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rna-guided cas9 nucleases derived from clustered 
regularly interspaced short palindromic repeats 
(crispr)-cas systems have dramatically transformed 
our ability to edit the genomes of diverse organisms. 
We believe tools and techniques based on cas9,  
a single unifying factor capable of colocalizing rna, 
dna and protein, will grant unprecedented control 
over cellular organization, regulation and behavior. 
here we describe the cas9 targeting methodology, 
detail current and prospective engineering advances 
and suggest potential applications ranging from 
basic science to the clinic.

Bacteria and archaea have evolved adaptive immune 
defenses termed CRISPR-CRISPR–associated (Cas) 
systems that use short RNA to direct degradation of 
foreign nucleic acids1–3. Type II CRISPR-Cas systems 
have been engineered to effect robust RNA-guided 
genome modifications in multiple eukaryotic sys-
tems4–17, substantially improving the ease of genome 
editing and, more recently, genome regulation18–23. 
As an RNA-guided dsDNA-binding protein, the Cas9 
effector nuclease is the first known example of a pro-
grammable unifying factor capable of colocalizing all 
three types of sequence-defined biological polymers, 
a capability with tremendous potential for engineer-
ing living systems. Here we review the Cas9 targeting 
methodology, outline key steps toward enhancing the 
efficacy, specificity and versatility of Cas9-mediated 
genome editing and regulation, and highlight its trans-
formative potential for basic science, cellular engineer-
ing and therapeutics.

engineering crispr-cas systems
In bacteria and archaea, CRISPR-Cas systems pro-
vide immunity by incorporating fragments of invad-
ing phage and plasmid DNA into CRISPR loci and 
using the corresponding CRISPR RNAs (crRNAs) to 
guide the degradation of homologous sequences24. 

Each CRISPR locus encodes acquired ‘spacers’ that are 
separated by repeat sequences. Transcription of the 
locus yields a pre-crRNA, which is processed to yield 
crRNAs consisting of spacer-repeat fragments that 
guide effector nuclease complexes to cleave dsDNA 
sequences complementary to the spacer. Hence, 
CRISPR systems are readily retargeted by expressing 
or delivering appropriate crRNAs25–30.

The type II effector system3 (Fig. 1), the focus of this 
Perspective, is comprised of a long pre-crRNA transcribed 
from the spacer-repeat CRISPR locus, the multifunctional 
Cas9 protein and a trans-activating crRNA (tracrRNA) 
important for processing the pre-crRNA and formation 
of the Cas9 complex. Type II CRISPR interference is a 
multistep process31. First, tracrRNAs hybridize to repeat 
regions of the pre-crRNA. Second, endogenous RNase III 
cleaves the hybridized crRNA-tracrRNAs, and a second 
event removes the 5′ end of each spacer, yielding mature 
crRNAs that remain associated with both the tracrRNA 
and Cas9. Third, each mature complex locates a target 
dsDNA sequence and cuts both strands. Although the 
mechanisms underlying target search remain unknown 
(with no crystal structures determined to date), target 
recognition and subsequent cleavage by the crRNA-
tracrRNA-Cas9 requires both sequence complementary 
between the spacer and the target ‘protospacer’ sequence 
as well as the presence of an appropriate protospacer-
adjacent motif (PAM) sequence at the 3′ end of the proto-
spacer sequence (Fig. 2a)32,33. The PAM is an essential 
targeting component that also serves as a self versus 
non-self recognition system to prevent the CRISPR locus 
itself from being targeted. Many type II systems have dif-
fering PAM requirements, which can limit their ease of 
targeting34. The most commonly engineered system thus 
far, that of Streptococcus pyogenes, requires a PAM with 
sequence NGG, where N is any nucleotide33. Type II sys-
tems may differ in the details of pre-crRNA production 
and crRNA-tracrRNA processing35.

cas9 as a versatile tool for engineering 
biology
Prashant Mali1, Kevin M Esvelt2 & George M Church1,2

1Department of Genetics, Harvard Medical School, Boston, Massachusetts, USA. 2Wyss Institute for Biologically Inspired Engineering, 
Harvard University, Cambridge, Massachusetts, USA. Correspondence should be addressed to P.M. (pmali@genetics.med.harvard.edu) or 
K.M.E. (kevin.esvelt@wyss.harvard.edu).
Received 15 July; accepted 20 august; published online 27 septembeR 2013; doi:10.1038/nmeth.2649

np
g

©
 2

01
3 

N
at

ur
e 

A
m

er
ic

a,
 In

c.
 A

ll 
rig

ht
s 

re
se

rv
ed

.

http://www.nature.com/doifinder/10.1038/nmeth.2649


perspective

958  |  VOL.10  NO.10  |  OCTOBER 2013  |  nature methods

Implementing this system in a given organ-
ism requires appropriate reconstitution of the 
functional crRNA-tracrRNA-Cas9 functional 
unit. In bacteria, the system can be used as 
is28, but in the human setting this involves 
expression of a human-codon–optimized 
Cas9 protein with an appropriate nuclear 
localization signal, and the crRNA and 
tracrRNA expressed either individually or as 
a single chimera via a RNA polymerase III  
promoter5,11,15. Alternatively, in vitro– 
transcribed RNA can be delivered directly 
to the target cell types4,10. Expressing a chi-
meric crRNA-tracrRNA, also termed a short 
guide RNA (sgRNA), is the most common 
approach by virtue of enhanced simplicity and robust target-
ing, especially if the sgRNA is not truncated15. This general 
methodology has been used to edit genomes of numerous model  
eukaryotic organisms4–17.

expanding cas9 functionality
For all its demonstrated utility in facilitating genome editing, we 
suggest that the true versatility and potential of the Cas9 uni-
fying factor is in its singular ability to bring together all three 
major classes of biopolymers. Proteins can be targeted to any 
dsDNA sequence by simply fusing them to a nuclease-null Cas9 
(Cas9nuclease-null)18–23 and expressing a suitable sgRNA, whereas 
RNAs can be attached to sgRNA termini without compromising 
binding of Cas9 (ref. 21). Consequently, Cas9 can bring any fusion 
protein together with any fusion RNA at any dsDNA sequence 
by covalent attachment to Cas9nuclease-null or to sgRNAs, or by 
noncovalent binding to covalently attached molecules (Fig. 2b). 
Because so many biological elements are primarily regulated by 
effective concentration, a single unifying factor capable of medi-
ating these interactions has extraordinary potential for use in 
investigating and engineering living systems (Fig. 2c).

For example, transcription is exquisitely dependent on the 
assembly of regulatory complexes and their interactions with 
chromatin. By targeting Cas9nuclease-null to important binding sites 
for putative transcription factors, it should be possible to obstruct 
the recruitment of these factors and thereby elucidate their role 

in transcription. Similarly, individual factors with unknown roles 
could be selectively recruited to almost any desired sequence by 
Cas9nuclease-null fusions or sgRNA tethers with only slightly less 
precision. Together, these capabilities may allow a reductionist, 
component-by-component approach to perturbing endogenous 
gene regulation.

Transcriptional activation. For engineering purposes, it is most 
useful to directly upregulate the transcription of endogenous 
genes to a desired level of activity. Experiments with zinc finger 
effectors and transcription activator–like (TAL) effectors dem-
onstrated that multiple VP64 activator domains localized 5′ of 
the transcription start site yield synergistic effects36–39. We and 
others showed that Cas9-mediated localization functions simi-
larly with both Cas9nuclease-null–VP64 (refs. 19–22) and sgRNA- 
tethered MS2-VP64 proteins21,40. As a caveat, the extent of acti-
vation can vary markedly among targeted genes and requires 
synergy between multiple Cas9-sgRNA activators for robust tran-
scription, presumably owing to local chromatin structure, unique 
interactions with endogenous transcriptional machinery or the 
underlying Cas9 biochemistry. Elucidation of these effects as well 
as evaluation of additional Cas9 orthologs will be necessary to 
fine-tune our control over endogenous transcription.

The capability to upregulate any endogenous gene or combina-
tion of genes in trans has tremendous implications for our ability to 
investigate and control cellular behavior. In particular, multiplexed 
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Figure 1 | Functioning of the type II CRISPR-Cas 
systems in bacteria3. Phase 1: in the immunization 
phase, the CRISPR system stores the molecular 
signature of a previous infection by integrating 
fragments of invading phage or plasmid DNA into 
the CRISPR locus as ‘spacers’. Phase 2: in the 
immunity phase, the bacterium uses this stored 
information to defend against invading pathogens by 
transcribing the locus and processing the resulting 
transcript to produce CRISPR RNAs (crRNAs) that 
guide effector nucleases to locate and cleave nucleic 
acids complementary to the spacer. First, tracrRNAs 
hybridize to repeat regions of the pre-crRNA. Second, 
endogenous RNase III cleaves the hybridized crRNA-
tracrRNA, and a second event removes the 5′ end 
of the spacer, yielding mature crRNAs that remain 
associated with the tracrRNA and Cas9. The complex 
cleaves complementary ‘protospacer’ sequences only 
if a PAM sequence is present.
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sgRNA libraries15 targeting every known 
gene could help pinpoint the factors respon-
sible for important cellular processes such  
as differentiation.

Transcriptional repression. Recruitment 
of repressor domains by zinc finger effector 
or TAL effector proteins potently suppresses 
endogenous transcription. By using a simi-
lar architecture for Cas9nuclease-null–KRAB 
or related fusion proteins or sgRNA-based tethers, it should be 
possible to repress genes with equivalent efficacy and far greater 
ease of targeting. Indeed, a Cas9nuclease-null–KRAB fusion has been 
recently shown to induce modest repression using single guide 
RNAs19. Localizing additional repressors and optimizing the struc-
ture of the fusion protein could greatly increase the potency of this 
approach. Adding the ability to repress transcription to our tool-
box will not only complement studies using transcriptional activa-
tion, but may also be useful for antiviral applications in eukaryotic 
cells. By preventing the transcription of invading viral genomes, 
Cas9 repressors could in principle render a transgenic organism 
immune to many DNA viruses targeted with sufficient sgRNAs, a 
notable advantage for both crops and domesticated animals.

Modulation of epigenetic marks. Although no attempts to engi-
neer chromatin modifications at endogenous loci using Cas9 have 
been published, recruiting the appropriate effector domains should 
result in the desired effects. In principle, Cas9 can precisely recruit 

any of the major chromatin-remodeling complexes, including Swi-
Snf, histone acetylases and deacetylases, methylases and demethyl-
ases, kinases and phosphatases, DNA methylases and demethylases, 
and others. If such approaches prove successful, these capabilities 
will simultaneously transform our ability to investigate the nature of 
epigenetic control and to engineer long-lasting expression ‘states’.

Modulation of genome architecture. Regulation may also be 
achieved via programmable alterations to genome architec-
ture41,42. Cas9nuclease-null has the potential to bring together any 
two or more regions of the genome via multivalent sgRNAs that 
recruit Cas9 and also other sgRNAs. In one scheme, two sgRNAs 
with complementary 3′ regions target sequences in the regions 
to be stapled together. Each sgRNA binds to the other and to 
a copy of Cas9nuclease-null, which in turn binds to the specified 
dsDNA regions. Alternatively, a single sgRNA with multiple 
Cas9nuclease-null binding sites and spacers might have a similar  
role in bringing together two target dsDNA regions. In these  
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Figure 2 | Cas9-sgRNA targeting complexes. 
(a) The basic S. pyogenes Cas9-sgRNA RNA-
guided nuclease complex for eukaryotic genome 
engineering. Target recognition and cleavage 
require protospacer sequence complementary 
to the spacer and presence of the appropriate 
NGG PAM sequence at the 3′ of the protospacer. 
(b) Cas9 enables programmable localization of 
dsDNA, RNA and proteins. Proteins can be targeted 
to any dsDNA sequence by simply fusing them 
to Cas9nuclease-null, and additional RNA can be 
tethered to sgRNA termini without compromising 
Cas9 binding. Attaching RNA binding sites can 
in turn recruit RNA-binding proteins or directly 
recruit other RNAs via sequence hybridization. 
Finally, Cas9 can theoretically bring together any 
two dsDNA regions by employing sgRNA-Cas9 
‘staples’ that bind to the targeted loci and to one 
another. Consequently, Cas9 can in principle bring 
together any fusion proteins, any natural or fusion 
RNAs and/or any dsDNA locus to any other dsDNA 
sequence of interest. (c) The diverse potential 
applications of Cas9 range from targeted genome 
editing (via simplex and multiplex double-strand 
breaks and nicks) to targeted genome regulation 
(via tethering of epigenetic effector domains to 
either the Cas9 or sgRNA, and via competition  
with endogenous DNA binding factors) and 
possibly programmable genome reorganization  
and visualization. Cas9 might also be engineered 
to function as an RNA-guided recombinase,  
and via RNA tethers could serve as a scaffold  
for the assembly of multiprotein and nucleic  
acid complexes.
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scenarios, Cas9nuclease-null and sgRNAs would serve as ‘staples’ 
with the entire genome having the role of the ‘scaffold strand’ in 
a cellular-scale equivalent of DNA origami43. These genomic rear-
rangements might in turn be visualized by attaching fluorescent 
proteins to the Cas9nuclease-null–effector complex by direct fusion, 
sgRNA tethering or both.

Cas9-targeted recombinases. Despite the effectiveness of 
nuclease-based methods in editing genomes, safe in vivo gene  
correction in human patients remains difficult. Most notably, 
the introduction of a double-strand break or even a nick at the 
wrong off-target site can lead to unexpected mutations or rear-
rangements that may culminate in oncogenesis. Site-specific 
recombinase (and potentially transposase) enzymes present 
fewer problems by tightly controlling generation of double-strand 
breaks to coordinate donor-target coupling. By fusing the cata-
lytic domain of a small serine recombinase44 to Cas9, analogous 
to previous zinc finger and TAL fusions45, it may be possible to 
create an RNA-guided recombinase enzyme. Because the activity 
of such retargeted fusion recombinases is generally low, exten-
sive directed evolution may be necessary to produce a useful  
RNA-guided recombinase.

Controlling sgRNA expression and localization. Although 
Cas9 expression can be readily modulated, current formats of 
sgRNA expression rely on the use of polymerase III promoters46. 
These are by nature constitutive promoters, and transcribed 
RNAs have limited total lengths and short half-lives. Successful 
expression of sgRNAs using polymerase II promoters could enable 
coordinated and inducible control over multiple aspects of cel-
lular behavior as well as production of multiple sgRNAs from a  
single transcript. Unfortunately, most polymerase II transcripts 
are rapidly exported to the cytoplasm. Potential methods of 
ensuring proper nuclear localization include removing the 5′ cap 
and 3′ tail with ribozymes47 or endogenous RNases, embedding 
the sequences in a stabilized intron48 or expressing them in a  
circularized format49,50. Tightly controlling the dose and dura-
tion of Cas9-sgRNA expression will also be critical for tuning 
targeting specificity.

enhanced genome editing
The Streptococcus pyogenes Cas9  generates a blunt-ended double- 
stranded break 3 base pairs upstream of the 3′ end of the 
protospacer in a process mediated by two catalytic domains:  
an HNH nuclease domain that cleaves the strand complementary 
to the sgRNA and a RuvC-like nuclease domain that cleaves the 
non-complementary strand. If one of the two nuclease domains 
is inactivated, Cas9 will function as a nickase33. Both modalities 
have been demonstrated to induce nonhomologous end joining 
(NHEJ)-mediated disruption of the genome and homologous 
recombination (HR)-mediated modification of the genome in 
eukaryotic systems5,15,21. However, the intricacies of this process 
remain poorly understood, as exemplified by the wide range of 
efficiencies and specificities observed in many systems.

Determining targeting biases. Spacer sequences vary dramatically 
in their targeting efficiencies in both eukaryotic and prokaryotic  
systems, and PAM sequences also have a role in targeting21.  
For example, a spacer targeting the unc-119 locus yielded gene 

disruptions in only 1.7% of progeny in Caenorhabditis elegans, 
whereas a spacer targeting klp-12 reproducibly exhibited efficien-
cies over 77% (ref. 51). In eukaryotes, we observed the frequency 
of insertions versus deletions during NHEJ to vary substantially 
between target sites15. Similar confounding aspects were also 
found when working with nickase versions of Cas9. In particu-
lar, use of the nickase did not result in any detectable NHEJ at a 
large majority of target sites5,21,52 but induced a very high rate at 
certain target sequences for unknown reasons15. More generally, 
the extent to which underlying chromatin structure, DNA modi-
fications or cell type–specific contributions affect Cas9-sgRNA 
targeting remains unknown. Rigorous quantification of all these 
influences is urgently needed to construct predictive models of 
Cas9 targeting, especially as we begin to design large sgRNA 
libraries for genetic screens.

Improving specificity. An increasingly recognized constraint lim-
iting Cas9-mediated genome engineering applications concerns 
their specificity of targeting. The sgRNA-Cas9 complexes are in 
general tolerant of 1–3 mismatches in their target and occasion-
ally more, with the actual specificity being a function of the Cas9 
ortholog, the sgRNA architecture, the targeted sequence, the PAM, 
and also the relative dose and duration of these reagents21,52–54. 
Although imperfect Cas9 specificity is a major reason for concern, 
there are several methods of potentially improving this. Broadly, 
these include requiring multiple sgRNA-Cas9 complexes for  
activity21, reducing affinity while increasing cooperativity, estab-
lishing competition between inactive and active forms, discover-
ing improved natural orthologs55, engineering improved variants 
and judiciously choosing targeting sgRNAs5,15,21,52.

Requiring cooperativity. Obligate Cas9 cooperativity, i.e., the 
requirement for two or more Cas9-sgRNA complexes to achieve 
effector function, can be achieved in numerous ways. The most 
straightforward option for genome-editing purposes is to employ 
nickase enzymes rather than nucleases21,56–58. Two offset nick-
ing events can be used to create a double-strand break with a 
defined overhang rather than using a single nucleolytic event to 
produce a blunt cut21. Because a majority of nicks do not result 
in NHEJ events, only the coordinate nicks at the targeted site will 
initiate a genome editing event. By tailoring the overhangs gener-
ated, this approach can potentially be used to steer the genome 
repair machinery toward HR or NHEJ as desired. Another route 
to improving specificity would couple dimerization-dependent 
nuclease domains, such as FokI, to a nuclease-null Cas9, thereby 
requiring coordinate binding by two adjacent Cas9-sgRNA com-
plexes to dimerize (otherwise weakly interacting) FokI mono-
mers and hence effect double-strand breaks59. Finally, coupling 
a monomeric nuclease such as I-Tev that additionally requires 
a separate motif (5′-CNNNG-3′ for I-Tev) to effect cleavage 
could also increase the overall specificity of the Cas9-sgRNA- 
nuclease complex60.

Discovering or evolving improved Cas9 proteins. It is pos-
sible that certain Cas9 orthologs might prove more specific 
than the Cas9 from S. pyogenes. The specificity of natural Cas9 
proteins is likely determined by the evolutionary fitness cost of 
genome cutting by new and existing spacers. Consequently, it is 
unlikely that Cas9 proteins with longer PAM requirements will 

np
g

©
 2

01
3 

N
at

ur
e 

A
m

er
ic

a,
 In

c.
 A

ll 
rig

ht
s 

re
se

rv
ed

.



perspective

nature methods  |  VOL.10  NO.10  |  OCTOBER 2013  |  961

exhibit greater overall specificity, as the net 
selective pressure for accurate recognition 
of the combined spacer and PAM remains 
constant. However, Cas9 proteins from spe-
cies with larger genomes may be somewhat 
more specific, and those that have under-
gone frequent horizontal gene transfer 
along with their CRISPR loci and conse-
quently been selected for avoidance of multiple host genomes 
are likely the most specific of all.

The best Cas9 proteins identified in nature might be improved 
by rational design, directed evolution or ideally a combination of 
the two. Our ability to rationally modify the enzyme is presently 
constrained by the lack of a crystal structure, a deficit that must 
be remedied. One attractive strategy for improving specificity is to 
reduce the basal Cas9 affinity for DNA, which could be mitigated at 
target sites by employing two cooperatively binding sgRNAs with 
complementary 3′ overhangs that target adjacent protospacers. 
Alternatively, the PAM might be changed to expand the range of 
targetable sites or enlarged to increase specificity, although such 
alteration may not be accessible by rational design alone.

PAM alteration and more complex modifications might be 
accessible using directed evolution, including increasing the over-
all specificity of each Cas9 monomer. Such an experiment must be 
designed to select for activity at a perfectly matched protospacer 
and against activity at mismatched sites, preferably those identi-
fied as problematic by specificity measurement assays. Ideally, 
the process would result in selection against many mismatched 
protospacers at any one time, and the process would be repeated 
over many rounds of selection, rendering automated methods of 
directed evolution particularly well-suited to this challenge61.

Target-site selection. Judiciously choosing the targeting sgRNAs 
themselves will also be critical to achieving highly specific mod-
ifications. Several studies demonstrated that the ‘seed’ region 
consisting of the 10–12 bases closer to the 3′ end of the spacer 

provides much of the specificity in targeting, so choosing sites 
predicted to have the fewest off-target sequences vis-a-vis the 
seed region is important30,33,62, although bases outside the seed 
region also contribute to specificity21,52. Moreover, we and others 
observed dramatic differences in the extent to which different 
spacers tolerate mismatches, suggesting that multiple candidate 
spacers should be empirically tested for applications that require 
great specificity. Ideally, these differences would be predicted 
computationally, but additional experiments are needed to elu-
cidate the rules governing spacer-dependent specificity21,52–54.

multiplexing cas9-mediated activities
Unlike the case with previous methods for sequence-specific DNA 
targeting, the simplicity of sgRNA design readily permits multi-
plexed localization. One can target multiple genes simultaneously 
and also harness synergies between multiple activators or repres-
sors. In principle, array-based oligonucleotide synthesis15,63 could 
be used to produce nearly 106 designed sgRNAs at once, a library 
capable of targeting every gene in the human genome 20 times.

Careful multistep methods for creating libraries could allow 
each synthesized oligonucleotide to encode multiple sgRNAs for 
synergistic regulation. For example, a 2-sgRNA library would 
involve cloning each oligonucleotide into a vector containing 
flanking promoters and adding 3′ sgRNA tails in the oligonucleo-
tide sequence in a second insertion step. Combined with appro-
priate screening methodologies, these library-based approaches 
could identify individual genes or even combinations that regulate 
a variety of phenotypes in eukaryotic organisms and cells (Fig. 3). 

Coupled with tools that enable multiplexed 
monitoring of the resulting changes64–66, 
this multiplexing ability of the sgRNA-Cas9 
system15 will have potentially far-ranging 
implications for our ability to understand 
and control the factors governing cellular 
differentiation and behavior.
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Figure 3 | Platform for multiplex biological 
screens. To modulate multiple genomic sites, 
sgRNA libraries can be generated and delivered 
into target cells that also express orthogonal Cas9 
effectors (nucleases, activators and/or repressors). 
This format enables multiplex ex vivo and in vivo 
genetic screens via targeted genome editing and/
or regulation.
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Figure 4 | Cas9 therapeutics. Potential  
Cas9-mediated therapeutic approaches include 
targeted genome editing to correct genetic 
disorders and targeted genome regulation to 
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Technical hurdles and potential routes to achieve 
these objectives are listed (bottom).
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Given the abundance of potential Cas9-mediated functions, 
it will be necessary to develop methods for independent target-
ing such that each function exclusively responds to its own set 
of guide RNAs. By carefully choosing and characterizing Cas9 
orthologs with widely disparate repeat sequences, it is possible to 
identify fully orthogonal sets of sgRNA-Cas9 pairings and hence 
to simultaneously execute multiple functionalities by engineer-
ing each ortholog with a custom effector domain67. For example, 
three orthogonal Cas9 proteins would allow activation, repression 
and editing to be performed simultaneously at independent target 
sites in the same cell.

toward cas9 therapeutics
Given the tremendous utility of Cas9 for the regulation and modi-
fication of complex biological systems, might the Cas9 system 
prove equally useful as a basis for new therapeutics? We envision 
two primary routes to Cas9-mediated therapeutic interventions 
(Fig. 4). The first entails targeted genome editing to correct genetic 
disorders68–70 and possibly to disrupt invading viral genomes.  
The second will use Cas9nuclease-null fusions for targeted genome 
regulation in a manner akin to the use of small-molecule drugs, 
except that both repression and activation modalities would be 
available. One can imagine using such an approach to correct epi-
genetic misregulation of gene expression, to control inflammation 
and autoimmunity, and also to repress transcription of viral genes 
or even viral co-receptors in vulnerable cell types.

However, multiple technical hurdles must be addressed before 
Cas9-based therapeutics become a reality. First, Cas9-encoding  
cassettes must be efficiently delivered to target cells in vivo. 
Unfortunately, Cas9 proteins are quite large; the commonly used 
Cas9 protein from S. pyogenes is 1,368 amino acids in length. 
Employing smaller Cas9 orthologs, several of which are <1,100 
amino acids or engineering a minimal Cas9 by removing domains 
extraneous to the intended purpose could enable efficient pack-
aging into limited-capacity viral vectors (adeno-associated 
viruses, adenoviral vectors and lentiviruses)71–74 for direct in vivo  
delivery. The development of tightly regulated expression vectors 
or modalities that enable both transient and controlled release 
of targeting reagents will be critical to restricting the resulting 
Cas9-mediated functions to specific tissues.

Apart from the problem of gene delivery, the foremost obstacle 
to therapeutic applications is the comparatively poor specificity of 
Cas9 binding. Because off-target activity results in a risk of onco-
genesis and even highly specific methodologies will inevitably 
lead to disastrous outcomes when applied to sufficient numbers 
of cells, addressing this problem is of the utmost importance. 
We have outlined several prospective approaches, most notably 
requiring cooperativity through offset nicking and biasing repair 
outcomes toward HR versus NHEJ. Co-localizing target and 
donor DNA via direct guide RNA tethering or Cas9 recombinases 
and transposases could also be highly useful for this endeavor, 
especially in targeting post-mitotic cells where function of endo-
genous HR machinery is expected to be highly diminished.

Avoiding an adverse immune response is also critical. Classical 
immune suppression for the duration of treatment is one option 
for mitigating the immune response, but this strategy will be less 
useful for long-term regulatory modifications. A more promising 
approach would involve analyzing the immunogenicity of Cas9 
and ‘humanizing’ the relevant peptide fragments as has been 

accomplished for antibody therapeutics75. Finally, the regulatory 
control afforded by Cas9 may permit the mimicry of strategies 
used by viruses such as disrupting the major histocompatibility 
complex trafficking machinery76.

Fully realizing the therapeutic potential of Cas9 proteins will 
require the development of additional synergistic technologies, most 
notably efficient, targeted and safe in vivo gene-delivery vehicles. If 
ex vivo genome targeting proves effective (for instance, in hemato-
poietic stem cells), then tools that enable extremely rapid retrieval 
and screening of modified cells in a population will be critical.

Looking forward, the versatility and ease of use afforded by 
Cas9 coupled with its singular ability to bring together RNA, DNA 
and protein in a fully programmable fashion will form the basis of 
a powerful toolset for the perturbation, regulation and monitor-
ing of complex biological systems.
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