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A BRIEF HISTORY OF GENE EDITING
Site-specific gene modifications were first achieved in the yeast 
Saccharomyces cerevisiae in the late 1970’s. In these experiments,  
it was discovered that introduction of DNA sharing homology 
with an endogenous locus (into a cell’s nucleus) could induce 
recombination using the host DNA repair machinery resulting in 
transfer of information from an exogenous DNA sequence to the 
endogenous chromosomal target.1,2 This technique became known 
as “gene targeting”, and depending on the design of the targeting 
construct, a variety of precise manipulations could be attained. In 
S. cerevisiae, using selection methods for the transferred DNA this 
process results in close to 100% correctly targeted clones.2

When gene-targeting was subsequently attempted in mouse 
embryonic stem cells to create model organisms, a different pic-
ture emerged. Targeting efficiencies dropped several orders mag-
nitude, and only after extensive development of embryonic stem 
cell culture methods, plus several clever selection strategies to 
screen out random integrations, could precisely modified organ-
isms could be recovered.3 The drop in targeting efficiency relative 
to S. cerevisiae was attributed to the low basal rate of homologous 
recombination in mammalian cells, the DNA repair pathway 
responsible for recombining the exogenous sequences.4 While 
these technologies revolutionized mouse genetics, the low target-
ing efficiencies and requirement for selection prohibited the use of 
conventional homologous recombination-based gene targeting in 
human therapeutics.

In 1983, Jack Szostak and Rodney Rothstein proposed the 
model that DNA double-strand breaks could induce homologous 
recombination.5 Subsequently, several instances of nature invok-
ing this property were documented, such as yeast mating type 
switching using the HO endonuclease,6 and the super-Mendelian 

inheritance of the I-SceI homing endonuclease.7 The discovery of 
I-SceI homing endonuclease was particularly notable, as it was 
later determined to recognize and generate a double-strand break 
at an 18 bp DNA target sequence with little tolerance for mis-
matches across the target site.8 The length of the I-SceI target site 
implied it would rarely be found naturally (assuming a one in four 
chance of each DNA base occurring at each position of an 18 bp 
sequence suggests it will be found once in every 6.8E10 bp), and 
therefore was the first time a reagent was available that presum-
ably had a sufficient level of specificity to introduce a single DNA 
break into a human-scale genome (~3.2E9 bp).

In a seminal experiment by the Jasin lab in 1994, a site-specific 
double-strand break induced by expression of I-SceI was shown 
to promote gene targeting with an exogenously provided donor 
template in mammalian cells through homology-directed repair 
pathways (HDR).9 In these experiments, gene targeting rates 
increased two to three orders of magnitude using the I-SceI hom-
ing endonuclease. Furthermore, insertion and deletion (“indel”) 
mutations attributed to an alternative DNA repair pathway called 
nonhomologous end joining (NHEJ) were also observed at the 
I-SceI break-point. These results formed the tenants of the current 
gene-editing paradigm, namely that a targeted DNA break could 
engage a variety of cell-intrinsic DNA repair mechanisms, each of 
which can be harnessed to achieve precise, yet diverse edits into 
large mammalian genomes.

DEVELOPMENT OF THE FOUR MAJOR  
GENE-EDITING PLATFORMS
The demonstration that a site-specific double-strand break could 
be harnessed to achieve gene disruption and gene targeting in 
otherwise refractory cells inspired a concerted effort by several 
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Emerging gene-editing technologies are nearing a revolutionary phase in genetic medicine: precisely modify-
ing or repairing causal genetic defects. This may include any number of DNA sequence manipulations, such as 
knocking out a deleterious gene, introducing a particular mutation, or directly repairing a defective sequence 
by site-specific recombination. All of these edits can currently be achieved via programmable rare-cutting 
endonucleases to create targeted DNA breaks that can engage and exploit endogenous DNA repair pathways 
to impart site-specific genetic changes. Over the past decade, several distinct technologies for introducing 
site-specific DNA breaks have been developed, yet the different biological origins of these gene-editing tech-
nologies bring along inherent differences in parameters that impact clinical implementation. This review aims 
to provide an accessible overview of the various endonuclease-based gene-editing platforms, highlighting the 
strengths and weakness of each with respect to therapeutic applications.
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academic and industrial groups to develop programmable DNA 
recognition and cleavage technologies. Over the last 15 years, this 
effort has yielded several designer endonuclease platforms, includ-
ing meganucleases,4,10 Zinc Finger Nucleases,11,12 TALENs,13,14 and 
CRISPR15 (Figure 1a, listed in chronological order of their demon-
strated potential for gene editing). As each platform has a unique 
evolutionary origin and mechanism of DNA recognition, they are 
inherently endowed with distinct advantages and disadvantages 
for gene editing; such as relative ease of engineering toward a given 
DNA sequence, compatibility with delivery methods, target speci-
ficity, and editing efficiency to name a few (Figure 1b). Below is a 
brief synopsis of each system’s attributes, with a particular empha-
sis on practical considerations when selecting a platform for a 
given application.

Meganucleases and megaTALs
Meganucleases (also referred to as homing endonucleases) were 
the first class of enzymes known to be capable of recognizing and 
cleaving a sufficiently long DNA sequence to allow for potential 
genome level specificity in human cells.4 They are naturally occur-
ring selfish genetic elements present in a wide variety of microbes 
that propagate themselves by creating a double-strand break at a 
specific target site in a genome.16 The DNA break induces the host’s 
homologous recombination machinery to copy the meganuclease 
(MN) coding sequence over to the recipient allele. This process is 
known as known as “homing” as nearly all progeny from MN+ 
and MN- microbes become MN+ upon mating.16

There are several distinct families of meganucleases, but the 
LAGLIDADG enzymes (named for the consensus amino acid 
sequences at the interface between the two halves of the protein) 
are the most tractable for genome editing. These enzymes func-
tion as either homodimers or monomeric pseudodimers, the 
latter of which can recognize fully asymmetric 18–22 bp target 
sites.10 Meganucleases are unique among the gene-editing plat-
forms in that their DNA binding and cleavage activities are inte-
grated. The DNA target can be viewed as two distinct half-sites 
that are directly contacted through antiparallel β-sheets belong-
ing to each domain of the pseudodimer.10 In addition to direct 
readout of the DNA target, meganucleases also exhibit indirect 
specificity at the so-called “central 4” region of the target.17 In this 
region no direct contacts to the DNA bases are made, however 
there are strict sequence requirements to allow the correct DNA 
torsion that culminates in the hydrolysis of the DNA backbone.

While the integrated nature of meganuclease DNA recognition 
and cleavage makes them potentially highly specific, it also makes 
them complex to reprogram for the recognition of novel DNA tar-
gets. The β-sheets that make contact with the DNA on each half 
site of the target can be mutated to accommodate new specificities, 
but the enzymes are sufficiently compact that changing one contact 
at a given DNA base may have unanticipated impacts on specificity 
at neighboring bases,18,19 a phenomenon known as “context-depen-
dence”. Furthermore, in addition to identifying DNA binding 
domains with the desired new recognition sequence, one must do 
so while maintaining the endonuclease activity, which is highly 
dependent on the topology of the whole target site when bound 
by the enzyme.19 However, there is a vast catalog of meganucleases 
with differing cognate target sequences that have been identified 

bioinformatically and subsequently validated experimentally,20,21 
giving a variety of different starting points from which to engi-
neer. Importantly, several protein engineering strategies, includ-
ing yeast surface display and bacterial expression platforms, have 
been developed that address the specific challenges of reprogram-
ming meganucleases. They each rely on a readout of endonucle-
ase function (i.e., DNA binding and cleavage) as well as a modular 
selection approach based on overlapping modules of DNA targets, 
followed by reconstruction and optimization of the fully assem-
bled enzyme.22,23 Custom meganucleases are not currently available 
through a commercial source, and therefore require a significant 
undertaking to obtain a reprogrammed enzyme. MegaTALs are a 
hybrid gene-editing platform comprised of a TAL effector DNA 
binding domain fused to a meganuclease (see below).

Zinc finger nucleases
Zinc fingers are prototypical DNA binding domains found in 
many transcription factors in eukaryotic cells. Each finger is com-
prised of a ~30 amino acid ββα structure, which typically makes 
direct DNA contacts with 3 bps of DNA.24 Individual fingers can 
be tethered into an array with various linker domains to generate 
proteins that recognize increasingly long target sites.25 The modu-
lar nature of DNA recognition made them attractive for protein 
engineering, and several academic and industrial groups engi-
neered libraries of individual zinc fingers with the goal of string-
ing several fingers together to generate an array long enough to 
recognize a unique target site. While this approach was somewhat 
successful, context-dependence also plays an important role in 
zinc finger protein (ZFP) DNA recognition and it was determined 
that some zinc fingers did not retain their expected triplet speci-
ficity once linked into a new zinc finger array.26,27 This necessitated 
building more complex library sets and selections to uncover 
solutions for 2-finger modules of zinc fingers.28

Zinc fingers do not possess endonuclease activity in and of 
themselves, and therefore must be endowed with an endonuclease 
domain to be employed as a DNA break-inducing gene-editing 
reagent. This is typically accomplished by linking a Zinc Finger 
array to the catalytic domain of the Type IIS restriction enzyme 
FokI to create zinc finger nucleases (ZFNs).29 As FokI requires 
dimerization to create a double strand break,30 a pair of zinc fin-
ger arrays with each being C terminally linked to FokI (one tar-
geting the forward strand and one targeting the reverse strand) 
with a 5–7 bp spacer sequence between each zinc finger binding 
site is delivered in order to induce a DNA break with 4–5 bp, 5’ 
overhangs.11 While there are several sources of ZFN DNA bind-
ing solutions from academic labs, success using these reagents to 
generate new enzymes is variable. Validated ZFNs generated from 
industrial libraries can currently be procured via Sigma-Aldrich.

TAL effector nucleases
Transcription-activator-like (TAL) effectors are a class of naturally 
occurring transcription factors that were originally identified as 
virulence factors in the bacterial plant pathogen Xanthomonas. 
They are expressed by plasmids and secreted from the bacterium 
via a Type III secretion system where they can subsequently be 
taken up by plant cells.31 The TALs then traffic to the nucleus by 
way of a nuclear localization signal where they alter the expression 
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of host genes (hence the name “transcription activator-like” or 
TAL), some of which can lead to resistance and some of which 
cause virulence.31 DNA recognition by TAL effectors is mediated 
by a series of a 34 amino acid repeats that differ only at the 12th 
and 13th amino acids, known as the repeat variable di-residues 
(RVDs).32 A breakthrough occurred in 2009 when the DNA 
“binding code” for TAL effectors was determined to be governed 
by each RVD corresponding to a single DNA base (HD=C, NG 
or HG =T, NI=A, NN=G/A, NS=A/C/G, N*=C/T(*= a 33 amino 
acid repeat with a single N in the loop region)).32,33 This immedi-
ately suggested the potential for a highly modular DNA recogni-
tion domain, and it was quickly demonstrated that TAL effectors 
could be reprogrammed to new specificities simply by rearranging 
the RVDs.34–36 Each repeat forms a two-helix bundle that positions 
the RVD within a loop between the two coils.37,38 The first amino 
acid in the RVD typically makes a nonspecific DNA backbone 
contact, while the second makes a specific contact in the major 
groove of the DNA.37,38 Several groups have truncated the N and C 
termini of the parental TAL scaffold to generate backbone “archi-
tectures” with smaller sizes and more consistent performance.35,36 
TAL effectors, like zinc fingers, lack endonuclease activity and 
therefore are also typically used as a pair fused to the FokI cleav-
age domain to enable them to create DNA breaks. These reagents 
are referred to as TAL effector-like nucleases (TALENs).

The simple DNA-binding code of TALENs made them highly 
attractive gene-editing reagents, as it eliminated the need for 
de novo protein engineering for each new DNA target. However, 
the repetitive nature of the scaffold creates a technical challenge 
for the quick assembly of novel RVD configurations. Several 
methods for constructing TALENs have been developed with 
varying degrees of throughput,39–42 but the process can still be a 
bit onerous for labs without experience. TALENs can be procured 
commercially through Thermo-Fisher.

CRISPR/Cas9
The CRISPR/Cas9 system is a gene-editing platform derived from 
a recently elucidated adaptive immunity strategy employed by a 

diverse array of bacteria and archaea.43–45 While the DNA target 
recognition of the other nuclease platforms is governed by pro-
tein-DNA binding, CRISPR/Cas9 target recognition is primarily 
mediated via Watson-Crick base pairing. In nature, the CRISPR 
system works by a bacterium integrating foreign DNA sequences 
obtained from bacteriophages (known as “spacers”) into their 
genome in an expanding array known as a clustered regularly 
interspaced short palindromic repeats (CRISPR).46 The bacteria 
then express and process these spacers into short RNA molecules 
(crRNA), which together with an additional short RNA known as 
a tracrRNA form a complex with the CRISPR-associated endonu-
clease (Cas9) to target the enzyme to a 20 bp complementary DNA 
sequence.15 DNA breaks are induced at complementary target 
sites that contain the proper protospacer adjacent motif (PAMs) 
encoded by the base pairs immediately adjacent to the guide 
RNA (NGG for S. pyogenes Cas9), which are present only at the 
intended target site to prevent the host from self-cleavage.47,48 As 
Cas9 possesses inherent endonuclease activity, it does not require 
any additional domains to create a DNA break. The CRISPR/Cas9 
system from S. pyogenes was the first to be adapted for gene edit-
ing when it was demonstrated in 2013 that expressing two RNA 
guides as they occur in bacteria or as a single chimeric fusion 
(sgRNA) with the Cas9 protein resulted in targeted DNA breaks 
in human cells.49–52 The facile reprogramming of CRISPR/Cas9 
toward novel targets has resulted in a rapid adoption of this tech-
nology and enabled a variety of applications previously unachiev-
able with prior gene-editing platforms. CRISPR tools and reagents 
including purified protein, expression vectors, and modified guide 
RNAs are available from many academic and commercial sources.

DELIVERY OF GENE-EDITING TECHNOLOGIES
Once an endonuclease is designed to cut a given target sequence, 
it must be delivered to the therapeutically relevant cell. While 
there are few limitations on delivery to cultured cell lines, deliv-
ery to primary cells ex vivo (such as hematopoietic stem cells and 
T-cells) and in vivo delivery (such as to the liver) have many of 
the same limitations as other classical “gene therapy” approaches, 

Figure 1  Comparison of the four major gene-editing platforms. (a) Schematics of each endonuclease platform. Purple shaded regions represent 
areas mediating DNA binding; blue shaded areas represent areas mediating DNA catalysis. For megaTALs, the meganuclease (MN) domain represents 
a MN. (b) Table depicting relative comparison between each platform for various salient designer endonuclease parameters.
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namely constraints on the immunogenicity and packaging capac-
ity of the delivery modality. In addition, for many site-specific 
genome-editing applications it is desirable to have the endonucle-
ase and donor template delivered to the cell transiently, such that a 
break can be made, the engineering can occur, and the enzyme and 
donor templates can dissipate from the cell. Several strategies have 
now been developed to accomplish this “hit and run” approach 
both ex vivo and in vivo, including nonviral gene transfer meth-
ods such as lipid nanoparticles, electroporation of in vitro tran-
scribed mRNA, and protein transduction, as well as viral vector 
methods such as integrase-deficient lentivirus, adenovirus, bacu-
lovirus, and adeno-associated virus (AAV).53–56 HDR-based edit-
ing requires delivery of DNA donor templates which ultimately 
have to find their way to the nucleus. As plasmid DNA is typically 
toxic in primary cells in part through innate immune sensing,57 
Adenovirus, Baculovirus, AAV, integrase-deficient lentivirus, and 
short oligonucleotides have become preferred strategies to pro-
vide a transient source of donor DNA.55,58,59 Each of these delivery 
modalities provides certain advantages and disadvantages such 
as packaging capacity, gene transfer rate in a particular cell type, 
safety, copy number, and toxicity, and thus must be chosen based 
on the downstream application and nuclease platform.

As mentioned above, meganucleases have evolved to be 
extremely compact to minimize the burden on their host, and thus 
are encoded by small ~1 kb ORFs.10 MegaTALs typically have an 
8–12 repeat TAL array appended to the N terminus, making them 
~2.5 kb per monomer.60 The small size and monomeric structure 
of meganuclease-based platforms makes them attractive from a 
delivery standpoint, and affords them the ability to be packaged 
into a variety of gene transfer vectors, including into a single AAV 
(which has a packaging capacity of ~4.4 kb before adversely affect-
ing viral quality/titers61).

ZFNs have been successfully delivered using a variety of viral 
and non-viral methods, and been used in clinical trials since 2009 
(ref. 62). In initial clinical trials targeting CCR5 for HIV therapy, 
ZFNs were delivered to T cells via adenoviral vectors,62 however 
current clinical protocols (NCT02388594 and NCT02500849) 
are now using electroporation of mRNA. As ZFNs are heterodi-
mers, they require delivery of two distinct coding sequences or 
as bicistronic constructs. Depending on the number of fingers in 
the ZFN, they are approximately ~1 kb/monomer (~2 kb/pair), 
making it feasible to fit a bicistronic ZFN coding sequencing and 
promoter in a single AAV.

TALENs are the largest of the gene-editing platforms at 
~3 kb/monomer (~6 kb/pair) depending on the number of repeat 
domains used (typically 15–20). By their nature, they are highly 
repetitive sequences making delivery with commonly used retro-
viral vectors (gamma or lenti) difficult. However, this limitation 
can be overcome by codon diverging the RVDs.63 Due to complex-
ity and size constraints, thus far adenoviral or mRNA-based gene 
transfer methods have been most widely used.14 TALENS entered 
the clinic for the first time in late 2015 when they were used to 
engineer a “universal” allogenic chimeric antigen receptor T-cell 
product that was administered to a single patient.64

The CRISPR/Cas9 system requires the co-delivery of the Cas9 
nuclease and the guide RNA. While Cas9 from S. pyogenes is a 
relatively large protein (~4.2 kb coding sequence), it is adaptable 

to gene transfer using adenovirus, integrase-deficient lentivirus, 
mRNA or protein delivery.65 The ~100 bp sgRNA can be synthe-
sized (enzymatically or synthetically) and codelivered separately 
or expressed in the cell via Pol II or Pol III promoters.65 While the 
originally adapted CRISPR/Cas9 from S. pyogenes is too large to 
fit into a single AAV with a guide RNA and promoter, Cas9 ortho-
logs have been discovered which are smaller in size, such as the 
3.2 kb Cas9 from S. Aureus.66

SPECIFICITY OF GENE-EDITING TECHNOLOGIES
Specificity of genome-editing reagents are paramount in therapeu-
tics, as off-target mutations could lead to unintended side-effects. 
The inherent specificity of a given enzyme (independent of the 
target choice and its relative abundance of near-cognate matches 
in the genome) is dictated by both the DNA-binding specificity of 
enzyme and the catalytic mechanism employed to introduce the 
DNA break. While directly comparing specificity among the plat-
forms can be challenging as it is difficult to target different enzymes 
to the exact same DNA sequence with similar efficiencies/delivery 
methods, some inferences can be drawn based on each platform’s 
biochemistry and empirical performance independently.

Target DNA recognition is governed by base-specific contacts 
made at the interface of the enzyme and DNA. For MNs, ZFNs, 
and TALENs, these contacts are made by amino acid side chains 
(and some water mediated contacts for MNs67), whereas CRISPR 
DNA recognition is accomplished via RNA to DNA base pairing 
in the guide sequence as well as base-specific amino acid contacts 
in the PAM region.68,69 Meganucleases exhibit a high density of 
protein-DNA base contacts, as they can make upwards of ~52 
base-specific amino acid side chain contacts over a 22 bp target.67 
This compares to ~32 base-specific contacts made by a dimerized 
2 × 4 finger ZFN at a 24 bp target,25 and ~30 base-specific contacts 
made by a dimerized 2 × 15 RVD containing TALEN at a 30 bp  
target.37,38 MN and TALEN binding can be effected by 5-methyl 
cytosine (5mC), making CpG motifs an important consider-
ation when choosing a target with these platforms. However, 
both platforms can be engineered to accommodate the 5mC.70,71  
S. pyogenes Cas9 makes four base-specific amino-acid contacts at 
the 3 bp PAM region while the remainder of the target specificity 
is provided via 20 Watson-crick base pairs, an inherently differ-
ent mechanism of DNA recognition than that mediated by amino 
acid side chains.

Meganucleases are unique among gene-editing platforms in 
that the DNA catalysis active site is directly integrated into the DNA 
binding interface.67 As such, MNs do not need to be appended to a 
separate DNA cleavage domain to be used for targeted DNA-break 
based genome editing, unlike ZFN and TALEN platforms. MNs 
have extremely precise requirements for the correct DNA binding-
induced topology at the active site in order to introduce a break (a 
mechanism of indirect DNA specificity), and therefore it is virtu-
ally impossible for it to cleave DNA without first binding a target 
site.67 The megaTAL variant of the MN take advantage of these 
monomeric properties by adding on a TAL array to further drive 
affinity at specific targets, while using the catalytic discrimination 
of the MN to act as a failsafe at off-target sites.60

ZFNs and TALENs primarily rely on the nonspecific FokI 
endonuclease domain to create DNA breaks.55 While both ZFNs 
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and TALENs are designed such that two distinct DNA binding 
domains in the correct orientation must be present in order for 
the FokI enzyme to dimerize and become active, homo-dimers 
can also form which may enable cleavage at off-target sites. This 
possibility has been minimized by the development of engineered 
variants of FokI which have had the dimer interface mutated 
to create exclusive pairs. These “obligate heterodimer” variants 
exhibit increased activity and specificity as a result of reduced 
homo-dimer formation.72–75

Cas9 is a multi-domain, “bi-lobed” enzyme which contains a 
target recognition lobe and an endonuclease lobe comprised of the 
HNH and RuvC domains which cleave the complementary and 
noncomplementary DNA sequences respectively.69 The specificity 
of Cas9 is implemented primarily at two levels, the PAM and guide 
RNA. First, the PAM DNA duplex is contacted via amino acids 
in the Cas9 PAM interacting domain, including base-specific con-
tacts that readout the PAM sequence.68 This recognition induces 
local unwinding of the target duplex and allows for R loop for-
mation with the “seed” sequence at the PAM proximal part of the 
guide RNA (provided the guide seed and target are complemen-
tary).68 The R loop is then further extended toward the 5’ PAM 
distal end of the 20 bp guide. While guide RNA mismatches at the 
5’ end still allow for Cas9 DNA binding, it has been demonstrated 
that more stringent complementarity is required to induce the allo-
steric conformational change in the endonuclease lobe required for 
cleavage,76 suggesting some level of catalytic specificity in addition 
to DNA binding. There were several early reports that the off-
target rate of the CRISPR/Cas9 system could be significant,77–80 
raising concerns about the clinical application of this technology. 
Subsequent improvements of the CRISPR/Cas9 system, including 
truncated guides,81 better target-site optimization algorithms,82 
dimeric FokI-based versions,83,84 and protein engineering85 sug-
gest that specificity can be improved. Furthermore, recent whole-
genome sequencing of individual edited clones86,87 and genetically 
engineered mouse models88 suggest that CRISPR can be quite spe-
cific when using the right guide RNAs and delivery conditions.

An additional strategy to improve the specificity of endonu-
clease platforms has been the use of single-strand DNA breaks as 
opposed to double-strand breaks. Single-strand breaks, or “nicks”, 
are typically seamlessly religated, but can also be repaired through 
HDR-like pathways. Each of the platforms are able to accom-
modate specific mutations within their catalytic sites to render 
them “nickases” as opposed the “cleavases”. Nickases have been 
shown to be favorably repaired by the HDR pathway as opposed 
to NHEJ-based pathways89–91 (through mechanisms which are still 
being defined92), and therefore may be particularly useful for gene 
repair approaches and limiting genotoxicity at off-target sites. 
“Paired nickases” (two nickases that have target sites in close prox-
imity) are now being explored as an approach to reduce off-target 
mutagenesis by effectively only introducing a double strand break 
where two nicks are made next to each other at the same time.81,93

While inherent attributes of the platforms such as number 
of amino acid contacts and catalytic mechanisms may provide 
some a priori hypothesis about relative specificity among them, it 
is most important to understand the actual specificity of a given 
reagent entering the clinic. Traditionally, endonuclease speci-
ficity had been inferred via in vitro profiling and subsequently 

rational/in silico predictions based on the empirical data were 
used to identify putative off-target sites.94 These potential off-tar-
gets could then be evaluated individually to determine whether or 
not they were bona fide (within the limit of detection of available 
assays). Of course, this approach is flawed as it relies on assump-
tions made about the enzyme in vitro and our ability to use that 
information to infer where the enzyme might cut. To address this 
short-coming, several new tools have been developed to perform 
“unbiased” off-target identification and detect larger genomic 
rearrangements such as translocations.95–99 These types of analy-
ses may become particularly important as the field moves towards 
multiplexing where multiple breaks are made simultaneously.

An important consideration for the field moving forward is 
what to do with this information. While uncovering an off-target 
in a known tumor-suppressor gene would be grounds for refining 
the enzyme or choosing a new one, the function of many genes 
in a given cell type will be unknown, and evaluating cumulative 
effect in combination would be particularly complex. While work 
is ongoing to establish functional assays for off-target effects, 
determining the detection limit and proper controls for these 
assays will be essential.94 Therefore, although the genome-wide 
specificity of a reagent is important to understand relative risk, 
the preclinical safety of the edited cell product may also need to 
be assessed by more classical in vitro and in vivo safety/toxicol-
ogy assays and ultimately in clinical trials. Acceptable off-target 
rates/profiles will be influenced by the target cell and disease that 
is being treated by gene editing. For example, the acceptable off-
target risk for editing in terminally differentiated cells (such as a 
mature T cell) for an adult with metastatic refractory cancer will 
be different than for editing a stem cell in a patient with a non–
life-threating genetic disease. In this sense, preclinical off-target 
rates of a few percent (at a limited set of defined sites)100 was con-
sidered acceptable to the FDA in combination with more tradi-
tional toxicology studies for a phase 1 clinical trial using ZFNs to 
target the CCR5 locus in autologous lymphocytes for HIV disease.

EFFICIENCY OF GENE EDITING
A number of factors contribute to the absolute efficiency of a 
given gene-editing procedure, but most paramount is the qual-
ity of the nuclease. Below we discuss considerations and observa-
tions for the overall editing rate, the number of edits that can be 
made simultaneously, and how editing outcome can potentially 
be influenced by the unique biochemistry of the different plat-
forms. In addition to the quality and attributes of the nuclease, 
efficiency of editing can depend on several platform independent 
variables including the cell type,4 cell cycle,101 epigenetics at the 
target site,70,102 and delivery kinetics.

Owing to reasons not yet fully understood, the overall editing 
rate each of the different platforms is capable of achieving is still 
dependent on empirically testing a number of different enzymes 
for a given target. Within a platform, there is a wide variation in 
editing efficiency nuclease to nuclease, and therefore one platform 
may be able to achieve a higher editing rate at one target, while 
another may be better for a different target. As a result of these 
idiosyncrasies, the individual researcher is best advised to build 
several enzymes/guides within their chosen platform and test in 
parallel to uncover an active nuclease.
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MegaTALs, ZFNs, TALENs, and CRISPR/Cas9 have each 
been able to achieve efficient gene editing with optimal reagents 
in cell culture lines where high-level delivery and toxicity are not 
a concern. In primary human T cells, editing rates have been 
reported >70% for megaTALs,60 ZFNs,103 and TALENs104 when 
electroporating mRNA. While coelectroporation of mRNA for 
both Cas9 and guide RNAs has not produced significant editing 
in T cells,105 direct delivery of precomplexed Cas9 ribonucleopro-
teins (RNPs)106–108 has shown ~30% editing in combination with 
HDR-driven oligo knockins,109 and recent efforts utilizing chemi-
cal modifications to protect the guide RNA ends have resulted 
in very high editing rates (~80%) at some primary T-cell loci.110 
Additional approaches to improve the level and persistence of 
guide RNAs in hematopoietic cells, such as expression via AAV, 
is ongoing. Both NHEJ- and HDR-based gene editing has been 
demonstrated in human hematopoietic stem cells with ZFNs111–113 
and gene knockout has recently been demonstrated in CRISPR/
Cas9.105 However, editing rates pre- and postengraftment into 
immunocompromised mice have been variable, suggesting that 
further optimization in human long-term hematopoietic stem 
cells may be required.

While ex vivo editing in hematopoietic cells is currently in 
the clinic, several groups have recently reported the feasibility of 
in vivo editing for ZFNs and CRISPR in mice.114–117 Currently, the 
most tractable in vivo clinical approaches would be delivery of 
nucleases and/or donor templates to the liver using either AAV 
or mRNA-shuttling lipid nanoparticles. This paradigm may pro-
vide a means to treat liver-based diseases or enable a platform for 
stable production of protein replacement therapies, the latter of 
which is currently advancing to the clinic.118

For certain gene therapy applications, it may be desirable 
to target several genes for modification. MegaTALs and similar 
hybrid enzymes119 are the only monomeric gene-editing system, 
which readily lends itself to multiplex delivery of potentially sev-
eral nucleases in a single gene transfer procedure. One drawback 
to using FokI-based dimerization for the catalytic activity of ZFNs 
and TALENs is the requirement for two proteins per target site. 
This could limit the ability to multiplex several edits simultane-
ously, as expressing multiple monomers in parallel can result in 
mis-pairing between them and thus potential new off-target sites. 
One strategy to address this is the use of different pairs of obligate 
heterodimer FokI domains.72–75 Using these engineered variants, 
two pairs of ZFNs or TALENs can be expressed at the same time 
without mis-pairing. As CRISPR/Cas9 possesses inherent endo-
nuclease activity and facile reprogramming via RNA guides, it is 
well suited for multiplexing by simply providing additional guides. 
Additionally, Cas9 orthologs and engineered variants are cur-
rently being developed to accommodate different PAM sequences 
to enable distinct engineering operations at different loci.120,121

Several groups have also attempted to increase the efficiency 
of gene editing via additional factors that perturb and bias DNA 
repair pathways. For example, It has also been demonstrated that 
a significant number of DNA breaks made by 3’ overhang mega-
nucleases can be precisely repaired by the nonhomologous end-
joining pathway.122,123 These breaks can be forced to a mutagenic 
resolution by coexpressing the 3’ exonuclease Trex2, resulting in 
very high gene disruption rates.122–124 While this exonuclease and 

other DNA repair proteins have been shown to increase the gene 
disruption rates of other gene-editing platforms,123,125,126 it tends to 
be to a lesser extent. Additional efforts to influence break-process-
ing for gene editing are underway and include siRNAs, small mol-
ecule inhibitors, and expressing viral proteins to skew the DNA 
repair environment towards the desired editing outcome.127–130

Lastly, one potential important distinction between gene-
editing platforms with respect to efficiency is the biology at the 
break point. For example, the polarity of DNA overhangs (mega-
TALs leave a 3’ overhang break,17 ZFNs and TALENs leave 5’ 
overhangs14 and S. pyogenes CRISPR/Cas9 leaves blunt ends15) 
could lead to recruitment of different DNA repair proteins and 
thus editing outcome.131 The biological impact of different break 
overhangs on gene editing has yet to be fully elucidated, though 
some observations on repair pathway choice and translocation 
formation have been documented.102,126,132 Likewise, Cas9 has 
been shown to exhibit an extremely long half-life at its target sites 
in vitro,133 which presents the possibility that the endonuclease 
itself could alter the detection or processing of the break-site by 
the host DNA-repair machinery.127 The continued mining of puta-
tive natural RNA-guided endonucleases will likely yield unique 
architectures with distinct biophysical and biochemical properties 
(for example the recently discovered Cpf1 CRISPR family which 
generates breaks with 4 or 5 bp 5’ overhangs134), that may begin to 
shed more light on the impact of break biology on gene-editing 
outcomes.

CONCLUSIONS
Much progress has been made in our ability to precisely modify 
genomes, and these efforts are already being explored clinically. 
Access to reagents to induce targeted DNA edits has been greatly 
expanded and they are rapidly becoming common laboratory 
methods. From the standpoint of the researcher, the CRISPR/
Cas9 and TALEN systems have proven to be accessible and robust 
enough for routine use. In the clinical setting where gene-editing 
efficiency and specificity will be most important, ZFNs are lead-
ing the way with TALENs near to initial clinical applications and 
meganuclease and CRISPR/Cas 9 systems close behind. It is likely 
that all four systems will see specific clinical applications and in 
the long-term, it is possible that multiple commercial products 
will be developed to treat patients with a variety of genetic and 
acquired diseases. The initial paradigm that gene therapy would 
one day advance to repair and replace defects using gene surgery 
may be an attainable goal.
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