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Genome editing, called also genome engineering,
processes of making targeted modifications to the genome,

its contexts (e.g., epigenetic marks), or its outputs (e.g., transcripts). 



Genome engineering technologies are enabling
a broad range of applications

(Hsu et al., Cell, 2014)  
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Classic Definition of Gene Therapy: 
transfer of genetic material to a patient to treat a disease

AIM:

2.0 Gene Therapy
long- term expression of the transferred gene high enough to be 

therapeutic

3.0 Gene Therapy (gene editing)
long- term correction of the ‘edited’ gene high enough 

to be therapeutic



(Xavier M. Anguela and Katherine A. High, Annual Reviews of Medicine 2018)
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(a) The goal of gene augmentation is to restore normal cellular function by providing a functional copy of a gene in trans (i.e., without
affecting the diseased gene itself, which will still remain in the cell). Examples of this approach include the in vivo treatment of diseases
such as Leber congenital amaurosis, the hemophilias, and spinal muscular atrophy (model examples of ocular, liver, and central nervous
system indications, respectively) and the ex vivo treatment of primary immunodeficiencies such as X-linked severe combined
immunodeficiency. (b) In some other indications, such as Huntington’s disease, cellular function is lost as a result of toxic accumulation
of a defective protein. Gene suppression aims at restoring cellular fitness by reducing the expression of the mutated gene via RNA
interference. (c) While genome editing does not necessarily require the use of a nuclease, the efficiency of gene-specific editing in
mammalian cells is typically enhanced by the induction of a DNA double-strand break at the target site. The choice of one DNA repair
mechanism over another will determine the outcome of genome editing. In its simplest form, after DNA cleavage occurs, the break is
rejoined by non-homologous end joining, which may result in gene knock-down if repair is imperfect. In the presence of an exogenous
template coding for a functional gene, DNA repair may also result in the in situ correction of the mutated gene via homologous
recombination. A third potential outcome is the insertion of the DNA template via non-homologous end joining, which will result in
gene addition rather than correction.

carried the risk of insertional mutagenesis, borne out by the development of T cell leukemia in
children treated for X-linked severe combined immunodeficiency (SCID) (5); and for in vivo
vector administration, the risk was related to deleterious immune responses. For some vectors,
these could be life threatening (6), while for others they represented a risk to long-lasting efficacy
but not safety (7). For cancer gene therapies, risks are often associated with excessive T cell
activation.

Gene therapy’s first success stories involved ex vivo applications using hematopoietic stem cell
(HSC) transplantation of autologous gene-corrected cells for the treatment of primary immu-
nodeficiencies. In vivo gene therapy lagged behind, but the prospect of success appeared to be
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2.0 gene therapy vs 3.0 gene therapy

2.0

3.0



(Fazhan Wang et al., J Gene Med. 2019)

REVIEW SUMMARY
◥

MEDICINE

Gene therapy comes of age
Cynthia E. Dunbar,* Katherine A. High, J. Keith Joung, Donald B. Kohn,
Keiya Ozawa, Michel Sadelain*

BACKGROUND: Nearly five decades ago, vi-
sionary scientists hypothesized that genetic
modification by exogenous DNA might be an
effective treatment for inherited human dis-
eases. This “gene therapy” strategy offered the
theoretical advantage that a durable and pos-
sibly curative clinical benefit would be achieved
by a single treatment. Although the journey
from concept to clinical application has been
long and tortuous, gene therapy is now bring-
ing new treatment options tomultiple fields of
medicine. We review critical discoveries lead-
ing to the development of successful gene ther-
apies, focusing on direct in vivo administration
of viral vectors, adoptive transfer of genetically
engineered T cells or hematopoietic stem cells,
and emerging genome editing technologies.

ADVANCES: The development of gene deliv-
ery vectors such as replication-defective retro
viruses and adeno-associated virus (AAV), cou-
pled with encouraging results in preclinical dis-
easemodels, led to the initiation of clinical trials
in the early 1990s. Unfortunately, these early
trials exposed serious therapy-related toxic-
ities, including inflammatory responses to the

vectors and malignancies caused by vector-
mediated insertional activation of proto-
oncogenes. These setbacks fueled more basic
research in virology, immunology, cell biology,
model development, and target disease, which
ultimately led to successful clinical translation
of gene therapies in the 2000s. Lentiviral vec-
tors improved efficiency of gene transfer to
nondividing cells. In early-phase clinical trials,
these safer and more efficient vectors were
used for transduction of autologous hemato-
poietic stem cells, leading to clinical benefit in
patients with immunodeficiencies, hemoglobi-
nopathies, andmetabolic and storage disorders.
T cells engineered to express CD19-specific chi-
meric antigen receptors were shown to have
potent antitumor activity in patients with
lymphoid malignancies. In vivo delivery of
therapeutic AAV vectors to the retina, liver,
and nervous system resulted in clinical improve-
ment in patients with congenital blindness,
hemophilia B, and spinal muscular atrophy,
respectively. In the United States, Food and
Drug Administration (FDA) approvals of the
first gene therapy products occurred in 2017,
including chimeric antigen receptor (CAR)–

T cells to treat B cell malignancies and AAV
vectors for in vivo treatment of congenital
blindness. Promising clinical trial results in
neuromuscular diseases and hemophilia will
likely result in additional approvals in the near
future.
In recent years, genome editing technolo-

gies have been developed that are based on
engineered or bacterial nucleases. In contrast
to viral vectors, which can mediate only gene
addition, genome editing approaches offer

a precise scalpel for gene
addition, gene ablation,
and gene “correction.” Ge-
nome editing can be per-
formed on cells ex vivo or
the editing machinery can
be delivered in vivo to ef-

fect in situ genome editing. Translation of
these technologies to patient care is in its in-
fancy in comparison to viral gene addition
therapies, but multiple clinical genome edit-
ing trials are expected to open over the next
decade.

OUTLOOK: Building on decades of scientific,
clinical, andmanufacturing advances, gene ther-
apies have begun to improve the lives of patients
with cancer and a variety of inherited genetic
diseases. Partnerships with biotechnology and
pharmaceutical companies with expertise in
manufacturing and scale-up will be required
for these therapies to have a broad impact on
human disease.Many challenges remain, includ-
ing understanding and preventing genotoxicity
from integrating vectors or off-target genome
editing, improving gene transfer or editing effi-
ciency to levels necessary for treatment ofmany
target diseases, preventing immune responses
that limit in vivo administration of vectors or
genome editing complexes, and overcoming
manufacturing and regulatory hurdles. Impor-
tantly, a societal consensusmust be reached on
the ethics of germline genome editing in light
of rapid scientific advances that havemade this
a real, rather than hypothetical, issue. Finally,
payers and gene therapy clinicians and com-
panies will need towork together to design and
test new payment models to facilitate delivery
of expensive but potentially curative therapies
to patients in need. The ability of gene therapies
to provide durable benefits to human health,
exemplified by the scientific advances and clin-
ical successes over the past several years, just-
ifies continued optimism and increasing efforts
toward making these therapies part of our stan-
dard treatment armamentarium for human
disease.▪

RESEARCH
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Three essential tools for human gene therapy. AAV and lentiviral vectors are the basis of
several recently approved gene therapies. Gene editing technologies are in their translational
and clinical infancy but are expected to play an increasing role in the field.
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Genome editing tools:

Li et al, Signal Transduction and Targeted Therapy (2020)

Used since:

2001

2010

2013



Genome editing tools:

Sanagala et al, Journal of Genetic Engineering and Biotechnology (2017)



Genome editing tools:

TALEN and ZFN CRISPR/Cas9
Target binding principle Protein-DNA specific recognition Watson-Crick complementary rule

Working mode Specifically recognizes the target DNA and 
dimeric Fok1 makes DSB

Guide RNA specifically recognizes the 
target DNA and Cas9 makes DSB

Essential components Dimers of TALE/ZFN-Fok1 fusion protein Guide RNA and Cas9

Target DNA lenght 14-18 bp 20 bp

Time consumption for 
construction 5-7 days 1-3 days

Multiple targeting context-dependent binding 
(multiple proteins) high specificity with multiple sgRNAs

(Hsu et al., Cell, 2014)  

(Adapted from Wei C. et al., Journal of Genetics and Genomics, 2013)  



CRISPR/Cas9 technology increased the feasibility 
of genome-editing technologies

sequences of CRISPR dictate the targeting specificity of Cas
enzymes, which provide defense against the phage35. Immediately
following this work, other researchers further elucidated the
mechanism of action of the CRISPR system. Within a year after
this key discovery, it was shown that the activity of Cas enzymes
is guided by short CRISPR RNAs (crRNA) transcribed from the
spacer sequences36 and that it can block horizontal DNA transfer
from bacterial plasmids37. Such exciting publications further sti-
mulated researchers’ interest in understanding the molecular
mechanism of the CRISPR system. There have been several cri-
tical findings that paved the way for CRISPR systems to become
the CRISPR genome-editing technology. One of the key findings
was the observation that the acquired spacer sequences are highly
similar to each other at regions called protospacer-adjacent motifs
(PAMs) and that this sequence is very critical for the CRISPR
system to work38. Independently, it was revealed that among
many Cas proteins, Cas9 was the only one with DNA catalytic
activity in S. thermophilus39. Additionally, the work from the
Charpentier group revealed the mechanism of biogenesis of the
two short RNAs required for Cas9 action40. A final critical dis-
covery was the demonstration that a CRISPR system from one
bacterium was transferable to different bacterial strains. Siksnys
and colleagues showed that the CRISPR locus from S. thermo-
philus is able to reconstitute the interference in E. coli41. These
findings were immediately followed by biochemical character-
ization of the individual components of the CRISPR system. The
crucial work, which arguably marked the beginning of CRISPR as
a biotechnology tool, has been the demonstration that Cas9
enzymes can be reprogrammed to target a desired DNA sequence
in bacteria42,43. Notably, these studies also simplified the CRISPR
system by using a single short RNA. The endogenous CRISPR
system requires two short RNAs: the mature crRNA and a trans-
activating crRNA (tracrRNA). The crRNA is composed of the
part that serves as guiding sequence and another part base pairs

with the tracrRNA. Both crRNA and tracrRNAs are required to
form the Cas9 protein–RNA complex that cleaves DNA with
DSBs at target sites. Notably, Jinek et al. showed that CRISPR-
Cas9 can also be guided by a single chimeric RNA formed by the
fusion of tracrRNA and crRNA, called single guide RNA (sgRNA)
42. These studies were immediately followed by groundbreaking
publications showing that CRISPR can be adapted for in vivo
genome editing in eukaryotic cells44–46. For the first time ever,
researchers had an extremely flexible tool that could be easily
guided to target nearly any location in the genome by simply
designing a short sgRNA. Due to high editing efficiency and ease
of use, researchers from diverse fields quickly adopted CRISPR
technology as a method of choice for various genome-targeting
purposes. Notably, since its inception as a genome-editing tool in
late 2012, more than 9000 research articles have been published
about it and the number of publications seems to continue to
increase each year (Fig. 2).

Different CRISPR systems and their uses in genome editing
The evolutionary arms race between prokaryotes and environ-
mental mobile genetic elements such as phages has been going on
for billions of years. This survival struggle yielded various
CRISPR-type immune responses as defense mechanisms in bac-
teria. These CRISPR systems are classified based on the structure
of CRISPR-associated (Cas) genes that are typically adjacent to
the CRISPR arrays47,48. The classification efforts are yet to be
completed as researchers continue to discover new systems and
refine the classification system with subclasses, groups, and types
based on comparative genomic analyses, structures, and bio-
chemical activities of CRISPR components49. Broadly speaking,
there are two classes of CRISPR systems, each containing multiple
CRISPR types. Class 1 contains type I and type III CRISPR
systems that are commonly found in Archaea. Class 2 contains

Meganucleases Zinc finger nucleases

Double strand break

Template

Homology-directed repair (HDR)

Insertions/deletions
gene disruption

Non-homology end joining (NHEJ)

TALEN CRISPR/Cas9
Fok I

Fok I

Feasibility

NNNNNN NNN NNN NNNNNNNNNNN

Precise DNA editing
gene insertion

Fig. 1 The basic working principle of major genome-editing technologies. Meganucleases are engineered restriction enzymes that recognize long stretches
of DNA sequences. Each zinc finger nuclease recognizes triple DNA code whereas each TALE recognizes an individual base. Unlike protein–DNA
recognition in ZFNs and TALENs, simple RNA–DNA base pairing and the PAM sequence determine CRISPR targeting specificity. All these tools result in
DNA double-strand breaks, which are repaired either by error-prone non-homology end joining or homology-directed repair. While NHEJ results in random
indels and gene disruption at the target site, HDR can be harnessed to insert a specific DNA template (single stranded or double stranded) at the target site
for precise gene editing
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(Adli M., Nature communications, 2018) 



CRISPR/Cas9



CRISPR/Cas9 - It all started with yogurt

2005-Rodolphe Barrangou discovered that S. thermophilus contained odd chunks
of repeating DNA sequences—Crisprs



CRISPR/Cas9 - as a tool for genetic engineering

2012 : Jennifer Doudna and Emmanuelle Charpentier
discovered S. pyogenes molecular mechanism



CRISPR/Cas9 technology increased the feasibility 
of genome-editing technologies

(Adli M., Nature communications, 2018) 

type II, IV, V, and VI CRISPR systems49. Although researchers
repurposed many different CRISPR/Cas systems for genome
targeting, the most widely used one is the type II CRISPR-Cas9
system from Streptococcus pyogenes. Because of the simple NGG
PAM sequence requirements, S. pyogenes’ Cas9 (spCas9) is used
in many different applications. However, researchers are still
actively exploring other CRISPR systems to identify Cas9-like
effector proteins that may have differences in their sizes, PAM
requirements, and substrate preferences. In the last few years,
more than 10 different CRISPR/Cas proteins have been repur-
posed for genome editing (Table 1). Among these, some of the
recently discovered ones, such as Cpf1 proteins from Acid-
aminococcus sp (AsCpf1) and Lachnospiraceae bacterium
(LbCpf1), are particularly interesting50–52. In contrast to the
native Cas9, which requires two separate short RNAs, Cpf1
naturally requires one sgRNA. Furthermore, it cuts DNA at target
sites 3′ downstream of the PAM sequence in a staggering fashion,
generating a 5′ overhang rather than producing blunt ends like
Cas9 (Table 1).

Naturally found Cas9 variants are large proteins, which adds
particular limitation when it comes to their packaging and
delivery into different cell types via Lenti or Adeno Associated
viruses (AAV). For example, the widely used SpCas9 protein is

1,366 aa, which creates a particular therapeutic delivery challenge
due to the limited packaging capacity of AAV. Thus, smaller Cas9
variants have greater therapeutic potential. To this end, the dis-
coveries of 1082 aa Cas9 from Neisseria meningitides (NmCas9)
53, 1053 aa Cas9 from Staphylococcus aureus (SaCas9)54,55, and
984 aa Cas9 from Campylobacter jejuni (CjCas9)56 are major
forward steps toward this goal. However, the tradeoff is that these
smaller Cas9 proteins require more complex PAM sequences. The
SaCas9 requires a 5′-NNGRRT-3′ PAM sequence54,55,57 whereas
CjCas9 requires a 5′-NNNNACAC-3′ PAM sequence56. There-
fore, these smaller Cas9 proteins have relatively limited targeting
scope and flexibility in genome targeting compared to SpCas9
despite the reduction in size.

Re-engineering CRISPR-Cas9 tools
Exploring different CRISPR systems requires extensive under-
standing and characterization of new Cas proteins. Thus, in
parallel to these studies, there are increasing efforts to re-engineer
the already well-characterized Cas9 proteins. This research
direction is focusing on achieving three major goals: (i) reducing
the size of Cas9 nucleases, (ii) increasing their fidelity, and (iii)
expanding the targeting scope of Cas9 variants. Although there
has been a limited advance in reducing the size of existing Cas9
proteins, several groups have altered the Cas9 PAM requirements
and targeting specificity. In one such study, researchers used an
unbiased selection strategy to identify variants of SpCas9 and
SaCas9 with more relaxed PAM sequence requirements58,59. In
line with these findings, a different study utilized a structure-
guided design strategy to re-engineer FnCas9 to recognize YG
PAM sequences instead of NGG60.

In addition to these studies that expand the targeting scope of
CRISPR tools, researchers are actively developing novel ways to
increase the targeting specificity of the CRISPR-Cas9 system.
Understanding the extent of off-target effects of CRISPR-Cas9
targeting has been one major goal. Given that CRISPR systems
have evolved as a defense system against viruses that tend to
frequently mutate, a slightly less specific CRISPR system would be
advantageous to bacteria. Indeed, the early efforts to understand
CRISPR targeting specificity highlighted this fact and demon-
strated that the system may potentially have off-target effects61–
65. In addition to these initial studies, researchers utilized alter-
native genome-wide tools to understand CRISPR-Cas9 targeting
specificity. To this end, we and others have used the chromatin
immunoprecipitation and high throughput sequencing (ChIP-
Seq) approach to map DNA binding sites of catalytically inactive
SpCas9 in vivo66,67. These whole-genome mapping studies

Table 1 Naturally occurring major CRISPR-Cas enzymes

Size PAM sequence Size of sgRNA guiding sequence Cutting site Reference

spCas9 1368 NGG 20 bp ~ 3 bp 5′ of PAM Jinek et al.42

Gasiunas et al.43

FnCas9 1629 NGG 20 bp ~ 3 pb 5′ of PAM Hirano et al.60

SaCas9 1053 NNGR RT 21 bp ~ 3 pb 5′ of PAM Mojica et al.57

NmCas9 1082 NNNNG ATT 24 bp ~ 3 bp 5′ of PAM Hou et al.53

St1Cas9 1121 NNAGA AW 20 bp ~ 3 bp 5′ of PAM Gasiunas et al.43

Cong et al.45

St3Cas9 1409 NGGNG 20 bp ~ 3 bp 5′ of PAM Gasiunas et al.43

Cong et al.45

CjCas9 984 NNNNACAC 22 bp ~ 3 bp 5′ of PAM Kim et al.56

AsCPf1 1307 TTTV 24 bp 19/24 bp 3′ of PAM Yamano et al.50

Kim et al. 2016
LbCpf1 1228 TTTV 24 bp 19/24 bp 3′ of PAM Yamano et al.50

Kim et al. 2016
Cas13 Multiple orthologs RNA targeting 28 bp Abudayyeh et al. 2017
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Fig. 2 CRISPR-based genome-targeting tools are widely used. Number of
PubMed publications over the last 12 years that had the word “CRISPR” or
“Cas9” in the abstract or title. **Number of publications in 2018 is projected
to be more than 5000
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CRISPR system in prokariotes is an 
adaptive immunity system

evolved to counter CRISPR-Cas are addressed.We also discuss
the regulation of CRISPR-Cas, the roles of these systems
beyond immunity, and other emerging topics in the field.

Interference: Cleaving DNA and RNA Invaders
Sequence-specific destruction of invading MGEs is the basis for
CRISPR-Cas defense. In the final stage of CRISPR-Cas-medi-
ated immunity, mature crRNAs guide the interference machinery
to cleave invading nucleic acids. In order to store the genetic in-
formation of a parasitic MGE, a part of the foreign DNA must be
integrated in the genomic CRISPR locus of the host. This, how-
ever, raises an inherent problem for the interference machinery:
the sole reliance on sequence complementarity between the
crRNA and the target sequence would result in cleavage of the
CRISPR array. Hence, nearly all characterized CRISPR-Cas sys-
tems (except type III) have evolved an authentication and
discrimination mechanism that involves coordinated recognition

Figure 1. The Three Stages of CRISPR
Immunity
During adaptation, the Cas1-Cas2 complex se-
lects a part of the foreign DNA and integrates it into
the host’s CRISPR array. In the next stage (crRNA
maturation), the CRISPR array is transcribed into a
long pre-crRNA that is further processed by Cas
proteins or, in some cases, by cellular RNases. In
the interference stage, the mature crRNAs guide
Cas nucleases to the cognate foreign DNA. The
Cas proteins cleave the foreign nucleic acid upon
binding of the crRNA to the target sequence. In
class 1 systems, the interference machinery is a
multi-Cas-protein complex, whereas class 2 sys-
tems utilize a single Cas protein for target
cleavage.

of a short sequence, called the proto-
spacer adjacent motif (PAM), by both
the adaptation and interference machin-
ery. The presence of a PAM proximal to
the acquired spacer and targeted proto-
spacer and its absence in the CRISPR
array facilitates robust immunity while
averting auto-immune targeting of the
CRISPR array.

Interference in Class 1 CRISPR-Cas
Systems
Type I
Type I systems are the most widespread
CRISPR-Cas systems (Koonin et al.,
2017; Makarova et al., 2015) and employ
a crRNA-bound multiprotein complex
termed CRISPR-associated complex for
antiviral defense (Cascade) for target
recognition, as well as the nuclease
Cas3 for target cleavage (Figure 2)
(Brouns et al., 2008). Cas3 is the hallmark
protein of type I systems and is recruited
upon target binding by Cascade to cleave
the foreign DNA. Although the overall ar-

chitecture of Cascade is conserved, its composition can vary be-
tween different subtypes and homology of the subunits has often
been established on the basis of functional similarities rather
than sequence similarities (for details, see Koonin et al., 2017;
Makarova et al., 2015). Among the seven subtypes that have
been identified to date (I-A to I-F and I-U) (Makarova et al.,
2015), the I-E system of Escherichia coli is most thoroughly char-
acterized and has the full complement of subunits that are found
in type I systems, thus serving as amodel for understanding type
I interference.
Cascade of the type I-E CRISPR-Cas system has a molecular

weight of 405 kDa and displays the following composition:
(Cas5e)1-(Cas6e)1-(Cas7e)6-(Cas8e)1- (Cas11e)2 (Brouns et al.,
2008; Jore et al., 2011). According to the former nomenclature,
Cas8e and Cas11 were known as Cse1 and Cse2, respectively.
In almost all type I systems, pre-crRNA is processed by an
RNase of the Cas6 family (or Cas5d in subtype I-C). In E. coli,

1240 Cell 172, March 8, 2018

(Hille F. et al., Cell, 2018)



Engineered CRISPR-Cas9 system consists of a fusion between 
a crRNA and a part of the tracrRNA sequence: sgRNA

Naturally occurring 
CRISPR-Cas9 systems 

Engineered 
CRISPR-Cas9 systems 

Complemented to 
foreign DNA

CRISPR system in prokariotes
is an adaptive immunity system

(Sander D. and Joung K., nature biotechnology, 2014)  



CRISPR/Cas9 Genome editing tool exploit
endogenous DNA repair machinery

(Ran et al, Nat Protoc. 2013) 
Figure 2.
DSB repair promotes gene editing. DSBs induced by Cas9 (yellow) can be repaired in one
of two ways. In the error-prone NHEJ pathway, the ends of a DSB are processed by
endogenous DNA repair machinery and rejoined, which can result in random indel
mutations at the site of junction. Indel mutations occurring within the coding region of a
gene can result in frameshifts and the creation of a premature stop codon, resulting in gene
knockout. Alternatively, a repair template in the form of a plasmid or ssODN can be
supplied to leverage the HDR pathway, which allows high fidelity and precise editing.
Single-stranded nicks to the DNA can also induce HDR.

Ran et al. Page 37
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CRISPR/Cas9 Genome editing tool exploit
endogenous DNA repair machinery

(Gaj T. at al., Trends Biotechnol, 2013) 



(Ran et al, Nat Protoc. 2013) 

Cas9 nuclease from S. pyogenes is targeted to genome by an 
sgRNA consisting of a 20-nt guide sequence and a scaffold 

The only restriction for targeting is 
that the sequence must be followed 
by PAM motif 

Figure 1.
Schematic of the RNA-guided Cas9 nuclease. The Cas9 nuclease from S. pyogenes (in
yellow) is targeted to genomic DNA (shown for example is the human EMX1 locus) by an
sgRNA consisting of a 20-nt guide sequence (blue) and a scaffold (red). The guide sequence
pairs with the DNA target (blue bar on top strand), directly upstream of a requisite 5̘-NGG
adjacent motif (PAM; pink). Cas9 mediates a DSB ~3 bp upstream of the PAM (red
triangle).
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RNA-programmed endonucleases offer 
a variety of genome editing-options

Zhang et al., 2015). Table 1 lists other Cas9 homologs that have
been validated for mammalian genome editing. Nevertheless,
SpCas9 remains the most widely used homolog, as it is the
most well characterized, offers a reasonable balance between
PAM complexity and construct size, and has been extensively
tested in a wide variety of contexts.

Recent progress has uncovered additional nucleases capable
of RNA-guided sequence-specific DNA cleavage. For example,
both the 1,307-residue Acidaminococcus sp. Cpf1 (AsCpf1)
and the 1,228-residueLachnospiraceae bacteriumCpf1 (LbCpf1)
enzymes have been used for mammalian cell genome editing
(Zetsche et al., 2015a). In contrast to the known Cas9 homologs,
these two enzymes natively require only a crRNA, as opposed to
a dual-guide RNA; a TTTN PAM at the 50 end, rather than the
30 end, of the protospacer; and cleave the two DNA strands in a
staggered, rather than a blunt-ended, configuration (Zetsche
et al., 2015a; Fonfara et al., 2016). While these and other RNA-
programmed endonucleases already offer researchers a variety
of possible genome-editing options, the steadily increasing
popularity of genome editing, coupled with the development
of new precision genome-editing techniques such as those
described below, suggests the continued importance of discov-

ering additional programmable DNA-binding or DNA-cleaving
proteins.

Expanding the Targeting Scope of Cas9
As genome-editing techniques using RNA-guided nucleases
become more precise and diverse, the need for agents with
different PAM requirements increases. The relatively simple
NGG PAM sequence of SpCas9 occurs on average every
8–12 bp in the human genome (Cong et al., 2013; Hsu et al.,
2013), a frequency that is not excessively limiting for classical
HDR- and NHEJ-based genome editing, as multiple DNA cleav-
age locations can lead to the same desired HDR or NHEJ
outcome. The discovery of additional naturally occurring RNA-
guided nucleases such as those in Table 1 offer additional target-
ing flexibility. For other genome-editing techniques such as base
editing (see below) or when it is necessary to distinguish be-
tween a wild-type (WT) and mutant allele, however, precise tar-
geting of a locus with single-nucleotide resolution can be critical.
In these cases, the PAM requirements can be amajor restriction.
WT SpCas9 has been shown to have some activity on sites

with NAG and NGA PAMs but typically with much lower effi-
ciencies than on sites with canonical NGG PAMs (Jiang et al.,
2013; Hsu et al., 2013; Zhang et al., 2014; Kleinstiver et al.,
2015b). A recent study used a bacterial selection system to iden-
tify three new variants of SpCas9 that can target NGA, NGAG,
andNGCGPAMswith high efficiencies and specificities (Table 1)
(Kleinstiver et al., 2015b). This study is an exciting example of
how a small number of mutations—in these cases, three to
four—can substantially alter the PAM specificity of an RNA-
guided nuclease.
Researchers have also engineered Cas9 enzymes to exhibit

relaxed PAM specificities. In one approach, an unbiased selec-
tion system was used to relax the NNGRRT PAM requirement
of SaCas9 to NNNRRT (Table 1). The engineered variant had
three mutations and exhibited off-target editing comparable to
that of the WT enzyme in human cells (Kleinstiver et al., 2015a).
In a different study, the crystal structure of FnCas9 was used
to guide the rational design of a variant with a relaxed PAM
requirement. While the WT FnCas9 recognizes a NGG PAM,
the engineered variant (which differs from WT at three residues)
requires only a YG PAM and can be used to edit mammalian ge-
nomes when the protein is pre-complexed with sgRNA and
directly injected into zygotes (Table 1) (Hirano et al., 2016). These
important advances expand the number of target loci amenable
to RNA-guided genome editing.

Improving the DNA Specificity of CRISPR-Based Agents
In addition to expanding the targeting scope of genome-editing
agents, improving their DNA specificity has also been a major
priority. Researchers have revealed the DNA-targeting specific-
ities of CRISPR-based genome-editing agents using a variety of
approaches. These methods include ChIP-seq (Cencic et al.,
2014; Kuscu et al., 2014; Wu et al., 2014; O’Geen et al., 2015),
targeted analysis of genomic sites identified through computa-
tional predictions (Fu et al., 2013; Hsu et al., 2013), in vitro
high-throughput profiling methods (Pattanayak et al., 2013),
whole-genome sequencing methods (Smith et al., 2014; Veres
et al., 2014; Yang et al., 2014; Kim et al., 2015), the GUIDE-seq
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DNA-binding proteins, can be readily designed to bind to virtu-
ally any target DNA sequence, ZFNs and TALENs can be engi-
neered to cleave a target genomic loci with fairly high specificity
(Carroll, 2008; Boch et al., 2009; Moscou and Bogdanove, 2009;
Miller et al., 2011; Zhang et al., 2011; Joung and Sander, 2013).
The design of ZFNs is complicated by their extensive protein-
DNA contacts, however, and the cloning of TALEN genes is
impeded by their highly repetitive nature. In addition, each new
target locus requires the design, gene synthesis, expression,
and validation of a new ZFN or TALEN protein (Figure 1B) (Urnov
et al., 2010; Miller et al., 2011).
This significant barrier to genome editing—that each new

target site requires the design and construction of a new
nuclease—was substantially lowered by the advent of CRISPR-
Cas9 as an RNA-guided DNA endonuclease (Garneau et al.,
2010; Jinek et al., 2012; Gasiunas et al., 2012). In this system, a
Cas endonuclease protein forms a complex with a ‘‘guide
RNA’’ molecule and localizes to a target DNA sequence following
simple guide RNA:genomic DNA base-pairing rules (Figure 1B)
(Doudna and Charpentier, 2014; Hsu et al., 2014). The target
DNA sequence (the protospacer) must be both complementary
to the guide RNA and also contain a ‘‘protospacer-adjacent
motif’’ (PAM), a short DNA sequence that is required for compat-
ibility with the particular Cas protein being used (Deveau et al.,
2008; Garneau et al., 2010; Sapranauskas et al., 2011; Jinek
et al., 2012; Gasiunas et al., 2012). While this new technology
places a modest limitation on the number of genomic sites
amenable to genome editing due to the PAM requirement, it
replaces the complex protein design and engineering tasks asso-
ciated with ZFNs and TALENs with the much-simpler task of
designing a new guide RNA for each genomic site of interest
using simple Watson-Crick base-pairing (Cong et al., 2013;
Mali et al., 2013b; Jinek et al., 2013).
The elucidation of the mechanics of CRISPR-Cas9 (Barrangou

et al., 2007; Garneau et al., 2010; Deltcheva et al., 2011; Sapra-
nauskas et al., 2011; Jinek et al., 2012; Gasiunas et al., 2012),
and its adaptation for use in eukaryotic genome editing (Cong
et al., 2013; Mali et al., 2013b; Wang et al., 2013; Cho et al.,
2013; Hwang et al., 2013b; Jinek et al., 2013), has had a transfor-
mative impact on the life sciences. The easewithwhich newDNA

sequences can be targeted for genome editing has enabled sci-
entists to rapidly discover new gene functions, develop new cell
and animal models of diseases, and make substantial progress
toward human therapeutics. In this Review, we summarize
some of the recently developed tools that use CRISPR-Cas9
for the manipulation of mammalian genomes and their applica-
tions in basic science, biotechnology, and medicine.

New Natural CRISPR Enzymes
Several natural CRISPR nucleases have now been used for
mammalian genome editing. Each CRISPR nuclease can vary
in size, PAM requirement, and location of the introduced DSB
within the protospacer (Table 1). The most commonly used
variant is the 1,368-residue Cas9 protein from Streptococcus
pyogenes (SpCas9) (Haft et al., 2005). Most known naturally
occurring Cas9 nucleases, including SpCas9, natively use two
different RNA molecules, the CRISPR-RNA (crRNA) and the
trans-activating crRNA (tracrRNA), to form a functional guide
RNA:Cas9 complex (Deltcheva et al., 2011). The discovery that
a single-guide RNA (sgRNA) could take the place of the crRNA
and the tracrRNA further simplified the use of the CRISPR-
Cas9 system such that only one protein and one RNA molecule
are needed to achieve RNA-programmed DNA cleavage (Jinek
et al., 2012).
The relatively simple PAM requirement of NGG contributes to

the popularity of SpCas9 for genome editing (Table 1). The
Staphylococcus aureus (Sa) Cas9 analog (SaCas9) offers a
smaller size (1,053 residues) that facilitates some of the applica-
tions described below but requires a more-complex PAM of
NNGRRT (Ran et al., 2015; Friedland et al., 2015). Other Cas9
homologs with different PAM requirements have also been
used for mammalian genome editing. For example, the Strepto-
coccus thermophilus (St) Cas9 proteins St1Cas9 and St3Cas9
are 1,121 and 1,388 residues and require NNAGAAW and
NGGNG PAMs, respectively (Table 1) (Gasiunas et al., 2012;
Cong et al., 2013; Gasiunas and Siksnys, 2013; Esvelt et al.,
2013; Ran et al., 2013b; Müller et al., 2016). TheNeisseria menin-
gitides (Nm) Cas9 protein (NmCas9) is 1,082 residues and re-
quires a NNNNGATT PAM (Table 1) (Gasiunas and Siksnys,
2013; Esvelt et al., 2013; Ran et al., 2013b; Hou et al., 2013;

Figure 1. Genome Editing Using Double-
Stranded Breaks
(A) A programmable nuclease incorporates a
sequence-specific double-stranded break (DSB)
in genomic DNA. In the absence of a repair tem-
plate, the cell will process the DSB mostly by
NHEJ, resulting in indels at the site of editing. In the
presence of a separate DNA template containing
sequences homologous to the regions flanking the
DSB, HDR can result in incorporation of the repair
template into the genomic DNA.
(B) ZFNs, TALENs, and CRISPR-based nucleases
have also been used to introduce programmable,
sequence-specific DSBs. The ability of Cas9 to be
reprogrammed to bind a new sequence (the pro-
tospacer and PAM) by designing a new sgRNA,
rather than by engineering a new DNA-binding
protein (such as ZF or TALE), has transformed the
genome-editing field.
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Zhang et al., 2015). Table 1 lists other Cas9 homologs that have
been validated for mammalian genome editing. Nevertheless,
SpCas9 remains the most widely used homolog, as it is the
most well characterized, offers a reasonable balance between
PAM complexity and construct size, and has been extensively
tested in a wide variety of contexts.

Recent progress has uncovered additional nucleases capable
of RNA-guided sequence-specific DNA cleavage. For example,
both the 1,307-residue Acidaminococcus sp. Cpf1 (AsCpf1)
and the 1,228-residueLachnospiraceae bacteriumCpf1 (LbCpf1)
enzymes have been used for mammalian cell genome editing
(Zetsche et al., 2015a). In contrast to the known Cas9 homologs,
these two enzymes natively require only a crRNA, as opposed to
a dual-guide RNA; a TTTN PAM at the 50 end, rather than the
30 end, of the protospacer; and cleave the two DNA strands in a
staggered, rather than a blunt-ended, configuration (Zetsche
et al., 2015a; Fonfara et al., 2016). While these and other RNA-
programmed endonucleases already offer researchers a variety
of possible genome-editing options, the steadily increasing
popularity of genome editing, coupled with the development
of new precision genome-editing techniques such as those
described below, suggests the continued importance of discov-

ering additional programmable DNA-binding or DNA-cleaving
proteins.

Expanding the Targeting Scope of Cas9
As genome-editing techniques using RNA-guided nucleases
become more precise and diverse, the need for agents with
different PAM requirements increases. The relatively simple
NGG PAM sequence of SpCas9 occurs on average every
8–12 bp in the human genome (Cong et al., 2013; Hsu et al.,
2013), a frequency that is not excessively limiting for classical
HDR- and NHEJ-based genome editing, as multiple DNA cleav-
age locations can lead to the same desired HDR or NHEJ
outcome. The discovery of additional naturally occurring RNA-
guided nucleases such as those in Table 1 offer additional target-
ing flexibility. For other genome-editing techniques such as base
editing (see below) or when it is necessary to distinguish be-
tween a wild-type (WT) and mutant allele, however, precise tar-
geting of a locus with single-nucleotide resolution can be critical.
In these cases, the PAM requirements can be amajor restriction.
WT SpCas9 has been shown to have some activity on sites

with NAG and NGA PAMs but typically with much lower effi-
ciencies than on sites with canonical NGG PAMs (Jiang et al.,
2013; Hsu et al., 2013; Zhang et al., 2014; Kleinstiver et al.,
2015b). A recent study used a bacterial selection system to iden-
tify three new variants of SpCas9 that can target NGA, NGAG,
andNGCGPAMswith high efficiencies and specificities (Table 1)
(Kleinstiver et al., 2015b). This study is an exciting example of
how a small number of mutations—in these cases, three to
four—can substantially alter the PAM specificity of an RNA-
guided nuclease.
Researchers have also engineered Cas9 enzymes to exhibit

relaxed PAM specificities. In one approach, an unbiased selec-
tion system was used to relax the NNGRRT PAM requirement
of SaCas9 to NNNRRT (Table 1). The engineered variant had
three mutations and exhibited off-target editing comparable to
that of the WT enzyme in human cells (Kleinstiver et al., 2015a).
In a different study, the crystal structure of FnCas9 was used
to guide the rational design of a variant with a relaxed PAM
requirement. While the WT FnCas9 recognizes a NGG PAM,
the engineered variant (which differs from WT at three residues)
requires only a YG PAM and can be used to edit mammalian ge-
nomes when the protein is pre-complexed with sgRNA and
directly injected into zygotes (Table 1) (Hirano et al., 2016). These
important advances expand the number of target loci amenable
to RNA-guided genome editing.

Improving the DNA Specificity of CRISPR-Based Agents
In addition to expanding the targeting scope of genome-editing
agents, improving their DNA specificity has also been a major
priority. Researchers have revealed the DNA-targeting specific-
ities of CRISPR-based genome-editing agents using a variety of
approaches. These methods include ChIP-seq (Cencic et al.,
2014; Kuscu et al., 2014; Wu et al., 2014; O’Geen et al., 2015),
targeted analysis of genomic sites identified through computa-
tional predictions (Fu et al., 2013; Hsu et al., 2013), in vitro
high-throughput profiling methods (Pattanayak et al., 2013),
whole-genome sequencing methods (Smith et al., 2014; Veres
et al., 2014; Yang et al., 2014; Kim et al., 2015), the GUIDE-seq
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method (Tsai et al., 2015), and the BLESS method (Crosetto
et al., 2013; Ran et al., 2015). While detailed analyses of these
methods are beyond the scope of this Review, collectively, they
have revealed the presence of off-target activity among WT
Cas9homologswith certain sgRNAsandestablished that no sim-
ple algorithm or inspection process can accurately and compre-
hensivelypredict theoff-target substratesof agivenCas9:sgRNA
complex (Tsai and Joung, 2016). In many reported cases, off-
target sites with more mismatches relative to the on-target site
are modified by WT CRISPR agents more extensively than sites
with fewer mismatches. Indeed, off-target modification in a few
studied cases can approach or even exceed the efficiency of
on-target modification (Fu et al., 2013; Kuscu et al., 2014; Tsai
et al., 2015; Ran et al., 2015). Notably, the inherent specificity of
Cpf1 enzymes appears to be higher than that of the SpCas9
variant (Figure 2D) (Kim et al., 2016; Kleinstiver et al., 2016b).
Researchers have developed several strategies to substan-

tially improve the specificity of SpCas9 (and, likely, other
CRISPR agents) withoutmaking any changes to the Cas9 protein
sequence. Off-target modification by SpCas9 can be decreased
up to several orders of magnitude simply by truncating the
sgRNA of SpCas9 to have fewer than 20 nucleotides of comple-
mentarity with its target DNA (Figure 2B) (Fu et al., 2014; Tsai
et al., 2015). Another strategy that improves the specificity of
Cas9 is to decrease its activity or lifetime in cells after it has
had sufficient opportunity to modify the target locus. This strat-
egy improves genome-editing specificity, as it reduces the
amount of time Cas9 can function after its on-target locus has
already been modified, and only off-target loci are available for
modification. For example, the direct delivery of Cas9:sgRNA
ribonucleotide protein complexes (RNPs) to cells, which results
in transient Cas9 activity, rather than plasmid transfection, which
results in long-lasting Cas9 and sgRNA expression, can increase
the ratio of on-target genome editing to off-target genome edit-

Figure 2. Strategies for Improving the DNA
Specificity of CRISPR-Based Agents
(A) WT Cas9 variants have been shown to possess
significant off-target activity.
(B–H) (B) DNA specificity can be improved using
truncated sgRNAs with wtCas9 (Fu et al., 2014),
(C) engineered HFCas9 or eCas9 variants that
reduce nonspecific electrostatic interactions be-
tween the protein and DNA (Slaymaker et al., 2016;
Kleinstiver et al., 2016a), or (D) the Cpf1 CRISPR
enzyme (Kim et al., 2016; Kleinstiver et al., 2016b).
Alternatively, (E) two Cas9 nickase enzymes (Ran
et al., 2013a; Mali et al., 2013a) or (F) dCas9-FokI
fusions can be used to require two RNA-pro-
grammed binding events to induce a DSB (Gui-
linger et al., 2014b), increasing specificity. DNA
specificity can also be increased by limiting the
cellular residence time of wtCas9 using (G) a small
molecule-activated split Cas9 (Zetsche et al.,
2015b) or (H) a small molecule-activated intein-
disrupted Cas9 (Davis et al., 2015).

ing by more than an order of magnitude in
mammalian cells (Lin et al., 2014b; Kim
et al., 2014; Ramakrishna et al., 2014; Zu-
ris et al., 2015; Liu et al., 2015b).

Researchers have also engineered variants of Cas9 that are
activated by light or exogenous small molecules. These variants,
including an intein-inactivated Cas9 system (Davis et al., 2015)
and a small-molecule-dimerized split Cas9 system (Zetsche
et al., 2015b), have been shown to substantially improve
genome-editing specificity in mammalian cells compared with
WT Cas9 by carefully controlling the temporal window within
which active Cas9 is generated so that less active Cas9 is present
aftermodification of the on-target loci is complete (Figures 2Gand
2H).Similar systems,suchas light-activatedCas9variants (Nihon-
gaki et al., 2015a;Hemphill et al., 2015; Jain et al., 2016), split Cas9
variants (Truong et al., 2015; Wright et al., 2015), small-molecule
induction of Cas9 (Dow et al., 2015), and an engineered allosteri-
cally regulated Cas9 (Oakes et al., 2016), could also be used to
reduce off-target genomeediting following these sameprinciples.
An additional strategy to reduce off-target genome editing

through Cas9 engineering is to require that two separate Cas9
binding events take place at the same locus in order to result
in DNA cleavage. Cas9 can be converted to a nickase enzyme
(Cas9n) by inactivating either of its two catalytic residues (Mali
et al., 2013a; Ran et al., 2013b). By designing two sgRNAs that
bring separate Cas9n molecules to nick opposite DNA strands,
double-stranded breaks only occur with simultaneous binding
events (Figure 2E). This strategy reduces the theoretical likeli-
hood of off-target events from 1/n to !1/n2; in practice, paired
nicking reduced off-target activity up to several orders of magni-
tude in mammalian cells while retaining on-target activity (Ran
et al., 2013a; Mali et al., 2013a). Inactivation of both catalytic
residues results in dCas9, which cannot cleave either DNA
strand but retains its ability to bind to a target DNA sequence.
Fusion of the nonspecific restriction endonuclease FokI, which
requires dimerization to become catalytically competent, to
dCas9 results in an engineered variant that requires dual guide
RNAs to coordinate FokI-dCas9 dimerization at a specific locus
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Delivery of Genome-Editing and Epigenome-Editing
Agents
Although their substrates are intracellular, the genome-editing
and epigenome-editing agents described above are all macro-
molecules and, therefore, do not spontaneously enter cells.
The delivery of genome-editing agents into cells has, therefore,
been the subject of intense research over the past several de-
cades and remains a significant barrier to some applications of
genome editing (Bartus et al., 1998; Gaj et al., 2013). For many
research applications, the transfection of plasmid DNA-express-
ing genome-editing proteins and guide RNAs is sufficient. In
other cases, including in vivo therapeutic applications, however,
DNA transfection is not possible, and alternative methods to
deliver genome-editing agents are needed.
A number of effective ex vivo methods have been used to

deliver proteins or their encoding genes into culturedmammalian
cells. These methods include electroporation or nucleofection,
lipid-based transfection, viruses, cationic peptides, and other
approaches (Luo and Saltzman, 2000; Maasho et al., 2004; Zei-
telhofer et al., 2007; Cockrell and Kafri, 2007; Yin et al., 2014a).
For some cell types, including many cancer cell lines and certain
blood cells, ex vivo delivery methods, when applied to genome-
editing proteins such as Cas9, can be very effective, resulting
in the exposure of the vast majority of treated cells to the
genome-editing agent (Heckl et al., 2014). For other cell types

Figure 5. Strategies for In Vivo Delivery of
CRISPR-Based Genome-Editing Agents
(A) Viral (red)-, lipid-nanoparticle (green)-, and
direct-nucleic-acid-injection (blue)-mediated de-
livery of CRISPR-based genome-editing agents
have all been successfully used to achieve in vivo
genome editing.
(B) These methods have been used to deliver
genome editing agents to a variety of mammalian
organs shown. The genes that were modified
within each organ are shown in a color corre-
sponding to the delivery method used, matching
the colors in (A).

of interest, including hematopoietic stem
cells and some primary cells (i.e., cells
taken directly from tissue, rather than
replicated in culture), even ex vivo deliv-
ery using a wide variety of methods has
proven challenging (Amsellem et al.,
2003; Lombardo et al., 2007).

Viral delivery of genome-editing agents
hasbeenexploredusing lentivirus, adeno-
virus, and adeno-associated virus (AAV)
(Gori et al., 2015) (Figure 5A). Lentiviruses
are able to infect non-dividing cells
and have been used in vivo to efficiently
transduce a variety of specific target
organs (Cockrell and Kafri, 2007). Further-
more, the packaging limit of lentivirus is
!8.5 kb (although inserts larger than
!3 kb are packaged less efficiently), suffi-
cient to package most Cas9 genes, guide
RNA expression constructs, and required

promoter and regulatory sequences (Kumar et al., 2001; al Ya-
coub et al., 2007). Lentiviruses have been successfully used to
deliver Cas9 and sgRNA genes intomice to characterize the con-
tributions of a panel of tumor-suppressor genes to the progres-
sion of lung cancer (Sánchez-Rivera et al., 2014).
Adenoviruses are also capable of infecting both replicating

and non-replicating cells but do not integrate their DNA into
the host cell genome and can elicit a strong immune response
in animals (Wang et al., 2004). Adenovirus-mediated delivery of
Cas9 has been used to achieve in vivo genome editing in mouse
lungs (Maddalo et al., 2014) and livers (Cheng et al., 2014; Ding
et al., 2014; Wang et al., 2015a).
Finally, AAV variants engineered for gene therapy can infect

both dividing and non-dividing cells, do not integrate its DNA
into the host genome, and do not elicit a significant immune
response in the host (Wang et al., 2004). A variety of serotypes
of AAV are known, offering delivery into different tissue types.
However, AAV has a packaging limit of !4.5 kb of foreign DNA
(Wu et al., 2010). Thus, packaging into AAV genes encoding
SpCas9 (4.2 kb), a sgRNA, a donor DNA template, and associ-
ated promoters and regulatory sequences is generally not
possible. The gene encoding SaCas9 (3.2 kb) is significantly
smaller than that encoding SpCas9 and can be packaged along
with an sgRNA and associated promoters into a single AAV vec-
tor (Ran et al., 2015). Alternatively, genes encoding SpCas9 and
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For some cell types, including many cancer cell lines and certain
blood cells, ex vivo delivery methods, when applied to genome-
editing proteins such as Cas9, can be very effective, resulting
in the exposure of the vast majority of treated cells to the
genome-editing agent (Heckl et al., 2014). For other cell types

Figure 5. Strategies for In Vivo Delivery of
CRISPR-Based Genome-Editing Agents
(A) Viral (red)-, lipid-nanoparticle (green)-, and
direct-nucleic-acid-injection (blue)-mediated de-
livery of CRISPR-based genome-editing agents
have all been successfully used to achieve in vivo
genome editing.
(B) These methods have been used to deliver
genome editing agents to a variety of mammalian
organs shown. The genes that were modified
within each organ are shown in a color corre-
sponding to the delivery method used, matching
the colors in (A).

of interest, including hematopoietic stem
cells and some primary cells (i.e., cells
taken directly from tissue, rather than
replicated in culture), even ex vivo deliv-
ery using a wide variety of methods has
proven challenging (Amsellem et al.,
2003; Lombardo et al., 2007).

Viral delivery of genome-editing agents
hasbeenexploredusing lentivirus, adeno-
virus, and adeno-associated virus (AAV)
(Gori et al., 2015) (Figure 5A). Lentiviruses
are able to infect non-dividing cells
and have been used in vivo to efficiently
transduce a variety of specific target
organs (Cockrell and Kafri, 2007). Further-
more, the packaging limit of lentivirus is
!8.5 kb (although inserts larger than
!3 kb are packaged less efficiently), suffi-
cient to package most Cas9 genes, guide
RNA expression constructs, and required

promoter and regulatory sequences (Kumar et al., 2001; al Ya-
coub et al., 2007). Lentiviruses have been successfully used to
deliver Cas9 and sgRNA genes intomice to characterize the con-
tributions of a panel of tumor-suppressor genes to the progres-
sion of lung cancer (Sánchez-Rivera et al., 2014).
Adenoviruses are also capable of infecting both replicating

and non-replicating cells but do not integrate their DNA into
the host cell genome and can elicit a strong immune response
in animals (Wang et al., 2004). Adenovirus-mediated delivery of
Cas9 has been used to achieve in vivo genome editing in mouse
lungs (Maddalo et al., 2014) and livers (Cheng et al., 2014; Ding
et al., 2014; Wang et al., 2015a).
Finally, AAV variants engineered for gene therapy can infect

both dividing and non-dividing cells, do not integrate its DNA
into the host genome, and do not elicit a significant immune
response in the host (Wang et al., 2004). A variety of serotypes
of AAV are known, offering delivery into different tissue types.
However, AAV has a packaging limit of !4.5 kb of foreign DNA
(Wu et al., 2010). Thus, packaging into AAV genes encoding
SpCas9 (4.2 kb), a sgRNA, a donor DNA template, and associ-
ated promoters and regulatory sequences is generally not
possible. The gene encoding SaCas9 (3.2 kb) is significantly
smaller than that encoding SpCas9 and can be packaged along
with an sgRNA and associated promoters into a single AAV vec-
tor (Ran et al., 2015). Alternatively, genes encoding SpCas9 and
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III – delivery
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and non-replicating cells but do not integrate their DNA into
the host cell genome and can elicit a strong immune response
in animals (Wang et al., 2004). Adenovirus-mediated delivery of
Cas9 has been used to achieve in vivo genome editing in mouse
lungs (Maddalo et al., 2014) and livers (Cheng et al., 2014; Ding
et al., 2014; Wang et al., 2015a).
Finally, AAV variants engineered for gene therapy can infect

both dividing and non-dividing cells, do not integrate its DNA
into the host genome, and do not elicit a significant immune
response in the host (Wang et al., 2004). A variety of serotypes
of AAV are known, offering delivery into different tissue types.
However, AAV has a packaging limit of !4.5 kb of foreign DNA
(Wu et al., 2010). Thus, packaging into AAV genes encoding
SpCas9 (4.2 kb), a sgRNA, a donor DNA template, and associ-
ated promoters and regulatory sequences is generally not
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CRISPR/Cas9 technologies beyond genome 
editing are based mainly on dead-Cas9

highlighted that Cas9 off-target binding sites are enriched at open
chromatin regions. The analysis of SpCas9 binding sites together
with chromatin accessibility data (DNase-Seq) across 125 differ-
ent human cell types demonstrated that integrating chromatin
state data enables better in silico prediction of Cas9 off-target
binding sites68. Notably, detailed analyses of off-target bindings
indicated that the system allows a number of mismatches at PAM
distal sites. However, only limited numbers of the off-target
binding sites were cleaved in vivo, indicating a less stringent
requirement for Cas9-DNA binding versus DNA cleavage66,67.
Since Cas9 binding does not necessitate DNA cleavage, alter-
native approaches have been taken to study genome-level DNA
cleavage specificity of Cas9 variants. Although whole genome
deep sequencing can potentially identify indels due to DSB,
associated sequencing, and analytical costs, researchers developed
BLESS69, GUIDE-Seq70 and Digenome-Seq71 approaches to
specifically enrich the sites that undergo DSB. Detailed com-
parative analyses of these different mapping approaches are
beyond the scope of this review, however it is important to note
that each approach has its own unique advantages and limita-
tions. Therefore, it remains a challenge to truly determine an
inspection process that maps all of the CRISPR-Cas9-mediated
DNA cleavage and binding sites, as these can be dependent on
sgRNA guiding sequences, the cell type, and sgRNA/Cas9 delivery
methods.

In parallel to these approaches to assess the off-target effects of
the system, several forward steps have been taken to increase the
targeting specificity of CRISPR-Cas9 systems by re-engineering
the existing spCas9 variants. In one study, researchers identified
specific point mutations that significantly increase the specificity
of SpCas972. Similarly structure-guided rational designs resulted
in Cas9 variants with enhanced targeting specificity73. In addition
to such re-engineering efforts on the Cas9 structure, researchers
are utilizing alternative targeting approaches to substantially
reduce the off-target binding and cleavage activity of Cas9. One of

the easiest ways to increase the targeting specificity is changing
the delivery method of the Cas9-sgRNA complex. In contrast to
plasmid-based delivery, direct delivery of Cas9-sgRNA as a
ribonucleotide protein (RNP) complex results in more transient
Cas9 activity and hence less off-target effects74,75. Additionally,
tandem targeting a locus with two separate sgRNAs utilizing
either the nickase Cas9 (nCas9)62,76 or catalytically inactive Cas9
(dCas9)77,78 fused to the DNA cleavage domain of the Fok I
substantially reduces the off-target activity of WT Cas9. Since
these approaches require two separate guide RNAs to be in a
certain proximal distance, the probability of off-target modifica-
tion is substantially reduced. In parallel to these approaches,
inducible Cas9 approaches using small molecule chemicals79,
optical light80,81, and ligand-dependent allosteric regulation82 to
control temporal and spatial activities of the Cas9/sgRNA com-
plex have also improved targeting specificity. In addition to such
engineering approaches at the Cas9 protein, efforts also focused
on modifying the sgRNA scaffold to increase the targeting spe-
cificity. Interestingly, both increasing65 and decreasing83 the
length of the sgRNA guiding sequence by a few base pairs have
been reported to enhance the targeting specificity. Furthermore,
incorporating ligand-responsive self-cleaving catalytic RNAs
(aptazymes) into guide RNA may allow temporal control over the
targeting activities of the CRISPR-Cas9 complex84.

Utilizing CRISPR-Cas9 beyond genome editing
So far, the review has focused on the basic mechanism of CRISPR
targeting and some of the recent approaches that have been uti-
lized to monitor or improve the targeting specificity of CRISPR-
Cas9. Due to its robustness and flexibility, CRISPR is becoming a
versatile tool with applications that are transforming not only
genome-editing studies, but also many other genome and chro-
matin manipulation efforts. As summarized in Fig. 3, these
alternative application areas are largely possible because of the
programmable targeting capacity of catalytically inactive dead
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Fig. 3 Major application areas of CRISPR-Cas-based technologies beyond genome editing. While WT Cas9 enables genome editing through its guidable
DNA cleavage activity, catalytically impaired Cas9 enzymes have been repurposed to achieve targeted gene regulation, epigenome editing, chromatin
imaging, and chromatin topology manipulations. Furthermore, the catalytically impaired nickase Cas9 enzyme has been used as a platform for base editing
without double strand breaks. In addition to DNA-targeting Cas proteins, novel RNA-targeting CRISPR/Cas systems have been described as well

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-04252-2 REVIEW ARTICLE

NATURE COMMUNICATIONS | �(2018)�9:1911� | DOI: 10.1038/s41467-018-04252-2 | www.nature.com/naturecommunications 5

(Adli M., Nature communications, 2018) 


