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1  Introduction

The ability to introduce targeted, tailored changes into a
mammalian genome is highly desirable in basic and ap-
plied biological research. For therapeutic purposes, a
wide variety of monogenic diseases caused by the inher-
itance of a single defective gene are amenable to treat-

ment with gene therapy [1]. Virus-based strategies have
been developed to efficiently integrate an exogenous
gene into a mammalian genome [2]. However, the inte-
gration process is often random, which may disrupt cer-
tain endogenous genes and cause unpredictable pheno-
types. For example, in the case of human gene therapy, in-
sertional mutagenesis caused by random integration of
viral vectors is a major safety concern, and limits the wide
adoption of this technology [3, 4]. Chimeric zinc finger
(ZF) recombinases [5] and ZF transposases [6] have been
developed to integrate foreign DNA into the genome in a
more specific manner, but they are still in the preliminary
stage and have met limited success. A more established
strategy for targeted genome engineering relies on the in-
troduction of a site-specific double-strand break (DSB) in
a pre-determined locus by an engineered DNA endonu-
clease. Subsequent repair of this DSB by non-homologous
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end joining (NHEJ) or homologous recombination (HR)
generates the desired genetic modifications [7]. The
NHEJ mechanism can disrupt a gene by introducing
frame-shift mutations, while the HR mechanism results in
gene deletion, gene insertion or gene correction (Fig. 1).

For an engineered DNA endonuclease to be widely
used in targeted genome engineering, two criteria must
be met: (i) it must recognize a long DNA sequence with
high specificity to avoid cytotoxic off-target DNA cleav-
age; and (ii) it must be readily designed to recognize and
cleave a defined sequence in the genome. Three major
classes of DNA endonucleases have been developed as
genome engineering tools, including engineered homing
endonucleases (also called meganucleases), ZF nucleases
(ZFNs), and transcription activator-like (TAL) effector nu-
cleases (TALENs). Great effort has been devoted to im-
proving the architecture and efficiency of these DNA en-
donucleases and exploring their applications in a wide va-
riety of organisms. Here we review the recent develop-
ments of these tools for targeted genome engineering in
mammalian systems and highlight their advantages and

disadvantages (Table 1). In addition, we describe the re-
cent advances in developing strategies for efficient trans-
fer of these engineered endonucleases to target mam-
malian cells for practical applications.

2  Engineered homing endonucleases

Homing endonucleases (HEs), also known as meganucle-
ases, represent a family of naturally occurring rare-cutting
endonucleases, which can be found in all kingdoms of life.
HEs specifically recognize and cleave long DNA se-
quences (14–40  bp), and represent a promising tool for
promoting chromosomal DSBs for targeted genome engi-
neering (reviewed in [1, 8]). Among all the identified HE
families, members of the eukaryal and archael LAGLI-
DADG family exhibit the highest overall DNA recognition
specificity. LAGLIDADG homing endonucleases (LHEs)
use antiparallel β-sheets as a DNA recognition module by
forming a saddle on the DNA helix major groove, and the
DNA cleavage is catalyzed by the divalent metal cations

Figure 1. Endonuclease-mediated
genome engineering. (A) The DNA DSB
generated by a site-specific endonucle-
ase is repaired by either NHEJ or HR,
 resulting in gene disruption, gene dele-
tion, gene insertion or gene correction.
(B) The concurrent DSBs generated by
two endonucleases on different chromo-
somal loci are ligated by the NHEJ mech-
anism, resulting in chromosomal dele-
tion, inversion or duplication.
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in the active site (Fig. 2A) [9]. Some HE proteins such as
I-CreI and I-MsoI form homodimers and cleave palin-
dromic or pseudo-palindromic target sites, while other
members such as I-SceI and I-AniI are monomeric, cleav-
ing non-palindromic DNA sequences.

Several hundred HEs have been identified. However,
the repertoire of DNA recognition sequences is very
 limited compared to the size of the human genome
(>20 000 genes), making it nearly impossible to find a nat-
ural HE recognition site in a pre-determined genomic re-
gion. Therefore, HEs must be engineered to recognize
and cleave target DNA sequences. This is a very chal-
lenging task due to the complex, highly cooperative net-
work of protein-DNA contacts and the tight coupling of
cognate site binding to subsequent catalysis of DNA
bond cleavage (Table  1). Directed evolution strategies
have been developed to modify the sequence specificity
of known HEs [10, 11]. For example, Doyon and coworkers
[12] and Chen and coworkers [13] successfully isolated 
I-SceI variants capable of cleaving novel DNA sequences
with the help of a bacteria-based in vivo selection system.
Instead of creating or screening large protein libraries, the
Baker group used computational protein design to repro-
gram HEs, and successfully altered the specificity of 
I-MsoI and I-AniI [14–16]. To engineer homodimeric HEs
such as I-CreI to recognize novel non-palindromic targets,
each monomer has to be engineered separately to target
its palindromic site as the first step. Next, the two differ-
ent I-CreI monomers can be co-expressed and het-
erodimerized upon binding the chimeric DNA sequence,
resulting in cleavage [17]. Using this strategy, however,
cleavage-competent I-CreI homodimers may also form
and cleave their respective palindromic sequences,
which can limit the safety or efficacy via off-target cleav-
ages. With the help of computational protein design,

 Fajardo-Sanchez and coworkers [18] re-designed the in-
teraction surface of I-CreI to obtain an obligate het-
erodimer, which prefers a single chimeric DNA sequence
and prevents the formation of I-CreI homodimers. For a
similar reason, single-chain I-CreI was created by insert-
ing a polypeptide linker between two copies of the I-CreI
genes [19–21]. Based on the single-chain architecture,
Ulge and coworkers [22] used computational design to
generate thousands of monomeric I-CreI variants with al-
tered specificities at 16 different base-pair positions in
the 22-bp target site. The single-chain design not only de-
creased the rate of off-target cleavage and cytotoxicity,
but also simplified the engineering process.

Among all HEs, I-CreI was the first to have its DNA
recognition specificity successfully modified to target a
defined sequence within the human genome. Alteration
of local substrate specificity of DNA-binding subdomains
may not perturb the overall protein structure and function,
giving I-CreI a certain degree of modularity. By combining
rational design and high-throughput screening, I-CreI
variants were engineered to target the human RAG1 gene
associated with severe combined immunodeficiency [23,
24] and the human XPC gene associated with xeroderma
pigmentosum [25, 26]. Similarly, several I-CreI variants
were generated to cleave herpes simplex virus type 1
(HSV1) genome sequences [27]. Moreover, single-chain 
I-CreI was used to induce high levels of gene targeting at
the endogenous human RAG1 gene locus [24, 28]. In ad-
dition, Takeuchi and coworkers [29] used I-OnuI as a tem-
plate and created a variant to cleave a sequence within
the monoamine oxidase B (MAO-B) gene in human cells.
Since this gene is a potential therapeutic target for a va-
riety of neurodegenerative disorders, targeted disruption
or modifications of the MAO-B gene might have great val-
ue for future clinical research.

Table 1. Comparison of three tailored site-specific endonucleases

Homing endonuclease ZFN TALEN

Typical length of 14–40 bp 18–24 bp with 5–7-bp spacer 30–50 bp with 10–30-bp spacer
recognition site

Typical protein size <40 kDa <30 kDaa) >100 kDaa)

Modularity Low Medium High

Advantages 1. Non-specific FokI DNA cleavage 1. Relatively easy to tailor the 1. Easy to tailor the substrate 
domain is not required substrate specificity specificity

2. High DNA cleavage efficiency 2. Well characterized in terms of 2. The length of the recognition 
specificity, affinity and toxicity site can be freely adjusted

Disadvantages 1. Difficult to tailor the substrate 1. Sequence bias; prefer G rich 1. No code for recognizing 
specificity sequence guanine specifically

2. Specificity and toxicity have not 2. Some ZFNs exhibit off-target 2. Specificity and toxicity have not 
been determined systematically cleavage and cytotoxicity been determined systematically

3. Large protein size may cause 
difficulty in delivery

a) The protein size of each monomer.
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3  Zinc finger nucleases

ZFNs are artificial DNA nucleases constructed by fusing
several ZF domains to the sequence-independent cleav-
age domain of the type IIS restriction endonuclease FokI
[30]. ZF domains serve as DNA recognition modules, and
modifying the ZF domains can target the ZFNs to novel
DNA sequences. A typical ZF domain contains an α-he-
lix recognizing a specific DNA triplet. Therefore, a typical
ZFN monomer containing three or four ZF domains rec-
ognizes a 9- or 12-bp DNA target site. Since the nonspe-
cific DNA cleavage domain of FokI functions as a dimer
and has the highest cleavage efficiency in the inverse ori-
entation [31], the typical custom-designed ZFN functions
as a heterodimer recognizing an 18–24-bp DNA sequence
with a 4–6-bp spacer between each half site (Fig.  2B).
Compared with the engineered homing endonucleases,
custom-designed ZFNs are easier to construct due to
their moderate degree of modularity (Table  1). Multiple
platforms such as the CompoZrTM service, modular as-
sembly, Oligomerized Pool Engineering (OPEN), and Con-

text Dependent Assembly (CoDA) have been used to gen-
erate site-specific ZFNs (reviewed in [32–34]). Because
several ZF domains can tolerate mismatched DNA bases,
off-target ZFN cleavage has been reported [35, 36]. The
recognition of secondary degenerate sites of ZFNs will
generate undesired genomic DSBs and result in unex-
pected side effects. Therefore, the sequence fidelity of
ZFNs has to be improved for future ZFN design because
it is critical to their safe and successful application in tar-
geted genome engineering (Table 1). Recent advances in
ZFN technology involve a large number of applications
such as gene disruption, gene insertion, gene correction,
and chromosomal rearrangement (Fig. 1), as highlighted
below.

3.1  Gene disruption

The errors introduced during NHEJ-mediated chromoso-
mal DSB repair can be used to achieve gene disruption
(Fig.  1A). This approach has been applied in various
mammalian cells to efficiently knock out targeted genes

Figure 2. Schematic and structures of engineered site-specific endonucleases. The coloring of protein in each structure matches the respective schematic.
Two perpendicular views are presented, with the DNA duplex shown in grey. (A) Homing endonuclease I-CreI (blue) binds to the target site as a dimer. An-
tiparallel β-sheets are used for DNA recognition and DNA cleavage is catalyzed by the magnesium ions (purple spheres) within the central catalytic core
(adapted with permission from Nature Publishing Group [26], PDB no. 2VBL). (B) ZFNs function as heterodimers and bind to DNA targets by ZF domains
(orange). DNA cleavage is executed by the dimerization of FokI DNA cleavage domain (green). ZFs coordinate zinc ions (cyan spheres) with a combina-
tion of cysteine and histidine residues. The α-helix of each ZF interacts with three nucleotides in the DNA major groove (adapted with permission from Na-
ture Publishing Group [104], PDB no. 1MEY). (C) TALENs use central tandem repeats (pink) for DNA sequence recognition and the FokI DNA cleavage do-
main (green) for DNA cleavage. The TAL tandem repeats form a right-handed super-helical structure, binding to the major groove of DNA (adapted with
permission from AAAS [66], PDB no. 3V6T).
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in a single step (reviewed recently in [34]). There are on-
going clinical trials for the treatment of human immunod-
eficiency virus (HIV) infection, which is based on ZFN-
mediated CCR5 gene disruption [37, 38]. Recently,
Cradick and coworkers [39] described a novel therapeutic
strategy for treatment of hepatitis B using ZFNs to target
the hepatitis B virus genome. Besides human cells, ZFNs
were successfully applied to other mammals such as rat
[40, 41], rabbit [42] and pig [43]. Moreover, in addition to
NHEJ-mediated gene disruptions, Zou and coworkers
[44] inactivated the endogenous PIG-A locus associated
with paroxysmal nocturnal hemoglobinuria in human em-
bryonic stem cells (ESCs) and induced pluripotent stem
cells (iPSCs) by DSB-induced HR. Successful HR-mediat-
ed targeting resulted in the insertion of an antibiotic se-
lection cassette into the PIG-A gene exon, thereby inacti-
vating the PIG-A gene.

3.2  Gene insertion

Precise gene insertion can be achieved by ZFN-induced
DNA repair (Fig. 1A). Hockemeyer and coworkers [45] re-
ported the highly efficient targeting of three genes in hu-
man iPSCs via ZFN-based HR-mediated genome inser-
tion. Specifically, they successfully integrated the en-
hanced green fluorescent protein (eGFP) reporter gene
into the OCT4, AAVS1 and PITX3 loci. Note that the
AAVS1 locus within the PPP1R12C gene on chromosome
19 is considered as a ‘safe harbor’ for addition of a trans-
gene into the human genome [46]. DeKelver and cowork-
ers [47] described the use of ZFNs to insert various ex-
pression cassettes into the AAVS1 locus for isogenic
transgenesis application. ZFN-mediated gene insertion
turned out to be efficient (at a frequency of up to 15%) in
both transformed cell lines (K562, HeLa, HEK293, U2OS,
and others) and primary human cells (fibroblasts and
ESCs). It was demonstrated that ZFN-driven gene addi-
tion into the AAVS1 locus did not introduce any adverse
effect on the cell resulting from its disruption. Moreover,
both promoterless (driven by the native PPP1R12C gene
promoter) and promoter-containing inserts placed into
the AAVS1 locus exhibited consistent gene expression
levels over 50 cell generations. Later, Zou and coworkers
[48] integrated a single-copy gp91(phox) gene into the
AAVS1 locus for treatment of the X-linked chronic granu-
lomatous disease (X-CGD). X-CGD patients have a defect
in neutrophil microbicidal reactive oxygen species (ROS)
generation because of a gp91(phox) deficiency. With the
help of a ZFN-induced DSB, a therapeutic gp91(phox)
minigene was inserted into one allele of the AAVS1 locus
in the X-CGD iPSCs without off-target insertions, which
offset the gp91(phox) gene deficiency and substantially
restored neutrophil ROS production.

3.3  Gene correction

Gene correction is mediated by DSB-induced HR, which
can be exploited for gene replacement, especially for the
treatment of monogenic diseases. Compared with gene
insertion, in situ gene correction is more challenging be-
cause the designed ZFN cleavage site must be close to or
directly at the site of the mutation (Fig. 1A). Through site-
specific chromosomal DSBs induced by ZFNs, Sebastiano
and coworkers [49] demonstrated efficient HR-mediated
correction of the sickle cell anemia mutation in patient-
derived human iPSCs. Two pairs of ZFNs were construct-
ed using the publicly available OPEN method [50] to tar-
get the disease-causing β-globin gene. First, they used
these ZFNs to simultaneously correct the E6V mutation
and insert a drug-resistance cassette into a neighboring
intron 58 or 82 bp downstream of the ZFN cleavage sites.
Isolation of drug-resistant clones and PCR screening fol-
lowed by DNA sequencing enabled them to identify sev-
eral iPSC clones containing the successfully corrected al-
lele. Next they used the Cre recombinase to excise the se-
lection gene cassette flanked by the loxP sites, leaving a
residual 34-bp loxP site “scar” in the intron of the correct-
ed β-globin gene. Around the same time, Zou and
coworkers [51] achieved site-specific gene correction of
the β-globin gene in patient-derived human iPSCs. The
ZFNs they used were custom designed by CompoZrTM

from Sigma-Aldrich (St. Louis, MO, USA). A similar two-
step strategy was used to correct the sickle cell disease
causing mutation: (i) Correction of the E6V mutation by
ZFN-induced HR and integration of a loxP-flanked drug-
resistance cassette into a neighboring intron; and (ii) Cre
recombinase-mediated excision of the drug-resistance
cassette. To evaluate the gene expression of the correct-
ed β-globin gene, they differentiated the corrected iPSCs
into erythroid cells and surprisingly discovered that the
expression level of the corrected β-globin gene was par-
tially repressed. Since Cre-recombinase-mediated gene
excision in step (ii) left a residual loxP sequence in the in-
tron, it is possible that the remaining loxP “scar” inter-
fered with the transcriptional regulatory elements, and
thus altered the gene expression from the targeted allele.
In addition to the unpredicted effect from the residual loxP
site, such a strategy may not be applicable to all genes,
especially when the location of the desired editing events
is away from the intron region.

Instead of using the Cre/loxP recombination system
that leaves small ectopic sequences in the targeted
genome, Yusa and coworkers [52] combined ZFN with the
piggyBac technology and achieved a “scarless” gene cor-
rection in patient-derived iPSCs (Fig.  3). piggyBac is a
moth-derived DNA transposon, which enables the re-
moval of transgenes flanked by its inverted repeats with-
out leaving any residual sequences [53]. To correct the
single mutation (E342K) in the A1AT gene causing α1-an-
titrypsin deficiency, ZFN pairs were designed to specifi-
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cally cleave the mutation site. Through ZFN-induced HR,
they corrected the A1AT gene mutation and simultane-
ously inserted a PGK-puroΔtk cassette flanked by piggy-
Bac repeats into the TTAA site. Targeted clones were iso-
lated by puromycin selection. Next, the selection cassette
was excised from the iPSC genome by transient expres-
sion of the piggyBac transposase and subsequent count-
er-selection, leaving no residual ectopic sequences in the
targeted allele. Not only did their approach achieve seam-
less gene correction of diseased human iPSCs, but also
enabled biallelic correction with high efficiency. Without
using a selectable marker, Soldner and coworkers [54] em-
ployed a selection-free targeting strategy. Briefly, given
the high gene editing activity of the ZFNs, they con-
structed a donor vector lacking a selection cassette, com-
prising only a homology arm flanking the ZFN cleavage
site carrying a wild-type α-synuclein gene. An eGFP-ex-

pressing plasmid was coelectroporated into Parkinson’s
disease patient-derived iPSCs together with the donor
construct and ZFN-expression vectors to enrich trans-
fected cells by fluorescence-activated cell sorting. One
correctly targeted clone with the A53T (G209) mutation
repaired was isolated after screening 240 single-cell-de-
rived clones by Southern blot analysis. The high efficien-
cy suggests that one could isolate corrected clones by di-
lution cloning without going through drug selection.

3.4  Chromosomal rearrangements

Chromosomal rearrangements include large-scale gene
deletions, insertions, duplications and inversions that are
associated with many genetic diseases and cancer [55].
ZFNs have been utilized to generate targeted chromoso-
mal rearrangements, which enables researchers to study
gene functions at the genomic level (Fig. 1B). Brunet and
coworkers [56] simultaneously introduced two pairs of
ZFNs recognizing the PPP1R12 gene on chromosome 19
and the IL2Rγ gene on the X chromosome into human
cells, respectively. The concurrent DSBs at the two en-
dogenous loci on different chromosomes induced chro-
mosomal translocations between chromosome 19 and the
X chromosome via NHEJ-mediated DSB repair. Using a
similar approach, Lee and coworkers [57] used engi-
neered ZFNs to generate targeted deletions of genomic
segments in human cells. They designed two ZFN pairs
to generate two concurrent DSBs in the same chromo-
some (Fig.  1B). The breakpoint joined together by en-
dogenous NHEJ resulted in targeted deletions of the ge-
nomic segment between the two ZFN cleavage sites. By
applying this method to the HEK293T cell line, they suc-
cessfully deleted predetermined genomic DNA segments
in the range of ~729  bp to 15  Mb with frequencies of
0.1–10%. In addition to genomic deletions, they demon-
strated that two concurrent DSBs introduced by ZFN
pairs were sufficient to promote frequent genomic inver-
sions and duplications in human cells with frequencies
ranging from 0.01 to 5% [58]. Harnessing various combi-
nations of two ZFNs, they achieved duplications of ge-
nomic DNA between the two cleavage sites whose length
ranged from 230 to 835  kb (Fig.  1B). They also demon-
strated that the two concurrent genomic DSBs from ZFN
cleavages induced inversions of 15 kb to 15 Mb DNA seg-
ments in the human genome (Fig. 1B). As proof-of-con-
cept for therapeutic application of this technique, they
constructed a ZFN pair to target the intron 1 homolog in
the human F8 gene, whose inversion causes severe he-
mophilia A [59]. The genomic DSB generated by the ZFN
pair induced the inversion of the 140-kb DNA segment
bearing the promoter and exon 1 of the F8 gene with a fre-
quency of 0.2–0.4%. Their strategy demonstrated the
promise of restoring genomic integrity in severe hemo-
philia A patients by reverting the inverted DNA segment
back to the wild-type orientation.

Figure 3. The strategy of seamless gene correction using a ZFN and the
piggyBac transposon. To correct the E342K mutation in the A1AT gene lo-
cus (white box), a ZFN pair was designed to target a DNA sequence close
to the mutation. ZFN-mediated HR simultaneously corrected the E342K
mutation and inserted a drug-resistance cassette (gray box) into the gene.
After drug selection, the drug-resistance cassette was excised from the
TTAA site of the gene by transient expression of the piggyBac transposase,
leaving no residual ectopic sequences in the targeted allele.
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4  TAL effector nucleases

TALENs were recently developed as a new targeted
genome engineering tool in plants and animals, including
mammalian systems. As with the ZFN, the engineered
TALEN consists of the catalytic domain of FokI endonu-
clease fused to a specific DNA binding domain (DBD,
Fig. 2C). TAL effector proteins were first discovered in a
plant bacterial pathogen of the genus Xanthomonas,
which uses them as transcription activators of plant
genes [60]. The pathogen injects the proteins into the
plant cells via a type III secretion system. These effectors
are next translocated into the plant cell nucleus and used
to recognize target promoters and activate the expression
of genes that are important for pathogen virulence. In this
section, we discuss the structure, design, and assembly
of TALENs, as well as the milestones in application of this
novel genome engineering tool.

4.1  TALEN design and assembly

The specific DNA binding region of TAL effectors is com-
posed of highly conserved repeats. The number of repeats
in natural TAL effectors varies between 1.5 and 33.5, with
15.5–19.5 being the most common [60, 61]. However, it
was shown that at least 6.5 repeats are required for gene
induction in promoter activation studies [62]. The usual
repeat length is 34 amino acids. The last repeat is typi-
cally shorter, with only 20 amino acids, and is therefore
called a ‘half-repeat’ [60]. The DNA recognition code of
TAL effectors was determined in two independent stud-
ies [62, 63]. While most of the amino acids are highly con-
served across repeats, two hypervariable amino acids at
positions 12 and 13, also called the repeat-variable
diresidue (RVD), confer the specificity of each repeat to
the corresponding nucleotide in the target DNA sequence
[62, 63]. Thus, NI and HD show strong preference for ade-
nine and cytosine, respectively, while both NG and HG fa-
vor recognition of thymine. Some other RVDs are less spe-
cific: NS has the least definitive nucleotide preference,
while NN recognizes both guanine and adenine. Thus,
there is no RVD with specific recognition of guanine,
which must be taken into account when designing artifi-
cial TAL effectors (Table 1). The less common NK RVD was
reported to recognize a guanine with a higher specificity
than NN [63, 64], however, it can also give reduced activ-
ity [65]. The N  terminus of the DBD corresponds to the 
5’ end, and the C terminus corresponds to the 3’ end of the
target DNA sequence. The target DNA sequences of all
reported natural TAL effectors start with a thymine,
which was proposed to be recognized by an N-terminal
region preceding the first repeat, referred to as ‘repeat
zero’, immediately upstream of the first repeat [60, 62, 63].

The recently reported crystal structures of an 11.5-re-
peat artificially engineered TAL effector dHax3 in both
DNA-free and DNA-bound conformations [66] and a 23.5-

repeat natural TAL effector PthXo1 from the rice pathogen
Xanthomonas oryzae bound to its DNA target [67] en-
hanced our understanding of TAL effector architecture
and its DNA recognition (Fig. 2C). These studies recog-
nize an α-helical structure of residues 3–11 and 14(15)–33
in each repeat, locating a loop containing the RVD be-
tween the two helices, and thus presenting the RVD to the
sense strand of the major groove of target DNA. The right-
handed superhelical structure of a TAL effector tracks
along the major groove of the B-form DNA duplex. The re-
ports agree that residue 12 of the RVD does not directly
contact the DNA, but indirectly contributes to the stabil-
ity of the correct RVD binding conformation and allows
residue 13 to specifically interact with a corresponding
nucleotide. The study on the structure of dHax3 also de-
scribes a conformational change of the TAL effector upon
DNA binding, which might be important for the function
of TAL effectors. Finally, these two studies provide exten-
sive explanation of the codes for DNA recognition by TAL
effectors.

We and other groups have performed optimization of
the TALEN architecture to achieve the best efficiency in
gene targeting. It was shown that TAL effector trunca-
tions that retain 20–60 of the original C-terminal residues
and ~150 residues at the N terminus had a higher activ-
ity compared to the full-length TAL effector sequences
[68–70]. These reports also agree that longer C-terminal
configurations (~60 compared to ~20 residues) have a
higher preference for longer spacer lengths between the
two protein binding sites (12–30  bp compared to
10–16 bp) [68, 70]. From the natural TAL effector-target
promoter pairs listed by Moscou and Bogdanove [63],
Cermak and co-workers [64] developed a program that
calculated frequencies of natural TAL effector binding
site preferences. Based on these calculations, they listed
several other guidelines for choosing an optimal synthet-
ic TALEN target site. Thus, besides the favorable T at po-
sition –1, they suggest that T at position 1 is disfavored,
A at position 2 (5’ end) is disfavored, and G at the last and
next to last (3’ end) positions should also be avoided, but
that T at the last position (with the last half repeat bear-
ing NG) is highly favored. It is generally accepted that it
is safer to follow the guidelines that are based on the nat-
ural TAL effector binding preferences. However, at least
for the T at position –1, our results from LacZ reporter as-
say in yeast showed that a synthetic TALEN with a
longer C-terminal configuration (~60 residues) can equal-
ly recognize the other three nucleotides; thus implying
that the requirement of the T at position –1 can be miti-
gated with optimal TALEN architectures [70]. Systemat-
ic TALEN-DNA affinity studies are needed for the eluci-
dation and confirmation of the requirements for the opti-
mal TALEN design.

The modular structure of TALENs allows for easy de-
sign of a custom endonuclease (Table 1). However, the
highly repetitive nature of the modules makes it difficult
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to assemble. The development of the Golden Gate
cloning method [71] abolished the need for costly artifi-
cial DNA synthesis and allowed an easy and efficient in-
house assembly of TALENs [64, 65, 72–77]. By this
method, multiple repeats can be assembled in a single di-
gestion-ligation reaction. The technique is based on the
property of type IIS restriction endonucleases to cleave
outside their recognition sequences, which results in
unique 4-bp overhangs. These overhangs can be re-lig-
ated in an ordered fashion, simultaneously losing the
recognition sites. One of the later alternative protocols
described a PCR-based approach that reduced the num-
ber of steps in the TALEN assembly and further facilitat-

ed the assembly to as short as 1 week (Fig. 4, see [78]).
Most recently, Reyon and coworkers [79] developed the
fast ligation-based automatable solid-phase high-
throughput (FLASH) system to synthesize TALENs in
large scale, which significantly decreases the TALEN
cost (less than $200 per pair). With the combined effort
from several laboratories, TALEN assembly toolkits are
now available through Addgene and have been made ac-
cessible to the public. Moreover, commercial services for
custom TALEN assembly and activity validation are also
conveniently available from Cellectis (Romainville,
France), PNA Bio (Thousand Oaks, CA, USA) and Life
Technologies (Grand Island, NY, USA).

Figure 4. Schematic representation of
custom TALEN assembly using a PCR-
based method for construction of a
 TALEN with 18.5 repeats (adapted with
permission from Nature Publishing
Group [78]). Specific primers are de-
signed to amplify each of the repeats
with flanking type IIS (BsmBI for mon -
omers and BsaI for hexamers) restriction
sites. A set of 6 PCR products are next
digested and ligated in a single reaction
to produce a circularized hexamer. Unli-
gated linear products are digested with
an exonuclease, leaving only the circular-
ized hexamer. This is followed by a sec-
ond PCR amplification that gives a linear
product with 6 tandem repeats. A sec-
ond round of digestion-ligation is fol-
lowed that assembles three hexamers
into the TALEN cloning backbone to pro-
duce the final TALEN with 18.5 repeats
flanked by the N- and C-terminal
 sequences.
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4.2  Advancement in TALEN application

Since the discovery of the TAL effector recognition code
in 2009 [62, 63], the utilization of TALEN technology for
targeted genome engineering in mammalian systems has
developed surprisingly fast [80, 81]. The activity of the
first artificial TALEN was tested using a LacZ reporter in
yeast, and the reporter activities were comparable to that
of ZFNs targeting the same gene [82, 83]. These two stud-
ies were the first proof-of-concept for the possibility of us-
ing custom-designed TALENs for genome modification in
a trans-kingdom host. Next, the interest shifted to mam-
malian systems, and successful targeted gene disruption
(up to 21% efficiency) as well as editing (up to 16% effi-
ciency) of endogenous human neurotrophin 3 (NTF3) and
chemokine (C-C motif) receptor 5 (CCR5) genes in human
cell line K562 were reported [68]. Meanwhile, another
group performed a knockout of the hypoxanthine phos-
phoribosyltransferase 1 gene (HPRT1) in another human
cell line HEK293 [64].

While high genome modification efficiencies can be
achieved in transformed cell lines, stem cells, which are
the target of the developing ex vivo gene therapy tech-
nology, are much less amenable for targeted genetic
changes. Thus, the next milestone in implementing
 TALENs was the efficient targeting of an endogenous lo-
cus in human hESCs and iPSCs. Using specifically engi-
neered TALENs, Hockemeyer and coworkers [84] target-
ed PPP1R12C, OCT4 and PITX3 genes, previously target-
ed by ZFNs [45]. With the help of a gene trap or an au-
tonomous selection, they reported targeting in >50% of
the selected colonies for OCT4, ~50% for PPP1R12C, and
1–10% for PITX3, which is comparable to the efficiencies
previously reported for ZFNs [45].

Finally, genome engineering achievements using
TALENs were brought to a new level with the in vivo ge-
netic engineering in the laboratory rat. Tesson and
coworkers [85] knocked out the immunoglobulin M (IgM)
gene by injecting nucleic acids into one-cell rat embryos.
When the nucleases were introduced as DNA, the fre-
quency of mutated animals was 9%, whereas upon injec-
tion of nucleases encoded by mRNA, higher frequency of
modified animals was observed (59%). These results are
comparable to, or better than, those observed for ZFNs
[40].

Given the 1:1 code for repeat-nucleotide interaction,
and an apparent absence of context-dependent effects
between the repeat units, TALEN is a more amenable
biotechnology tool compared to ZFN. Unlike the latter, a
TALEN with a desired specificity can be easily designed
by assembling the individual repeats in a specific order in
a modular fashion. However, unlike for ZFNs, no system-
atic studies on TALEN specificity and off-target mutage-
nesis have yet been reported, but some preliminary re-
sults imply that off-target mutagenesis might not be a sig-
nificant barrier for the TALEN technology [84, 85].

5  Advances in gene delivery methods 
for targeted genome engineering

Gene correction efficiency varies greatly between differ-
ent cell types and genes. While some of this variation may
be due to target accessibility and cell cycle status, an im-
portant component of success in targeted genome engi-
neering is efficient gene delivery. Especially in the case of
gene editing, the co-delivery of donor DNA and genes
coding for the engineered endonucleases is crucial. In-
deed, a reporter study showed that while frequencies of
both NHEJ and HR events correlate with the amount of ef-
ficiently delivered engineered endonuclease DNA, gene
editing efficiency that occurs via HR directly correlates
with the amount of delivered donor DNA [86]. Successful
gene delivery and expression is equally important for tar-
geted gene disruption studies where knock-out of both al-
leles, as in the case of CCR5, is required.

Since the breakthrough study in Drosophila that
demonstrated the possibility of excellent frequencies of
both homologous and non-homologous events using mi-
croinjection into embryos (with mutants representing up
to 10% of the offspring) [87], embryo injection of mRNAs
or DNA for ZFN or TALEN expression was also proven to
be successful in mammalian systems. Thus, this method
was implemented in rat, mouse, and rabbit for targeted
gene disruption [40–42, 85, 88, 89], as well as targeted re-
placement or integration using HR [42, 89, 90].

While embryo microinjection has been useful for
genome engineering in animals, gene delivery efficiency
by tissue microinjection is rarely higher than 5%, which is
a significant obstacle for a successful implementation of
this technique for therapeutic purposes. Thus, for gene
correction in stem cells and cultured cell lines, delivery of
engineered endonucleases via electroporation or cationic
lipid transfection has been utilized extensively [45, 47, 49,
54]. The gene transfer efficiency into stem cells is also low
and is usually between 5 and 30% with acceptable cell
mortality rates [91]. Viral transduction may thus serve as
an alternative method of gene delivery (Table 2) with an
established history of gene transfer efficacy and the abil-
ity to transduce non-dividing cells [lentiviruses, aden-
oviruses, and adeno-associated viruses (AAVs)]. To this
end, adenoviral [37] and baculoviral [92] vectors have
been used; however, more advancement has been
achieved with AAV and lentiviral vectors.

AAV can be an effective delivery method for gene tar-
geting due to its inherent predisposition for HR [93]. The
viral genome is a single-stranded DNA and can bear an in-
sert of up to 4.5 kb (Table 2). Unprecedented targeting fre-
quencies (up to 65%) of the reporter eGFP were observed
when homing endonuclease I-SceI was delivered using
recombinant AAV into human U2OS cells without selec-
tion [94]. More modest correction efficiencies were ob-
served when I-SceI was overexpressed in HEK293 cell line
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(up to 4% correction without selection), which might im-
ply target gene and cell line dependence. However, it was
observed that using a self-complementary AAV that pro-
duces a double-stranded genome, a 20-fold enhancement
in reporter correction over single-stranded versions could
be achieved, which might be due to greater stability and
expression levels of double-stranded AAV vectors over
single-stranded versions [95]. Another report by Ellis and
coworkers [96] demonstrated a similarly interesting ap-
proach in human and mouse cell lines, where they used
an AAV vector to co-deliver the donor and both ZFNs to-
gether by linking the latter two via the self-cleaving 2A
peptide in one single construct. They also showed that
the frequency of gene targeting with this delivery method
can be increased sixfold using proteasome or histone
deacetylase inhibitors. Finally, directed evolution of AAV
was used to enhance gene delivery (>50%) in human
pluripotent stem cells, and with the co-delivery of the
donor template with the ZFNs, a targeting efficiency of
>1% was achieved [97]. In addition, directed evolution
was also implemented for AAV tropism enhancement for
malignant cells [98].

Lentiviruses are another good candidate for gene de-
livery for gene targeting purposes. They have a single-
stranded sense RNA genome, which can carry up to 8 kb
of heterologous nucleic acid (Table 2). However, the im-
plementation of lentiviruses for gene targeting as well as
gene therapy was hampered by the risk of deleterious in-
sertional mutagenesis [99]. To address this issue, Lom-
bardo and coworkers [100] used an integrase-defective
lentiviral vector (IDLV) to deliver ZFNs into a panel of cell
types and achieved human IL-2Rγ gene editing frequen-
cies of up to 39% as well as gene insertion frequencies of
up to 50%. In the same year, Cornu and coworkers [101]
used IDLV to deliver I-SceI and a donor template to target
a LacZ-eGFP reporter. Finally, it was reported that IDLV
can be used to target the calmegin gene in mouse ESCs
using a donor template alone, without the use of engi-
neered endonucleases, and correction efficiencies of up to
0.83% could be achieved with selection [102]. Nuclease
delivery and gene targeting via IDLV was thus proven to

be successful due to the formation of viral episomes that
can effectively express the nucleases while serving as HR
templates at the same time.

6  Conclusion and future prospects

The discovery that DSBs are both recombinogenic and
mutagenic prompted a rapid development of genome
modification tools such as engineered HEs, ZFNs, and
TALENs (Table  1). The engineered HE technology has
been the first of the three to show that creating DSBs at a
predetermined site can tremendously increase HR rates
and allow targeted mutagenesis. However, engineering
this tool has been hampered by the requirement for library
screening and elaborate rational design. The ZFN tech-
nology, on the other hand, has experienced an explosion
in development over the past decade. This was certainly
due to more predictable, easier ZFN engineering due to
the modularity of its DBD. Thus, we have witnessed a
number of examples where mammals with genetically
modified genomes have been created, and several clinical
trials are being conducted for the knockout of health-re-
lated genes. However, the engineering of ZFNs still re-
quires screening of ZF modules from libraries, the most
commonly used of which is not currently publicly avail-
able. Finally, a new TALEN technology has recently
emerged, which, due to its highly predictable modularity,
can be rationally designed de novo without the need for
screening from a library of separate modules. This gives a
much greater ease and flexibility in designing TALENs
with novel target sites compared to engineered HEs and
ZFNs. Despite its infancy in development, TALEN tech-
nology has already gained an impressive list of achieve-
ments and the development of the tool is currently going
forward at a greater pace.

Despite their differences in the DNA binding mecha-
nism and engineering strategies, these three tools share
the common principle of enhancing genome editing rates,
and hence, the same obstacles in producing desired ge-
netic changes. The enormous variations in the modifica-

Table 2. Comparison of gene delivery methods currently used for targeting nuclease delivery

Delivery vector Tissue microinjection Electroporation/ Cationic lipids Recombinant AAV IDLV
nucleofection

Efficiency Low Moderate to high Variablea) High High
Insert size Limitlessb) Limitlessb) Limitlessb) 4.5 kb 8 kb
Random integration <0.1% <0.1% <0.1% ≤10%c) ≤1%
Immune response No Can cause tissue High Very low Low

damage and inflammation
Viral titers produced – – – High High
Cell proliferation status Dividing Dividing/nondividing Dividing Dividing/nondividing Dividing/nondividing

a) Low for local and systemic gene delivery and primary cells, variable with different cultured cells.
b) Large DNA molecules (>10 kb) have impaired nuclear entry in nondividing cells.
c) Native AAV integrates at 10–20% frequency at chromosome 19.
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tion efficiencies reported to date might be due to the dif-
ferences in amenability of the cells and tissues for the up-
take of foreign genetic material, the cell cycle status of the
cells, and the transcriptional status of the targeted genes.
Additionally, chromosomal context and epigenetic modi-
fications determine the chromatin accessibility of tailored
DNA endonucleases, which may play a major role in the
genomic modification efficiency [103]. It is therefore im-
portant to investigate the influence of each of these fac-
tors on genome modification rates and develop strategies
to efficiently manipulate them. Despite big variations, the
efficiency of targeted genome engineering in most stud-
ies is low (<1%); therefore, a powerful and seamless se-
lection strategy would be valuable to enrich the targeted
events. Depending on whether the desired genomic mod-
ification is a knockout or replacement/addition, the repair
mechanism that is expected to take place is either NHEJ
or HR, respectively. The manipulation of the ratio be-
tween these two mechanisms would allow researchers to
exhibit better control over the repair outcome of DSBs.

Finally, in terms of genetic engineering, gene knock-
out, replacement, and chromosomal rearrangement are
probably not the final list of applications for these DNA
binding proteins. Fusing ZF and TAL effector DBDs to
other functional elements to acquire novel functions
would be of great interest. For example, one might envi-
sion using these tools for targeted mutagenesis by fusing
the DBD to a cytosine deaminase. Overall, the continuous
development and diversification of these tools have
tremendous potential and an exciting long road ahead. In
particular, with more and more sequenced mammalian
genomes available, tailored DNA endonucleases can be
readily constructed for targeted genome engineering in
various mammalian systems that have great potential for
biomedical and biotechnological applications.
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