our implementation for genome engineer-
ing, we developed a GFP reporter assay (Fig. 1B) in 293T cells similar 
to one previously described (10). Specifically, we established a stable 
cell line bearing a genomically integrated GFP coding sequence disrupt-
ed by the insertion of a stop codon and a 68bp genomic fragment from 
the AAVS1 locus that renders the expressed protein fragment non-

fluorescent. Homologous recombina-
tion (HR) using an appropriate repair 
donor can restore the normal GFP se-
quence, enabling us to quantify the 
resulting GFP+ cells by flow activated 
cell sorting (FACS). 

To test the efficiency of our system 
at stimulating HR, we constructed two 
gRNAs, T1 and T2, that target the 
intervening AAVS1 fragment (Fig. 1B) 
and compared their activity to that of a 
previously described TAL effector 
nuclease heterodimer (TALEN) target-
ing the same region (11). We observed 
successful HR events using all three 
targeting reagents, with gene correc-
tion rates using the T1 and T2 gRNAs 
approaching 3% and 8% respectively 
(Fig. 1C). This RNA-mediated editing 
process was notably rapid, with the 
first detectable GFP+ cells appearing 
~20 hours post transfection compared 
to ~40 hours for the AAVS1 TALENs. 
We observed HR only upon simultane-
ous introduction of the repair donor, 
Cas9 protein, and gRNA, confirming 
that all components are required for 
genome editing (fig. S2). While we 
noted no apparent toxicity associated 
with Cas9/crRNA expression, work 
with ZFNs and TALENs has shown 

that nicking only one strand further reduces toxicity. Accordingly, we 
also tested a Cas9D10A mutant that known to function as a nickase in 
vitro, which yielded similar HR but lower non-homologous end joining 
(NHEJ) rates (fig. S3) (4, 5). Consistent with (4) where a related Cas9 
protein is shown to cut both strands 6 bp upstream of the PAM, our 
1+(-�GDWD�FRQILUPHG�WKDW�PRVW�GHOHWLRQV�RU�LQVHUWLRQV�RFFXUUHG�DW�WKH��ƍ�
end of the target sequence (fig. S3B). We also confirmed that mutating 
the target genomic site prevents the gRNA from effecting HR at that 
locus, demonstrating that CRISPR-mediated genome editing is sequence 
specific (fig. S4). Finally, we showed that two gRNAs targeting sites in 
the GFP gene, and also three additional gRNAs targeting fragments from 
homologous regions of the DNA methyl transferase 3a (DNMT3a) and 
DNMT3b genes could sequence specifically induce significant HR in the 
engineered reporter cell lines (figs. S5 and S6). Together these results 
confirm that RNA-guided genome targeting in human cells is simple to 
execute and induces robust HR across multiple target sites. 

Having successfully targeted an integrated reporter, we next turned 
to modifying a native locus. We used the gRNAs described above to 
target the AAVS1 locus located in the PPP1R12C gene on chromosome 
19, which is ubiquitously expressed across most tissues (Fig. 2A) in 
293Ts, K562s, and PGP1 human iPS cells (12) and analyzed the results 
by next-generation sequencing of the targeted locus. Consistent with our 
results for the GFP reporter assay, we observed high numbers of NHEJ 
events at the endogenous locus for all three cell types. The two gRNAs 
T1 and T2 achieved NHEJ rates of 10 and 25% in 293Ts, 13 and 38% in 
K562s, and 2 and 4% in PGP1-iPS cells, respectively (Fig. 2B). We 
observed no overt toxicity from the Cas9 and crRNA expression re-
quired to induce NHEJ in any of these cell types (fig. S7). As expected, 
NHEJ-mediated deletions for T1 and T2 were centered around the target 
site positions, further validating the sequence specificity of this targeting 
process (figs. S7 to S9). Interestingly, simultaneous introduction of both 
T1 and T2 gRNAs resulted in high efficiency deletion of the intervening 

RNA-Guided Human Genome 
Engineering via Cas9 
Prashant Mali,1,5 Luhan Yang,1,3,5 Kevin M. Esvelt,2 John Aach,1 Marc Guell,1 
James E. DiCarlo,4 Julie E. Norville,1 George M. Church1,2* 
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Bacteria and archaea have evolved adaptive immune defenses termed clustered 
regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated (Cas) 
systems that use short RNA to direct degradation of foreign nucleic acids. Here, we 
engineer the type II bacterial CRISPR system to function with custom guide RNA 
(gRNA) in human cells. For the endogenous AAVS1 locus, we obtained targeting 
rates of 10 to 25% in 293T cells, 13 to 8% in K562 cells, and 2 to 4% in induced 
pluripotent stem cells. We show this process relies on CRISPR components, is 
sequence-specific, and upon simultaneous introduction of multiple gRNAs, can 
effect multiplex editing of target loci. We also compute a genome-wide resource of 
~190k unique gRNAs targeting ~40.5% of human exons. Our results establish an 
RNA-guided editing tool for facile, robust, and multiplexable human genome 
engineering. 
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Precise and efficient genome targeting technologies are needed to enable 
systematic reverse engineering of causal genetic variations by allowing 
selective perturbation of individual genetic elements. Although genome-
editing technologies such as designer zinc fingers (ZFs) (1–4), transcrip-
tion activator-like effectors (TALEs) (4–10), and homing meganucleases 
(11) have begun to enable targeted genome modifications, there remains 
a need for new technologies that are scalable, affordable, and easy to 
engineer. Here, we report the development of a new class of precision 
genome engineering tools based on the RNA-guided Cas9 nuclease (12–
14) from the type II prokaryotic CRISPR adaptive immune system (15–
18). 

The Streptococcus pyogenes SF370 type II CRISPR locus consists of 
four genes, including the Cas9 nuclease, as well as two non-coding 
RNAs: tracrRNA and a pre-crRNA array containing nuclease guide se-
quences (spacers) interspaced by identical direct repeats (DRs) (Fig. S1) 
(19). We sought to harness this prokaryotic RNA-programmable nucle-
ase system to introduce targeted double stranded breaks (DSBs) in 
mammalian chromosomes through heterologous expression of the key 
components. It has been previously shown that expression of tracrRNA, 
pre-crRNA, host factor RNase III, and Cas9 nuclease are necessary and 
sufficient for cleavage of DNA in vitro (12, 13) and in prokaryotic cells 
(20, 21). We codon optimized the S. pyogenes Cas9 (SpCas9) and RNase 
III (SpRNase III) and attached nuclear localization signals (NLS) to en-
sure nuclear compartmentalization in mammalian cells. Expression of 
these constructs in human 293FT cells revealed that two NLSs are most 
efficient at targeting SpCas9 to the nucleus (Fig. 1A). To reconstitute the 

non-coding RNA components of 
CRISPR, we expressed an 89-
nucleotide (nt) tracrRNA (Fig. S2) 
under the RNA polymerase III U6 
promoter (Fig. 1B). Similarly, we used 
the U6 promoter to drive the expres-
sion of a pre-crRNA array comprising 
a single guide spacer flanked by DRs 
(Fig. 1B). We designed our initial 
spacer to target a 30-basepair (bp) site 
(protospacer) in the human EMX1 
locus that precedes an NGG, the requi-
site protospacer adjacent motif (PAM) 
(Fig. 1C and fig. S1) (22, 23). 

To test whether heterologous ex-
pression of the CRISPR system 
(SpCas9, SpRNase III, tracrRNA, and 
pre-crRNA) can achieve targeted 
cleavage of mammalian chromosomes, 
we transfected 293FT cells with differ-
ent combinations of CRISPR compo-
nents. Since DSBs in mammalian DNA 
are partially repaired by the indel-
forming non-homologous end joining 
(NHEJ) pathway, we used the 
SURVEYOR assay (Fig. S3) to detect 
endogenous target cleavage (Fig. 1D 
and fig. S2B). Co-transfection of all 
four required CRISPR components 
resulted in efficient cleavage of the 
protospacer (Fig. 1D and fig. S2B), 
which is subsequently verified by 
Sanger sequencing (Fig. 1E). Interest-
ingly, SpRNase III was not necessary 
for cleavage of the protospacer (Fig. 
1D), and the 89-nt tracrRNA is pro-
cessed in its absence (Fig. S2C). Simi-

larly, maturation of pre-crRNA does not require RNase III (Fig. 1D and 
fig. S4), suggesting that there may be endogenous mammalian RNases 
that assist in pre-crRNA maturation (24–26). Removing any of the re-
maining RNA or Cas9 components abolished the genome cleavage activ-
ity of the CRISPR system (Fig. 1D). These results define a minimal 
three-component system for efficient CRISPR-mediated genome modifi-
cation in mammalian cells. 

Next, we explored the generalizability of CRISPR-mediated cleav-
age in eukaryotic cells by targeting additional protospacers within the 
EMX1 locus (Fig. 2A). To improve co-delivery, we designed an expres-
sion vector to drive both pre-crRNA and SpCas9 (Fig. S5). In parallel, 
we adapted a chimeric crRNA-tracrRNA hybrid (Fig. 2B, top) design 
recently validated in vitro (12), where a mature crRNA is fused to a 
partial tracrRNA via a synthetic stem-loop to mimic the natural 
crRNA:tracrRNA duplex (Fig. 2B, bottom). We observed cleavage of all 
protospacer targets when SpCas9 is co-expressed with pre-crRNA (DR-
spacer-DR) and tracrRNA. However, not all chimeric RNA designs 
could facilitate cleavage of their genomic targets (Fig. 2C, Table S1). 
We then tested targeting of additional genomic loci in both human and 
mouse cells by designing pre-crRNAs and chimeric RNAs targeting the 
human PVALB and the mouse Th loci (Fig. S6). We achieved efficient 
modification at all three mouse Th and one PVALB targets using the 
crRNA:tracrRNA design, thus demonstrating the broad applicability of 
the CRISPR system in modifying different loci across multiple organ-
isms (Table S1). For the same protospacer targets, cleavage efficiencies 
of chimeric RNAs were either lower than those of crRNA:tracrRNA 

Multiplex Genome Engineering Using 
CRISPR/Cas Systems 
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Functional elucidation of causal genetic variants and elements requires precise 
genome editing technologies. The type II prokaryotic CRISPR (clustered regularly 
interspaced short palindromic repeats) adaptive immune system has been shown to 
facilitate RNA-guided site-specific DNA cleavage. We engineered two different type 
II CRISPR systems and demonstrate that Cas9 nucleases can be directed by short 
RNAs to induce precise cleavage at endogenous genomic loci in human and mouse 
cells. Cas9 can also be converted into a nicking enzyme to facilitate homology-
directed repair with minimal mutagenic activity. Finally, multiple guide sequences 
can be encoded into a single CRISPR array to enable simultaneous editing of 
several sites within the mammalian genome, demonstrating easy programmability 
and wide applicability of the CRISPR technology. 
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CRISPR mediated mouse model generation

Wang,	Yang	and	Shivalila et	al.,	Cell 2013



Phenotype	in	Founder	Animals
Tet3Mutants	with	Neonatal	Lethality	

Wang,	Yang	and	Shivalila et	al.	2013



CRISPR mediated mouse model generation

Yang,	Wang	and	Shivalila et	al.,	Cell 2013



Conventional 
Gene Targeting

CRISPR-based 
Gene Knockout

CRISPR-based 
Gene Knock in

Timeline 40 weeks 6 weeks 8 weeks

Cost – Model Creation $15,000 $3,000 $7,000

Cost - Breeding to GLT/NEO 
Excision

$20,000 $4,000 $4,000

Flexibility 129 any strain any strain

C57BL/6

Cost – Strain Change $13,000 $0,0 $0.0

CRISPR-mediated Genome Editing: 
Faster Timeline, Lower Cost, More Flexibility



Zygote Electroporation of 
Nuclease (ZEN)
o Electroporation parameters
o Electroporation solution
o CRISPR concentration



ECM 830 Square Wave Electroporation System
(with 1 mm electroporation cuvette, Model 610, P/N 45-0124)

FEATURES

q A	wide	range	of	voltages	from	5	to	3000	V
q Finer	voltage	discrimination
q Pulse	durations	from	10	μsec to	10	sec
q Arc	Quenching
q Digital	display	of	actual	voltage	and	pulse	length	delivered
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B A1 A2A3 A4 A5 A6A7A8A9A10B1B2 B3 B4B5  B6B7 C1C2 C3 C4 C5 C6  

Aicda

C

A3

C3

B3

D3

WT

Exon1

...... aagaaagtcacgctggagaccgatatggacaggtaacaagacagt ......

...... aagaaagtcacgctggGATccgatatCCacaggtaacaagacagt ...... 128bp DNA oligo
BamH1 EcoRV

BamH1 EcoRV

Figure*1*Wang*et*al.

D1D2D3D4 D5 WT

BamH1
Digest

EcoRV
Digest

   PCR
product

Aicda KI	using	Cas9	protein

ZEN	Improvement

Wang	et	al.	,	2016



CRISPR-mediated Genome Editing in Mice, High Throughput.

Qin	et	al.	,	Genetics 2015



Generating	mouse	models	in	high	
throughput

• Quickly	screen	candidate	genes	in	founder	
animals

• Generate	human	genetic	variant	in	mouse	
ortholog



Different	Flavors	of	Cas9

Effector

WT

Mutants

NHEJ HDR 

ssDNA donor dsDNA donor Single DSB Double DSB

Indel

Multiplexed

Multiple DSB

gene targeting

Short tag inserted 

e.g. loxP, V5, etc.

Defined mutation a c

a b c

Translocation

Deletion

DNA DSB repair 

A

B

D10A

H840A

D10A;H840A

Anything



CRISPR-on

(Cheng	et	al,	2013)



(Cheng,	2013)

CRISPR-on



sgRNA-dCas9	fusions	Cross-react
• We	cannot	use	the	multiple	sgRNA to	direct	
different	dCas9	fusions	to	different	loci

dCas9

Activator

sgRNA1

dCas9

Repressor

Target	locus	1

sgRNA2

Target	locus	2



Casilio =	Cas9	+	Pumilio



Casilios are	orthogonal	without	
significant	cross-reaction



Casilios activate	endogenous	genes	more	
efficiently	than	dCas9	direct	fusion



Casilios simultaneously	activate	and	
repress	separate	endogenous	genes



Casilios recruit	HAT	to	enhancers	activating	
gene	expression



Polymerization	of	Clover	by	Casilio
improves	imaging

dCas
9
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r
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r
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Clo
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r
A

NxPBSaTelomere



Casilio isotypes can	achieve	labeling	using	
cognate	sgRNA-PBS

dCas
9
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r
A

…

Clo
ve
r
A

Clo
ve
r
A

Telomere

25x
dCas
9
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15x



Labeling	of	Centromeres

dCas
9
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r
C

…
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r
C
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r
C

Centromere

20x



Simultaneous	labeling	of	Centromeres	
and	Telomeres

dCas
9

Clo
ve
r
C

…

Clo
ve
r
C

Clo
ve
r
C

Centromere

20x

dCas
9

Ru
by

A

…

Ru
by

A

Ru
by

A

Telomere

25x



Improving	Non-repeat	labeling?

Preliminary	data:	Casilio allows	labeling	of	non-repeat	region	
with	7	sgRNA-15xPBS32	targeting	MUC4	locus.	Representative	
confocal	microscopy	 image	of	the	MUC4	labeling.	Need	IF-
FISH	to	confirm



Casilio applications

…

Multiplexing

dCas
9
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…
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Polymerization
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M1

…
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E1
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Gene	Editing	as	Therapeutics

• Identify	a	list	of	actionable	diseases	and	genes
• Could	we	developed	a	relatively	cost-effective	
model	for	the	therapeutic	development	for	
rare	diseases

• How	do	we	evaluate	the	risk/benefit
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