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Human pluripotent stem cells (hPSCs) offer unprecedented
opportunities to study cellular differentiation and model human
diseases. The ability to precisely modify any genomic sequence
holds the key to realizing the full potential of hPSCs. Thanks to
the rapid development of novel genome editing technologies
driven by the enormous interest in the hPSC field, genome edit-
ing in hPSCs has evolved from being a daunting task a few years
ago to a routine procedure in most laboratories. Here, we pro-
vide an overview of the mainstream genome editing tools,
including zinc finger nucleases, transcription activator-like
effector nucleases, clustered regularly interspaced short palin-
dromic repeat/CAS9 RNA-guided nucleases, and helper-depen-
dent adenoviral vectors. We discuss the features and limitations
of these technologies, as well as how these factors influence the
utility of these tools in basic research and therapies.

The discovery of induced pluripotent stem cells (iPSCs)5

seven years ago has reignited the enthusiasm for cell-based
therapy. The ability of iPSCs to undergo unlimited division
while maintaining genomic integrity provides a way to over-
come the senescence barrier of aged somatic cells. The capacity
of iPSCs to differentiate into cells of the three germ layers has
been extensively documented in the field. Taken together, it is
not hard to appreciate why human iPSC (hiPSC)-based autolo-

gous transplantation is heralded as the future of regenerative
medicine (Fig. 1). One area that has drawn great interest is
correction of genetic diseases in patient-specific hiPSCs with a
prospect of personalized cell therapy.

Pluripotent stem cells are especially amenable for genome
editing because they can undergo extensive tissue culture
manipulations, such as drug selection and clonal expansion,
while still maintaining their pluripotency and genome stability.
Gene targeting in mouse embryonic stem cells by homologous
recombination (HR) has proven to be a staple technique for
studying gene function (1, 2). However, the same strategy does
not translate well into human embryonic stem cells (hESCs) or
hiPSCs (3). Although the classical HR method has been suc-
cessfully used to generate knock-in reporter lines and to correct
gene mutations in hESCs, the reported targeting efficiencies are
at least several orders of magnitude lower than what is achiev-
able in mouse embryonic stem cells (4, 5). This is likely due to
the intrinsic differences in the DNA repair process between
humans and mice, as measures to improve single-cell survival
and DNA transfection did not have a dramatic effect on gene
targeting efficiency (6, 7). However, other methods aimed at
promoting HR proved more fruitful (3). In the past several
years, there has been a spike of interest in genome editing in
hESCs and hiPSCs, possibly due to the potential of this technol-
ogy in modeling and correcting a myriad of genetic diseases (8,
9). This has fueled a rapid development in novel technologies
for targeted modification of the human genome. Here, we aim
to provide a timely update on the current genome editing tech-
nologies and discuss the factors that influence the choice of an
appropriate technology.

Genome Editing with Synthetic Nucleases

Introduction of a DNA double-strand break (DSB) triggers
DNA repair responses via two major pathways (10). The DSBs
are repaired primarily by the non-homologous end joining
(NHEJ) pathway, which either restores the original sequence or
creates small insertions or deletions (indels). Alternatively, the
DSBs may be repaired through HR based on a homologous
repair template (a process termed homology-directed repair
(HDR)). HDR can be co-opted to introduce desired sequence
changes when an exogenous template is introduced. There have
been several approaches of engineering synthetic nucleases to
achieve targeted cleavage of a specific site in the human genome.
These nucleases share two important properties: 1) a mechanism
of recognizing a sufficiently long target sequence that occurs only
once in the genome and 2) a catalytic activity that is activated by
sequence-specific binding.

Zinc Finger Nucleases—Zinc finger nucleases (ZFNs) are
modular proteins consisting of a series of the Cys2-His2 zinc
finger DNA-binding motifs and the DNA cleavage domain of
the type IIS restriction enzyme FokI (11). Each zinc finger motif
recognizes 3– 4 bp of DNA, and the modular nature of the zinc
finger motif allows specific binding to a composite sequence by
linking several motifs in tandem. The activity of the FokI
nuclease requires dimerization. Therefore, two ZFNs are
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designed to bind on opposite sides of the target site with the
respective FokI domains oriented toward each other (Fig. 1).
This design further enhances the specificity of ZFNs, as
dimerization of FokI and thus cleavage are dependent on a lon-
ger target. A pair of ZFNs that each contains three zinc finger
motifs are sufficient to ensure a unique intended target of an
18-bp sequence by chance in the human genome, although four
to six motifs are more commonly used to increase specificity
(12). ZFNs have been successfully used to edit the genome of
many organisms, including humans (11, 13).

Among the synthetic nucleases, ZFNs have the advantage of
being the most studied. There are many technical resources to
aid the design and assembly of ZFNs. Well designed ZFNs are
highly effective in the disruption, addition, or correction of the
target gene. Recently, ZFN-mediated disruption of the TAP2
gene in hiPSCs made it possible to produce an unlimited
amount of antigen-presenting cells for vaccination therapy
(14). ZFN-mediated insertion of transgenes into the genomic
safe harbor locus (AAVS1) of hiPSCs has been used to engineer
cells for in vivo imaging and to correct the globin imbalance in
�-thalassemia (15, 16). In the case of HDR, ZFNs greatly sim-
plify the experimental design, as short oligonucleotides may be
used as templates, and antibiotic selection may be omitted (17).

For a detailed account of genome editing of hESCs and hiPSCs
using ZFNs, we would like to refer the readers to recent reviews
(18, 19).

Despite many successful reports of ZFN-mediated genome
editing of human cells in academic and clinical research, ZFN
technology has several limitations. The assembly of zinc finger
motifs is not modular in the strictest sense. The binding affinity
of individual motifs is context-dependent. In other words, an
assembled ZFN does not necessarily have high affinity for the
sequence that is the composite of the 3-bp cognate sequence of
each zinc finger motif (20). Other selection-based methods
have been invented to address the high failure rate of modularly
assembled ZFNs (reviewed in Ref. 14). With these methods, the
number of targetable sites is reduced. In any case, it requires a
considerable amount of experience, time, and effort to achieve
proficiency at making functional ZFNs.

Unintended cleavage at so-called off-target sites is another
concern with ZFNs (21). Off-target cleavage could cause cyto-
toxicity, introduce unknown mutations, and confound the
analysis of the effects of the intended genetic changes. FokI
variants that form obligate heterodimers have been used to
minimize off-target cutting due to homodimerization of ZFNs
(22). Converting FokI into a DNA-nicking enzyme also helps to

FIGURE 1. Conceptual schematic showing the application of genome editing and iPSC technologies in regenerative medicine.
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reduce the risk of mutagenesis due to off-target cleavage
because single-strand breaks stimulate HDR on target while
minimizing NHEJ off target (23, 24). Even with these technical
improvements, it is still important to monitor off-target cleav-
age of ZFNs intended for therapeutics. Bioinformatics tools
may be used to predict potential off-target sites. However, this
approach does not take into consideration the differences
between the target genome and the reference genome. Further-
more, two studies have shown that the in vivo off-target sites of
ZFN cleavage could not be fully predicted by in vitro or in silico
analysis (21, 26). At the cellular level, although �H2AX and
p53BP1 foci are used to monitor DSB sites after the introduc-
tion of ZFNs, they cannot distinguish ZFN-mediated DSBs and
spontaneous DSBs. A more direct approach will be sequencing
the genome, which is becoming more practical as next genera-
tion sequencing becomes more affordable. Encouragingly, Yusa
et al. (27) found no evidence of off-target cleavage-induced
mutation in a ZFN-modified hiPSC line by exome sequencing.

Transcription Activator-like Effector Nucleases—Recently,
another synthetic nuclease termed transcription activator-like
effector nuclease (TALEN) has emerged as an alternative to
ZFNs. The architecture of TALENs is similar to that of ZFNs,
with a DNA-binding domain fused to a FokI domain (Fig. 1).
The DNA-binding module of TALENs is sourced from the
DNA-binding repeat domain of transcription activator-like
effectors (TALEs), bacterial proteins of the plant pathogen
Xanthomonas (28). Unlike zinc fingers, each TALE repeat has a
1-to-1-bp correspondence. Most of the 34 amino acids in each
repeat are highly conserved, except for two repeat-variable di-
residues, which determine the DNA base specificity (29, 30).
TALEs naturally exist as tandem arrays of repeated motifs,
which means that they have been “pre-optimized” during evo-
lution for modular assembly. This translates into a unique
advantage when assembling TALENs. In contrast to ZFNs,
modular assembly of TALENs has a success rate up to 100%,
which has two important implications. 1) Any laboratory with a
basic molecular biology setup can produce functional TALENs
within days, and 2) automated high-throughput TALEN pro-
duction is possible (31–33). Indeed, within 2 short years after
the first report of genome editing in hPSCs using TALENs, a
library of TALENs targeting 18,740 protein-coding genes in the
human genome has already been constructed using a high-
throughput cloning method (34). In side-by-side comparisons
to ZFNs, TALENs exhibit comparable efficacy and lower toxic-
ity (35). As demonstrated in a recent study, TALENs have
greatly facilitated genome editing in hPSCs for generating dis-
ease models (36).

Despite the enthusiasm for TALENs, the technology is still in
its infancy and thus faces many unresolved issues. TALEN tar-
get-site selection is restricted by the requirement of a preceding
T base (29, 37). Although this should not prohibit successful
design of TALENs in most cases, it may be an issue when mod-
ifying a specific mutation especially for future cell-based gene
therapy. The reported sensitivity of TALENs to 5-methylcyto-
sine could be a more serious drawback of the TALEN technol-
ogy because of the prevalence of this DNA modification in
the genome (38, 39). Recent evidence shows that this prob-
lem may be overcome by engineering 5-methylcytosine-

insensitive TALE DNA-binding domains (39). The extent of
off-target effect of TALENs is largely unknown. Recently, there
have been several efforts to systematically map off-target cleav-
age of ZFNs and meganucleases. These include in vitro selec-
tion of binding targets by systemic evolution of ligands by expo-
nential enrichment (SELEX), in vitro selection of cleavage
sequence, and tagging transiently appearing DSBs by NHEJ-
mediated integration of adeno-associated virus vectors or inte-
grase-defective lentiviral vectors (21, 26, 40). These methods
are also applicable to TALENs. It is worth noting that unbiased
approaches of mapping off-target cleavage sites, such as those
reported by Gabriel et al. (21) and Petek et al. (40), show that in
silico screening of potential cleavage targets based on sequence
homology does not predict actual cleavage in vivo. Another
method of surveying off-target effects of TALENs is genome
sequencing. Ding et al. (36) compared TALEN-modified
exomes with the parental exome and found little evidence of
indels, a hallmark of TALEN cleavage sites. However, they
noted approximately seven single-nucleotide variants per clone
(36). As the authors suggested, these single-nucleotide variants
may reflect heterogeneity in the parental population, which
manifests itself during the extended culture that is required for
genome editing, as they do not coincide with predicted TALEN
off-target sites. Using a single cell-derived parental line may
help clarify this issue. To gain a complete picture of off-target
effects of TALENs in noncoding regions of the genome, high-
coverage whole-genome sequencing is necessary (36).

Clustered Regularly Interspaced Short Palindromic Repeat
(CRISPR)/CAS9 RNA-guided Nucleases—It is clear from the
development of ZFNs and TALENs that specific sequence rec-
ognition is the key element in the design of synthetic nucleases.
Other than DNA-binding polypeptides, nature has evolved
other means to interact with specific DNA sequences. Bacteria
and archaea possess a unique adaptive immune system based
on an RNA-guided DNA endonuclease to destroy foreign DNA
(41). DNA fragments of past invaders are integrated as spacers
in the CRISPR genomic loci. The CRISPR loci are transcribed to
produce CRISPR RNAs (crRNAs), which contain a unique seed
sequence complementary to target DNA (called protospacer)
and a repeat region that hybridizes to a small RNA called trans-
activated crRNA (tracrRNA). The crRNA and tracrRNA hybrid
guides CAS (CRISPR-associated) proteins to cleave target DNA
(42). Since the beginning of 2013, there has been a surge of
reports of successful adaptation of the CRISPR/CAS9 system
for human genome editing (43– 46). Targeted cleavage by
CRISPR/CAS9 in human cells requires the introduction of a
CAS9 expression vector and the guide RNAs (crRNA and
tracrRNA). The system has been further simplified by fusing
the two RNAs into a chimeric RNA (44). Targeting CAS9 to a
desired genomic site only entails cloning the 20 bp of target
sequence into the spacer region of the crRNA locus (Fig. 1).
Several versions of the CRISPR/CAS9 system are available from
plasmid-sharing services. This potentially makes the exclusivity
of genome editing technology a thing of the past. The CRISPR/
CAS9 system is also amenable to high-throughput construction
of a library of targeting vectors. Because of the small size of the
guide RNA, it is also possible to deliver multiple guide RNAs at
the same time to achieve multiplex targeting (45, 47). A recent
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study has compared the efficiency of CRISPR/CAS9 with that of
TALENs in targeting the same genomic sites in hPSCs (48).
CAS9 outperformed TALENs in gene disruption, gene knock-
in, and bi-allelic targeting across all loci. It was speculated that
this might be due to a higher expression level and lower cyto-
toxicity of the CAS9 protein (48).

Despite its versatility, the CRISPR/CAS9 system has several
limitations. First, the targetable sites of CAS9 are constrained
by the requirement of a GN20GG sequence motif, which may
cause a problem when targeting certain loci. Second, up to six
mismatches between crRNA and target DNA are tolerated by
CAS9, which may result in off-target cleavage (41). Indeed, a
recent study showed that CRISPR/CAS9 nucleases induce
mutations at off-target sites with up to five mismatches (49).
More importantly, frequencies of off-target mutations are
equal to or higher than those of on-target mutations (49). CAS9
mutants with a more stringent requirement of crRNA-target
DNA complementation may be engineered by directed evolu-
tion. CAS9 has been converted into a nickase, which reduces
mutagenesis at off-target sites (45). In addition, a systematic
examination of the off-target effects of CRISPR/CAS9 ought to
be performed using the technologies discussed above with
regard to ZFNs and TALENs.

Genome Editing without Nucleases

There are other tools that enable efficient genome editing in
human cells without the aid of synthetic nucleases. Compared
with synthetic nuclease-based methods, the classic HR method
is less likely to have off-target effects. However, the low effi-
ciency of HR in human cells is a major roadblock (5). Several
approaches have been designed to overcome this issue,
including the use of bacterial artificial chromosomes, adeno-
associated viruses, and helper-dependent adenoviral vectors
(HDAdVs) (50 –56). Among these, HDAdVs have enjoyed the
most success in genome editing of hPSCs. HDAdVs are so-
called last-generation adenoviruses developed for gene therapy.
They are non-integrative viral vectors engineered to be low
immunogenic and able to transduce a wide range of cell types
with high efficiency. Since all viral genes are deleted from
HDAdVs, they have a large cloning capacity of 36 kb (57). These
features make HDAdVs ideal vectors for delivering HR donor
constructs with extended homology arms (Fig. 1). HDAdVs
have been successfully applied to genome editing in hPSCs,
including genetic correction of Hutchinson-Gilford progeria
syndrome, sickle cell disease, and Parkinson disease in hiPSCs
(50 –53). The percentage of clones harboring the correct target-
ing event via HR after drug selection is significantly higher than
the classical HR method (range of 17–100%). Unlike synthetic
nucleases, HDAdVs offer a prospect of in vivo delivery. Addi-
tional benefits of HDAdVs include 1) no restriction on target
site selection, 2) simultaneous introduction of multiple modifi-
cations to a large span of DNA region, 3) efficient transduction
into a wide range of cell types, and 4) no risk of off-target cleav-
age. One study has looked at the genomic and epigenomic sta-
tus of HDAdV-modified hiPSCs and found it to be highly sim-
ilar to that of the parental lines (52). However, HDAdVs carry a
rare chance of integrating into the genome, although such an
event was not detected by using a variety of techniques in our

research (50). The construction of HDAdVs is rather techni-
cally challenging and labor-intensive, which may present a bar-
rier to adopting this technology. Another drawback is that
HDAdV-mediated genome editing requires drug selection,
which is lengthy and necessitates an additional step to remove
the drug-selectable marker, and a genomic scar (e.g. a loxP or
FRT site) is left behind. It is possible to deliver synthetic
nucleases (e.g. TALENs) and the donor construct in an “all-in-
one” HDAdV, therefore avoiding drug selection and the issues
associated with it.

Conclusions and Perspectives

The rapid progression of genome editing technology is a
boon to both basic science and cell and gene therapy. Ideally,
cells that have undergone genome editing should contain only
the intended change in an otherwise isogenic background, thus
providing the most stringent test of gene function. However,
this may not be the case due to off-target effects of ZFNs,
TALENs, and CRISPR/CAS9. One way to minimize these
experimental confounders is to improve the design of the
genome editing tools. DNA nickase, obligate heterodimeric
FokI, and mutant variants with enhancer specificity all increase
the fidelity of synthetic nucleases. Because it is still difficult to
determine the full extent of off-target effects of synthetic
nucleases, prudent experimental designs should be the second
line of defense. It may not be enough to just analyze multiple
clones resulting from one nuclease design because off-target
cleavage could be common among clones. If clones generated
by an independent nuclease that is targeted to a different region
of the same locus have the same phenotypes, then the genotype-
phenotype relationship can be established with confidence.

Other than elucidating gene function and modeling human
diseases, genome editing technologies can facilitate a variety of
novel studies, such as improving directed differentiation of
hiPSCs by generating lineage-specific reporter lines, engineer-
ing dendritic cell-directed cancer vaccines and T cell immuno-
therapies (58, 59), and generating human cell lines with
enhanced production of biomolecules for biotechnology and
pharmaceutical industries.

The use of genome editing in the clinic requires extra scru-
tiny. Although only a few exonic mutations are induced during
gene correction, and mice transplanted with these modified
cells do not have tumors, the long-term safety issue is still
unclear (27, 60). We still do not understand how to control
mutation accumulation during culture and the implications of
these mutations in vivo. Since these unintended mutations are
permanent changes that may have long-term delayed adverse
effects, such as those observed in the X-linked severe combined
immunodeficiency trial (25, 61), long-term evaluation of the
safety of cells that have undergone genome editing in primates
is highly recommended. Because genome editing technology is
an emerging field, it would be advisable that the proper author-
ities, including the Food and Drug Administration, issue spe-
cific and sensible guidelines for the design of preclinical studies.
A better understanding of the risk of genome editing technol-
ogies may allow their use in non-life-threatening conditions,
therefore potentially benefiting more people. It may be unreal-
istic and unreasonable to require a zero tolerance of mutations
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or demand a full investigation into every genetic variance. Per-
haps the key is to strike a balance between risks and benefits to
the patients. Today, it is clear that we are experiencing the dawn
of a new era in biomedical research ushered in by genome edit-
ing technologies.
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