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    This book is dedicated to the memory 
of Carlos F. Barbas III. Among his incredibly 
long list of accomplishments, he was best 
known in the fi eld of genome engineering 
for his invaluable contributions in designing 
zinc-fi nger arrays that have been used in 
artifi cial transcription factors, zinc-fi nger 
nucleases, and custom recombinases. 
 “It has been a dream of mine to develop 
drugs that make a difference” 
(Carlos Barbas, 2008) 
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  Pref ace   

 In the early 1900s, human genetic engineering remained the fanciful speculation 
of science fi ction writers, scientists, and philosophers. The surfaced ideas per-
ceived consequences that, already more than 100 years ago, invoked ethical dilem-
mas: Would cavalier applications of genetic engineering interrupt “natural” 
evolution? Would engineered creatures be capable of destroying us? Would an 
altered DNA blueprint make us susceptible to presently harmless “pathogens”? 
The concerns appeared limitless. In our day, most of our genome editing efforts 
are driven by the allure of potentially curing genetic diseases. In fact, some newly 
developed genome editing technologies are so effective and easy to use that the 
genes of nonhuman primate embryos could be altered. In view of that, it is con-
ceivable that the same technique, which is used to cure genetic disorders, could 
also be employed to introduce genetic changes in the human germline in order to 
enhance human qualities, like intelligence or good looks. Where do we draw the 
line? To give us more time for public discussion and to better understand how safe 
the current genome engineering tools are, scientist and ethicist have called for a 
moratorium on human germline editing. 

 Human genetic engineering is at the forefront of disease therapy research based 
on seminal observations that have collectively increased the frequency of the ability 
of a cell to “process” its DNA. Depending on the cellular decision, both chromo-
somal disruption and the precise tailoring of a native locus with endogenous or 
exogenous DNA remain possible. To complement our ability to induce DNA altera-
tions, great strides have been made to deliver nucleic acids effi ciently throughout 
the human body. As we are on the crest of this genetic tsunami, it appears timely to 
coalesce the current understanding of the early twentieth century. 

 We feel happy that some of the world’s most prominent geneticists, biologists, 
and bioinformaticians, each having an expertise we felt will continue to shape our 
understanding and our ability of human genome engineering, have contributed to 
this book. In attempts to make this volume relevant to a broad target audience, the 
authors of the individual chapters and the editors have made an effort to provide 
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suffi cient background for the respective genre. The fi nal product represents the most 
comprehensive work on the many facets of human genetic engineering and our 
 stepwise progression toward a dream of a disease-free existence. Please enjoy.  

  Freiburg, Germany     Toni     Cathomen     
 Chapel Hill, NC      Matthew     Louis     Hirsch     
 Palo Alto, CA      Matthew     Porteus      

Preface
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      Gene Editing 20 Years Later                     

       Maria     Jasin     

    Abstract     Directed modifi cation of the genome is critical for interrogating gene 
function and can also be applied for gene therapy. Two decades ago a double-strand 
break (DSB) in the genome was discovered to induce effi cient gene modifi cation, 
either by homologous recombination with introduced DNA, i.e., gene targeting, or 
imprecise joining of DNA ends leading to mutagenesis. The accelerating develop-
ment of technologies—meganucleases, ZFNs, TALENs, and CRISPR/Cas9— to 
introduce DSBs at specifi c sites in the genome for the purposes of modifi cation is 
revolutionizing the biological and biomedical sciences. This chapter provides an 
overview of the research that led to these advances in gene editing and also sum-
marizes DSB repair mechanisms in mammalian cells.  

  Keywords     Gene targeting   •   Gene editing   •   Genome engineering   •   Homologous 
recombination   •   Nonhomologous end-joining   •   NHEJ   •   Cas9   •   Double-strand break   
•   Homology-directed repair   •   Genome rearrangement  

      Introduction 

 The ability to make directed modifi cations of the genome is critical to understand-
ing the function of genes and it also holds great promise for gene therapy [ 1 ]. The 
discovery that DNA double-strand breaks (DSBs) induce effi cient genome modifi -
cation—termed gene editing—and the subsequent development of technologies to 
introduce DSBs at specifi c sites in the genome are revolutionizing the biological 
and biomedical sciences. The discoveries that led to these advances will be sum-
marized in this chapter. A summary of DSB repair mechanisms in mammalian cells 
will also be provided.  

        M.   Jasin ,  Ph.D.      (*) 
  Developmental Biology Program ,  Memorial Sloan Kettering Cancer Center , 
  1275 York Avenue ,  New York ,  NY   10065 ,  USA   
 e-mail: m-jasin@ski.mskcc.org  
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     Facile Gene Modifi cation   in Yeast but Impediments 
in Mammalian Cells 

 Geneticists discovered in 1978 that DNA introduced into budding yeast integrates 
into the genome at homologous sequences by  homologous recombination (HR)   [ 2 ]. 
Subsequently, a variety of approaches based on HR were developed to exploit this 
observation [ 3 ,  4 ]. As a result, the yeast genome could be effi ciently modifi ed to 
study gene function, propelling budding yeast as the model organism of choice for 
molecular genetic studies of basic cellular processes in eukaryotes. 

 By contrast, DNA introduced into mammalian cells was found to integrate at 
nonhomologous sequences in the genome [ 5 ]. Homologous integration—also called 
gene targeting—was observed at low frequency, requiring extensive screening to  be 
  detected [ 6 ]. The use of drug markers for selection/counterselection [ 7 ] and pro-
moterless selection markers [ 8 ] facilitated the recovery of gene-targeted cells, such 
that gene targeting has become commonplace in some systems, e.g., mouse embry-
onic stem cells to make mutant mice [ 9 ]. Despite improvements in gene targeting 
approaches, however, applications have been limited due to several factors, includ-
ing the requirement for selection due to its ineffi ciency, inability to target both 
alleles in diploid cells in a single round of screening, and the need for embryonic 
stem cell lines for creating modifi ed animals.  

    DSBs as Initiators of Homologous  Recombination      

   The preponderance of nonhomologous integration of plasmid DNA into the genome 
of mammalian cells had dissuaded investigators from considering that HR played a 
vital role in mammalian cells. However, continued discoveries in yeast provided an 
entry point to tackle the problem. The introduction of a DSB in a plasmid within a 
sequence homologous to the chromosome was found to substantially increase the 
effi ciency of the gene targeting events [ 10 ]. Two types of events were observed: The 
DSB could be repaired without integration of the plasmid (Fig.  1a ); thus, if a dele-
tion occurred at the DSB site in the plasmid (i.e., a gap), the plasmid could be 
repaired leading to restoration of the sequence. Alternatively, the plasmid could 
integrate into the genome during the repair process (Fig.  1b ).

   These studies, foreshadowed by studies of γ-irradiation-induced DSBs in yeast 
(see [ 11 ]), and studies in bacteria and their phages [ 12 ] demonstrated that DNA 
ends are recombinogenic in yeast and prokaryotic systems and led to the proposal 
of the DSB repair model for HR [ 13 ]. In this model, DSBs are initiators of HR and 
the DNA that is broken (recipient) is converted to the sequence of the unbroken, 
homologous DNA (donor). A central intermediate of this model is a double Holliday 
junction which can be resolved to give rise to either a crossover or a noncrossover. 
Considering plasmid DSB repair events involving a chromosome, a crossover leads 
to integration of the plasmid (Fig.  1b ) whereas a noncrossover restores plasmid 
sequences without integration (Fig.  1a ). 

M. Jasin
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 Publication of DSB repair studies in yeast and the proposal of the DSB repair 
model led us to directly consider whether mammalian DSB repair could also occur 
by HR [ 14 ]. Initial studies involved a DSB (gap) on a plasmid that could be repaired 
from the chromosome (Fig.  1a ), leading to the production of intact virus. These 
experiments demonstrated effi cient DSB repair by HR, such that ~10% of the lin-
earized plasmids were estimated to have undergone HR leading to a noncrossover. 
Although genome modifi cation was not achieved with this experimental design, it 
provided clear proof that HR could be a prominent DSB repair mechanism in mam-
malian cells, which had previously been unsuspected. 

 To detect genome modifi cation, the experimental design was revised to target the 
same locus with a promoterless selectable marker gene [ 8 ]. DSB repair leading to 
plasmid integration was observed (Fig.  1b ), modifying the genome and further dem-
onstrating the recombinogenic nature of DSBs in mammalian cells. The enrichment 
of homologous integration events with a DSB was estimated to be 100-fold [ 8 ]. 
Despite this large effect, these integration events (crossovers) were noted to be sig-
nifi cantly less frequent than non-integrative events (noncrossovers) [ 14 ]. This bias 
suggested that specifi c mechanisms exist that suppress crossing-over in mammalian 
cells, which is now well supported (e.g.  , [ 15 ]).  

    Groundbreaking Experiments: DSBs in the Genome Induce 
Gene Targeting Orders of Magnitude 

  The fi nding that DSBs in plasmids induced recombination with the chromosome 
suggested that homologous DSB repair could be co-opted  in   mammalian cells for 
genome engineering. However, they also pointed to a limitation: Because the DNA 

Chromosome 
repair

c DSBa

DSB

Plasmid repair Plasmid repair 
and integration

b

DSB

  Fig. 1    DSB-induced homologous recombination (HR) between chromosomal and plasmid 
DNA. Homology between the chromosome and plasmid is represented by the  red bar . ( a ) A DSB 
or gap in plasmid DNA can be repaired using the chromosome as a template by a simple gene 
conversion. Such noncrossovers can be detected if the plasmid contains an origin of replication. ( b ) 
A DSB or gap in plasmid DNA can be repaired using the chromosome as a template by gene con-
version with a crossover, leading to plasmid integration during gene targeting. Crossovers are 
suppressed in mammalian cells. ( c ) A DSB in the chromosome can be repaired using the plasmid 
as a template, resulting in effi cient genome modifi cation       
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with the DSB is the recipient of genetic information [ 13 ], the model implied that a 
DSB should be in the genome, not the plasmid, for direct genome modifi cation 
(Fig.  1c ). While cleaving the genome was not done in yeast because homologous 
integration of plasmid DNA is readily achieved, the model suggested that mamma-
lian events could be greatly enhanced by the introduction of a site-specifi c DSB into 
the genome. Clues as to how to achieve this came from the specialized mating-type 
switching system in yeast, in which a site-specifi c DSB induces HR between two 
chromosomal sequences [ 16 ]. By moving the DSB site to another genomic location 
and expressing the mating-type HO endonuclease, HR between this other location 
and homologous chromosomal sequences was stimulated [ 17 ]. Studies using trans-
posons in  Drosophila  also showed that HR between chromosomal sequences could 
be induced by DSBs [ 18 ]. 

 To determine if a DSB would stimulate gene targeting (Fig.  1c ), we induced a 
DSB in the genome while also introducing a homologous fragment that could be 
used to repair the DSB [ 19 ]. In particular, we expressed I-SceI endonuclease [ 20 ], 
which is related to HO endonuclease and which induces another type of site-specifi c 
HR event in yeast [ 21 ]. I-SceI endonuclease was used for this purpose because its 
cleavage site was well defi ned and long—18 bp [ 22 ]—such that its expression was 
not expected to be lethal to cells with complex genomes [ 20 ]. 

 The I-SceI recognition site was integrated into the mammalian genome and a 
700-bp fragment homologous to sequences fl anking the DSB was provided when 
I-SceI was expressed (Fig.  2a ). Gene targeting was elevated several orders of mag-
nitude [ 19 ], indicating that the introduction of a chromosomal DSB is a viable way 
to increase gene targeting in organisms refractory to spontaneous gene targeting 
[ 23 ]. Subsequent studies confi rmed the recombinogenicity of DSBs for gene target-
ing in mammalian cells and demonstrated similar results in embryonic stem cells, 
other cell types, and with circular homologous DNA [ 24 – 28 ]. These experiments 
performed in 1994 are the biological basis of current genome editing approaches 
using HR, as will be discussed below .

       DSBs in the Genome Induce Mutagenesis 

 The 1994 experiments that demonstrated that DSBs induce gene targeting also dem-
onstrated that DSBs  induce   mutagenesis (Fig.  2b ). In this case, the DNA ends gen-
erated by I-SceI were rejoined without homology or with just a few bp of homology, 
termed microhomology [ 19 ]. Estimates from these experiments were that these 
imprecise nonhomologous end-joining (NHEJ) events occurred twice as frequently 
as gene targeting (HR). Small deletions and insertions were seen at the breakpoint 
junctions, characteristic of imprecise NHEJ [ 29 – 31 ]. Larger deletions induced by a 
single DSB were also identifi ed using selection [ 32 ]. These experiments form the 
biological basis of current genome editing approaches using NHEJ, as will be dis-
cussed below.  

M. Jasin
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    Two DSBs Induce Genomic Rearrangements 

  These experiments also demonstrated that two DSBs on the same chromosome could 
lead to deletions [19]. Moreover, other types of chromosomal aberrations involv-
ing two DSBs were generated in other experiments. Chromosomal rearrangements   
are commonly observed in cancer cells, including recurrent, reciprocal transloca-
tions [ 33 ]. I-SceI endonuclease has been used to induce chromosomal transloca-
tions by the placement of an I-SceI site on each participating chromosome [ 34 ,  35 ]. 
Translocations were not observed when only one chromosome incurred a DSB [ 27 ]. 
Two DSBs were found to induce translocations through NHEJ [ 36 ], but not by HR, 
likely due to crossover suppression [ 34 ,  35 ]. Because cancer translocation break-
point junctions do not typically show homology between the two chromosomal 
sequences that are joined, NHEJ-based translocation systems are relevant to under-
standing the joining mechanisms by which oncogenic translocations arise [ 37 ].  

    HR Studies Using I-SceI Endonuclease 

  Repair of a DSB by HR (sometimes called homology-direct repair, or HDR) initi-
ates with DNA end resection to  generate   single-stranded DNA overhangs (for a 
review, see [ 38 ] and references therein) (Fig.  3a ). The single strands provide a sub-
strate for a strand exchange protein—RAD51 in eukaryotes—to form a nucleopro-
tein fi lament which can then invade the unbroken homologous sequence. Repair 

DSBa

Homologous 
recombination 
(HR) 

Gene targeting 

Nonhomologous 

end-joining (NHEJ) 

Mutagenesis 

b

//                      

  Fig. 2    Gene editing induced by a DSB in the chromosome. A DSB in the chromosome can be 
repaired by HR with introduced homologous DNA, i.e., gene targeting, ( a ) or by imprecise NHEJ 
leading to mutagenesis ( b ). Initial studies in mammalian cells with I-SceI endonuclease showed 
that both kinds of events were effi ciently induced, with imprecise NHEJ events somewhat more 
abundant [ 19 ]. Experiments with ZFNs, TALENS, and CRISPR/Cas9 have also shown that both 
types of gene editing are induced by these nucleases as well       
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DSB, HR

GFP+

I-SceI

DR-GFPc

DSB, SSA

GFP+

I-SceI

SA-GFPd

End resection

Strand invasion,
Repair synthesis 

DSB

HRa

Annealing

DSB
SSAb

SSA

repeat

End resection

Flap trimming

  Fig. 3    HR and single-strand annealing (SSA). ( a ) DSB repair by HR, simplifi ed. DNA ends are 
resected leading to single-stranded DNA tails onto which the RAD51 protein can form a fi lament 
to promote strand invasion of an unbroken homologous DNA, typically the sister chromatid, as 
shown. The 3′ end of the invading strand primes DNA synthesis; use of the sister chromatid can 
precisely restore the original sequence prior to damage. To complete HR, the newly synthesized 
strand can dissociate to anneal to the other end, although other outcomes are possible [ 38 ]. ( b ) 
DSB repair by SSA. SSA can occur at a DSB fl anked by sequence repeats. As with HR, SSA 
begins with end resection, but the complementary single-stranded DNA generated on either side of 
the DSB can anneal. Flaps that are generated can be trimmed by nucleases. ( c ) DR-GFP reporter 
to measure HR. In the DR-GFP reporter assay, a DSB repaired through HR between the two non-
functional GFP genes restores a functional GFP gene, as detected by fl ow cytometry. The  left  GFP 
gene is nonfunctional due to the presence of the I-SceI site; the  right  GFP gene is nonfunctional 
because it is truncated at both ends. ( d ) SA-GFP reporter to measure SSA. In the SA-GFP reporter 
assay, a DSB repaired through SSA between the two nonfunctional GFP genes restores a func-
tional GFP gene. In this case, the  left  GFP gene is truncated at its 3′ end; the  right  GFP gene is 
truncated at its 5′ end and it also contains an I-SceI site       
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DNA synthesis is primed by the invading end and uses the homologous sequence as 
a template. A variety of outcomes are possible after this point, but one of the sim-
plest is the annealing of the newly synthesized strand to the resected DNA end 
which was not involved in the strand invasion (see [ 39 ] and references therein). HR 
in mammalian cells appears to occur most frequently between sister chromatids, 
although homologous sequences on homologs and on other chromosomes can be 
used at lower frequencies [ 40 ].

   An alternative pathway that uses homology, termed single-strand annealing 
(SSA) can occur when homologous sequences fl ank the DSB (Fig.  3b ). This path-
way also initiates with DNA end resection but the complementary single-strands 
formed by resection anneal to each other rather than initiating strand invasion. After 
annealing, DNA fl aps can be trimmed prior to ligation. The frequency of SSA rela-
tive to HR will be determined in part by the distance between repeats and their 
sequence identity. Thus far, the role of SSA is unclear, although it has been used in 
conjunction with HR for distinguishing whether proteins are involved in end resec-
tion or later steps of HR. 

 Understanding HR in mammalian cells and the factors involved has been facili-
tated by the use of I-SceI endonuclease. Because gene targeting is not thought to 
refl ect physiological HR events, intrachromosomal HR reporters have been devel-
oped, the most common of which, DR-GFP, is based on GFP fl uorescence [ 41 ] (Fig. 
 3c ). In this reporter, a simple conversion of sequences at the DSB site by the unbro-
ken, homologous sequence on the same chromatid or sister chromatid results in 
GFP positive cells. The DR-GFP reporter has now been introduced into mice to 
study HR in primary somatic cells [ 42 ]. The related SA-GFP reporter is used to 
assay SSA events [ 43 ] (Fig.  3d ). 

 With DR-GFP and related reporters, mammalian HR mutants could be conclu-
sively identifi ed. Thus, proteins related to RAD51 [ 41 ,  44 ] and the BRCA1 and 
BRCA2 tumor suppressors [ 45 – 47 ] were clearly identifi ed as promoting 
HR. Comparison of HR and SSA in mutant cells led to the discovery that BRCA1 
and BRCA2 work at different steps in the HR pathway: BRCA1 mutant cells were 
found to be defi cient in both HR and SSA, suggesting this protein works at a com-
mon early step, i.e., end resection, whereas BRCA2 mutant cells were found to be 
defi cient in HR but to have increased SSA [ 43 ]. A role for BRCA1 in end resection 
has been supported by subsequent studies [ 48 ], whereas a role for BRCA2 in the 
later step of RAD51-mediated strand exchange is clear from biochemical studies 
[ 49 ]. The increase in SSA in BRCA2 mutant cells occurs because end resected 
 molecules that would normally be channeled into HR are free to undergo strand 
annealing [ 43 ,  50 ]. 

 In addition to the simple HR events detected by the DR-GFP reporter, events 
involving longer lengths of repair synthesis were also observed, resulting in a dupli-
cation of sequences [ 51 ] (Fig.  4a ). These events have a somewhat different genetic 
control; for example, they are overrepresented in the residual HR events found in 
BRCA1 and other mutant cells (see  [ 52 ] and references therein).
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       Collaboration and Competition Between HR and NHEJ 

 Several  NHEJ factors   were identifi ed because they are required for antigen receptor 
rearrangement, a specialized pathway where DSBs are generated by the RAG pro-
teins [ 29 – 31 ]. The imprecise joining that occurs during NHEJ generates diversity, 
which is important for the immune response. NHEJ mutants have increased HR and 
SSA when challenged with an I-SceI DSB [ 43 ,  53 ], indicating competition between 
DSB repair pathways for repair of a single DSB [ 54 ]. This fi nding is emphasized by 
recent studies showing that BRCA1 mutant phenotypes can be suppressed by loss 
of a protein implicated in NHEJ [ 48 ]. 

 HR and NHEJ  can   sometimes be coupled to repair the same DSB. In this case, 
one DNA end invades a homologous sequence to prime repair synthesis (HR) but 
the newly synthesized DNA joins to the other DNA end by NHEJ [ 51 ,  55 ] (Fig.  4b ). 
This type of event has recently been termed break-induced replication (BIR) [ 56 ], 
but it differs from similarly termed events in yeast in which replication extends to 
the end of the chromosome [ 57 ], although both have a reliance on a common repli-
cation factor [ 56 ]. BIR, like the events that terminate in homology (Fig.  4a ), 
 duplicate existing chromosomal sequences (Fig.  4b ); it has been suggested that 
large genomic duplications arise in this manner in cancer cells [ 56 ].  

    Genome Editing with an Emerging Range of Nucleases 

 The initial gene editing studies with  I-SceI endonuclease   made it clear that genetic 
manipulation of genomes was possible using rare-cutting endonucleases [ 23 ]. 
Critical for the success of this approach is an endonuclease directed to cleave the 

DSB,  
Strand invasion of end “a” into left repeat 
Replication to the arrowhead, 
NHEJ of newly replicated DNA with end “b”  

HR coupled to NHEJ: BIRb

I-SceI 

a   b

//             

a

I-SceI 

I-SceI 

a   b

DSB in top chromatid,  
Strand invasion of end “a” into left repeat 
on bottom chromatid,  
Replication into right repeat, 
Homologous joining to end “b” 

Long tract gene conversion

  Fig. 4    Other types of HR events detected after I-SceI cleavage. ( a ) Long tract gene conversion is 
an HR event that involves extensive replication, such that a duplication of sequences occurs. The 
event is completed at homologous sequences, as depicted. ( b ) HR coupled to NHEJ, also termed 
BIR. Duplication of sequences also occurs in this case, but the event is completed by NHEJ       
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locus to be modifi ed. Oligonucleotide reagents seemed to hold promise, because 
they could in principle target any site in the genome through Watson–Crick base 
pairing [ 23 ], e.g., oligonucleotides with an incorporated chemical cleaving moiety 
coated with the bacterial strand exchange protein RecA for in vitro cleavage [ 58 ]. 
Homing endonucleases like I-SceI—often called meganucleases—were expected to 
be diffi cult to modify to recognize other sequences, which is borne out by the crystal 
structure showing the complex interactions of I-SceI with DNA [ 59 ]. On the other 
hand, progress has been made in meganuclease redesign (see, for example, [ 60 ] or 
[ 61 ] for I-SceI). Although unlikely to be developed as generalized cleavage reagents, 
meganucleases have characteristics that may make their use desirable in some cir-
cumstances. For example, they are small—I-SceI is only 235 amino acids—and a 
single chain, which facilitates their delivery to target cells, especially in gene ther-
apy applications. 

 The modularity of zinc fi nger DNA binding domains presented an alternative 
route to engineer DNA binding domains with novel recognition specifi cities [ 62 –
 64 ]. The bipartite nature of the restriction enzyme FokI, which has distinct DNA 
binding and cleavage domains [ 65 ,  66 ], provided a modular cleavage domain that 
could be fused to zinc fi nger DNA recognition domains to create nucleases with 
novel cleavage specifi cities [ 67 ], now called  zinc fi nger nucleases (ZFNs)  . In prin-
ciple, each zinc fi nger would interact with three base pairs, such that several “fi n-
gers” could be assembled and fused to the FokI cleavage domain to cleave a unique 
site in a complex genome [ 68 ]. Mutagenesis and gene targeting using ZFNs were 
fi rst reported in  Drosophila  at the scoreable  yellow  gene, targeting a site containing 
GNN triplets which are well defi ned for zinc fi nger binding [ 69 ,  70 ]. In the multi-
component gene targeting system, DNA was excised from the genome using I-SceI 
endonuclease to provide a donor for HR [ 70 ]. 

 The fi rst DSB-induced gene targeting of a human gene was performed at the 
disease-relevant  IL-2Rγ  gene [ 71 ]. The effi ciency of gene targeting with  ZFN   
expression using a plasmid donor was extremely high, including in stem cells. What 
was even more remarkable was the high effi ciency of bi-allelic targeting, something 
that is not achieved by traditional gene targeting approaches. A number of studies in 
different systems have now used ZFNs for a variety of gene editing purposes [ 68 ]. 
A particularly powerful application of DSB-induced mutagenesis to human disease 
is the HIV co-receptor  CCR5  gene [ 72 ], an approach that is currently being used for 
gene therapy [ 1 ]. 

 Despite these successes, the assembly of zinc fi nger modules that recognize 
DNA with high specifi city has been diffi cult to generalize for researchers; for exam-
ple, each zinc fi nger unit is not completely independent of each other and zinc fi n-
gers to each of the 64 triplets are not readily available. Nuclease design was greatly 
facilitated by the discovery of the simple DNA recognition code of TAL effector 
proteins from plant pathogens, in which two amino acids within each module rec-
ognize a single base pair [ 73 – 76 ]. As in  ZFNs  , fusions of the DNA binding domain 
repeats are made to the FokI cleavage domain to generate  TAL effector nucleases 
(TALENs)   [ 77 ]. 
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 The development of  TALENs   essentially solved the problem of the ability to 
make generalized cleavage reagents for the purpose of genome modifi cation. 
However, the discovery of an RNA-guided nuclease in bacterial adaptive immunity, 
termed CRISPR/ Cas  9 [ 78 ], has made the approach even easier, given that a single 
nuclease (Cas9) is used together with an RNA which directs cleavage specifi city 
based on Watson-Crick base pairing. Researchers were quick to adapt CRISPR/
Cas9 to editing the genome [ 79 ,  80 ], such that it has  rapidly   become the approach 
of choice for researchers [ 81 ]. In addition to the simpler construction relative to 
TALENs, CRISPR/Cas9 is readily adaptable to multiplexing, because only the 
RNA component needs to be introduced to target cleavage of multiple sites. 

 As with gene targeting and mutagenesis, designer nucleases have been used to 
generate chromosomal rearrangements. For example, cancer-relevant chromosomal 
translocations have been induced by ZFNs, TALENs, and  CRISPR/Cas9   in a num-
ber of human cell lines [ 37 ,  82 ,  83 ]. A similar approach has been used to induce an 
oncogenic chromosomal inversion in mice, giving rise to lung tumors [ 84 ].  

    Conclusions 

 The last 20 years have seen an acceleration of gene editing approaches. A decade 
elapsed between our initial gene editing experiment and the use of ZFNs to modify 
endogenous genes. Five years after the application of ZFNs, the development of 
TALENs allowed basic researchers to essentially edit any gene, and 3 years later 
CRISPR/Cas9 was applied to further facilitate gene editing through a simple nucleic 
acid target design. Investigators now working with almost any organism can con-
sider adapting these technologies to address a variety of biological questions. The 
expectation is that further improvements will be made to these technologies, 
although it is diffi cult to imagine that advances will occur that will be as great those 
described here which have already revolutionized biomedical science. One clear 
lesson is the continued importance of basic research, given that the development of 
genome editing relied on discoveries from diverse systems that could not have been 
anticipated to have such a revolutionary impact on biomedical science.     
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      The Development and Use of Zinc-Finger 
Nucleases                     

       Dana     Carroll     

    Abstract     Zinc-fi nger nucleases (ZFNs) were the fi rst of the targetable nucleases to 
be developed and exploited for genome engineering. They have proved remarkably 
effective, enhancing the frequency of gene targeting several orders of magnitude. 
The modularity of DNA recognition by zinc fi ngers has made it possible to design 
ZFNs for a wide range of genomic targets in a remarkable assortment of organisms 
and cell types. Use of this platform helped defi ne the parameters and approaches for 
nuclease-stimulated genome manipulation. Although much of the territory has been 
ceded in the last few years to the more easily designed TALENs and CRISPR/Cas 
nucleases, successful ZFNs are still in wide use in a number of applications, includ-
ing current clinical trials.  

  Keywords     Zinc-fi nger nucleases (ZFNs)   •   Nonhomologous end joining (NHEJ)   • 
  Homologous recombination (HR)   •   Gene targeting  

      Introduction 

 If you are a geneticist, you have two ways to proceed to get a mutation in your 
favorite gene—forward or backward. Classically (forward genetics) you would 
generate random mutations, identify an interesting phenotype, and then endeavor 
to characterize the gene that harbored the responsible mutation, which might or 
might not be your gene. With the advent of methods for gene isolation and DNA 
sequencing, it became plausible to go the other direction (reverse genetics), fi rst 
identifying the gene of interest and then attacking it specifi cally to generate muta-
tions and test for phenotypes. Until relatively recently, however, the tools to do this 
were quite limited. 
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 In the 1970s and 1980s, investigators  develope  d methods for gene targeting in 
yeast [ 1 ,  2 ] and in mice [ 3 ,  4 ], based on homologous recombination (HR) between 
an introduced DNA molecule and an endogenous target. The absolute frequency of 
recombination was quite low, even in yeast, but strong selection allowed recovery of 
the desired cells. For reasons both technical and biological, it proved diffi cult to 
extend these methods to other organisms. Beginning in the 1990s, whole genome 
sequences were being determined, and the desire for a facile approach to manipulate 
specifi c genes was growing. Researchers could identify sequences that they would 
like to alter, but had no reliable way to do so. 

 An important insight was the recognition that gene targeting relies on cellular 
DNA repair activities, and that, in normal circumstances, the intended genomic tar-
get is intact and not in need of repair. Double-strand breaks ( DSBs  ) in chromosomal 
DNA constitute potentially lethal damage and must be repaired [ 5 ]. Furthermore, 
DSBs stimulate HR in a range of circumstances, including natural meiotic crossing 
over. It seemed, therefore, that the key to expanding the range and effi ciency of gene 
targeting was to make the target more susceptible to homologous repair by breaking 
or otherwise damaging it. In addition to HR, DSBs are repaired in essentially all 
organisms by an error-prone process, called nonhomologous end joining (NHEJ). In 
practice, targeted DSBs lead both to local mutagenesis via NHEJ and, in the pres-
ence of an appropriate  donor DNA  , to targeted gene replacement (Fig.  1 ).

   Quite a number of approaches have been taken to addressing specifi c genomic 
target sequences, and most of them are reviewed in this volume. The methods that 
have taken hold involve the use of nuclease proteins with separable recognition and 
cleavage modules. This class includes zinc-fi nger nucleases (ZFNs), transcription 
activator-like effector nucleases (TALENs), and CRISPR/Cas RNA-guided nucle-
ases (CRISPRs). My assignment is to review the development and applications of 
the pioneers among these, the ZFNs. More extensive reviews are available else-
where [ 6 – 9 ].  

~

Target

Donor NHEJ

HR

Nuclease cleavage

  Fig. 1    Pathways of gene modifi cation after a targetable nuclease-induced break. The target is 
shown as  a purple rectangle . After nuclease cleavage, in the presence of a homologous donor DNA 
sequence ( orange ), the break can be repaired by homologous recombination (HR), incorporating 
sequences from the donor. An alternative repair pathway is nonhomologous end joining (NHEJ), 
which often leaves small sequence alterations at the site of the break, as indicated by the squiggle       
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     Origins   of ZFNs 

  ZFNs are not natural proteins, but they originated from natural components. In the 
early 1990s, Chandrasegaran and colleagues discovered that the Type II restriction 
enzyme,  Fok I, has separable DNA-recognition and DNA-cleavage domains [ 10 ]. 
This observation stimulated the conjecture that novel specifi cities could be pro-
duced by linking the nonspecifi c cleavage domain to alternative DNA-binding mod-
ules. This was demonstrated fi rst by fusion with the homeo-box from the Drosophila 
transcription factor, Ubx [ 11 ]. 

 Meanwhile, repetitive structural modules, called zinc fi ngers, were identifi ed in 
a number of eukaryotic, DNA-binding transcription factors [ 12 ,  13 ]. The structure, 
determined by Pavletich and Pabo [ 14 ], of a set of three fi ngers bound to their cog-
nate site confi rmed the modularity of recognition and the coordination of a single 
zinc atom by two histidine and two cysteine residues in each fi nger. The principal 
contacts made by each fi nger were to three consecutive base pairs in the DNA [ 15 ] 
(Fig.  2 ). In his second chimeric restriction enzyme, Chandrasegaran fused two dif-
ferent sets of zinc fi ngers provided by his colleague, Jeremy Berg, to the  Fok I 
cleavage domain and again demonstrated redirected cutting [ 16 ]. These fusions 
were the fi rst ZFNs.

   Information available in 1996 suggested that a wide range of DNA sequences 
could be specifi ed by zinc fi ngers and that there might even be a code of recognition 
[ 17 ,  18 ]. The latter prospect has not been borne out [ 19 ], but the former certainly 
has. By design, by selection, and by characterizing natural fi ngers, researchers have 
established an extensive catalog of individual fi ngers and combinations that recog-
nize many different sequences. The establishment of a code has been foiled by the 
fact that fi ngers that perform well in one context do not routinely function well in 
others  [ 20 ,  21 ].  

     Characterization   of ZFNs 

  Experiments by Smith et al. [ 22 ] and Bibikova et al. [ 23 ] determined the require-
ments for ZFN cleavage, both in solution and in cells. The  Fok I cleavage domain 
must dimerize to be a functional nuclease [ 22 ,  24 ]. Apparently some aspect of dimer 
formation in the natural restriction enzyme is lost in the zinc-fi nger fusion. As a 
consequence, the weak dimer interface alone promotes association only at very high 
protein concentrations [ 24 ]. To achieve effi cient cleavage by ZFNs, two sets of zinc 
fi ngers are required, each linked to a cleavage domain monomer and directed to 
sequences in close proximity on the target DNA [ 22 ,  23 ] (Fig.  2 ). At high local 
concentration, dimerization is favored and cleavage occurs. 

 ZFNs were able to cleave a chromatin substrate in intact cells and to stimulate 
homologous recombination [ 23 ]. This was demonstrated using synthetic substrates 
injected into  Xenopus  oocytes, and it was important because the bacterial  Fok I 
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nuclease would not normally see sequences in this context. How the ZFNs recog-
nize sequences in chromatin is still not known, but there is no indication that this 
presents a limitation to their effectiveness. Using the oocyte system, the optimum 
spacer between zinc fi nger binding sites was shown to be 6 bp, when the linker 
between the binding and cleavage domains is reduced to four amino acids [ 23 ]. This 
linker is now in common use, and the preference for a 6-bp spacer has been vali-
dated in multiple studies [ 25 ,  26 ], although a spacer of 5 bp, and even 4 bp, works 
in some situations.   

     Designing   ZFNs 

  As noted above, the modularity of zinc fi nger recognition does not translate into a 
simple code. Many groups have derived new fi ngers and fi nger combinations, both 
by design and by selection. Simply making new combinations of well-characterized 

  Fig. 2    Model of a pair of three-fi nger ZFNs bound to DNA. Each zinc fi nger is in a shade of  pink , 
in  ribbon  representation on the  left  and space-fi lling representation on the  right . The  Fok I nuclease 
domains are in shades of  blue , and the linker between these and the fi nger sets are shown in  gray . 
The DNA axis runs horizontally through the fi gure, and the backbone is in  orange . The zinc fi nger 
binding sites are 6 bp apart. This composite model was assembled using Protein Database submis-
sions 1MEY and 2FOK [ 22 ]       
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fi ngers sometimes works, but not reliably [ 21 ,  27 – 29 ]. A number of researchers 
have established selection schemes [ 30 – 33 ], have identifi ed fi ngers that work well 
together [ 34 ,  35 ], and have endeavored to understand what governs successful rec-
ognition [ 36 ]. Many active and specifi c ZFN pairs have been derived (e.g., see [ 8 , 
 36 ]), but still no simple method for producing new ones has emerged. 

 The Klug group demonstrated a number of years ago that constructing DNA- 
binding arrays with units of two fi ngers enhanced their specifi city [ 9 ,  37 ]. Six-fi nger 
arrays constructed with extended linkers between fi nger pairs are more sensitive to 
mismatches to the DNA, perhaps because one mismatch destabilizes the entire two- 
fi nger unit [ 37 ]. The most extensive library of zinc fi ngers and fi nger pairs is main-
tained by Sangamo Biosciences, Inc., and ZFNs based on this collection are 
marketed by Sigma-Aldrich (  http://www.sigmaaldrich.com/life-science/zinc- 
fi nger- nuclease-technology.html    ). The price of these reagents has decreased sub-
stantially in recent years, but they are still rather expensive. The advantages are that 
Sigma does all the design and testing and ultimately provides validated ZFNs. 

 The fi rst ZFNs for a genomic target displayed signifi cant toxicity when expressed 
at high levels [ 38 ], due to promiscuous binding and cleavage [ 39 ], and this issue has 
continued to trouble many new designs. Increasing the number of fi ngers in each 
monomer is one approach to ameliorating this effect, but that is not always suffi -
cient [ 40 ,  41 ]. The toxicity is frequently a property of one ZFN within a pair, and it 
appears to be due to inadequate specifi city, leading to homodimerization and cleav-
age at unintended, off-target sites [ 39 ]. A major step forward was the introduction 
of substitutions in the dimer interface of the cleavage domain that prevent formation 
of homodimers, while allowing the necessary heterodimerization [ 42 ,  43 ]. The sec-
ond generation of these obligate heterodimer modifi cations [ 44 ] also corrects a defi -
cit in cleavage effi ciency seen with the fi rst generation, and these are now in common 
use with ZFNs and TALENs [ 45 ]. 

 In many situations with experimental organisms, cleavage and mutagenesis (by 
NHEJ) at off-target sites is a tolerable nuisance, since the effects can be minimized 
by backcrossing, by complementation, or by use of independently derived alleles 
(e.g. [ 46 ],). In applications to humans, however, the issue is more concerning. 
Methods to detect off-target mutagenesis have been developed, based on determina-
tion of in vitro binding and cleavage specifi city [ 9 ,  47 – 49 ]. Ultimately, procedures 
are needed that detect where secondary mutations are actually made in cells and 
organisms. [ 50 ] Whole genome sequencing would have to be very deep, since rare 
mutations can be selected from a cell population when introduced into patients, and 
such mutations can have severe effects  [ 51 ].  

    The Utility of ZFNs in Gene Targeting 

 The fi rst experiments in an intact organism showed that ZFNs directed to a genomic 
sequence in   Drosophila melanogaster    could stimulate local mutagenesis by NHEJ 
[ 38 ] and sequence replacement by HR. [ 52 ] This was followed by experiments with 
human cells in culture, using synthetic [ 53 ] or natural [ 41 ] targets, and by studies in 
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several model organisms. By now, ZFNs have been used successfully in more than 
25 different species, from yeast to butterfl ies to humans [ 7 ,  8 ]. 

 Each new organism, cell type or end use requires careful consideration of how 
the nucleases and, in cases where HR is desired, the donor DNA, will be delivered. 
This concern applies to the other targeted nucleases as well, and the lessons learned 
from ZFN studies have contributed to the accelerated progress with TALENs and 
CRISPRs. 

 Because the genomic changes induced by ZFNs are permanent, only  transient 
expression   is required. In cultured mammalian cells, investigators have delivered 
ZFNs by plasmid transfection [ 41 ,  53 ], viral vectors [ 54 – 56 ], mRNA transfection, 
and even direct protein addition to the culture medium [ 57 ]. The latter approach 
seems to work because of the high intrinsic positive charge on the ZFNs, and it is 
applicable to a range of cell types, albeit with variable effi ciencies. Long, double- 
stranded donor DNAs can be introduced on plasmid or viral vectors, while short, 
single-stranded donors are usually simply added to the medium [ 54 ,  55 ,  58 ,  59 ]. 

 For situations in which manipulation of whole organisms is the goal, genome 
alterations in the germ line must be achieved. The cells in which the germ line is 
most accessible are typically in the very early embryo.  Injection   of ZFN mRNAs at 
this stage has proved successful in a wide range of organisms, including insects 
[ 60 – 63 ], fi sh [ 64 – 68 ], frogs [ 69 ], sea urchins [ 70 ,  71 ], mice [ 72 – 74 ], rats [ 75 – 77 ], 
and rabbits [ 78 ]. In the cases where HR products were reported [ 60 ,  71 ,  73 – 75 ], the 
donor DNA was simply included in the injection mix. In pigs and cows, genome 
modifi ed animals were produced by in vitro mutagenesis of cultured somatic cells 
followed by nuclear transfer to enucleated eggs [ 79 ,  80 ]. 

  Plants   present particular challenges to delivery of genome engineering reagents. 
In some favorable cases, whole plants can be regenerated from cells or callus cul-
tures, and the manipulations can be done in those contexts. This has worked, for 
example, in tobacco [ 81 ] and maize [ 82 ]. ZFN delivery in other plants has been 
accomplished with T-DNA transfer from Agrobacterium [ 83 – 86 ]. Viral vectors are 
also being developed [ 87 ], but no current approach is applicable to all plants. 

 The case of genome editing in plants nicely illustrates the fact that the biology of 
each system will dictate the best experimental approach and the range of outcomes. 
Experience with two popular experimental  organisms   emphasizes this potential 
limitation. The fi rst applications of ZFNs to the nematode,  Caenorhabditis elegans , 
achieved very good frequencies of somatic mutagenesis, but nothing in the germ 
line [ 88 ]. The nucleases were delivered in this study by forming extrachromosomal 
arrays of the transgenes, which were likely subjected to potent RNA interference in 
the germ line. When researchers instead used mRNA injection directly into the 
developing gonad, ZFN mutagenesis was observed, albeit at rather low frequency 
[ 89 ]. With the more effi cient TALENs [ 89 ,  90 ], and particularly with CRISPRs 
[ 90 – 98 ], injection of DNA, mRNA and protein have all proven effective. 

 The other case is the  zebrafi sh  . It was among the early success stories for ZFN 
mutagenesis [ 66 ,  67 ,  99 ], but HR products were not readily obtained. With more 
effi cient cleavage by TALENs, HR with both DNA oligonucleotides (oligos) and 
long, double-stranded donors was achieved [ 100 ,  101 ]. Interestingly, many of the 
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oligo HR products appear to be only half-homologous, half-end joined [ 100 ]. 
This presumably refl ects the strong preference in zebrafi sh embryos for DSB 
repair by NHEJ.  

    ZFN Contributions 

 Research with ZFNs and  homing endonucleases   (also called meganucleases) [ 102 ] 
has provided critical information on how to optimize the results of targeted genome 
cleavage. As noted above, this includes guidance on nuclease delivery in a variety 
of organisms and cell types. The balance between repair by NHEJ and by HR has 
been addressed [ 60 ,  103 ], including the idea of introducing single-strand breaks 
(nicks), rather than DSBs, to favor HR. [ 104 – 107 ] Design of the donor DNA was 
investigated [ 108 ], and the effi cacy of synthetic, single-stranded oligo donors was 
demonstrated [ 59 ,  109 ].  Homology requirements   and the extent of target sequence 
incorporation at the target (conversion tracts) have been defi ned [ 108 ,  110 ]. A 
method for making insertions with only limited terminal homology was demon-
strated [ 111 ]. Approaches to making a variety of more complex genomic alterations 
have been made, including precise deletions and inversions [ 59 ,  112 ,  113 ], gene 
correction by cDNA insertion [ 56 ,  114 ], and chromosomal translocations [ 115 , 
 116 ]. In addition, methods for detecting and quantitating nuclease-induced muta-
genesis in the absence of selection have been developed [ 42 ,  117 ,  118 ]. 

 For many research applications, the ease of design makes  TALENs and CRISPR/
Cas nucleases   very attractive. The CRISPRs have the added advantage that a single, 
constant protein is involved, and specifi city is determined by guide RNAs that can 
be easily multiplexed—for genome-wide libraries in cell populations [ 119 ,  120 ], or 
to attack multiple genes in a single cell [ 121 ]. TALENs appear to have inherently 
high specifi city that can be enhanced by obligate heterodimer modifi cations, as 
noted above [ 45 ,  122 ]. The specifi city of CRISPR/Cas nucleases has been ques-
tioned [ 123 – 127 ], but some effective solutions have been developed. These include 
shortening the guide sequence to exacerbate the infl uence of mismatches [ 128 ], 
using a variant Cas9 that cuts only one strand in conjunction with a pair of guide 
RNAs that direct nicks to closely spaced sites [ 126 ,  129 ,  130 ], and fusing fully 
inactivated Cas9 to the  Fok I cleavage domain along with two guide RNAs to pro-
mote dimerization [ 131 ,  132 ]. 

 Before ceding the playing fi eld entirely to TALENs and CRISPRs, we should 
note that when a single target is being attacked repeatedly, it doesn’t matter what 
platform is being used. For applications to human therapy, to livestock and to crop 
plants, the development of the cleavage reagent represents a small part of the cost 
and effort devoted to the project. Considerations like specifi city and ease of delivery 
then become paramount. In this regard, the smaller size of the ZFNs will offer an 
advantage in  some   circumstances. Finally, some existing ZFNs are among the most 
effective and specifi c of the nucleases currently in use [ 49 ,  114 ,  133 – 135 ]. ZFNs 
targeted to the human CCR5 gene [ 49 ,  136 ] have been in clinical trials for several 
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years [ 9 ,  137 ] and are proving safe and, to the extent allowed in a Phase I analysis, 
effective. Additional ZFN pairs have been targeted to other human disease genes [ 7 , 
 8 ], and ones that have proved useful in specifi c applications like these are likely to 
continue to be exploited in the foreseeable future.     
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      The Use and Development of TAL Effector 
Nucleases                     

       Alexandre     Juillerat     ,     Philippe     Duchateau     ,     Toni     Cathomen    , 
and     Claudio     Mussolino     

    Abstract     In 2009 plant geneticists described a novel DNA binding domain derived 
from transcription activator-like effectors (TALEs) of the plant pathogen genus 
 Xanthomonas . The DNA recognition domain was distinguished by a modular struc-
ture in which each building block binds to a single DNA nucleotide. The break-
through was the identifi cation of the key residues within each block that defi ne its 
DNA binding properties and to show that specifi c alterations of these residues allow 
for the assembly of tailored DNA binding domains able to target any given sequence. 
This discovery set the stage for the generation of various designer proteins by fusing 
tailored TALE-based DNA binding domains, with either endonucleases, transcrip-
tional modulators or chromatin remodeling domains, with the fi nal purpose to mod-
ify the genome, the transcriptome or the epigenome. In the last few years, the 
exploitation of designer enzymes has expanded impressively with applications 
spanning from basic research to systems biology and human gene therapy.  

  Keywords     Gene editing   •   Gene knockout   •   Genome engineering   •   Transcription 
activator-like effector nuclease   •   Zinc-fi nger nuclease   •   TALE engineering   •   TAL 
Effectors   •   TALE cloning   •   Golden Gate  

      Transcription Activator-Like Effectors 

 Transcription activator-like effectors (TALEs) are proteins originally identifi ed in 
  Xanthomonas   , a genus of proteobacteria that includes a huge number of bacterial 
plant pathogens. During the infection process, a mixture of bacterial proteins, 
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including TALEs, are translocated into the cytoplasm of the plant host cells via a 
type III secretion system. After translocation into the nucleus, the TALEs mimic the 
function of eukaryotic transcription factors and bind to  cis -regulatory elements of 
the host genome to control and manipulate cellular pathways, with the fi nal goal of 
promoting bacterial replication [ 1 ]. 

 TALEs are composed of N-terminal secretion and translocation signals, a central 
domain with DNA binding capability and a C-terminal acidic activator domain cou-
pled to nuclear localization signals that enable  translocation   into nucleus [ 2 ] (Fig.  1 ).

   Protein engineering strategies have been especially focused on the  identifi cation   
of N- or C-terminal truncations aimed at creating artifi cial TALE-based DNA bind-
ing domains that combine minimal size with effi cient DNA binding activity. In the 
next paragraphs we will describe and summarize the development of different TALE 
scaffolds that have been engineered as versatile carriers for various effector domains. 

    DNA Binding Domain 

 The central DNA binding domain consists of a variable number of tandem repeats, 
generally between 15.5 and 19.5, in which the last repeat is shorter and usually 
referred to as “ half-repeat  ”. Each module constituting the DNA recognition domain 
is composed of 33–35 highly conserved amino acids, with the exception of those in 
positions 12 and 13 that are hyper-variable and referred to as  repeat variable di-
residues (RVDs)   [ 2 ]. These two amino acids hold a key role in defi ning the nucleo-
tide specifi city that is a simple ‘one-to-one code’, in which a single  RVD   contacts a 
single nucleotide. Cracking this interaction code allowed researchers to infer 
unknown target sites of natural TALEs based on their protein sequence and, con-
versely, set the stage for targeting engineered TALEs to chosen genes by assembling 
the TALE tandem repeat modules in the appropriate sequence [ 3 ,  4 ]. The crystal 
structure of a natural TALE protein complexed to its target DNA was resolved in 
early 2012 and highlighted some interesting aspects on how TALEs recognize their 

Translocation
domain

DNA binding domain
Nuclear 

Localization
Signals
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  Fig. 1    Schematic of a TAL effector. A TAL effector (TALE) contains an N-terminal translocation 
domain and eukaryotic-like nuclear localization signals and activation domain within the C-terminal 
portion of the protein. The central part of the protein contains the DNA binding domain, which 
consists of a variable number of modules with DNA binding capacity. With the exception of the 
repeat-like structures 0 and -1, the protein sequence of the modules is highly conserved. The repeat 
variable di-residues (RVDs) within each module dictate the DNA binding specifi city       
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cognate DNA [ 5 ,  6 ]. Each module is arranged in two α-helices connected by a loop 
that contains the  RVD  . The modules within an array are connected to form a right-
handed superhelix structure with the RVD residues pointing inwards. This protein 
structure coils around the DNA double helix with the RVD residues directly con-
tacting the major groove, remarkably without altering the structure of the DNA 
double helix. Moreover, the two amino acids of the RVD seem to have different 
roles: while the residue in position 12 stabilizes the loop the 13th residue makes the 
specifi c contact to the nucleotide of the target DNA. 

 Although the  RVD  –nucleotide association code was originally described for 15 
different naturally occurring RVDs [ 3 ,  4 ], researchers have early on focused on the 
four most prominent RVDs present in  Xanthomonas  TALEs: HD, NN, NI and NG 
that specify the binding to a C, G or A, A and T, respectively; Table  1 ). This straight-
forward code (i.e. four different RVDs to target the four nucleotides) has allowed 
the creation of a multitude of molecular tools that were successfully used in various 
organisms, making TALEs one of the most promising platforms for DNA targeting. 
Nevertheless, a key issue when designing DNA targeting tools is specifi city. 
Researchers have tried to improve the targeting specifi city of engineered TALE 
arrays by using less frequent G-specifi c RVDs, such as NH or NK. However, despite 
the expected gain in specifi city towards guanine, the implementation of the ‘NK’ 
RVD (instead of NN) in the context of TALE-based designer nucleases or transcrip-
tion activators often compromised the activity of the fi nal protein [ 7 ,  8 ]. This effect 
was particularly evident when the ‘NK’ RVDs were located in the N-terminal end 
of the array [ 7 ,  8 ]. Molecular modeling simulations using the available high resolu-
tion structure of PthXo1 bound to its cognate target DNA [ 6 ] revealed a higher 
affi nity of NN-containing compared to NK-based arrays [ 7 ]. In addition potential 
context-dependence of these less frequent RVDs cannot be excluded. By screening 
the specifi city of 23 natural  RVDs  , Zhang and colleagues reported that the ‘NH’ 
RVD can be a valuable alternative to NN as it showed an improved specifi city for 
the guanine base while retaining similar levels of biological activity [ 9 ]. This inter-
esting feature was simultaneously described in an independent study by Boch and 
colleagues [ 8 ]. However, because of the low numbers of NH-containing arrays that 
have been tested thus far, it is too early to advise scientists to switch from ‘NN’ to 
‘NH’ RVDs when aiming to target a guanine. Hence, despite the dual preference for 
guanine and adenine, the ‘NN’ RVD is still used extensively to target guanine 
because of its high overall affi nity to purines [ 10 ].

   Table 1    RVDs specifi cities   RVD  Target nucleotide  Reference 

 NI  A  [ 3 ,  4 ] 
 HD  C  [ 3 ,  4 ] 
 NN  G/A  [ 3 ,  4 ] 
 NK  G  [ 3 ,  4 ,  7 – 9 ] 
 NH  G  [ 8 ,  9 ] 
 NG  T  [ 3 ,  4 ] 
 NG  5mC  [ 12 ] 
 N*  5mC  [ 13 ] 
 H*  5mC  [ 13 ] 
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   Recently, the use of alternative  RVDs   has been reported. We have highlighted 
that targeting specifi city can be improved through the educated implementation of 
non-conventional RVDs, based on their exclusion capacities [ 11 ]. Miller and col-
leagues have explored the potential of novel RVDs in order to improve activity and 
specifi city of previously characterized TALENs [ 12 ]. This study revealed a remark-
able effect of position and sequence context on TALE-DNA recognition and pro-
vided novel non-canonical but binding-competent RVDs that can be employed to 
generate highly active and specifi c TALENs. 

 Particularly interesting in this context was evidence that in neural stem cells, TALE-
based transcriptional activators have been reported to be unable to activate the silenced 
Oct4 promoter [ 13 ]. In the same study, a TALE-based transcriptional activator failed 
to activate an in vitro methylated reporter construct transfected in HEK293T cells. On 
the other hand, chemical inhibition of DNA methyltransferases using 5-aza-20-deox-
ycytidine enabled the recovery of its activity. These results highlighted the impact of 
 cytosine methylation   on TALE-based molecular tools. Structural studies of the 
T-specifi c RVD ‘NG’ have demonstrated that NG can accommodate interactions with 
5-methylcytosine (5-mC), which suggested that TALEs could potentially be designed 
to recognize methylated CpG dinucleotides [ 14 ]. Valton and colleagues [ 15 ] have 
reported the implementation of ‘N*’ and ‘H*’ RVDs (the asterisks indicate the lack of 
the 13th residue) into TALE arrays to effi ciently target 5-mC (Table  1 ). While this 
report confi rmed the incompatibility of the ‘HD’ RVD with 5-methylcytosine, it 
emphasized the superiority of ‘N*’ and ‘H*’ over ‘NG’ to target this methylated 
base. As a conclusion, avoiding CpG dinucleotides or pre-screening the target site for 
the presence of methylated cytosines should improve the success rate in generating 
functional TALE-based molecular tools. 

 Exploration of the genome of different plant pathogens allowed for the identifi ca-
tion of additional TALE-like proteins in   Ralstonia solanacearum    and  Burkholderia 
rhizoxinica . The characterized  Ralstonia  proteins share many similarities with 
 Xanthomonas  TALEs, including their nuclear localization and the presence of an 
acidic activator domain at their C-terminus [ 16 ]. The DNA binding domain of 
 Ralstonia  TALE-like effectors (RTL proteins) is modular with each repeat unit com-
posed of 35 moderately conserved residues that contain RVDs not previously 
observed in  Xanthomonas’  TALEs. RTLs hence offer a novel set of DNA binding 
modules with different nucleotide affi nities and specifi cities. Moreover, in contrast 
to  Xanthomonas  TALEs, RTLs preferentially recognize a guanosine in position 0 of 
the target site. On the other hand, the generation of TALE arrays that target alterna-
tive nucleotides to the ‘invariant’ 5′-thymidine has been recently reported [ 17 ]. 
TALE-like proteins  from    Burkholderia  (Bat proteins) bind to the DNA with the same 
code as   Xanthomonas    TALEs [ 18 ]. However, Bat proteins are usually shorter and are 
formed almost exclusively by the repeat-based DNA binding domain. Interestingly, 
these repeats are highly polymorphic, sharing less than 40 % sequence identity, and 
their overall affi nity seems to be lower as compared to their  Xanthomonas  counter-
parts. We have reported the use of such TALE-like scaffolds from  Burkholderia  to 
create designer nucleases [ 19 ], and the access to the high resolution structure of such 
TALE-like proteins also highlighted new interesting DNA targeting features [ 20 ]. 
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In summary, since the discovery of the ‘one-to-one’ code of TALEs in 2009, several 
technical advances have allowed scientist to considerably expand the targeting range 
and the biological application portfolio of molecular tools based on the TALE 
platform.  

     N-Terminal Domain   

  Early work on engineering TALE-effector proteins have demonstrated that the fi rst 
152 amino acids could be deleted from the N-terminus without affecting the protein 
activity, likely because this region is mainly responsible for the translocation into a 
plant cell [ 21 ,  22 ]. However, attempts to generate artifi cial TALEs with even shorter 
N-terminal portions failed to bind to DNA [ 23 ,  24 ] and the N∆152 truncation ver-
sion rapidly established as the reference scaffold. The crystal structure has revealed 
that portion encompassing residue 152 to the fi rst regular repeat module is arranged 
in two repeat-like structures (usually named as repeats 0 and −1) in which a trypto-
phan in repeat −1 directly contacts the DNA target site at a 5′-thymidine, which is 
invariably found in nearly all the natural  Xanthomonas  TALE target sites [ 2 ]. The 
structure suggests that the fi rst steps during binding of a TALE to the DNA target 
are mediated by this portion of the protein, likely contributing to the high binding 
energy that enables subsequent target recognition. 

 Various domains can be fused to the N-terminal portion of TALE proteins with-
out affecting the binding capability of the fi nal molecule; indeed, detection or puri-
fi cation tags (e.g. FLAG, HA, S) or localization signals (nuclear, mitochondrial) 
have been successfully fused to native TALEs and variants with truncated N-terminal 
domains. Interestingly, Yang and colleagues have provided evidence that also func-
tional domains, such as the  Fok I catalytic domain, can be fused to the N-terminus of 
native TALEs to generate moderately active nuclease pairs [ 25 ]. Based on the 
N∆152 variant, Beurdeley and colleagues fused the catalytic domain of the I- Tev I 
homing endonuclease to the N-terminus of an engineered TALE. This “compact” 
TALE nuclease (cTALEN) couples the advantage of a partially selective catalytic 
domain with the programmable DNA targeting specifi city of the TALE protein [ 26 ]. 
The impact of alternative N-terminal variants has been further investigated by 
Barbas and colleagues, using an incremental truncation-based library screening 
strategy, to demonstrate that N∆120 or N∆128 TALE variants are advantageous to 
create different designer enzymes, such as chimeric TALE recombinases  [ 27 ].  

    C-Terminal Domain 

 Most of the studies that focused  on   introducing alterations in the C-terminal portion 
of TALE-based designer proteins showed that this domain is less critical for the DNA 
binding function of the protein. Indeed, swapping the natural transcriptional activation 
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domain with heterologous activator domains to C-terminal TALE truncations resulted 
in functional protein, regardless of the extent of the truncations [ 23 ,  24 ,  28 ,  29 ]. 
However, in the context of designer nucleases, the length of the C-terminal ‘linker’ 
that connects the DNA binding domain with the FokI endonuclease domain has an 
impact on both nuclease activity and spacer length tolerability between the two target 
half sites. A TALEN scaffold retaining 10–70 amino acids of the C-terminal domain 
showed higher nuclease activity when compared to TALENs harboring the entire 
native C-terminal domain [ 7 ,  23 ,  29 ]. On the other hand, while variants with longer 
C-terminal ‘linkers’ (>40 residues) showed cleavage activity on a broad range of spac-
ers (12–30 bp), TALENs harboring shorter ‘linkers’—or completely lacking the 
C-terminal domain—exhibited activity over a more restricted range (13–16 bp) of 
DNA spacers [ 7 ,  23 ,  29 ]. Thus, depending on the spacer length of the DNA target 
site, a fi tting C- terminal   scaffold should be chosen, taking into consideration that 
minimizing spacer length tolerability with shorter C-terminal variants may help 
increase the specifi city by limiting off-target cleavage. In conclusion, the versatility 
of the TALE-based DNA binding scaffold allows for the fusion of various effector 
domains to its C-terminus, such as transcriptional repressor [ 30 ] and activation 
domains [ 31 ], chromatin modifi ers [ 32 ] and nucleases that have thus far been 
 successfully used to modify the transcriptome, the epigenome and the genome of 
mammalian and plant cells (Fig.  2 ).

  Fig. 2    TALE-based effectors. The fusion of various effector domains to a TALE DNA binding 
array allows for the generation of tailored effectors. ( a ) Designer nucleases are used to modify the 
genome by introducing targeted DNA double strand breaks. ( b ,  c ) Targeted regulation of the 
transcriptome is achieved through employment of artifi cial transcription factors that enable 
transcriptional activation or repression. ( d ) Targeted epigenetic changes are induced by using 
chromatin modifi ers       
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        Assembly of TALE Arrays 

 While the modular structure of  DNA recognition   by TALE permits the easy design 
of specifi c DNA targeting arrays, the physical assembly of nearly identical modules 
of ~100 bp turned out to be challenging using traditional cloning strategies. Since 
the advent of TALE-based molecular tools, several platforms enabling the rapid 
assembly of such targeting modules have been reported [ 33 – 42 ]. All these platforms 
vary in diverse key parameters, such as the number and preparation of starting 
building blocks, the fl exibility of the fi nal array length that can be assembled and 
fi nally their throughput. In the following sections we summarize different TALE 
array assembly strategies that have been developed in recent years and that can be 
divided into four categories based on their assembly methods (summarized in Fig.  3  
and Table  2 ): (1) standard cloning, (2) Golden Gate based cloning, (3) solid phase 
assembly, and (4) ligation independent cloning. The vast majority of the protocols 
developed rely on the use of type  IIS restriction enzymes   that cleave DNA at a 
defi ned distance from their recognition sites, leaving a 4-bp overhang. Hence, if 
type IIS recognition sites are placed at the 5′ and 3′-ends of each DNA fragment in 
inverse orientation, various different four-nucleotide overhangs can be created using 
a single restriction enzyme. Upon restriction and ligation, the fi nal construct is 
devoid of the original recognition sites (“seamless cloning”).

    Alternatively, TALE arrays can either be synthesized  de novo  or validated con-
structs can be purchased through commercial companies. 

    Standard Cloning Assembly 

  This strategy is conceptually  the   easiest way to assemble TALE arrays and relies on 
collections of plasmids encoding single or multiple building blocks, standard restric-
tion/ligation enzymatic steps and amplifi cation in  E. coli  to create intermediate arrays 
in a parallel hierarchical manner (Fig.  3a , left). The design of the starting constructs 
involves incorporation of either isocaudomers (e.g.: unit assembly) or type IIS restric-
tion enzymes (e.g.: REAL, REAL-Fast). Depending on the method, the number of 
starting plasmids can strongly vary from less than ten [ 43 ], to a few dozen [ 35 ,  37 , 
 44 ] or even several hundred [ 30 ,  34 ,  38 ,  45 ]. The size of the collection is related to 
the number of repeats incorporated in each starting building blocks (from one repeat 
up to four for the largest collections). The preparation of the starting blocks either 
involves PCR amplifi cation or direct digestion from the plasmid collection. At each 
round of the assembly cycle, the intermediate products can be characterized by col-
ony PCR or restriction digestion to validate a successful process. Depending on the 
design of the starting material, 2–8 [ 25 ] individual building blocks can be coupled in 
an ordered fashion in a single cloning reaction. Nevertheless, only some of these 
assembly methods [ 37 ,  38 ,  43 ,  45 ] offer large fl exibility in the size of the fi nal array 
length with more than one or two possibilities. The numerous and fastidious 
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Plasmids preparation by digestion 
and chew back reaction 

Ligation independent 
cloning and E.coli 
transformation 

Golden Gate reaction in 
presence of a receiving plasmid 

a

b

- Collection of starting plasmids 
- Restriction or  

PCR amplification 

Collection of assembly 
building blocks 
 
- Initiators (biotinylated) 
- Extension blocks 
- Terminators 

- Iterative ligation of 
building blocks 

- “capping” step to block 
incomplete extension

Collection of assembly 
building blocks 

Parallel hierarchical 
assembly of the 
building blocks. 
Intermediate products 
are amplified in E. coli 
or by PCR.  

  Fig. 3    Methods available to assemble TALE arrays. Sequences of single or multi-repeat units are 
encoded in a collection of starting plasmids. ( a ) Illustration of the standard cloning assembly using 
parallel hierarchical reactions ( left ) and of the solid phase assembly that is based on iterative enzy-
matic elongation ( right ). ( b ) Illustration of the Golden Gate “one pot–one step reaction” process 
( left ) and of the ligation independent cloning (LIC) strategy ( right )       
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molecular biology steps (restriction, ligation, plasmid DNA isolation and DNA frag-
ment gel purifi cation) of these methods clearly limit the production to low throughput. 
To assemble TALE arrays of a standard size for genome engineering tools (10–24 
repeated units), up to 2 weeks are required (depending on the fi nal array length). 
However, they present the advantage that the basic molecular biology techniques are 
already implemented in many laboratories .  

    ‘Golden Gate’ Assembly 

   The  Golden Gate cloning    technology   was primarily developed to allow enzymatic 
cloning of multiple DNA fragments in a defi ned linear order [ 41 ,  46 ]. The strength of 
this method relies on the fact that the whole cloning process (restriction and ligation) 
can be performed using multiple DNA fragments (e.g. PCR amplifi ed or plasmids) in 
a single ‘one step–one pot’ reaction by cycling the experimental conditions (e.g. 
temperature) for both enzymatic steps (Fig.  3b , left). However, the cloning effi ciency, 
i.e. the total number of positive clones obtained after  E. coli  transformation and plat-
ing, drastically decreases when more than nine fragments are assembled [ 47 ]. Thus, 
to generate a typical TALE array containing more than ten repeats, multiple parallel 
Golden Gate reactions are required to preassemble sub-arrays that have to be further 
amplifi ed, either by PCR [ 24 ] or by plasmid amplifi cation in  E. coli  transformation 
[ 36 ,  47 – 50 ], prior to their fusion with an additional Golden Gate reaction. While the 
original protocols are based on the use of type IIS restriction enzymes, Yang and col-
leagues [ 42 ] developed an alternative PCR-based method for the preparation of the 
building blocks. Their strategy relies on the use of uracil containing primers for 
amplifi cation of the building blocks followed by the assembly of the array after a 
USER (Uracil- Specifi c Excision Reagent; [ 51 ]) digestion of the PCR products, in a 
single reaction. Another interesting variant of the Golden Gate strategy using PCR 
products was developed by Sanjana and colleagues [ 52 ] and relies on the circulariza-
tion of the intermediate array followed by removal of unreacted and non-circular 
products by exonuclease treatment. Circular arrays are then amplifi ed by PCR and 
further combined to give the fi nal array. While the absence of an amplifi cation step in 
 E. coli  and the possibility to eliminate side products represent valuable features in 
terms of throughput improvement, the necessity to purify intermediate PCR products 
might temper these advantages. 

 All Golden Gate based strategies used up to date to assemble TALE arrays rely 
on collections of a few dozen plasmids (24–78) or PCR amplifi ed fragments that 
can be handled by most laboratories without particular  instrumentation. They allow 
for the production of TALE arrays in a timeframe varying from a day to a week, 
depending on the array length (0.5–30.5) and the type of the intermediate step (PCR 
or plasmid amplifi cation in  E. coli ). While the development of such ‘one step–one 
pot’ assembly methods clearly expands the possibilities beyond classical molecular 
biology techniques, the numerous intermediate steps, such as plating, colony 
picking, PCR screening and DNA isolation, clearly hamper their potential towards 
high-throughput automatization of the production  .  
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    Solid Phase Assembly 

  The  solid phase assembly   of TALE repeats was developed as a high-throughput 
alternative to Golden Gate cloning strategies (Fig.  3a , right). By analogy to chemi-
cal solid phase peptide or DNA/RNA synthesis, this method is based on the use of 
magnetic beads or coated wells as solid support. It allows for easy removal of excess 
material and change of reactant solutions. The arrays are thus bound to the support 
by an initial building block (or initiator) and then elongated enzymatically step-by- 
step in a reactant buffer solution. The building blocks are considered as protected 
when non-digested and as activated when a desired cohesive end is created upon 
enzymatic digestion. The coupling to the solid phase is brought about a biotin–
streptavidin interaction and is easier to implement due to the commercial availabil-
ity of the solid support and the ease to obtain biotinylated oligonucleotides. 

 As for the two previously described assembly methods, the solid support strate-
gies rely on the use of either type IIS restriction enzymes [ 33 ,  38 ,  45 ] or isocaudo-
mers [ 38 ,  40 ]. Collection of building blocks are composed of initiators that are 
biotinylated (5′-end coding strand), extension blocks and terminators. The Iterative 
Capped Assembly (ICA) method developed by Briggs and colleagues [ 33 ] intro-
duced an important additional step that prevents yield decrease due to incomplete 
ligation effi ciency by blocking unreacted products (blockers). Extension blocks are 
typically prepared by plasmid digestion or PCR amplifi cation from a collection of 
single repeats [ 33 ] or pre-assembled multi-repeat modules [ 38 ,  40 ,  45 ]. Depending 
on the length of the array and the size of the starting blocks, the assembly of full size 
arrays is achievable within 3 days. Since the process can be easily automated using 
liquid handling workstations and thanks to the absence of intermediate cloning 
steps, these methods are amenable to medium and high-throughput production .  

    Ligation Independent Cloning ( LIC  )    

 The strategy released by Schmid-Burgk and colleagues [ 39 ] is the sole procedure 
not involving restriction and ligation steps for the coupling of the building blocks 
(Fig.  3b , right). Ligation independent cloning relies on the creation of long (up to 
30 bp) non-palindromic overhangs that are generated taking advantage of the 
3′–5′-exonuclease activity of the T4 DNA polymerase in the presence of only one 
of the four dNTP’s. To increase the throughput of the assembly process, a collection 
of 3072 penta-repeats encoding plasmids was created and can replace or be com-
bined with their original collection of di-repeats. Using these collections, a one- step 
LIC reaction enables the assembly of arrays of various sizes within 3 days. 
Additionally, a bacterial growth at limited dilution was implemented to rely only on 
liquid handling steps, so further improving the throughput of the LIC strategy. 
Interestingly, this improvement can also be implemented in most of the above- 
described assembly methods to improve their production throughput.   
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    Designer TALEs and Their Use 

 The  discovery of   TALEs and their unique way to recognize DNA has had an extraor-
dinary impact on life sciences. The modularity of the TALE DNA binding domain 
and the simple interaction code with DNA has boosted the development of custom-
izable DNA binding domains for a variety of applications, spanning from basic 
research to applications in human gene therapy. Since 2009, when the TALE DNA 
recognition code was uncovered [ 3 ,  4 ], the number of published manuscripts that 
refer to TALE research, technical improvements of the technology and/or their 
applications has reached 231 in 2013, over 10 times more than 2009. As discussed 
above, different toolboxes are available to assemble an array of TALE modules to 
target a chosen DNA sequence. Naturally occurring TALEs contain from as little as 
1.5 to 33.5 repeats in their DNA binding domain, with a median of 17.5 repeat 
modules [ 2 ]; however, a minimum of 6.5–10.5 repeats has been reported to be cru-
cial to achieve a measurable biological activity [ 3 ]. Once assembled, the tailored 
DNA binding domain can be fused to different types of effector domains to create 
designer enzymes for a large variety of applications. The most successful class of 
artifi cial enzymes harboring a user- defi ned DNA binding domain is certainly repre-
sented by designer nucleases. These enzymes combine sequence specifi city and 
cleavage activity, brought together by the fusion of a designer DNA binding domain 
with a nuclease domain, usually derived from the  Fok I restriction enzyme. Correct 
dimerization at a given site allows for the introduction of a targeted double stranded 
break ( DSB  ) in the genome of interest. Genome editing is the fi eld that has benefi t-
ted the most from the introduction of designer nucleases as a mean to introduce 
targeted genomic modifi cations. Once the genomic DNA is naturally or artifi cially 
damaged, the cell relies on conserved repair mechanisms to promptly repair the 
insult and avoid apoptosis. In mammals, one of the two major DNA repair pathways is 
harnessed upon the introduction of a DSB to ensure DNA integrity: (1) non-homologous 
end joining (NHEJ) or (2) homology-directed repair which is based on homolo-
gous recombination (HR).  NHEJ   is active throughout the cell cycle and is the fastest 
way for the cell to repair a DSB; however, it is an error-prone mechanism that can 
lead to small insertions/deletions (indels) at the break sites with serious conse-
quences, including the loss of gene function if the DSB occurs in a gene-encoding 
region. Conversely, the HR-based repair mechanism allows for precise correction 
of a DSB since it relies, in the natural situation, on the genetic information contained 
in the sister chromatid for DSB repair and it is thus restricted to the S/G 2  phases of 
the cell cycle. HR-based DNA repair is rare in mammalian cells with an event occur-
ring in every 10 4 –10 7  cells [ 53 ]. However, pioneering studies in Dr. Jasin’s lab [ 54 , 
 55 ] provided evidence that HR frequency can be increased by several orders of 
magnitude at a certain genomic position upon generation of a targeted DSB and the 
concomitant delivery of a donor DNA template homologous to the target site. Under 
these conditions, the genetic information is conveyed from the donor DNA to the 
target locus, allowing precise genomic modifi cations. Thus, by harnessing  NHEJ   or 
HR repair pathways at specifi c genomic locations, one can aim at diverse outcomes 
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like gene disruption, gene correction or gene addition. With these tools in hands, 
scientists have boosted their knowledge of gene functions by expanding reverse 
genetics to a huge variety of organisms [ 53 ]. Besides basic research, genome editing 
has found broad applicability in other fi elds like biotechnology, systems biology or 
human gene therapy, where this technology has been employed to engineer crop 
species with novel traits, isogenic cell lines to model human diseases and human 
cells with a corrected genetic defect [ 56 ]. For more than 15 years, Cys 2 -His 2  zinc 
fi nger-based DNA binding domains have been used to generate designer nucleases 
with remarkable success. Zinc fi nger nucleases ( ZFNs  ) have represented a milestone 
in the genome engineering fi eld, allowing genomic manipulations in new species 
for gene function studies [ 57 – 62 ] and in therapeutic contexts to correct genetic 
defects underlying human disorders [ 63 – 65 ]. The remarkable progress achieved 
 using   ZFNs is epitomized by a phase I clinical trial for the treatment of HIV [ 66 ] 
that demonstrated that gene disruption can be used to create resistance to HIV infec-
tion [ 67 ,  68 ]. However, the limited targeting capacity, the context-dependent effects 
on DNA binding specifi city between the repeat units within a zinc fi nger-array that 
make the process of generating tailored DNA binding domains time consuming, and 
a certain degree of unspecifi c targeting (the so-called off-target cleveage events) 
have represented a major impediment for their widespread use [ 69 – 72 ]. 

 The discovery of TALE-based DNA binding domains has provided a new 
customizable platform for the generation of designer nucleases. TALE-based 
 nucleases (TALENs) combine high versatility and superior specifi city as compared 
to the well-established ZFN pairs [ 23 ,  73 ]. TALEN with novel specifi cities can be 
designed in a reasonable time [ 48 ] to target any given DNA sequence with an 
 average of 3 TALEN pairs per base pair of DNA [ 74 ]. The targeting range of  ZFNs   
is much lower with an average of one available pair every 50–500 bp [ 75 ,  76 ]. It is 
hence easy to understand why TALENs have propelled a remarkable expansion of 
genome editing strategies in the last years with many academic labs employing this 
novel technology. 

 The fi rst report of TALE-based designer nucleases dates back to 2010 [ 28 ] and 
subsequent improvement of the TALEN  scaffold and their effi cacy   [ 23 ,  29 ,  77 ] has 
led to their use in a variety of cell lines and organisms, including zebrafi sh [ 78 ], 
mouse [ 79 ], rat [ 73 ], non-human primates [ 80 ] and human induced pluripotent stem 
cells (iPSCs) [ 81 ]. TALEN have also been successfully applied in  human gene ther-
apy   models, including the targeted genetic correction of the sickle cell disease 
mutation in human cells [ 82 ], restore gp91phox expression in granulocytes derived 
from iPSC of chronic granulomatous disease patients [ 83 ], to restore Dystrophin 
expression in Duchenne muscular dystrophy patient-derived cells [ 84 ], and for the 
treatment of recessive dystrophic epidermolysis bullosa [ 85 ]. Interestingly, designer 
nucleases can cleave not only genomic DNA but, when using suitable localization 
signals, they can be targeted to destroy mitochondrial DNA [ 86 ,  87 ]. Although pre-
liminary, this approach opens new opportunities for the treatment of mitochondrial 
disorders. 

 In addition to nucleases, other effector domains can be fused to a tailored DNA 
binding domain to extend the application portfolio from genome editing to the tar-
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geted modifi cation of the  transcriptome and epigenome  . The concept of modulating 
gene expression at the transcriptional level using designer transcription factor was 
successfully addressed using zinc fi nger-based DNA binding domains. Expression 
levels of endogenous genes were effectively modulated in murine models of human 
disorders, highlighting the feasibility of using tailored transcription factors as new 
therapeutics [ 88 ,  89 ]. With the introduction of TALEs, the availability of an easy 
customizable DNA binding domain has boosted the use of tailored transcriptional 
activators and repressors to modulate endogenous gene expression [ 24 ,  30 ]. The use 
of  high-throughput methods   to generate huge numbers of TALE-based transcription 
factors [ 90 ] may further expand applications in systems biology for the transcrip-
tional control of entire pathways and to model novel gene networks.  To   further 
broaden the use of tailored enzymes, customized DNA binding domains can be fused 
to histone deacetylases (HDACs) and methyltransferases (HMTs) to achieve targeted 
epigenetic modifi cations [ 91 ,  92 ].  

     Specifi city   of Tailored TALE-Based Effectors 

  The future of researchers planning to use designer effectors for permanent modifi ca-
tions of the genome, epigenome or transcriptome seems thriving. Yet, one caveat 
associated with the use of TALE-based designer enzymes is their genome-wide 
specifi city. Lack of specifi city may lead to unwanted side-effects through binding of 
the effectors to off-target sites that share a certain degree of nucleotide identity with 
the intended target site. This issue has represented a major obstacle when using fi rst 
generation dimeric ZFNs [ 93 ], which was subsequently overcome by redesigning 
the  Fok I dimerizing interface to avoid homodimerization [ 94 ,  95 ]. Most of the 
efforts to assess the specifi city of TALE-based enzymes have focused on microarray 
analysis after delivering TALE-based repressors [ 30 ] or on high-throughput 
approaches developed to dissect the specifi city profi les of ZFNs. Screening of in 
vitro cleaved libraries or the ability of integrase defective lentiviral vectors (IDLVs) 
to be trapped in DNA double strand breaks have allowed e.g. to profi le the specifi c-
ity of  CCR5 -specifi c ZFNs [ 70 ,  72 ]. Both studies exposed a non-trivial degree of 
off-target cleavage activity of these ZFNs [ 71 ]. The invention of alternative plat-
forms for the generation of designer nucleases, such as RNA-guided nucleases 
(RGNs) and TALENs, has provided novel substance to the genome engineering 
fi eld. However, while RGNs can show a high degree of off-target activity [ 96 – 98 ], 
the use of second generation TALEN scaffolds [ 99 ] and variant CRISPR/Cas9 
designs [ 100 ,  101 ] turned out to be less cytotoxic when compared to second and 
third generation ZFNs [ 23 ,  102 ]. Importantly, we recently demonstrated that higher 
specifi city is directly linked to lower cytotoxicity [ 103 ]. In particular for approaches 
aimed at clinical translation, these results clearly underline the importance of 
working with a highly specifi c nuclease platform, such as TALENs. 

 Evidently, the intrinsic ability of some TALE repeats to recognize more than a 
single nucleotide poses concerns regarding their specifi city. While NG, NI and 
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HD modules show a prominent preference for a single nucleotide [ 9 ], the most 
commonly used G-specifi c ‘NN’ module can also bind to adenine. As discussed 
above, systematic studies identifi ed novel and potentially more stringent TALE mod-
ules, which may help to further improve the high specifi city of TALENs [ 104 ]. An 
open question is whether the risk of genotoxicity can be reduced by using more 
specifi c cleavage domains. Based on this notion, fusion of a TALE-based DNA bind-
ing domain to the cleavage domain of the I- Tev I homing endonuclease to form a 
monomeric compact TALEN (cTALEN) have been explored [ 26 ]. In this scenario, 
a second level of safety is intrinsically provided by the I- Tev I cleavage domain that 
is active only when a degenerate CNNNG sequence is present in the target site [ 105 ]. 
While the partial DNA sequence preference of the I- Tev I domain reduces the occur-
rence of potential target sites within a genome, the cTALENs certainly simplify the 
generation of catalytically active TALENs by overcoming the need to generate two 
monomers per target site. Additionally, as recently shown by Lin and colleagues 
[ 106 ], TALE-based DNA binding domains can be linked to re- engineered meganu-
cleases to specifi cally target the human genome. With this approach, the  engineered 
TALE-I- Sce I fusion protein targeted to the β-globin gene induced comparable HDR 
at the target locus as a conventional TALEN but showed a signifi cantly lower toxic-
ity. Similarly to what has been accomplished for ZFNs, adapting the obligate het-
erodimeric  Fok I cleavage domain may provide additional benefi t in terms of 
specifi city [ 107 ], and implementing the use of improved or hyperactive  Fok I 
domains could help to generate highly specifi c and highly effi cient designer TALENs 
[ 108 ,  109 ]. Additionally, a rational target site choice to avoid target sequences 
that share a high degree of identity with other sites in the genome is probably the 
most simple way to minimize unwanted off-target cleavage [ 104 ], and a number of 
web-based tools assist researchers with this task  [ 110 ].  

    Conclusions 

 The use of designer nucleases to induce permanent genomic modifi cation is increas-
ing exponentially. Since the fi rst reports of chimeric ZFNs that were envisioned to 
work as customizable restriction enzymes [ 111 ], remarkable progress has boosted 
their use in human gene therapy. With the introduction of TALENs, the widespread 
use of these enzymes has increased steadily because of a combination of favorable 
features, like their ease of design, their effi cacy and their specifi city as a genome 
editing tool. The advent of RGNs, which are highly effi cient in inducing targeted 
DBSs and even easier to engineer as TALENs, has further accelerated this trend 
[ 112 ]. Although impressive gene editing effi ciencies have been reported in primary 
T cells [ 113 ], one limiting step for the researchers interested in modifying the 
genome of primary cells is the designer nuclease size. TALENs are rather large 
proteins and their delivery still represents a challenge, in particular when using viral 
vectors. Their size as well as their repetitive nature can be limiting parameter for 
viral vector systems, such as adeno-associated viral vectors and retroviral vectors. 
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However, Holkers and colleagues have recently reported that adenoviral vectors are 
able to transfer intact TALEN DNA into human cells [ 114 ] while Yang and col-
leagues have packaged TALEN genes into lentiviral vectors by diversifying the 
nucleotide sequence of TALE repeat modules [ 115 ]. While the effi ciency of the re- 
coded TALENs was lower as compared to the canonical counterpart, alternative 
methods have been explored in the meantime. Non-viral delivery methods, such as 
the transfection of mRNA molecules that contain the complete TALEN coding 
sequence, have proven exceptionally effi cient in inducing gene knockout in primary 
T cells [ 99 ,  113 ], thereby setting the stage for the translation of TALEN-mediated 
genome editing in various clinically relevant cell types in the near future.     
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      Genome Editing for Neuromuscular Diseases                     

       David     G.     Ousterout      and     Charles     A.     Gersbach     

    Abstract     Neuromuscular diseases are a diverse range of conditions that include 
myopathic and neuropathic disorders related to muscular dysfunction. Inherited 
neuromuscular diseases are the result of a broad spectrum of genetic mutations, 
including point mutations, insertions and deletions, chromosomal rearrangements, 
epigenetic aberrations, and repeat expansions or contractions. Targeted genome 
editing is a promising method to correct the inherited mutations underlying these 
disorders. Over the last decade there have been many signifi cant advances in engi-
neering targeted DNA-binding proteins to manipulate specifi c sequences of com-
plex genomes. These genome editing tools are rapidly becoming viable therapeutics 
that will allow the targeted addition, exchange, or removal of almost any genetic 
sequence in the human genome. In this chapter, selected neuromuscular diseases 
representing inherited myopathies or neuropathies are discussed. The genome edit-
ing tools available to create targeted genetic modifi cations are reviewed. Promising 
cell- and gene-based therapies are introduced in the context of the treatment of 
neuromuscular disorders in combination with genome editing therapies. Finally, 
specifi c examples of how genome editing may be applied to correct the genetic basis 
of particular neuromuscular disorders are presented and discussed.  

  Keywords     Genome editing   •   Zinc fi nger nucleases   •   TALENs   •   CRISPR/Cas9- 
muscular dystrophy   •   Motor neuron disorders  
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  DSB    Double-strand break   
  FSHD    Fascioscapulohumeral dystrophy   
  gRNA    Guide RNA   
  HDR    Homology-directed repair   
  HT    Huntington’s disease   
  iPSC    Induced pluripotent stem cell   
  LGMD2B    Limb-girdle muscular dystrophy type 2B   
  MGN    Meganuclease   
  MM    Miyoshi myopathy   
  NHEJ    Non-homologous end joining   
  RVD    Repeat variable diresidue   
  SMA    Spinal muscular atrophy   
  ssODN    Single-strand oligodeoxynucleotide   
  TALEN    Transcription activator-like effector nuclease   
  ZFN    Zinc fi nger nuclease   

        Introduction 

 Neuromuscular diseases include myopathic and neuropathic disorders that result in 
muscular dysfunction. These disorders can cause a range of symptoms from signifi -
cant motor impairment to total paralysis and death. A subset of these diseases is 
caused by inherited genetic mutations that damage the function of an essential gene. 
Importantly, these diseases can be caused by a broad spectrum of genetic mutations, 
including point mutations, insertions and deletions, chromosomal rearrangements, 
epigenetic aberrations, and repeat expansions or contractions. Within the past 
decade, advances in effi ciency, ease of use, and availability of genome editing tech-
nologies has enabled new approaches to study and potentially treat this class of 
diseases. These enabling technologies allow researchers to add, change and replace 
any genetic sequence of interest at will. In this chapter, neuromuscular diseases 
under investigation by genome editing will be overviewed and the methods and 
applications for novel treatment modalities and basic science research using genome 
editing tools will be discussed.  

    Overview of Common Neuromuscular Disorders 

  Muscular dystrophies   are a class of myopathies that result directly from progressive 
degeneration of muscle fi bers. This class of diseases results from mutations to an 
extensive panel of genes, of which at least 30 are currently known [ 1 ]. Motor neuron 
disorders indirectly affect muscle function by degrading the ability of the central 
nervous system to control muscle movement. These diseases are traditionally 
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classifi ed by the phenotype produced, including disease onset, severity, muscle 
groups affected, inheritance patterns, and other non-muscle phenotype changes 
[ 2 ,  3 ]. However, it is apparent that mutations to independent genes can result in 
similar phenotypes for a number of these disorders and mutations to the same gene 
can lead to phenotypically distinct conditions. This is the result of complicated and 
interdependent protein complexes present in muscle, making it necessary to reclas-
sify some of these disorders by the molecular basis or common phenotype created, 
such as dysferlinopathy and limb-girdle muscular dystrophy, respectively. This sec-
tion will focus on fi ve major types of muscular dystrophies and three motor neuron 
disorders, illustrating a variety of genetic disruptions that will each require a unique 
gene editing approach. 

    Duchenne and Becker Muscular Dystrophies 

 Duchenne muscular dystrophy ( DMD  )    is the most common monogenetic hereditary 
disorder, occurring in approximately 1 in 3500 male births [ 4 ]. This recessive, 
X-linked disorder is caused by mutations to the dystrophin gene. The primary func-
tion of the dystrophin protein is to provide a mechanical link between the cytoskele-
ton and extracellular matrix that protects the sarcolemma membrane from shearing 
forces during muscle contraction. Mutations that cause truncation of the dystrophin 
protein, thereby breaking this mechanical link, result in progressive muscle wasting 
and death by the third  decade   of life.    The current standard of care for DMD is pallia-
tive and has focused on managing respiratory and cardiac failure with steroid and 
ACE inhibitor therapy. Similar to DMD,  Becker muscular dystrophy (BMD)   is a 
monogenic degenerative musculoskeletal disease that is caused by a mutation to the 
dystrophin gene. However in this disease, mutations to the dystrophin gene cause 
internal deletions, resulting in expression of partially functional dystrophin protein. 
 BMD   is typically less severe than DMD due to this partial dystrophin functionality. 
The symptoms and progression of BMD are more diffi cult to predict than that of 
DMD, but typically follow a similar progressive muscular degeneration pattern, albeit 
at a much slower rate [ 4 ]. As a result, with proper care and disease management, most 
BMD patients can live independently and have a close to normal life expectancy. 

 Several promising methods have emerged to correct the  dystrophin gene  . It has 
been challenging to deliver a functional copy of the dystrophin gene because of the 
large size of the gene itself (>11 kb coding sequence). Miniaturized versions of the 
dystrophin gene that can be packaged into adeno-associated virus vectors have been 
engineered to deliver a truncated, but functional, dystrophin gene to muscle tissue 
[ 5 – 7 ]. These minidystrophin genes may be suffi cient to ameliorate the symptoms of 
DMD [ 5 ], though careful selection of appropriate minimal dystrophin proteins is 
still under investigation [ 8 ]. In contrast to these methods, restoration of the native 
dystrophin gene product may lead to improved clinical outcomes by salvaging pro-
tein functionality [ 9 ]. This is a relatively new area of gene and molecular therapy, in 
which strategies, dubbed “exon skipping”, have been developed to selectively 
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exclude portions of a damaged, out-of-frame gene by selectively removing exons 
from dystrophin mRNA  to   restore the reading frame [ 10 ]. Currently, the overall 
effi cacy of exon skipping approaches is still under investigation in human clinical 
trials [ 11 – 13 ]. 

 Despite these hurdles, dystrophin remains one of the principal  targets   for gene 
therapies. Genome editing efforts have shown promise across three distinct 
approaches to rescue dystrophin expression, including the correction of point muta-
tions [ 14 ], the creation of targeted frameshifts and deletions to restore the reading 
frame of an internally deleted dystrophin gene [ 15 – 18 ], the targeted addition of 
missing exons to the gene to address patient-specifi c mutations [ 18 ,  19 ], and the 
introduction of a functional dystrophin gene expression cassette to a predefi ned 
genomic location [ 20 ].  

    Limb-Girdle Muscular Dystrophy Type 2B 

   Dysferlinopathies are autosomal recessive disorders caused by loss of functional 
dysferlin protein expression and are the molecular basis of  Limb-girdle muscular 
dystrophy type 2B (LGMD2B)   and Miyoshi myopathy (MM) [ 21 ]. Dysferlin is a 
calcium-sensitive protein that is involved in membrane repair following damage to 
the sarcolemma in muscle fi bers [ 22 ]. While the molecular basis of  LGMD2B   and 
MM is the same, the presentation of these diseases is distinct for unknown reasons. 
LGMD2B pathogenesis begins with shoulder and hip weakness (limb-girdle) that 
progress to proximal limb weakness [ 23 ]. Miyoshi myopathy caused by dysferlinop-
athy generally presents as distal limb weakness in the calves, forearms, hands and 
feet [ 23 ]. For both disorders, disease onset typically occurs by 30 years of age and 
life span is generally normal though ambulation is signifi cantly impaired within two 
decades of prognosis. In both of these dysferlinopathies, monogenic mutations to the 
dysferlin gene disrupt protein function. Restoration of functional dysferlin gene 
expression is a promising approach to treating these disorders [ 24 ]. Possible genome 
editing strategies for dysferlinopathies would likely be similar to those for DMD, 
including targeted frameshifts to restore the reading frame around deleted non-
essential areas of the gene, genetic knock-in of exons absent in the patient- specifi c 
mutation, and introduction of functional dysferlin gene cassettes by gene targeting  .  

    Myotonic Dystrophy 

    Myotonic dystrophy   is a disease caused by different autosomal dominant disorders, 
termed  myotonic dystrophy   type 1 (DM1) and myotonic dystrophy type 2 (DM2). 
These disorders are characterized as progressive multisystemic diseases, including 
progressive muscle wasting, myotonia, cataracts, endocrine changes, and other defects 
[ 25 ]. The onset of these diseases is variable, ranging from childhood to adulthood. 
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Generally, DM1 is a more severe form of myotonic dystrophy than DM2. The genetic 
basis of DM1 was discovered to be a trinucleotide cytosine- thymine- guanine (CTG) 
repeat expansion in the 3′ untranslated region of the myotonic dystrophy protein 
kinase (DMPK) gene [ 26 ]. Normally, there are approximately between 5 and 37 CTG 
repeats, however expansion to 50 or more CTG repeats creates instability in the 
DMPK gene that results in the onset of disease [ 27 ]. Furthermore, the size of the 
repeat expansion directly correlates to disease onset and progression. Interestingly, the 
expansion of CTG repeats has been shown to lead to chromatin condensation and gene 
silencing in this gene locus [ 25 ], though the extent of pathogenic contribution result-
ing from silencing this gene is unknown. A second myotonic dystrophy, DM2, is 
caused by an expansion of tetranucleotide cytosine-cytosine-thymine-guanine 
(CCTG) repeats in an intronic region of the ZNF9 gene [ 25 ]. Unlike DM1, the size of 
the DM2 CCTG repeat expansion does not seem to correlate with disease severity. 

 The pathogenic mechanisms of both DM1 and DM2 repeat expansion remain 
uncertain, though it is thought to be related to loss of DMPK or ZNF9 gene func-
tion, as well as toxic effects of the altered RNAs [ 25 ,  28 ]. Presently, the known 
mechanisms for toxic gain of function by these repeat expansions is likely related to 
disruption of RNA-binding proteins that can cause mis-splicing of several genes 
related to myotonia, insulin-resistance, and cardiac function [ 1 ]. Ongoing studies 
suggest that repeat expansions may have extended effects on other symptoms of 
myotonic dystrophies, such as sleep dysregulation, intellectual disability and other 
central nervous system defects [ 1 ]. Genome editing may be useful in ameliorating 
this disease by targeted genetic deletion or truncation of repeat expansions to restore 
gene function, or complete gene knockout or excision to reduce toxicity  .  

    Fascioscapulohumeral Dystrophy 

   Fascioscapulohumeral dystrophy ( FSHD  )    is an autosomal dominant disease that is 
the third most common muscular dystrophy, with a prevalence of about 1 in 7000 
births [ 1 ]. The genetic mechanism underlying this disorder is complex, resulting 
from the convergence of aberrant genetic and epigenetic changes at a region of 
chromosome 4, termed the D4Z4 array, that is associated with the pathogenesis of 
this disease [ 1 ]. The D4Z4 array is a region of chromosome 4 with an array of 
repeated 3.3 kb  D4Z4  sequences, with each repeat containing an open reading frame 
encoding the protein DUX4. Two major events are known to occur in relation to 
FSHD onset [ 29 ]. First, the D4Z4 array undergoes a genetic contraction. This con-
traction brings the endogenous promoter and polyadenylation signal of the D4Z4 
array in close proximity to a DUX4 reading frame contained within the D4Z4 
repeats and stabilizes the DUX4 mRNA transcript. Second, concomitant with the 
contraction of the D4Z4 array, the surrounding region undergoes epigenetic relax-
ation that allows expression of the DUX4 gene product from this locus. The DUX4 
protein then aberrantly activates a variety of genes that normally should only be 
expressed during early development, leading to general cellular toxicity in mature 
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muscle tissues [ 30 ]. However, DUX4 expression alone cannot completely explain 
this disease state, as DUX4 is not always expressed in FSHD patient muscle tissue, 
and it is known to be expressed in unaffected individuals. This suggests that there 
may be another mechanism that causes this disease besides DUX4 expression, and 
may be related to chromosome 4p hypomethylation. Genome editing tools could 
enable novel studies and therapeutic strategies by editing the length and presence of 
the DUX4 array and associated genetic elements or potentially by altering the epi-
genetic state of chromosome 4p.    

    Spinal Muscular Atrophy 

  Spinal muscular atrophy (SMA)   is an autosomal recessive disorder affecting 
approximately 1 in 11,000 births in the United States, and is the leading genetic 
cause of infant death [ 31 ]. Few treatment options currently exist, and severe cases 
of  SMA   often result in death during childhood. Two homologous genes on chromo-
some 5,  SMN1  and  SMN2 , encode the survival of motor neuron (SMN) protein and 
play a role in the genetic basis of this disorder. In normal individuals,  SMN2  is 
identical to  SMN1  except for a single nucleotide change (C840T) [ 31 ] in  SMN2  that 
results in alternative splicing, leading to full-length SMN protein (SMN-fl ) encoded 
by 10–20 % of total  SMN2  transcripts and the remainder coding an altered form of 
SMN (SMNΔ7) that is missing exon 7. Importantly, the absence of exon 7 results in 
expression of an altered and rapidly degraded SMN protein lacking an essential 
oligomerization domain. SMA is caused by the loss of the  SMN1  gene, resulting in 
insuffi cient expression levels of SMN-fl  protein from the remaining  SMN2  gene. 
Interestingly, there are known variations in  SMN2  that cause a greater percentage of 
SMN-fl  production and are correlated with reduced disease severity. Analysis of 
full-length transcript expression in SMA patients with different disease severities 
suggests that a 20–25 % increase in SMA-fl  transcript expression would correct the 
SMA phenotype [ 31 ]. There are a number of new therapies  under   investigation that 
aim to re-introduce functional SMN expression by  SMN1  gene replacement therapy, 
increased  SMN2  transcription, or alteration of  SMN2  splicing to increase SMN-fl  
expression [ 32 ].  Gene   editing is an attractive way to address the genetic basis of the 
disease by introducing a functional  SMN1  gene by knock-in of an entire  SMN  gene 
cassette, or by editing of  SMN2  to alter the exon 7 splice junction.  

    Huntington’s Disease 

    Huntington’s disease   (HD)    is an autosomal dominant disorder caused by triplet 
repeat expansions in the huntingtin ( HTT ) gene. This disease is entirely genetic and 
is caused by unstable CAG triplet expansion in exon 1 of the  HTT  gene. This unsta-
ble triplet expansion results in expression of a mutant huntingtin protein with a 
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polyglutamine tract that causes aggregation and abnormal degradation of huntingtin 
protein. These degradation products are subsequently ubiquitinated and transported 
to the cytosol, where their build up results in apoptosis [ 33 ]. Generally, 36–39 
repeats can potentially cause huntingtin protein aggregation [ 34 ], while 40 or more 
repeats almost always causes aggregation and severe disease by age 65 [ 35 ]. The 
onset of disease is typically delayed well into mid-life, with the majority of patients 
experiencing initial symptoms by their mid-30s to mid-40s. While the exact mecha-
nism of disease onset is still not understood, reduction or elimination of the repeat 
expansion may improve disease phenotype. Therefore, genome editing may be an 
attractive method to correct the  HTT  gene by deleting or reducing the number of 
CAG repeats. In fact, genome editing tools have been developed to target these 
repeat sequences   [ 36 ].   

    Genome Editing Technologies 

 Extensive research over the past decade has led to rapid advances in genome engi-
neering using a variety of different platforms to achieve site-specifi c sequence 
changes to chromosomal DNA in human cells. Notable advances have been made in 
methods based on engineered viral vectors, customizable DNA-binding enzymes, 
or oligonucleotides. Each advance has increased the specifi city, activity, and/or sim-
plicity in achieving effi cient and specifi c genome editing. These advances have cre-
ated a variety of gene editing tools [ 37 ,  38 ] that are available to modify DNA 
sequences including zinc fi nger nucleases (ZFNs) [ 39 ], transcription activator-like 
effector nucleases (TALENs) [ 40 ,  41 ] and more recently, the RNA-guided CRISPR/
Cas system [ 42 – 47 ]. In addition, there are several others gene editing systems avail-
able, including oligonucleotide-mediated exon skipping [ 10 ,  11 ], meganucleases 
(MGNs) [ 48 ], triplex-forming oligonucleotide (TFO) complexes [ 49 ,  50 ], integrases 
[ 51 ,  52 ] and programmable recombinases based on zinc fi nger [ 53 – 55 ] or TALE 
DNA-binding domains [ 56 ]. This section will introduce these various genome edit-
ing technologies. 

    Introduction to Genome Editing Strategies 

 Targeted genome editing can be achieved by several distinct strategies. Most com-
monly, genome editing occurs by stimulating endogenous DNA repair pathways 
through gene targeting or generating site-specifi c double-strand breaks (DSBs) at 
the target locus (Fig.  1 ). Two distinct DNA repair processes can be used to modify 
a target DNA sequence – non-homologous end-joining (NHEJ) and homology- 
directed repair (HDR)—see chapter “Gene Editing: Double-Strand Break Induced 
Gene Targeting and Mutagenesis 20 Years Later” for a more complete  discussion on 
these processes. Briefl y, NHEJ is a stochastic, error-prone repair process that can be 
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exploited to introduce random small insertions and deletions at the DNA break-
point.  NHEJ  -based gene editing has been used in mammalian cells to disrupt genes 
[ 38 ,  57 ], delete chromosomal segments [ 58 ,  59 ], integrate gene cassettes by capture 
of linear DNA fragments at double-strand break sites [ 60 ], and restore aberrant 
reading frames [ 15 ,  61 ,  62 ].  HDR   uses a donor DNA template to guide repair at a 
DSB and can be used to create specifi c sequence changes to the genome,  including 
  the targeted addition of whole genes. HDR has enabled integration of gene cassettes 
of up to 8 kb in the absence of selection at high frequency (~6 %) in human cells 
[ 63 ], although antibiotic selection is used in tandem with genome editing for gene 
correction in cell types with low levels of HDR repair  [ 64 – 66 ].

       Tools for Targeted Gene Modifi cation 

 Advances in targeted gene editing have emerged from the development of novel 
designer nucleases, such as ZFNs and TALENs, as well as the re-engineering of 
naturally occurring DNA-binding enzymes, including MGNs and the more recently 
described CRISPR/Cas system. All of these engineered nucleases act by creating a 
targeted DNA double-strand break in the genome that stimulates cellular DNA 
repair through either HDR or NHEJ (Fig.  1 , see section “Introduction to Genome 
Editing Strategies” above). Competing technologies to create genomic and mRNA- 
level gene correction based on engineered integrases, single-stranded oligonucle-
otides, and adeno-associated viral vectors are also discussed in this section. 

     Meganucleases   

  MGNs consist of overlapping DNA-binding and catalytic domains that simultane-
ously recognize and cleave a target DNA strand [ 67 ]. MGNs that are most com-
monly used for genome engineering, such as I-SceI and I-CreI, are from the 

  Fig. 1    Mechanisms of DNA repair following the creation of a double-strand break by an engi-
neered nuclease       
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LAGLIDADG family that is named for a common peptide motif. MGNs operate 
either as homodimers or as long, single-chain proteins that recognize and cleave 
DNA. The interdependence of DNA-binding and catalytic activity results in high 
specifi city, but also complicates the re-engineering of customized MGNs targeted to 
novel sequences. Despite this challenge, MGNs have been engineered to effi ciently 
cleave new genomic target sites [ 68 ], including disease-related targets in human 
cells  [ 19 ,  48 ,  69 ,  70 ].  

    Chimeric Nucleases Based on the  FokI Domain   

 ZFNs and TALENs are chimeric nucleases that utilize an independent, program-
mable DNA-binding domain fused to the non-specifi c catalytic domain of the FokI 
endonuclease [ 71 ]. Site-specifi c double-strand breaks are created when two inde-
pendent nucleases bind to adjacent predefi ned DNA sequences, thereby permitting 
dimerization of FokI and cleavage of the target DNA (Fig.  2a, b ). The DNA-binding 
domains for ZFNs are based on the Cys2-His2 zinc fi nger domain, the most com-
mon DNA-binding motif in the human proteome. The DNA-binding specifi city of 
synthetic zinc fi nger domains has been extensively engineered to recognize almost 
any DNA target through site-directed mutagenesis and rational design or the selec-
tion of large combinatorial libraries [ 38 ]. This work led to the establishment of 
ZFNs as one of the earliest and most widely used genome editing tools [ 72 – 76 ]. The 
DNA-binding domain for TALENs was adapted from a plant pathogen protein and 
consists of an array of repeat variable diresidue (RVD) modules, each of which 
specifi cally recognizes a single base pair of DNA [ 77 ,  78 ]. RVD modules can be 
arranged in any order to assemble an array that recognizes a defi ned sequence [ 77 , 
 78 ]. The widespread adoption of TALEN technologies has dramatically advanced 
genome editing due to their high rate of successful and effi cient genetic modifi ca-
tion [ 40 ,  77 – 82 ].

       CRISPR/Cas Systems 

 Recently, a new class of DNA-editing enzymes was adapted for use in mammalian 
cells from the CRISPR/Cas innate bacterial  defense   system [ 45 ,  47 ]. Unlike MGNs, 
ZFNs, or TALENs, CRISPR/Cas recognizes a target DNA sequence through the 
RNA-DNA interaction of a guide RNA sequence that tethers to the Cas9 nuclease 
and guides it to cleave a predefi ned DNA sequence (Fig.  2c ). The CRISPR/Cas 
system has been successfully adapted to work in mammalian cells by co-expression 
of the Cas9 nuclease and a guide RNA (gRNA) targeted to a predefi ned genomic 
site via complementary base pairing between the 5′ end of the gRNA sequence and 
the chromosomal DNA [ 42 – 44 ,  46 ,  83 ]. This cognate target site must be adjacent to 
a unique protospacer-adjacent motif (PAM), a short sequence recognized by the 
Cas9 nuclease required for DNA cleavage. Several studies have studied the specifi c-
ity of the  S. pyogenes  CRISPR/Cas system and observed positional dependence of 
mismatches in the protospacer on specifi city [ 84 – 89 ]. Other CRISPR systems with 
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smaller Cas genes have been described that are compatible size- restricted   AAV vec-
tors [ 90 ]. A unique capability of the CRISPR/Cas system is the ability to easily 
target multiple distinct genomic loci simultaneously, termed multiplexing, through 
expression of single Cas9 protein with two or more gRNAs [ 42 ,  91 – 93 ].  

    Integrases, Recombinases, and Transposases 

  Since nucleases act indirectly to cause DNA changes through endogenous DNA 
repair mechanisms, there has been signifi cant interest in engineering  targeted 
  enzymes that can directly catalyze changes at a target DNA sequence. Integrases act 
on DNA through site-specifi c recombination and can effi ciently insert large gene 
cassettes to predefi ned locations of the genome. The ΦC31 integrase has been 
demonstrated to have a limited number of integration sites in human and mouse 

  Fig. 2    Schematic of nuclease-based genome editing technologies, including ( a ) zinc fi nger nucle-
ases, ( b ) TALENs, and ( c ) CRISPR/Cas9, with the DNA target in  black , the gRNA in  blue , and the 
Cas9 nuclease in  green        
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genomes, allowing therapeutic genes to be integrated into known genomic loci [ 51 , 
 52 ]. Programmable recombinases have also been engineered to work cooperatively 
with a distinct DNA-binding domain, such as zinc fi ngers [ 53 ,  55 ,  94 ,  95 ] or TALEs 
[ 56 ], to direct site-specifi c recombination at a desired genomic locus. Transposases 
have also been fused to ZFPs [ 96 ] and TALEs [ 97 ] as a novel to mediate site-spe-
cifi c integration of gene expression cassettes. Finally, retroviral integrases have 
been linked to ZFPs direct viral integration to a predefi ned genomic target [ 98 ,  99 ]. 
The continued development of these technologies will be valuable in achieving 
robust, reproducible and site-specifi c integration of therapeutic genes to treat neuro-
muscular disorders.   

    Adeno-Associated Virus-Mediated Gene Targeting 

   Adeno-associated virus ( AAV  )    is a non-pathogenic virus with the capacity to 
deliver transgenes up to 4.7 kb in size [ 100 ] (see section “In Vivo Correction by 
Direct Delivery of Genome Editing Tools” below for more information). AAV-
based delivery has been shown to increase the frequency of gene targeting through 
homologous recombination by several orders of magnitude compared to conven-
tional, transfection- based techniques [ 100 – 108 ]. These gene targeting rates vary 
from 0.1 to 1 % of treated cells, and can generate small insertions or deletions, 
substitutions, and integration of entire gene cassettes [ 100 – 108 ]. AAV-based gene 
targeting has several advantages, including ease of designing gene targeting vec-
tors, effi cient integration as compared to transfection-based techniques, and 
apparent lack of cytotoxicity. Although the overall gene targeting effi ciency of 
these vectors presents a challenge in strategies requiring greater gene correction 
rates, it can be further enhanced by the presence of nuclease-induced double-
strand breaks [ 100 ,  103 – 108 ]. AAV vectors also may introduce non-specifi c 
genomic sequence changes by off-target, random chromosomal integration of the 
vector   [ 107 ,  109 – 111 ].  

    Genetic Modifi cation with Oligonucleotide Complexes 

  Permanent genetic modifi cations can be created by several types of  oligonucle-
otides  , including RNA–DNA complexes (chimeraplasts) [ 49 ] and chemically modi-
fi ed  single-stranded oligonucleotides (ssODNs)   [ 50 ,  112 ]. These oligonucleotides 
directly interact with the target DNA sequence and stimulate DNA repair responses. 
Generally, ssODNs are highly sensitive to the targeted strand, with a preference for 
the coding strand, as well as the introduced sequence change [ 50 ], potentially limit-
ing the therapeutic potential of oligonucleotides. While the exact mechanism of 
oligonucleotide-mediated gene editing is still under investigation, more recent 
advances have focused on chemically modifi ed ssODNs that have been shown to 
increase the effi ciency of this approach [ 50 ,  112 ]. ssODNs have been shown to 
introduce targeted genetic corrections in transfected cells to address disease-related 
mutations for SMA  [ 113 ] and DMD [ 114 ].    
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    Introduction of Genetic Corrections In Vivo 

 Creating genetic changes that can correct disease phenotypes in vivo is the ultimate 
goal of novel gene therapies for neuromuscular disorders. There are numerous chal-
lenges in delivering the gene editing therapeutics specifi cally and effi ciently to the 
desired target tissue. This section will discuss several key methods for introducing 
genetic corrections in vivo, including cell-based therapies and direct introduction of 
gene editing enzymes via viral and non-viral gene transfer. 

    Cell-Based Therapies to Introduce Genetically 
Corrected Cells In Vivo 

 Cell-based therapies aim to introduce functional expression of a therapeutic 
gene through engraftment of genetically corrected cells in patient tissue. These 
engrafted cells can then act as a depot for expressing a therapeutic gene or func-
tion by directly replacing diseased tissue. A myriad of cell types are currently 
under investigation for cell-based therapies for muscular dystrophies and may be 
applicable to other neuromuscular disorders, including induced pluripotent stem 
cells (iPSCs) [ 118 ,  119 ], bone marrow-derived progenitors [ 120 ], skeletal  mus-
cl  e progenitors [ 121 ], mesoangioblasts [ 122 ], CD133+ cells [ 123 ], and dermal 
fi broblasts [ 61 ,  124 ]. Additionally, advances in immortalization of human myo-
genic cells may greatly simplify clonal derivation of genetically corrected myo-
genic cells [ 125 ,  126 ]. These cell types can be modifi ed by genome editing tools 
in vitro by transfection or electroporation of plasmid or mRNA, transduction by 
integrase-defi cient lentivirus [ 127 ], or treatment with cell-permeable nucleases 
[ 128 ,  129 ]. 

 Duchenne muscular dystrophy is an example of a prototypical disease that is 
addressable by gene therapy combined with cell therapy because muscle tissue 
readily incorporates donor progenitor cells during muscle regeneration. 
Initially, cell-based therapies for DMD focused on transplantation of allogeneic 
healthy donor muscle progenitors directly into DMD patient muscle by injec-
tion and was combined with immunosuppression [ 130 ]. Some of the challenges 
associated with combined genome editing and cell-based therapies include 
immune response to the donor cells or to the restored therapeutic gene product, 
insufficient donor cell engraftment, and poor migration from the injection site. 
One interesting approach to address these concerns is to create iPSCs from 
autologous patient cells, correct the dystrophin gene ex vivo, differentiate the 
iPSCs towards the myogenic lineage, and  inject   the cells to repopulate dystro-
phic tissue [ 15 ,  20 ,  118 ,  119 ,  122 ,  131 ]. This approach may reduce the potential 
for immune rejection of donor cells and allow for extensive characterization of 
corrected cells.  
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    In Vivo Correction by Direct Delivery of Genome Editing Tools 

  Traditionally, gene therapy aims  to   replace mutated genes by gene transfer to a 
target tissue. Gene transfer can be effi ciently accomplished through viral and non-
viral based methods to directly deliver genes to target tissues following local or 
systemic injection. An important consideration for genome editing therapies is that 
the editing tools need only be present as long as necessary to create a permanent 
genetic change. Thus, transient exposure to the editing tools, either by direct treat-
ment or transient expression of genes encoding the editing enzymes, is a desirable 
property, as reduced exposure time to gene editing nucleases may limit potential 
off-target effects [ 128 ,  132 ]. 

  Viral gene transfer   takes advantage of the innate tissue-tropic properties of 
viruses. One of the leading viral gene transfer vectors for in vivo gene therapy is the 
adeno-associated virus, which is a small, non-pathogenic dependovirus that typi-
cally encodes a single-strand DNA genome with a maximum packaging capacity of 
~4.7 kb [ 133 ]. Importantly, AAV vectors can effi ciently transduce non-dividing 
cells types, such as muscle fi bers and neurons. The non-integrative nature of AAV 
reduces the chance for unintended integration into the genome that may result in 
oncogenesis or disruption of essential genes. For gene editing purposes, this may 
also be advantageous because expression of the editing enzyme is not permanent, 
potentially reducing long-term toxicity. Gene targeting may also be enhanced by 
using AAV-based delivery of donor templates and gene editing enzymes [ 100 ,  103 –
 108 ,  134 ]. Moreover, AAV delivery of ZFNs with a donor template has been shown 
to mediate effi cient gene targeting in vivo [ 60 ,  138 ]. AAV vectors based on AAV2 
pseudotyped with alternative muscle-tropic AAV capsids, such as AAV2/1, AAV2/6, 
AAV2/7, AAV2/8, AAV2/9, and the more recent AAV2.5, AAV/SASTG, and 
AAV2i8G9 vectors have been shown to effi ciently transduce a variety of musculo-
skeletal tissues following systemic and local delivery [ 7 ,  139 – 149 ] with sustained 
gene transfer for at least several months in post-mitotic tissues. A number of these 
AAV vectors have also been shown to effi ciently transduce neurons, glia, and astro-
cytes [ 150 – 152 ]. More recently, the fi rst AAV-based gene therapy was approved as 
a product in Europe and is also administered by intramuscular delivery [ 153 ]. 

  Non-viral methods   are also an attractive method for effi cient, tissue-specifi c 
gene transfer. A major advantage of this method is the transient delivery of a thera-
peutic payload in a highly controlled manner [ 154 ]. Nanoparticles can also be 
programmed to deliver a payload to specifi c tissues by conjugating targeting pep-
tides to the nanoparticle complex, enabling versatile control over delivery of gene 
editing therapeutics. Moreover, these complexes can be used to deliver therapeutic 
peptides or RNA in addition to conventional gene transfer via DNA. Notably, it has 
been demonstrated that nanoparticles can mediate in vivo gene editing by simulta-
neously delivering both the gene editing agent and a suitable donor template [ 155 ]. 
Thus, non-viral methods may be a promising method to deliver short bursts of gene 
editing drugs .   
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    Genome Editing Methods Applied to Neuromuscular Diseases 

 Genome editing tools can be utilized to generate an array of manipulations of the 
chromosomal DNA to study and treat neuromuscular diseases. This section will 
focus on three major strategies that are of interest for genome editing in the context 
of these disorders: restoration of the native gene, targeted addition of a replacement 
gene, and genetic disruption of a disease-related target. 

    Correction of a Native Gene In Situ 

 A powerful application of gene editing is to directly restore a patient’s own gene in 
situ, effectively correcting the underlying genetic cause of a disease. This methodol-
ogy presents several potential advantages, including permanent gene restoration and 
appropriate physiologic and tissue-specifi c expression under the control of the natu-
ral genomic regulatory elements. This section will emphasize using genome editing 
to generate targeted large genomic deletions, small insertions and deletions to create 
intra-exonic frameshifts, or insertions of missing exons using a  DNA donor tem-
plate   (see examples in Tables  1  and  2 ).

        Reading Frame Restoration   by Targeted Genomic Modifi cations 

  Engineered nucleases can effi ciently introduce targeted insertions and deletions that 
restore the reading frame around a non-essential region of the dystrophin gene [ 15 , 
 18 ]. Importantly, targeted frameshifts can be accomplished by nuclease activity 
alone, without a DNA repair template, through the error-prone NHEJ DNA repair 
pathway that generates random small insertions and deletions. However, the result-
ing restored proteins will have heterogeneous protein sequences at the targeted 
region, owing to the different size and composition of the insertions or deletions 
generated. This may be important in determining the overall functionality of restored 
proteins, and the variability of the epitopes created may cause immunogenicity and 
regulatory concerns. 

 An alternative approach would utilize targeted substitutions [ 50 ], inser-
tions, or deletions to disrupt sequences that are essential for inclusion or exclu-
sion of entire exons during pre-mRNA splicing. A parallel and potentially 
more flexible approach is to co-express two nucleases that cleave at adjacent 
genomic loci and mediate genomic deletions with high efficiency [ 58 ,  157 , 
 158 ], creating the possibility of selective excision of aberrant sequences from 
the genome [ 16 – 18 ]. Either of these methods would likely result in predictable 
and reproducible changes to the mRNA sequence and thereby to the resulting 
restored protein.   
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    Complete Gene Restoration by Knock-In of Essential Gene Sequences 
Absent in  Mutant Genes   

  In contrast to targeted frameshifts, the complete wild-type gene product can be 
restored by the introduction and correct integration of a homologous donor template 
carrying the missing exons [ 18 ]. For example, meganucleases were used to stimu-
late homologous recombination-mediated knock-in of exons 45–52 in cells from a 
DMD patient where these exons were absent [ 19 ]. Alternatively, as discussed above, 
AAV vectors alone have been shown to mediate gene targeting much more effi -
ciently than traditional plasmid-based methods, though in many cases this is signifi -
cantly less effi cient than nuclease-mediated stimulation of homology directed-repair. 
Importantly, the use of AAV vectors may signifi cantly reduce the risk of off-target 
effects as compared to current nuclease technologies. Knock-in of essential 
sequences may be useful in addressing deletions in the dystrophin gene for DMD, 
dysferlin for LGMD2B,  SMN1  for SMA, and any disease where the patient has a 
genetic mutation that includes a loss of essential coding sequences .  

   Table 2    Select studies demonstrating the use of genome editing as a novel tool to correct the 
genetic basis of hereditary neuromuscular disorders   

 Disease  Gene target  Method of correction  Technology used  Refs 

 Duchenne 
muscular 
dystrophy 

  DMD   Small intraexonic insertions and 
deletions to correct aberrant reading 
frames 

 TALENs, CRISPR  [ 15 ,  17 ,  18 ] 

  DMD   Deletions of complete exons to 
restore reading frames 

 ZFNs, TALENs, 
CRISPR 

 [ 16 – 18 ] 

  DMD   Correction of point mutations by 
homology-directed repair 

 CRISPR  [ 14 ] 

  DMD   Transient exclusion of non-essential 
exons to correct aberrant reading 
frames 

 Single-strand 
oligonucleotides 

 [ 10 ] [ 11 – 13 ] 

  DMD   Targeted knock-in of absent exons  Meganucleases, 
TALENs, CRISPR 

 [ 18 ,  19 ] 

  DMD   Targeted knock-in of replacement 
dystrophin gene cassette 

 ZFNs  [ 20 ] 

  MSTN   Gene disruption of myostatin to 
generate a compensatory phenotype 

 TALENs  [ 171 ] 

 Limb-girdle 
muscular 
dystrophy 

  DYSF   Transient exclusion of non-essential 
exons to correct aberrant reading 
frames 

 Single-strand 
oligonucleotides 

 [ 117 ] 

 Spinal 
muscular 
atrophy 

  SMN2   Prevention of recognition of 
splice-altering SNP in intron 7 to 
restore proper exon 7 splicing 

 Single-strand 
oligonucleotides 

 [ 115 ] 
[ 116 ,  156 ] 

  SMN2   Genetic conversion of  SMN2  to 
 SMN1  by alteration of SNP in 
intron 7 to wild-type 

 Single-strand 
oligonucleotides 

 [ 113 ] 
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    Correction of  Point Mutations   

  Premature stop codons, aberrant substitutions of single base pairs, and splice- altering 
SNPs are common genetic causes of disease. A number of the gene editing tools 
discussed in the section “Overview of Common Neuromuscular Disorders” may be 
useful in correcting these types of mutations. For example, peptide nucleic acids 
(PNAs) were shown to effectively introduce point substitutions in vivo and restore 
dystrophin expression in an animal model of DMD [ 50 ]. AAV-mediated gene target-
ing offers a similar “one-shot” approach to correct mutations in vivo [ 159 ], as dem-
onstrated by correction of several mouse models for diseases including hereditary 
tyrosinemia [ 160 ]. Notably, the effi cacy of these approaches is poor, except in cases 
where correction of a disease-related mutation confers a selective growth advantage 
to the corrected cells, as in hereditary tyrosinemia. Targeted genome editing with 
nuclease-mediated homology-directed repair is a high- effi ciency strategy to correct 
mutations with high fi delity in a target gene of interest. In this method, both the 
nuclease and a homologous donor template carrying the desired substitution are 
introduced into cells to achieve genetic correction. This approach has been used to 
correct the dystrophin point mutation in the  mdx  mouse model of DMD [ 14 ]. In vivo 
delivery of ZFNs and donor templates by AAV gene transfer has been shown to be a 
highly effi cient and robust method to stably integrate a therapeutic transgene that 
corrects the phenotype of hemophilic mice [ 60 ,  138 ]. Notably, these studies demon-
strated the persistence of genomic modifi cations following induced liver regenera-
tion. A primary challenge to the in vivo translation of this approach will be the 
effi ciency of donor template integration, which may be dependent on cell type and 
cell cycle state. However, this approach has been successfully applied in vitro to cor-
rect point mutations in genes for a number of monogenic human diseases, including 
severe combined immunodefi ciency [ 73 ], sickle cell anemia [ 64 ,  65 ], alpha-1 anti-
trypsin [ 66 ], and others .   

    Wholesale Replacement of Mutated Genes 

 Genome editing technologies can enable the introduction of complete gene expres-
sion cassettes to functionally replace damaged endogenous genes through high- 
effi ciency gene targeting [ 127 ,  161 ]. In this method, a replacement gene is inserted 
into the genome to functionally replace the damaged endogenous gene. Exogenous 
gene cassettes typically contain the gene of interest driven by a synthetic promoter 
that can constitutively, inducibly, or tissue-specifi cally drive expression across a 
range of tunable levels. DNA donor templates containing a replacement gene cod-
ing sequence are synthesized with fl anking stretches of DNA sequence that are 
homologous to a predefi ned region of the genome, thereby promoting site-specifi c 
recombination at the target locus. The effi ciency of this process is enhanced sev-
eral orders of magnitude when stimulated by the creation of targeted DSBs with 
nucleases or by direct integration with site-specifi c integrases. 
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     Promoters to Drive Transgene Expression   

  Most engineered gene cassettes typically contain a strong synthetic promoter to drive 
expression of the desired transgene, and can utilize a number of available promoters 
to achieve tissue-specifi c or global expression. A commonly used constitutive pro-
moter based on the cytomegalovirus (CMV) promoter can drive very high levels of 
expression, but is sometimes subject to silencing in certain cell types [ 162 ]. Other 
common constitutive promoters with varying levels of transgene expression include 
simian virus 40 (SV40) early promoter, human Ubiquitin C (hUbC) promoter, human 
elongation factor 1-α (EF1-α) promoter, and phosphoglycerate kinase 1 (PGK-1) 
promoter. Generally, constitutive promoters can drive robust levels of transgene 
expression, though expression levels can vary across specifi c cell types. 

 In contrast to global expression, it may be desirable to limit the expression of a 
therapeutic transgene to the intended tissue. Inducible promoter systems, such as 
the tet-on or tet-off systems, can control gene expression by addition of a small 
molecule, such as doxycycline, that can tune expression in a dose-dependent man-
ner. Although the tet-inducible system may not be directly translatable to human 
patients, similar chemically inducible gene expression systems are in clinical trials 
[ 163 ]. Tissue-specifi c expression may be particularly useful for genome editing 
applications in order to reduce potential off-target effects. Endogenous promoters 
specifi c to muscle have been adapted to drive transgene expression at physiologic or 
high levels only in muscle tissue, including the desmin promoter, muscle creatine 
kinase promoter, and the myoglobin promoter [ 164 ,  165 ]. Similarly, neuron-specifi c 
transgene expression can be driven by synthetic promoters such as synapsin I 
(SYN1) and neuron-specifi c enolase (NSE/RU5) [ 166 ,  167 ]. 

 Alternatively, gene targeting can be designed to integrate a transgene immedi-
ately downstream of an endogenous promoter, placing it under control of that pro-
moter. The choice of endogenous promoter will determine tissue-specifi c, 
physiologic expression of the gene construct similar to synthetic tissue-specifi c pro-
moters. Additionally, because the donor repair template does not include a pro-
moter, this approach reduces the size of the donor template and reduces the potential 
for oncogenesis by random integration of a construct containing a strong synthetic 
promoter.   

    “Safe Harbor” Sites for Integration 

  The choice of integration site is critical to ensure appropriate expression of a thera-
peutic transgene while ensuring minimal effects on adjacent genes. Several integra-
tion sites have been characterized as so-called “ safe harbor  ” loci for inserting 
exogenous gene expression constructs. Ideally, safe harbor loci do not express 
essential genes, are distant from known oncogenic or disruptive genes, and enable 
reliable and effi cient transgene expression in tissues of interest [ 168 ]. One such safe 
harbor site in the human genome is AAVS1 [ 169 ], which is transcriptionally active in 
virtually all tissues and appears to be non-essential for normal cellular physiology. 
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AAVS1 is therefore an attractive safe harbor locus to drive expression of a gene 
through its native promoter. Additionally, the CCR5 receptor gene has been sug-
gested as an alternative safe harbor locus for expressing therapeutic transgenes [ 20 , 
 127 ,  161 ]. It may also be of interest to directly integrate replacement genes at the 
native locus of the corresponding gene, thereby effectively replacing the mutant por-
tion of the coding region [ 60 ,  138 ]. Notably, combining AAV gene transfer with 
genome editing may enable highly effi cient integration of gene cassettes in dividing 
and non-dividing cells through both enhanced homology-directed repair and non- 
homologous end-joining capture of AAV genomes [ 60 ,  108 ,  134 – 137 ].   

    Disease Modulation by Modifi cation of Compensatory 
Gene Targets 

 A potential alternative to correcting disease-causing genes is to modulate disease 
phenotypes by manipulating other independent genes broadly related to a disease, 
termed here as compensatory gene targets. The myostatin gene and signaling path-
way is a commonly studied compensatory gene target because it regulates muscle 
hypertrophy. Several studies have shown that the knockdown or knockout of myo-
statin [ 170 ,  171 ], or blocking of the myostatin receptor ACVRIIB [ 172 ], leads to 
increased hypertrophy and may be able to improve phenotypes related to musculo-
skeletal disorders, particularly for DMD. Genome editing has been demonstrated to 
be a potentially useful tool to permanently knockout this signaling pathway by dis-
rupting the coding sequence of myostatin [ 171 ]. Infl ammatory responses are often 
common features of neuromuscular disorders and may also be attractive compensa-
tory targets to enhance cell therapies for neuromuscular disorders or to alleviate 
symptoms related to infl ammatory response. Similarly, disruption of disease-related 
growth factors, receptors or other gene targets may be of interest in creating versa-
tile therapies for a broad range of neuromuscular disorders .   

    Discussion and Conclusion 

 Genome editing comprises a powerful set of tools to correct a variety of the under-
lying genetic causes for many neuromuscular disorders. The rapid pace of changes 
in genome editing technologies will continue to yield more effi cient, diverse, and 
specifi c gene editing tools. In particular, the recently described CRISPR/Cas system 
is a promising method to easily generate targeted mutations in human cells. This 
system has continued to evolve through the identifi cation or engineering of novel 
Cas9 proteins and gRNA architectures with improved specifi city. Additionally, 
advancements in the design, targeting, and specifi city of site-specifi c integrases 
may constitute a second generation of genome editing that favors designer enzymes 
with intrinsic capacity to directly manipulate target DNA. This may enable effi cient 
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genome engineering for large inserts and cell types that are refractory to homology- 
directed repair. Finally, recent studies have demonstrated the capacity of program-
mable DNA enzymes to create site-specifi c epigenetic modifi cations [ 173 – 180 ]. 
This may be particularly useful in understanding and/or treating complex genetic 
and epigenetic disorders, such as FSHD. 

 Introduction of corrected genes or gene editing enzymes to diseased tissue pres-
ents another major hurdle to translation of genome editing to bench-side therapies. 
Adeno-associated virus is a promising gene transfer vector with favorable safety and 
expression profi les to deliver transgenes to musculoskeletal tissues. Future advances 
in targeted non-viral and viral delivery methods promises to increase effi cacy and 
safety of genome editing therapies by confi ning gene editing to the cells of interest. 
Additionally, genetic reprogramming presents an exciting avenue for autologous 
cell therapies for neuromuscular disorders. Ex vivo manipulation of autologous stem 
cells in a lab would allow isogenic generation and extensive characterization of 
genetically corrected cell populations that can be differentiated into cell lineages of 
interest to repopulate damaged tissues. Future studies will need to focus on how to 
optimally combine genome editing tools with delivery strategies for specifi c neuro-
muscular disorders. 

 Ultimately, the goal of genome editing therapies is to halt disease progression or 
prevent disease pathogenesis. There have been extraordinary efforts across the past 
5 years to develop novel molecular tools that can control both genetic content and 
epigenetic states in complex human genomes. These tools have enabled rapid 
manipulation of genome sequences in human cells in vitro and in small animal mod-
els in vivo to study and potentially treat disease. These genome editing technologies 
are synergizing with advances in gene delivery and stem cell therapies to enable 
genetic correction as a feasible approach to treating neuromuscular disorders.     
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      Phage Integrases for Genome Editing                     

       Michele     P.     Calos     

    Abstract     Phage integrases are prokaryotic site-specifi c recombinases that perform 
precise cut-and-paste recombination between their short  attB  and  attP  recognition 
sequences. These enzymes work in cellular environments ranging from bacteria to 
mammalian cells and have become useful genome engineering tools. PhiC31 was the 
fi rst phage integrase to be developed for use in mammalian cells. This integrase has 
the useful property of being able to recombine its own  attB  and  attP  sites. In addition, 
phiC31 integrase performs recombination at related native sequences called pseudo 
 att  sites present in large genomes, which has allowed integration into unmodifi ed 
genomes. PhiC31 integrase can also be used in conjunction with another phage inte-
grase, Bxb1, which has different recognition sequences and does not recombine at 
pseudo  att  sites. The properties of these phage integrases have led to a range of appli-
cations, summarized here, from creation of transgenic organisms and in vivo gene 
therapy, to cellular reprogramming and precise genome editing by cassette exchange. 
The latest system, dual integrase cassette exchange (DICE), uses target phiC31 and 
Bxb1  attP  sequences precisely placed in genomes by homologous recombination 
and is especially useful for iterative genome engineering in pluripotent stem cells.  

  Keywords      attB  site   •    attP  site   •   Bxb1 integrase   •   Cassette exchange   •   Embryonic 
stem cell   •   Homologous recombination   •   Induced pluripotent stem cell   •   phiC31 
integrase   •   Reprogramming   •   TALEN  

       Utility of   Phage Integrases 

  It was reported in 1998 that phage phiC31integrase could recombine its  attB  and 
 attP  recognition sites in  E. coli  and in buffer, independent of its native  Streptomyces  
cellular environment [ 1 ]. These data suggested that the enzyme was self-contained 
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and did not require host-specifi c cofactors for activity. On this basis, we hypothe-
sized that phiC31 integrase might work in foreign cellular environments, such as 
mammalian cells, where site-specifi c integration systems were needed. Furthermore, 
the recombinational behavior reported for various combinations of  att  sites indi-
cated that the recombination reaction was unidirectional [ 1 ], which was a desirable 
feature for high effi ciency integration into mammalian genomes. 

 These predictions were realized in our 2000 study demonstrating activity of 
phiC31 integrase at its wild-type  attB  and  attP  sites in mammalian cells [ 2 ]. The 
length of the  att  sites was also defi ned in that study for the fi rst time, at approxi-
mately 34-bp. As illustrated in Fig.  1 , integrase mediates recombination across the 
center of the  attP  and  attB  sites, producing recombinant  attL  and  attR  sites that are 
no longer substrates for integrase, rendering a unidirectional reaction. It is now 
understood that each  att  site is bound by a dimer of integrase molecules, which 
mediate a concerted cut-and-paste recombination reaction  [ 3 ].

  Fig. 1    Basic phage integrase reaction. Phage integrases in the serine family possess  attB  and  attP  
sites originating in the host bacterial and the phage genomes, respectively, that are approximately 
34-bp long partially palindromic sequences. Dimers of integrase bind to each  att  site, and upon 
synapsis of the two sites (upper part of drawing), recombination takes place by a concerted cut- 
and- paste reaction at the center of the  att  sites, resulting in covalent strand exchange. By this 
means, a plasmid carrying an  attB  site can be integrated into a chromosome carrying the cognate 
 attP  site (lower). Hybrid  att  sites consisting of half of an  attB  and half of an  attP  site fl ank the 
integration. These sites are not substrates for integrase, so the reaction is unidirectional       
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       Integration into Pseudo Sites Versus into attP  Sites   

  The  att  site length of ~30-bp suggested the possibility that rare native sequences with 
partial sequence identity might be adequate to catalyze recombination by phiC31 
integrase. While a perfect match to a 30-bp sequence would not be statistically 
expected, even in large genomes, matches of 16-bp would be expected, and we pre-
dicted that this level of identity might be adequate for reaction. This prediction was 
fulfi lled in studies in human and mouse cell lines, which revealed phiC31 integrase- 
mediated recombination at native sequences, named pseudo  att  sites [ 4 ] (Fig.  2 ).

  Fig. 2    The pseudo site integration reaction. A subset of serine phage integrases, notably phiC31 
integrase, can interact with native chromosomal sequences having only partial identity with their 
true  attP  site. These sequences are known as pseudo  att  sites. Typically, a number of potential 
pseudo sites exist in the genome, defi ned by both DNA sequence and genomic context (three 
pseudo  att  sites are schematically illustrated in the upper part of the drawing). In the presence of 
phiC31 integrase and a plasmid bearing a phiC31  attB  site, integration of the plasmid can occur at 
a pseudo  att  site, usually in single copy (lower). Integration at pseudo  att  sites is less precise than 
at genuine  attP  sites, and small deletions in the vicinity of the integration site often occur       
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   The pseudo  att  site recombination reaction mediated by phiC31 integrase was 
the fi rst instance of this type of “semi-specifi c” integration behavior into a mam-
malian genome. The level of specifi city attained compared favorably with the inte-
gration specifi city of the systems available at the time, including random integration 
of DNA and retrovirus- or transposon-mediated integration, also largely random. 
PhiC31 integrase-mediated integration at pseudo  att -sites had an immediate appeal 
for situations involving integration into unmodifi ed genomes, including in vivo 
gene therapy and construction of transgenic organisms. 

 Genomes typically harbor numerous potential pseudo  att  sites, and these sites 
appear to be utilized in a manner that depends on both the extent of DNA sequence 
identity and the genomic context; those pseudo  att  sites present in open, transcrip-
tionally active chromatin are apparently more available for recombination [ 5 ]. A 
drawback of phiC31-mediated integration at pseudo  att  sites is the lack of predict-
ability of where the integration reaction will occur, since there are generally multi-
ple possibilities. In addition, integration at pseudo  att  sites is usually somewhat 
imprecise, often involving loss of several base pairs at the integration sites and 
sometimes more extensive chromosome rearrangements [ 5 ]. Nevertheless, pseudo 
site-mediated integration allowed integration into native, unmodifi ed genomes in a 
manner that was orders of magnitude more site-specifi c than other systems available 
at the time.   

    Use of phiC31 Integrase for Constructing Transgenic 
Organisms 

 One application of phage integrases that has been popular is the use of phiC31 inte-
grase to place transgenes into the genome to construct transgenic organisms. Both 
pseudo  att  sites and authentic  att  sites have been used in this regard. For example, 
the pseudo  att  site reaction of  phiC31 integrase   was used to place genes into the 
genome of the amphibian  Xenopus laevis  [ 6 ]. In  Drosophila melanogaster , the 
phiC31  attP  site was fi rst placed into the genome with a randomly integrating P ele-
ment. The  attP  site was then targeted at high effi ciency and specifi city by an incom-
ing plasmid bearing the  attB  site, utilizing co-injected mRNA encoding phiC31 
integrase [ 7 ]. Variations on these themes have now been used to create transgenic 
organisms in a wide range of species, including fi sh, birds, amphibians, mammals, 
insects, and plants [ 8 ].  

    Gene Therapy Studies Utilizing Integration into Pseudo Sites 

 The ability of phiC31 integrase to integrate DNA into unmodifi ed mammalian 
genomes at a relatively low number of positions opened up new possibilities for in 
vivo gene therapy. The fi rst studies utilizing  phiC31 integrase   for gene therapy took 
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advantage of a relatively simple and effective in vivo delivery method in mice, 
hydrodynamic injection, to place plasmids encoding integrase and a human factor 
IX gene into the liver [ 9 ]. Therapeutic levels of factor IX were produced after just 
one injection of small amounts of plasmid DNA. Site-specifi c integration of the 
therapeutic plasmid in hepatocytes was verifi ed, and the integration specifi city 
observed was impressive, since most integration occurred at one hotspot in the 
genome. Furthermore, the integration was stable, and factor IX production persisted 
long-term [ 10 ]. These features suggested that use of  phiC31 integrase   for correction 
of hemophilia might be clinically translatable. Studies in disease model mice for 
hemophilia A and B were carried out, with long-term expression of human factor 
VIII and IX observed [ 11 ,  12 ]. Unfortunately, efforts to translate the hydrodynamic 
DNA delivery method to the livers of larger animals have not been suffi ciently 
effective to date to achieve therapeutic factor levels and enable clinical translation. 

 Many other gene therapy studies in animals have been carried out utilizing 
phiC31 integrase for genomic integration of plasmids carrying therapeutic genes in 
a variety of tissues and species (reviewed in [ 8 ,  13 ,  14 ]). For example, DNA was 
delivered by electroporation to rat retina, and long-term expression of a marker gene 
was observed [ 15 ].  Electroporation   was also utilized to deliver plasmid DNA carry-
ing the  DYSTROPHIN  gene to mouse muscle in a model of Duchenne muscular 
dystrophy [ 16 ]. While proof of principle for successful long-term delivery of plas-
mid DNA and site-specifi c integration into the chromosomes was demonstrated in 
these rodent studies, their clinical translation awaits effective delivery methods for 
these plasmid-based strategies that can be translated to large animals.  

    Utilizing phiC31 Integrase for  Reprogramming 
Mammalian Cells   

  One approach to circumvent the diffi culty of effective delivery of plasmid DNA to 
the body is to deliver DNA fi rst to cells in vitro, since effective transfection meth-
ods exist for most cell types, then deliver the transfected cells carrying integrated 
transgenes to the body. If the cells are immortal, then single cells with defi ned 
integration sites can be cloned, permitting the integration site to be defi ned, an 
important safety feature. 

 Cells that can be cloned include pluripotent stem cells, such as embryonic stem 
cells (ESC). In 2006, induced pluripotent stem cells (iPSC) were described, in 
which ESC-like cells could be derived from somatic cells by addition of four tran-
scription factor genes [ 17 ,  18 ]. These iPSC hold extensive potential for regenerative 
medicine, because they are immunologically matched to the patient, can be grown 
to large numbers, are susceptible to genetic engineering methods, and are free of 
political or ethical issues. For genetic diseases, the iPSC from a patient can be cor-
rected in vitro, for example by integration of the relevant therapeutic gene, then 
used in a therapeutic strategy involving in vitro differentiation, followed by trans-
plantation to the appropriate tissue or organ. 
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 Reprogramming therefore opened up a vast number of potential therapeutic 
strategies. However, the initial methods to generate iPSC utilized retroviruses to 
integrate the four transcription factors into the genome. This methodology generally 
resulted in numerous, random integration events scattered about the genome, 
increasing the risk of insertional mutagenesis and resulting tumorigenesis [ 17 ,  18 ]. 
To overcome this problem, we devised a strategy utilizing phiC31 integrase to intro-
duce one copy of a reprogramming cassette carrying all four transcription factors at 
a single, safe site in the mouse genome [ 19 ]. 

 In this method, a reprogramming plasmid (p4FLR, 11.9-kb) was constructed that 
carried all four transcription factors identifi ed by Yamanaka for reprogramming, 
along with strategically located recombinase recognition sites. The cDNA sequences 
for the murine  cMyc ,  Klf4 ,  Oct4 , and  Sox2  genes were linked by 2A sequences, 
facilitating their polycistronic transcription from the CAG promoter. The plasmid 
also carried a phiC31 integrase  attB  site to mediate integration into the genome at 
pseudo  att  sites (Fig.  2 ). Two  loxP  sites fl anked the reprogramming cassette, so that 
it could be deleted after reprogramming by transient transfection with a plasmid 
expressing Cre resolvase [ 19 ]. This step was important, to render the iPSC less 
tumorigenic and more amenable to differentiation. 

 The phiC31-mediated method was successful for reprogramming mouse embry-
onic fi broblasts and adult mesenchymal stem cells at effi ciencies comparable to 
retroviral methods, without the handling hazards and random integration risks asso-
ciated with viruses. Individual iPSC clones were analyzed by ligation-mediated 
PCR to determine the integration site, with the result that approximately one-third 
of the iPSC carried a single integration of p4FLR. Many different mouse pseudo 
 attP  sites were utilized in the collection of IPSC analyzed. Six of 14 sites were 
intergenic, and of those, two were considered to be safe sites, in terms of being 
distant from known cancer genes and other hazards. A plasmid expressing Cre 
resolvase was transfected into two representative iPSC clones, and precise deletion 
of the reprogramming cassette was demonstrated. Pluripotency of the iPSC before 
and after Cre excision was demonstrated, including ability of the iPSC to generate 
teratomas, as well as chimeric mice  [ 19 ].  

     Site-Specifi c Integration   of a Therapeutic Gene 
at a Pre- integrated attP Site 

  We built further on the concepts in the initial reprogramming study in order to create 
a stronger reprogramming cassette that would supply a higher percentage of single- 
copy iPSC clones. We also included sequences on the reprogramming plasmid to 
permit us to integrate a therapeutic gene site-specifi cally into the iPSC [ 20 ]. The 
new reprogramming plasmid, pCOBLW, carried a more favorable order of the 
reprogramming genes, placing the Oct gene fi rst and the Myc gene last (OSKM; 
Fig.  3 ). We also added the WPRE element to enhance transcription of the repro-
gramming cassette. pCOBLW was able to reprogram cells more effectively with 
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only a single copy, refl ected by 93 % of iPSC generated with this plasmid being 
single-copy [ 20 ].

   Along with the  loxP  sites we previously included for use in excision of repro-
gramming genes and plasmid sequences, we included the  attP  site of Bxb1  integrase, 
as a target for addition of a therapeutic gene to the integrated reprogramming plas-
mid (Fig.  3 ). Bxb1 is a serine integrase related to phiC31, but its  att  sites are com-
pletely distinct and do not cross-react with those of phiC31. Bxb1 is active on its 
own  att  sites in mammalian cells, but does not recognize native pseudo  att  sites at a 
measurable frequency [ 21 ]. Insulator sequences were included, such that they would 
fl ank the therapeutic gene after integration, to reduce position effects on the thera-
peutic gene and on neighboring genomic sequences. 

 To carry out this reprogramming strategy, we nucleofected pCOBLW into fi bro-
blasts derived from the  mdx  mouse, along with a plasmid encoding phiC31 inte-
grase. Integration of the vector through its phiC31  attB  site occurred at pseudo  att  
sites. An iPSC line with integration at a safe site was chosen for addition of a thera-
peutic gene. In this case, we used the full-length cDNA for mouse dystrophin, which 

  Fig. 3    Integration into a Bxb1  attP  site placed by phiC31 integrase. We developed a reprogram-
ming plasmid carrying the Oct-Sox-Klf-Myc (OSKM) reprogramming cassette and also a Bxb1 
 attP  site. PhiC31 integrase was used to integrate the reprogramming plasmid at a pseudo  attP  site, 
producing iPSC ( upper part  of diagram). After determining that the integration location was safe by 
DNA sequencing and bioinformatics analysis, a therapeutic gene borne on a plasmid carrying a 
Bxb1  attB  site was integrated precisely at the Bxb1  attP  site resident in the integrated plasmid in the 
iPSC, resulting in site-specifi c integration of the therapeutic gene at a safe location. Cre resolvase 
was then applied to remove unwanted sequences, including the reprogramming genes and plasmid 
backbone sequences, by recombining between strategically located  loxP  sites in the plasmids       
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is the gene affected in Duchenne muscular dystrophy. We carried out gene addition 
by nucleofection of the iPSC with a plasmid carrying the genes for dystrophin, a 
promoterless puromycin resistance gene, and the Bxb1  attB  site, along with a plas-
mid encoding Bxb1 integrase. Correct integrants were identifi ed by puromycin 
selection, since a promoter was located adjacent to the target  attP  site on the pCO-
BLW plasmid. Correct site-specifi c integration was verifi ed by PCR, and correct 
integrants were subjected to transient exposure to Cre recombinase to remove the 
reprogramming cassette and unwanted plasmid sequences [ 20 ]. 

 We then carried out in vitro differentiation of the iPSC into muscle precursor 
cells, which were subsequently engrafted in a hind limb muscle of the  mdx  mouse 
model of Duchenne muscular dystrophy. This study provided a model for genera-
tion of iPSC without random integration, site-specifi c integration of the full-length 
dystrophin gene, and precise excision of unwanted reprogramming and plasmid 
sequences. In addition, proof-of-principle for the differentiation and engraftment of 
the cells was provided, suggesting a potential therapeutic approach for muscular 
dystrophy .  

    The  DICE System  : Combining Homologous Recombination 
with phiC31 and  Bxb1 Integrases   for Cassette Exchange 

   While phiC31-mediated integration into pseudo  att  sites provides a convenient 
method for genomic integration into unmodifi ed genomes, it is laborious to analyze 
a set of clones to fi nd an integration site that is safe and desirable. In pluripotent 
stem cells, such as ESC and iPSC, as well as in immortalized cell lines, another 
strategy is available that allows the user to control the site of integration precisely, 
via homologous recombination. If homologous recombination is used to position 
 attP  sites for integrases, these sites can then be targeted precisely for integration 
and /or cassette exchange of incoming genes. We developed a strategy called Dual 
Integrase Cassette Exchange, or DICE that utilizes precise placement of  attP  sites 
for cassette exchange [ 22 ]. 

 In the DICE method, a “landing pad” carrying  attP  sites for phiC31 integrase and 
Bxb1 integrase, is positioned in the genome by homologous recombination. In our 
study, we used an intergenic, safe, transcriptionally active site called H11 on human 
chromosome 22 as the destination for the landing pad. Neomycin resistance and 
GFP genes placed between the  attP  sites served as markers for selection and screen-
ing of clones carrying the landing pad (Fig.  4 ). We utilized TALENs targeted to H11 
to stimulate the frequency of homologous recombination. This strategy was 
 particularly valuable in iPSC having signifi cant disease pathology that depressed 
the rate of homologous recombination.

   Once a line has been constructed that carries a landing pad, it can be used to posi-
tion incoming genes at the desired site by an effi cient and site-specifi c cassette 
exchange reaction mediated by phiC31 and Bxb1 integrases. To obtain cassette 
exchange, the landing pad line is nucleofected with a donor plasmid carrying the 
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genes of interest fl anked by  attB  sites for phiC31 and Bxb1 integrases, along with 
plasmids encoding the two integrases. During cassette exchange, the neomycin and 
GFP genes will be removed from the landing pad and the donor genes will be 
inserted in their place (Fig.  4 ). Donor genes can include therapeutic genes and/or 
genes for selection, screening, tracking engraftment, and so on. 

 The DICE system is particularly valuable when there is a need to construct a 
series of parallel cell lines with different genes inserted into the same precise loca-
tion. During cassette exchange, the content, direction, and position of the incoming 

  Fig. 4    DICE, dual integrase cassette exchange. To carry out integration by DICE, a landing pad 
bearing phiC31 and Bxb1 integrase  attP  sites is placed into the genome at a desired location by 
homologous recombination. We inserted a landing pad in human ESC and iPSC at the H11 locus 
on chromosome 22, a safe site where transcription is ubiquitous. The frequency of homologous 
recombination can be stimulated by the use of TALENS to make double-strand breaks at the target 
site. Selectable and screenable markers such as neomycin resistance and green fl uorescent protein 
can be used to facilitate identifi cation of correct integrants ( upper part  of drawing). Once the land-
ing pad is inserted in the genome, it can be targeted readily by introducing plasmids carrying the 
genes one wants to integrate, such as a therapeutic gene, marker genes, or transcription factors, 
fl anked by phiC31 and Bxb1  attB  sites, along with plasmids encoding the phiC31 and Bxb1 inte-
grases. Site-specifi c cassette exchange occurs, with the genetic information between the  attB  sites 
now present in the chromosome ( lower )       
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genes are completely controlled, so the outcome is predictable. For example, the 
method allowed us to construct rapidly a series of human ESC and iPSC lines car-
rying all combinations of three neural transcription factors, to evaluate their roles in 
differentiation of dopaminergic neurons   [ 22 ].  

    Reversal of the Integration Reaction with phiC31 Excisionase 

 When utilizing the  s  ite-specifi c integration reaction mediated by phiC31 integrase 
at its own  attB  and  attP  sites, the products of this reaction,  attL  and  attR  (Fig.  1 ) are 
different in sequence from the starting  attB  and  attP  sites and do not act as sub-
strates for the integrase [ 1 ,  23 ]. Phage integrase systems generally also encode a 
small protein called an excisionase or  Recombination Directionality Factor (RDF)   
that can bind to the integrase and alter its specifi city so that the  attL  and  attR  
sequences are now substrates for the integrase, resulting in reversal of the integra-
tion reaction. 

 The  RDF   for phiC31 integrase was recently identifi ed [ 24 ], leading to the pos-
sibility that this protein could be used to reverse the integration reaction when the 
enzyme was used in mammalian cells. We created assay plasmids to test this hypoth-
esis and found that the phiC31 RDF could, in combination with phiC31 integrase, 
effi ciently reverse the integration reaction [ 25 ]. Therefore, the availability of the 
phiC31 RDF adds an additional tool that may be useful in future strategies employ-
ing phage integrases.     
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      Precise Genome Modifi cation Using Triplex 
Forming Oligonucleotides and Peptide Nucleic 
Acids                     

       Raman     Bahal     ,     Anisha     Gupta     , and     Peter     M.     Glazer     

    Abstract     Many genetic disorders are caused by single base pair mutations which 
lead to defective protein synthesis. In addition to gene replacement therapy, modifi -
cation of genomic DNA sequences at specifi c sites has been employed to manipulate 
the function and expression of various genes, which are implicated in various genetic 
disorders. On this front, triplex technology has been used to alter the expression of 
different genes by correcting mutations site specifi cally via homologous recombina-
tion (HR) or targeted mutagenesis based mechanisms. In this chapter we will discuss 
the advances made in triplex technology involving triplex forming oligonucleotides 
(TFOs) and peptide nucleic acids (PNAs) for site specifi c genome editing.  

  Keywords     TFOs   •   PNA   •   Recombination   •   Repair   •   Mutagenesis   •   Genome 
modifi cation  

      Introduction 

 Many genetic disorders are caused by single base pair mutations which lead to 
defective protein synthesis. In addition to gene replacement therapy, modifi cation of 
genomic DNA sequences at specifi c sites has been employed to manipulate the func-
tion and expression of various genes, which are implicated in various genetic disor-
ders. On this front, triplex technology has been used to alter the expression of 
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different genes by correcting mutations site specifi cally via homologous recombina-
tion (HR) or targeted mutagenesis based mechanisms. In this chapter we will discuss 
the advances made in triplex technology involving triplex forming oligonucleotides 
(TFOs) and peptide nucleic acids (PNAs) for site specifi c genome editing.  

    Triplex Forming Oligonucleotides 

 In addition to  Watson–Crick base pairing  , knowledge of alternative binding interac-
tions between the nucleobases known as Hoogsteen base pairing led to the design of 
another scaffold for the molecular recognition of DNA known as TFOs. The process 
of triple helix formation was fi rst suggested by Pauling and Corey in 1953 whereas 
the formation of triplex structures was fi rst reported in 1957 by Felsenfi eld et al. [ 1 ]. 
Through  RNA diffraction   studies it was observed that stretches of poly(U) polyuri-
dylate and poly(A) (polyadenylate) sequences hybridize in a 2:1 binding ratio in 
presence of divalent magnesium ions [ 1 ]. The high density of target homopurine 
sequences in the genome coupled with the sequence specifi city of TFOs makes 
them attractive molecules to target individual genes and modulate gene function [ 2 ].  

     Binding Code   

 In the case of polypyrimidine TFOs binding to polypurine DNA targets, ‘pyrimidine 
motif’ T binds AT, and C binds GC (forming T–A–T and C + –G–C base triplets) via 
Hoogsteen hydrogen bonding (Fig.  1 ) resulting in parallel orientation with respect 
to the polypurine site of the target duplex [ 3 , 4 ]. The orientation of the ‘purine motif’ 
was also demonstrated by Peter Dervan and his co-workers, wherein G binds GC 
and A binds AT (forming A–A–T and G–G–C base triplets) through reverse hydro-
gen bonding resulting in antiparallel orientation with respect to the polypurine site 
in target B-DNA duplex [ 5 – 7 ]. Through X-ray diffraction [ 8 ], nuclear magnetic 
resonance [ 9 ], and chemical probing studies [ 10 ], it was revealed that TFO binding 
to the genomic DNA leads to helical distortions [ 11 ], which evoke the repair system 
of cells leading to manifold applications by inducing mutagenesis and enhancing 
homologous recombination.

       Chemical Modifi cations to Improve TFO Binding Affi nity 
and Stability 

 The binding of TFOs to  duplex   DNA is infl uenced by a number of different factors 
including ionic conditions, sequence composition and accessibility to the target site 
[ 12 ]. In the case of polypyrimidine TFOs that bind in a parallel orientation, the N3 
of the cytosine must be protonated in order to form optimum Hoogsteen hydrogen 
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bonds with N7 of the guanine [ 13 ]. Hence, the pH dependence of pyrimidine TFOs 
limits their utility in intracellular targeting. On the other hand, polypurine TFOs 
bind to the target DNA in an antiparallel orientation without any dependence on 
pH. However G-rich purine TFOs are limited in application because the guanine 
rich sequences tend to form G-quadruplexes at physiological conditions in presence 
of high K +  concentrations [ 14 – 17 ]. The intracellular K +  promotes the aggregation of 
TFOs due to the formation of stable secondary structures known as G-tetrads. In 
order to form stable triplex structures, continuous polypurine runs are required [ 18 ]. 
The interruptions by pyrimidines or single base pair mismatches can signifi cantly 
destabilize the binding of TFO. Because TFOs are limited to homopyrimidine or 
homopurine sequences, triplex binding could not be extended to the human genome 
sequences containing mixed sequence ds-B-DNA. Furthermore the charge repul-
sions due the three polyanionic strands and the accessibility to the binding site in the 
cellular environment pose signifi cant challenges in success of the TFO design [ 19 ]. 

 Hence,    chemical modifi cation of TFOs is essential to increase triplex stability 
and to protect TFOs from enzymatic degradation. Many efforts have been made to 
optimize the TFO design. In case of pyrimidine rich TFOs, the replacement of cyto-
sine with 5-methyl cytosine or pseudoisocytosine have been done to overcome the 
dependence on pH [ 20 , 21 ]. Different cytosine substitutions including 8-oxoadenine 
[ 22 ], 7,8-dihyro-8-oxoadenine [ 23 ], 6-oxocytidine [ 24 ], 8-oxo-2′deoxyadenosine 
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[ 25 , 26 ] and 8-aminoguanine [ 27 ] have improved the binding affi nity. Likewise the 
modifi cation of thymidine to 2′deoxyuridine (dU), 5-propargylamino- and 
2′-aminoethoxy,5-propargylamino-dU bis-substituted derivatives have shown to 
improve triplex binding stability [ 28 – 32 ]. Modifi ed sequences comprising of 
2′-deoxy-6-thioguanosine or 7-deaza-2′-deoxyxanthosine in the G- rich   TFOs have 
been shown to inhibit the G-Quartets formation [ 15 – 17 ]. Many different modifi ca-
tions in the sugar involving 2′-O-ribonucleotides [ 33 , 34 ], and 2’-O-aminoethyl 
ribose [ 35 – 37 ] have been shown to confer nuclease resistance and promote triplex 
stability. Different chemical modifi cations at the backbone or bases have been also 
explored to improve the binding affi nity and biological applications of the TFOs. It 
has been demonstrated that by replacing the sugar phosphate backbone with mor-
pholino oligonucleotides or by cationionc phosphoramidate linkages such as N,N- 
diethethyleneamine (DEED) or N,N-dimethyl-aminopropyl amine, binding affi nity 
of  the   TFO can be increased in vitro [ 38 – 41 ]. Further, by replacing the backbone to 
uncharged, achiral peptide units in case of PNAs, signifi cant progress has been 
made in the area of triplex research [ 42 – 44 ]. The different studies involving PNA as 
a triplex forming agent are discussed in detail in another section of this chapter.  

    Triplex Mediated Genome Modifi cation 

    Targeted Mutagenesis via Triplex Formation 

 By inducing mutations at specifi c sites in the genome, triplex technology can be 
employed to induce heritable changes in gene function and expression. The TFOs 
have the potential to invoke the DNA repair by directly binding with a segment of a 
gene or by delivering a mutagen at the site of repair. The conjugation of psoralen 
(pso), a photoreactive mutagenic agent to a TFO has been shown to induce damage 
to the DNA [ 45 – 48 ]. Upon irradiation with UVA light, psoralen intercalates into the 
DNA and covalently crosslink thymines on both strands [ 49 ]. The characterized 
mutations in mammalian cells involved T:A to A:T transversions [ 46 , 50 – 52 ]. 

     Plasmid Based Assays   for Detecting Mutagenesis in Mammalian Cells 

 To analyze TFO induced mutagenesis, a reporter system based on supF gene was 
constructed. The supF reporter gene cloned into an SV40 vector encodes an amber 
suppressor tyrosine tRNA and contains a TFO binding site. Upon treatment with 
pso-TFO and UV A irradiation, the vector was transected into monkey COS-7 cells. 
The mutation frequencies were quantifi ed by isolating the plasmids and  co- transform  
in bacterial cells. The results suggested that 6 % of the plasmids underwent targeted 
mutagenesis out of which 55 % were T:A to A:T transversions [ 45 ]. Furthermore, it 
was shown that a TFO alone without conjugating to a mutagen can also induces site 
directed mutagenesis [ 53 ].  
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    TFO Induced Mutagenesis at Chromosomal  Si  tes in Mammalian Cells 

 TFOs have been shown to induce mutagenesis at chromosomal target sites in cell 
culture. Pso-TFOs induced mutations at the endogenous hypoxanthine phosphori-
bosyl transferase ( hprt ) gene in CHO cells have been reported by Majumdar et al. 
[ 54 ]. They showed that 80 % of the mutations occurred at the triplex target region. 
Vasquez et al. also constructed a transgenic mouse containing multiple copies of 
lambda vector containing a 30-bp triplex target site within the supF mutation 
reporter gene (Fig.  2 ) [ 55 ]. Upon treatment of the cells with pso-TFOs, a tenfold 
induction of site specifi c mutations above the background were observed. The muta-
tions were observed both in presence and absence of UV A irradiations suggesting 
that the TFO alone has the potential to  induce   mutations.

        TFOs in Homologous Recombination 

 The modifi cation of human genome by HR is widely employed in several different 
applications. However the use of HR is limited due to low frequency in mammalian 
cells and random integration at non-targeted sites (reviewed in ref [ 56 ]). In order to 
improve the frequency of HR, several different approaches have been employed 
which include DNA damage near the target site by UV irradiation, alkylation and 
psoralen induced cross linking or double-strand DNA breaks by endonucleases 
[ 57 – 59 ]. TFO directed DNA damage either by formation of a triplex alone or by a 
mutagenic agent has been shown to improve recombination and gene modifi cation 
frequencies. The studies involving different TFOs in  genome modifi cation   via HR 
are summarized in Table  1 .

       Intramolecular Recombination   

 To detect the enhancement in homologous recombination, different reporter con-
structs have been used. Our lab has used Pso-TFOs to induce recombination between 
tandem mutant copies of a reporter gene in plasmids and in chromosomal sites [ 60 ]. 
In order to study  targeted   recombination via TFO directed intrastrand crosslinks, 
Faruqi et al. used SV40 shuttle vectors with two tandem supF genes containing dif-
ferent point mutations and a TFO binding site between the mutated genes [ 61 ]. 
Later, Luo et al. studied a similar construct in chromosomal sites in mice [ 62 ]. The 
TFO-induced recombination was detected through beta galactosidase screening 
assay using bacterial colonies. The studies involved the use of unconjugated TFOs 
as well as TFOs conjugated to psoralen. It was observed that the recombination 
events stimulated by intrastrand crosslinks via TFO conjugated psoralen occurred at 
a higher frequency in comparison to unconjugated TFOs. Further, the mechanisms 
involved in these intrachromosomal recombination events were studied. It was 
observed the increase in triplex induced recombination was dependent on 
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 nucleotide   excision repair (NER) pathway [ 61 ]. No signifi cant recombination was 
observed in cell lines defi cient in Xeroderma Pigmentosum Group A (XPA) repair 
factor [ 63 ]. The psoralen conjugated TFO directed recombination was partially 
dependent on XPA demonstrating the involvement of multiple repair pathways.  

Transgenic mouse
Containing multiple

copies of lambda
vector DNA Intraperitoneal

injection
1mg/ day for 5 days

Isolate genomic
DNA after 10 days

Screen
bacterial

lawn

In vitro
packaging

Isolate and
analyze

Seq.
Supf

Cos Sup FG1 C11 COS

  Fig. 2    Experimental protocol for chromosomal mutations detection after TFO administration in 
mice. Transgenic mice containing many copies of chromosomally integrated A supFG 1 vector, 
which contains the 30 bp triplex binding site was used. TFOs were injected intraperitoneally. After 
treatment, tissues were harvested, and genomic DNA was isolated and analyzed. In vitro packag-
ing of the phage vector led to mutagenesis detection via plating on a bacterial lawn. If no mutations 
occur, the plaques will appear  blue  in the presence of IPTG and X-Gal. If a mutation does occur, 
the resulting plaques will be  white        
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    Intermolecular Recombination 

 Chan et al. used an approach based on  TFOs   etethered to donor DNA fragments 
homologous to the target site (except at the base pair to be corrected) and were able 
to demonstrate intermolecular recombination events [ 64 ]. In this strategy, the for-
mation of the triplex induces repair and sensitizes the target site for recombination 
[ 65 ]. The TFO domain also positions the donor DNA for recombination. Subsequent 
studies have shown that the conjugation of the donor DNA to  the   TFOs not neces-
sary [ 66 – 69 ].    

    Peptide Nucleic Acids (PNAs) 

 One of the major issues related with DNA based TFOs is enzymatic degradation. In 
the past, in order to improve the enzymatic stability, numerous synthetic nucleic acid 
analogues have been developed. One such promising class of nucleic acid mimic is 
known as PNA. Structurally, PNA is a homomorphous unit of DNA where phospho-
diester backbone is replaced with an uncharged aminoethylglycine backbone [ 42 ]. 
Due to its achiral, neutral polyamide backbone, PNAs are resistant to enzymatic deg-
radation (Fig.  3 ). PNA hybridizes with complementary DNA/RNA  targets   in a 
sequence specifi c manner to form highly stable duplexes (PNA/DNA or PNA/RNA). 
PNAs also form triplex complexes where one strand, invades the DNA duplex through 
Watson-Crick base pairing and another strand is capable of forming Hoogsteen bonds 
with the PNA–DNA duplex [ 70 ]. Two PNA strands linked by a fl exible linker forms a 
clamp and form highly stable complexes with the target dsDNA.

   Table 1    HR induced by TFOs in mammalian cells   

 TFO  Type of recombination  Reporter gene 
 Recombination 
frequency (%)  Cell line 

 AG-30  Intramolecular  supF (bacterial 
suppressor 
tRNA) 

 O.37  COS-7 

 Pso-AG30  Intramolecular  supF  0.58  COS-7 
 AG30  Intrachromosomal  TK (thymidine 

kinase) 
 1.2  LTK- 

 AG30 + 51 mer 
donor DNA 

 Intermolecular  Fluc (Firefl y 
luciferase 
gene) 

 0.05  CHO derived 

 22 mer purine 
rich TFO 

 Intermolecular  supF  ~0.05  Jurkat T 
lymphoblastoid 

 Psoralen 
conjugated 
19mer purine 
TFOs 

 Intra molecular  supF  0.002  HeLa 
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   Recently it was found that PNA has potential to invade certain regions of genomic 
dsDNA through strand invasion based mechanisms. The mechanism by which PNA 
binds to dsDNA relies on the sequence composition of the target region. At least 
fi ve different binding modes have been established (Fig.  4 ). For cytosine-rich PNA, 
binding takes place in the major groove through Hoogsteen base-pairing in a 1:1 
ratio. Homopurine PNA also binds dsDNA in a 1:1 ratio, but through Watson-Crick 
base-pairing resulting in local displacement of the homologous DNA strand, which 
creates D-loop formation [ 71 ].  Homopyrimidine   PNA, on the other hand, binds 
dsDNA in a 2:1 (PNA:DNA) stoichiometry in which one strand forms Watson- 
Crick base pairs whereas the second strand forms Hoogsteen base-pairing, resulting 
in a PNA 2 –DNA triplex and a locally displaced D-loop. A combined homopyrimi-

  Fig. 3    Chemical structure of DNA (RNA) and PNA       
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  Fig. 4    Different binding modes of PNA with dsDNA       
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dine/homopurine binding mode has also been exploited in the development of “tail- 
 clamp  ” hairpins for recognition of partially mixed-sequence containing dsDNA 
[ 44 ]. Peter Nielsen and coworkers have demonstrated a fi fth binding mode that 
relies on the use of pseudo-complementary (pcPNAs) PNAs to bind simultaneously 
to both strands of the DNA double helix. This strategy is also known as  double 
duplex invasion strategy   [ 70 ]. This approach possess greater fl exibility in sequence 
selection, but it also complicates the targeting strategy by use of two separate strands 
of pcPNAs for binding because of their propensity to interact with each other, which 
greatly limits its utility.

   PNAs have demonstrated enormous potential by their activity as transcriptional 
regulators, inhibitors of protein binding and DNA polymerization blockers. However 
cellular delivery of PNAs has been the major issue for its therapeutic application.  

    Use of PNA in Repair and Recombination 

 Due to high binding affi nity with their complementary base pairs, PNAs have poten-
tial to induce mutagenesis and HR based repair mechanisms. In the past, Faruqi 
et al. employed a single dimeric PNA to target a site in the  supFG1 mutation   reporter 
gene within a chromosomally integrated recoverable λ phage shuttle vector in 
mouse fi broblasts [ 72 ]. The designed PNA forms a clamp via both double- and 
triple- helix formation within 8- or a 10-bp site in the supFG1 gene and induce muta-
tions at frequencies in the range of 0.1 %,    tenfold above the background [ 72 ]. 

 Rogers et al. have done comprehensive studies to demonstrate that dimeric bis- 
PNAs have potential to promote site directed recombination [ 73 ]. Generally,  bis- 
PNAs   undergo both strand invasion as well as triplex formation, which lead to 
formation of clamp structures on target dsDNA. In this study, they have shown that 
a bis-PNA conjugated to a 40-nucleotide donor DNA is able to induce site directed 
recombination. PNA-donor DNA conjugates were prepared by employing 
maleimide based chemistry. The PNA–DNA conjugate mediated sequence specifi c 
changes within the supFG1 reporter gene in vitro in human cell free extracts, result-
ing in correction of a mutation at a frequency at least 60-fold above background 
[ 73 ]. Similarly induced site-specifi c recombination also achieved by using bis-PNA 
and the donor DNA together without any covalent linkage. The bis-PNA and the 
bis-PNA-donor DNA conjugate were also found to induce DNA repair with high 
specifi city in the target plasmid. It was shown that both PNA-induced recombina-
tion as well as repair was found to be dependent on the nucleotide excision repair 
factor, XPA (Xeroderma pigmentosum complementation group A protein) [ 73 ]. 
Due to the formation of clamp structures with duplex DNA, PNA creates a helical 
distortion that strongly provokes DNA repair and thereby sensitizes the target DNA 
sites to recombination. 

 Wang et al. designed a series of dimeric PNAs to form clamps at a 10 bp homo-
purine/homopyrimidine site of the E. coli supFG1 gene [ 74 ]. To study the recombi-
nation frequency based mechanisms, mouse fi broblasts with 15 chromosomally 
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integrated copies of the lambda phage shuttle vector containing the supFG1 gene 
were employed.  SupFG1 gene   mutagenesis determined by counting colonies after 
infection of E. coli ClacZ125 (am) bacteria. It was demonstrated that, dimeric PNAs 
induced mutations in the chromosomal supFG1 gene in the mouse cells at a fre-
quency of 0.1 % (tenfold above background) [ 74 ]. Sequence analysis also substanti-
ates that the majority of mutations were located within the PNA binding site. Further 
exploring the utility of PNAs for site-specifi c gene modifi cation various groups 
have shown that PNAs conjugated with DNA modifying agents, such as benzophe-
none, anthraquinone, or psoralen, can be used for DNA modifi cation in vitro. 

 In another studies, dimeric bis-PNAs-psoralen conjugates were employed. The 
designed PNA-psoralen conjugates were able to bind the target site on the sup-
FLSG3 reporter gene by triplex invasion- complex formation and directed site- 
specifi c photoadduct formation by the conjugated psoralen [ 75 ]. The formation of 
 photoadduct   was confi rmed by in vitro assays and mutagenesis in the targeted gene 
was assayed using SV 40 based episomal shuttle vector assay. The photo adducts 
directed by PNAs conjugated to psoralen induced mutations at frequencies in the 
range of 0.46 % (6.5-fold above the background). For intracellular gene targeting in 
the episomal shuttle vector, 0.13 % of psoralen-PNA induced mutation frequency 
was achieved (3.5-fold higher than the background). In this study it has been dem-
onstrated that most of the induced mutations were deletions and single-base-pair 
substitutions at or adjacent to the targeted PNA-binding and photoadduct-formation 
sites [ 75 ]. This set of study further support the development of PNAs as tools for 
gene-targeting applications. 

 Above, different types of binding modes of PNA to dsDNA have been discussed. 
In addition to bis PNAs, pcPNAs were used for intracellular gene targeting at mixed 
sequence sites. It has been well reported in literature that due to steric hindrance, 
pcPNAs are unable to form pcPNA–pcPNA duplexes but can bind to complemen-
tary DNA sequences by Watson–Crick pairing via double duplex-invasion complex 
formation. It has been demonstrated that psoralen-conjugated pcPNAs can deliver 
site-specifi c photoadducts and mediate targeted gene modifi cation within both epi-
somal and chromosomal DNA in mammalian cells without possessing any off- 
target effects [ 76 ]. Psoralen-pcPNA mutations were single-base substitutions and 
deletions found at the predicted pcPNA-binding sites. No mutations were induced 
by the individual pcPNAs alone nor did complementary PNA pairs of the same 
sequence cause mutations [ 76 ]. 

 PNAs combined with donor DNAs have the potential to induce gene correction 
based on  triplex-induced homologous recombination mechanism      and have been 
tested in several disease models including beta-thalassemia [ 69 ]. Generally, splice- 
site mutations in the β-globin gene lead to aberrant transcripts and decreased func-
tional β-globin, causing beta-thalassemia. It was shown that bis-PNAs when 
co-transfected with recombinant donor DNA fragments containing the corrected 
mutation site, can promote single base-pair modifi cation at the start of the second 
intron of the β-globin gene, the site of a common thalassemia-associated mutation. 
Green fl uorescent protein-β-globin fusion gene was used to detect the restoration of 
proper splicing of transcripts. It was also shown that recombination frequencies can 
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be enhanced when the PNAs/DNA were used with the lysomotropic agent, chloro-
quine [ 69 ]. 

 Later on, Lonkar and coworkers also demonstrated that pcPNAs, when co- 
transfected with donor DNA fragments, can promote single base pair modifi cation 
at the start of the second intron of the β-globin gene [ 68 ]. Gene editing was detected 
by examining the restoration of proper splicing of transcripts produced from a green 
fl uorescent protein-beta globin fusion gene. In addition it was also found that pcP-
NAs stimulate recombination in human fi broblast cells dependent on the nucleotide 
excision repair factor, XPA. These results signify that pcPNAs can be used as tools 
for site-specifi c gene modifi cation in mammalian cells without sequence 
restriction. 

 In addition to β-globin gene, genome modifi cation has been also demonstrated in 
the CCR5 gene. CCR5 encodes a chemokine receptor required for HIV-1 entry into 
human cells, and individuals carrying mutations in this gene are resistant to HIV-1 
infection. Schleifman et al. has shown that transfection of human cells with bisP-
NAs/donor DNA targeted to the CCR5 gene, can introduce stop codons mimicking 
the naturally occurring CCR5-delta32 mutation, produced 2.46 % targeted gene 
modifi cation [ 67 ]. In a series of experiments, CCR5 modifi cation was confi rmed at 
the DNA, RNA, and protein levels [ 67 ]. It was also shown that introduction of stop 
codon confer resistance to infection with HIV-1. This work underscores that PNA 
induced genome modifi cation can be used as a therapeutic strategy for CCR5 
knockout in HIV-1-infected individuals. 

 Further Rogers et al. have shown that through conjugation of a triplex-forming 
peptide nucleic acid (PNA) to the transport peptide, antennapedia (Antp), success-
ful in vivo chromosomal genomic modifi cation of hematopoietic progenitor cells 
can be achieved [ 77 ]. In addition, hematopoietic progenitor cells still possessed the 
differentiation capabilities even after gene modifi cation. This strategy obviates the 
use of transfection-based protocols for PNA/donor DNA. 

 McNeer et al. proposed new methods for intracellular delivery of PNA/donor 
DNA molecules for genome editing by using  poly(lactic-co-glycolic acid) (PLGA)  -
based nanoparticles [ 78 ].  PLGA   is an FDA-approved biocompatible polymer and is 
used clinically for delivery of drugs for numerous indications including the treat-
ment of prostate cancer (Lupron and Trelstar). The previous work has shown that 
PLGA nanoparticles can be used for intracellular delivery of nucleic acid polymers 
and oligomers, including plasmid DNA and siRNAs for gene-silencing studies [ 79 ]. 
PLGA nanoparticles are formulated by using double-emulsion solvent-evaporation 
technique. PLGA nanoparticles encapsulate tcPNA (Fig.  5 ), DNA (DNA was neu-
tralized using spermidine as a counter ion), or both tcPNA and DNA (in which the 
lysines conjugated to the PNA both on C and N termini served as the counter ion for 
the DNA). Further, treatment of human CD34+ HSCs with nanoparticles containing 
nucleic acids in dosages of 0.25–2 mg PLGA/mL was performed. It has been found 
that cells treated with nanoparticles show greater cell recovery and viability as com-
pared to nucleofection protocols. Nanoparticle treatment also led to much higher 
rates of recombination, corresponding to at least a 60-fold increase in modifi ed and 
viable cells.
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   It has been successfully shown that PNA/donor DNA delivered by nanoparticle- 
based  approach   caused site-specifi c gene editing of human cells in vivo in hemato-
poietic stem cell-engrafted NOD-scid mice. Intravenous injection of particles 
containing PNAs/DNAs produced modifi cation of the human CCR5 gene in hema-
tolymphoid cells in the mice. Deep-sequencing results confi rmed in vivo  modifi cation 
of the CCR5 gene at frequencies in the range of 0.1–0.5 % in hematopoietic cells in 
the spleen and bone marrow. At the same time, off-target modifi cation in the homol-
ogous CCR2 gene was two orders of magnitude lower. Application of nanotechnol-
ogy in the site-specifi c gene editing by using PNA offers numerous advantages. 
Firstly, this approach provides a framework for development of a fl exible system for 
direct in vivo genomic modifi cation of HSCs. Second; this work suggests a versatile 
method for targeted drug delivery to human hematopoietic populations. 

  tcPNAs   targeting always requires homopurine or homopyrimidine rich regions 
for effective targeting. 

 In another strategy we have shown that new generation chemically modifi ed 
 gamma PNAs   (γPNAs) can be used to target mixed sequence genomic DNA and 
induce genome modifi cation [ 80 ]. In γPNAs, stereogenic chiral center has been 
induced at the gamma position of PNA backbone (Fig.  6 ) [ 81 – 83 ]. The presence of 
chiral center at gamma positions results into preorganized conformation of PNAs 
which further boost its binding affi nity with complementary sequences containing 
DNA or RNA [ 84 , 85 ].

   In order to demonstrate proof of concept, a transgenic mouse model containing a 
 β-globin/EGFP fusion gene  , consisting of intron 2 of human β-globin inserted 
within the GFP coding regions have been employed [ 86 , 87 ]. The intron region con-
tains the IVS2-654 (C → T) mutation which is a common cause of thalassemia in 
individuals of Southeast Asian heritage. This mutation leads to a cryptic splice site 
that causes incorrect splicing of the intron and prevents expression. Using nanopar-
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ticulate based delivery systems we have shown that single-stranded γPNAs designed 
to target genomic DNA site near IVS2-654 mutation along with donor DNA, 
induced site-specifi c gene editing at frequencies of 0.8 % in mouse bone marrow 
cells treated ex vivo and 0.1 % in vivo via IV injection, without detectable toxicity. 
Moving one step ahead we have shown that γPNAs provide a new tool for induced 
gene editing based on Watson-Crick recognition without sequence restriction.  

    Summary 

 Overall TFOs and PNAs have played an important role in genome modifi cation by 
implying different strategies. Promising results have been attained both in ex vivo 
as well as in vivo studies. By utilizing information at chemistry/biology interface, 
researchers have come up with many strategies to increase the gene editing fre-
quency. Though PNAs possess promising chemical properties in comparison to 
TFOs, nonetheless, lot of work still need to be done in order to attain gene-editing 
frequencies, which are clinically relevant.     
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      Genome Editing by Aptamer-Guided Gene 
Targeting (AGT)                     

       Patrick     Ruff      and     Francesca     Storici     

    Abstract     DNA aptamers are sequences of DNA that because of their unique 
 secondary structure are capable of binding to a specifi c target. Aptamer technology 
has only recently been applied to gene correction. The effectiveness of using aptam-
ers for gene targeting comes from their versatility, as aptamers can be used in con-
junction with currently existing genome modifi cation systems. Here we describe 
how DNA aptamers can be exploited to increase donor DNA availability, and thus 
promote the transfer of genetic information from a donor DNA molecule to a desired 
chromosomal locus. Although still in its infancy compared to other more well- 
characterized systems, aptamer-guided gene targeting (AGT) offers a new direction 
to the fi eld of genetic engineering.  

  Keywords     Aptamer-guided gene targeting (AGT)   •   Aptamer   •   I-SceI   •   Gene cor-
rection   •   Genetic engineering   •   DNA oligonucleotides   •   Donor DNA   •   Yeast   • 
  Human cells  

      Introduction 

 DNA double-strand breaks (DSBs) are a form of DNA damage, which, if not 
repaired properly, can cause mutations, genome rearrangements, or even be lethal to 
the cell. The cell must repair this damage, even if repair leads to mutation at the site 
of the damage. Taking advantage of this aspect of cellular repair machinery, site- 
specifi c “homing” endonucleases can be used as tools to introduce genome modifi -
cations. The process requires the endonuclease to generate the DSB as well as a 
donor or targeting DNA sequence that can be used as a template to repair the 
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DSB. Generation of a DSB at the desired locus increases gene targeting frequency 
several orders of magnitude and has been shown to be effective in bacteria [ 1 ], yeast 
[ 2 ], plants [ 3 ], fruit fl ies [ 4 ], mice [ 5 ], human embryonic stem cells [ 6 ], and many 
other cell types. Since naturally found homing endonucleases target only a specifi c 
recognition sequence, it became important for researchers to develop a way of mak-
ing DSBs at other desired loci. Several strategies have been adopted including mod-
ifying naturally occurring endonucleases such as Cre [ 7 ] or Flp [ 8 ], generating 
modular DNA-binding proteins fused to the non-specifi c cleavage domain from 
FokI (ZFNs [ 9 ,  10 ] and later TALENs [ 11 ,  12 ]), and the recently discovered RNA- 
guided clustered regularly interspaced short palindromic repeat (CRISPR)/Cas9 
system [ 13 ]. The advances made in generating site-specifi c DSBs modularly are 
quite impressive and these authors would refer you to other chapters in this book for 
understanding better how they work and their potential off-target effects. 

 Despite the advances in generating the site-specifi c DSBs needed for highly effi -
cient gene targeting, there has been less focus on the other essential component for 
gene targeting: the donor DNA necessary to make the desired modifi cation. To 
address the problem of donor DNA availability, we developed a novel gene target-
ing approach, aptamer-guided gene targeting, AGT, in which we bound the homing 
endonuclease I-SceI by a DNA aptamer fused to the donor DNA of choice, to target 
the donor DNA to a desired genetic locus located next to an I-SceI cut site [ 14 ]. 
DNA aptamers are sequences of DNA that are able to bind to a specifi c target with 
high affi nity because of their unique secondary structure [ 15 ]. The AGT approach 
increases the effi ciency of gene targeting by guiding an exogenous donor DNA into 
the vicinity of the site targeted for genetic modifi cation. By tethering the exogenous 
donor DNA to I-SceI, which recognizes an 18-bp sequence and generates a DSB 
[ 16 ], we achieved targeted delivery of exogenous donor DNA to the site of the 
I-SceI DSB in different genomic locations in yeast and human cells, facilitating 
gene correction by the donor DNA [ 14 ]. DNA aptamers were selected for binding 
to the I-SceI protein using a variant of capillary electrophoresis systematic evolu-
tion of ligands by exponential enrichment (CE-SELEX) called “Non-SELEX” [ 17 ]. 
By utilizing DNA oligodeoxyribonucleotides (oligos) that contained the I-SceI 
aptamer sequence as well as homology to repair the I-SceI DSB and correct a target 
gene, we were able to increase gene targeting frequencies up to 32-fold over a non- 
binding control in yeast and up to 16-fold over a non-binding control in human cells 
[ 14 ]. Our strategy offers a novel way to increase gene targeting effi ciency and rep-
resents the fi rst study to use aptamers in the context of gene correction. The general 
model for how AGT works is represented in Fig.  1 .

Fig. 1 (continued) or in the nucleus. ( c ) I-SceI drives the bifunctional oligo to the targeted locus con-
taining the I-SceI site, and ( d ) generates a DSB at the I-SceI site. ( e ) Resection of the 5′ ends of the 
DSB gives rise to single-stranded 3′ DNA tails. ( f ) The 3′ tail of the bifunctional oligo anneals to its 
complementary DNA sequence on the targeted DNA, and after the non-homologous sequence is 
clipped, ( g ) DNA synthesis proceeds on the template sequence. ( h ) After unwinding of the bifunctional 
oligo, a second annealing step occurs between the extended 3′ end and the other 3′ end generated from 
the DSB. ( i ) Further processing, gap-fi lling DNA synthesis, and subsequent ligation complete repair 
and modifi cation of the target locus. This Figure is reproduced from Ruff et al., 2014 [ 14 ]       
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  Fig. 1    Aptamer-guided gene targeting model. ( a ) Bifunctional targeting oligos containing the A7 
aptamer at the 5′ end along with a region of homology to restore the function of a defective gene 
of interest are transformed/transfected into the cell. The I-SceI endonuclease is produced from the 
Fig. 1  (continued) chromosome (yeast cells) or from a transfected expression vector (human 
cells). ( b ) The A7 aptamer then binds to the I-SceI protein, either in the cytoplasm (shown here)
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       AGT Origins 

 Using an I-SceI-DSB  system   in yeast, Storici et al. [ 18 ] showed that DNA oligos 
could effi ciently repair a DSB, even with short targeting homology to the break site. 
Repair by these oligos was hypothesized to occur by a two-step annealing process 
reliant on the function of the recombination protein Rad52, but not on the strand 
invasion function of the Rad51 recombinase [ 18 ]. In fact, deletion of the  RAD51  
gene increases the frequency of gene correction using oligos by a few fold, because 
it suppresses DSB repair by the uncut sister chromatid when the DSB occurs in G2 
cells and not on both chromatids simultaneously [ 18 ]. Therefore, the uncut sister 
chromatid is a strong competitor for the oligos because it is in close vicinity to the 
broken chromatid targeted by the oligos. A similar phenomenon was shown in 
human cells when knocking down human  SMC1 , important for HR between sister 
chromatids, gene targeting increased, again presumably due to a reduction in HR 
between sister chromatids [ 19 ]. In this situation however, sister chromatid HR was 
still possible, but without hSMC1 (part of the cohesin complex) the sister chroma-
tids would not be held in close proximity. 

 It was shown in yeast that by increasing the number of target copies gene correc-
tion effi ciency increases [ 20 ] and that by changing the effective genomic distance 
from a DSB to its donor sequence to 200 from 20 kb, there is an increase in the 
donor sequence being used for HR [ 21 ]. More recently, Renkawitz et al. [ 22 ], using 
time-resolved chromatin immunoprecipitation in yeast, showed that HR is more 
effi cient the closer the repair template is to the site of the DSB. Similarly, in mice it 
was shown that after initiation of a DSB, translocations are  typically   found within 
close proximity to the site of the break (although translocations did occur at distance 
sites, this was much less frequent) [ 23 ]. In VDJ recombination the RAG recombi-
nase brings the T cell receptor αδ ( Tcra/d ) and  Igh  loci into close nuclear proximity 
and contributes to recombination between these loci [ 24 ]. 

 Based upon the need for donor availability for effi cient HR, we came up with a 
novel method for bringing the donor DNA to the site of the DSB using DNA aptam-
ers which we call AGT [ 14 ]. The next section gives a brief overview of aptamers.  

    Aptamers 

 Nucleic acid aptamers are short single-stranded DNA or RNA oligos that are capa-
ble of binding a ligand (protein, small molecule, or even living cells) with high 
affi nity due to their secondary structure. Most DNA or RNA is capable of forming 
a secondary structure, however only very rare sequences are capable of binding to a 
specifi c target with appreciable affi nity.  Aptamers  , in addition to binding with high 
affi nity, also bind with high specifi city, such as for an aptamer selected to bind the-
ophylline but not caffeine, the two molecules differing only by a single methyl 
group [ 25 ]. Aptamers are sometimes referred to as artifi cial antibodies, but aptam-
ers have several advantages over antibodies, including ease and low cost of produc-
tion which does not involve animals. Aptamers are less immunogenic than antibodies 
and are already being used as a therapeutic for humans [ 26 ]. 
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 Aptamers are obtained by rigorous selection, in which aptamers are “evolved” 
from pools of random DNA or RNA, leaving few (if any) sequences capable of 
binding the target out of a high number (usually 10 14  or more) of starting sequences 
[ 27 ]. The random library is typically fl anked by fi xed primer regions such that each 
oligo in the pool contains the sequence 5′-primer1-N 20–60 -primer2(reverse comple-
ment)-3′, where N is a random base [ 28 ]. The primers are used  to   amplify the library 
after selection by PCR. The process to generate aptamers by in vitro selection was 
developed by the Szostak [ 29 ] and Gold [ 30 ] groups independently in 1990 and the 
process has become known as systematic evolution of ligands by exponential 
enrichment (SELEX). The SELEX procedure involves the use of the random library 
of DNA/RNA sequences being incubated with the target, followed by a partitioning 
step to remove unbound sequences, then followed by an elution step to recover the 
binding sequences, and then an amplifi cation step to generate a library of sequences 
enriched for binding (see Fig.  2  for a schematic). Over the years, several variants of 

Partitioning

Elution

Amplification

Binding

Primer 2Random regionPrimer 1

Folding

Analysis

  Fig. 2    The Systematic Evolution of Ligands by EXponential enrichment (SELEX) procedure. 
The ligand of interest, shown as a  red dot , is incubated with a random library of ssDNA molecules 
containing a central random sequence fl anked by known sequences of primers to be used in PCR 
amplifi cation. Sequences that form a suitable secondary structure, shown as the  purple  and  orange  
DNA sequences, bind to the ligand. These sequences are partitioned from the weaker binders and 
are eluted. After amplifi cation of these binders, the process is repeated       
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SELEX have arisen. One variant of SELEX using capillary electrophoresis (CE) 
allows for SELEX to be performed in a much shorter amount of time due to much 
more effi cient partitioning and the prevention of aptamers binding to the ligand sup-
port (the ligand fl ows freely in buffer). In as little as one round of selection [ 31 ], and 
almost always less than fi ve, strong binding highly specifi c aptamers may be 
selected, as opposed to traditional SELEX which typically takes ten or more rounds 
of selection. CE-SELEX generated aptamers can have nM and even pM level disas-
sociation constants [ 32 ]. The effi ciency and ease of generating aptamers using 
CE-SELEX led us to use this methodology when selecting for an aptamer to our 
chosen site-specifi c endonuclease I-SceI.

       The Site-Specifi c Endonuclease I-SceI 

 DNA binding proteins exist in all  forms   of life, but despite their prevalence there are 
only a handful of proteins evolved that are capable of binding to and cleaving double- 
stranded DNA in a site-specifi c manner. Those restriction endonucleases capable of 
achieving site-specifi c DNA DSBs are known as “homing” endonucleases, and they 
have high specifi city due to a long recognition sequence (12–40 bp) [ 33 ]. Homing 
endonucleases have been studied since the late 1970s, and one of the fi rst homing 
endonucleases studied was originally called “Omega” which later became known as 
I-SceI [ 34 ]. The I-SceI endonuclease’s natural function is to recognize a nonsym-
metrical 18-bp sequence in yeast mitochondria of 5′ TAG GGA TAA CAG GGT 
AAT 3′ on an intron-less allele and generate a DNA DSB at that location, propagat-
ing the intron containing allele and overwriting the previously intron-less allele 
through homologous recombination and gene conversion [ 35 ]. Since its discovery, 
I-SceI has been used and continues to be used in almost every model system from 
bacteria to human cells to model DSB damage and repair. Due to the widespread use 
of I-SceI, we chose to use I-SceI as our site-specifi c endonuclease for AGT.  

    Single-Stranded DNA Oligos as Donor DNA 

  Synthetic single-stranded DNA oligos   are short sequences of DNA typically 90 nt or 
less that are often used in genome editing. Oligos are used to modify a specifi c 
sequence in the genome by containing homology to the targeted sequence. Oligos can 
be chemically synthesized quickly and cheaply and can achieve effi cient gene editing 
at a similar frequency to donors with longer homology lengths, including donor plas-
mids or PCR products [ 36 ]. Gene correction by oligos can be obtained even with 
homology to the target locus as low as 30 nucleotides [ 14 ,  37 ]. Oligos have been 
successfully used for effi cient gene targeting in many cell systems [ 38 ,  39 ]. For AGT, 
we used bipartite oligos in which half of each molecule was used to bind to I-SceI 
(the aptamer region) and the other half of each molecule was used as a template to 
repair the DSB by  homologous   recombination and modify the chosen target site [ 14 ].  
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    Characterization of AGT 

 After designing the  AGT   system and performing selection of aptamers to I-SceI, a 
few sequences were identifi ed that bind to I-SceI in vitro. Of these, two of the stron-
ger binders, named aptamer A4 and aptamer A7, were fi rst tested in yeast 
 Saccharomyces cerevisiae . The fi rst locus tested was the yeast  trp5  gene, in which a 
cassette was integrated and gene targeting was measured as the number of Trp +  
transformants that had deleted the cassette and repaired the sequence of the gene. 
Schemes of the integrated cassettes for the  trp5  locus are shown in Fig.  3A . The fi rst 
step in the characterization of AGT was to determine at which part of the DNA 
donor oligo the aptamer sequence should be positioned. Initial testing revealed that 
the 5′ end of the targeting oligo was much more effi cient at gene targeting compared 
to the 3′ end, presumably because having the homology region of the donor sequence 
at the 3′ end facilitates the homology search to the target locus.

   The next step in characterizing AGT was to test the importance of the primer 
regions for binding by the aptamer sequence. As discussed above, in aptamer selec-
tion, each random DNA sequence is fl anked by two fi xed primer regions for ampli-
fi cation by PCR (Fig.  2 ) and often these primer sequences are not necessary for the 
aptamer to bind to its target [ 40 – 42 ]. Based on this, we removed the primer regions 
from our selected I-SceI aptamers and at the same time increased the homology 
length of the targeting DNA. Again, using the  trp5  locus, the aptamers A7 and A4 
were tested as oligos A7.TRP5.54 and A4.TRP5.54 with the aptamers being at the 
5′ end of the oligos followed directly by 54 bases of homology to  trp5 . Additionally, 
a control sequence of the same length as the aptamer region but that was not shown 
to bind to I-SceI, the oligo C.TRP5.54, was used. The weaker binding aptamer A4 
showed no signifi cant difference to  the   non-binding control, whereas the stronger 
binding aptamer A7 showed a statistically signifi cant seven-fold increase in gene 
targeting relative to the control [ 14 ]. In situations in which there was no I-SceI site 
but I-SceI was still expressed, or there was an I-SceI site but no I-SceI expression, 
or with glucose repression of the  GAL1-10  promoter there was no signifi cant differ-
ence between the A7.TRP5.54 or the C.TRP5.54 oligos [ 14 ]. 

 After seeing that the A7 aptamer could increase gene targeting, it was hypothe-
sized that the aptamer might work even better if the homology length was shorter, 
as a longer homology sequence might interfere with the aptamer binding to 
I-SceI. Alternatively, the stimulatory effect provided by the aptamer might be exac-
erbated using shorter DNA donors. To test whether the I-SceI aptamer was effective 
on shorter DNA donors, the homology length of the oligos was shortened to 40 
bases instead of 54 giving the A7.TRP5.40 and C.TRP5.40 oligos. While the overall 
level of repair was lower for the shorter oligos, the A7 aptamer even further stimu-
lated gene targeting to a 9.2-fold signifi cant difference over the control (Fig.  3b ). It 
is possible that the aptamer, being at the 5′ end of the molecule, may not always be 
fully present in the oligos if the oligos are not purifi ed. Indeed, non-purifi ed 100- 
mer oligos synthesized at a coupling effi ciency of 99.5 % contain ~60 % full-length 
product, with the other 40 % being 5′ truncated oligos [ 43 ]. This also means that the 
A7.TRP5.40 oligonucleotide might be more effective at gene targeting because, 
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being shorter, less sequences are truncated at the 5′ aptamer end. To test this theory, 
polyacrylamide gel electrophoresis (PAGE) purifi ed oligos were used, testing both 
the oligos with 54 bases of homology as well as those with 40 bases of homology. 
For both sets of PAGE-purifi ed oligos, there were statistically signifi cant increases 
in gene targeting (27-fold for the purifi ed A7.TRP5.54 over the purifi ed C.TRP5.54 
and 30-fold for the purifi ed A7.TRP5.40 over the purifi ed C.TRP5.40) [ 14 ]. This 
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155/156 strain, shown as T5B, contains the I-SceI break site ( blue ellipse ), and a cassette with the 
I-SceI gene  SCE1  under the galactose inducible  GAL1-10  promoter, the hygromycin resistance 
gene  hyg , as well as the counterselectable  K.l.   URA3  gene in a construct that has been inserted into 
the  TRP5  gene. Strain HK-225/226, shown as T5B(HO), contains the HO break site ( orange 
ellipse  with HO) inserted into the  TRP5  gene. ( b ) Frequency of gene correction in yeast using 
aptamer-containing oligos shown in  light gray  coloring and non-binding control oligos in  dark 
gray  coloring (X axis), measured by the number of transformants per 10 7  viable cells (Y axis), with 
no oligo controls for all strains averaged in. Targeting occurred at the  trp5  locus in the I-SceI- 
containing strain (T5B) or in the HO-containing strain (T5B(HO)) grown on galactose for the 
induction of I-SceI or HO, or on glucose for the repression of I-SceI or HO. Bars correspond to the 
mean value and error bars represent 95 % confi dence intervals.  Asterisks  denote statistical signifi -
cant difference between the aptamer-containing oligo and the corresponding non-binding control 
(* for p < 0.05), and the fold change in the gene correction frequency is indicated. Part of this 
Figure is reproduced from Ruff et al., 2014 [ 14 ]       
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result suggests the importance of the aptamer region being intact for effi cient gene 
targeting; however the length of the homology may also have an effect since the 
shorter oligos had a greater increase in gene targeting. 

 AGT was tested not only at the  yeast   chromosomal  trp5  locus, but also at the 
 ade2  and  leu2  genomic loci in yeast, and at the DsRed2 (a red fl uorescent pro-
tein) gene locus carried on a plasmid in human embryonic kidney (HEK-293) 
cells. At every locus tested there was a signifi cant increase in gene targeting 
using the A7 aptamer containing oligos over the control oligos each with 54 bases 
of homology to the targeted gene (Fig.  3B , Fig.  4A  and [ 14 ]). Not all aptamer-
containing oligos stimulated gene targeting to the same extent. For the DsRed2 
locus, the A.Red.40 oligo (the A7 aptamer-containing oligo with 40 bases of 
homology) had a 6.2-fold increase in gene targeting and the A.Red.30 oligo had 
a 16-fold increase in gene targeting (Fig.  4A ). The variability of AGT at the dif-
ferent loci tested could be due to the different secondary structure each oligo 
forms. In order to bind I-SceI, the aptamer region must assume a specifi c second-
ary structure and it is possible that the long ssDNA within the homology region 
interferes with this structure. For further analysis of the aptamer secondary struc-
ture, see Ruff et al. [ 14 ].

   In order to further validate the specifi city of the I-SceI aptamer in AGT to stimu-
late gene targeting only in the presence of I-SceI, controls were done in which a 
DSB was generated either by a nuclease different from I-SceI (experiment using 
yeast cells) or was generated in vitro by I-SceI (experiment using HEK-293 cells). 
In yeast, the homing endonuclease HO was used in place of I-SceI to generate a 
DSB at  trp5  (Fig.  3A ). HO is much more effi cient than I-SceI in generating a DSB 
and stimulates gene targeting to higher levels [ 44 ]. However, gene correction fre-
quency by the aptamer-containing donor oligo A7.TRP5.40 was much higher than 
that obtained using the control oligo C.TRP5.40 only when the DSB was induced 
by I-SceI in the cells (Fig.  3B ). Similarly, in human cells the plasmid containing the 
DsRed2 gene was predigested with I-SceI in vitro overnight. By not expressing 
I-SceI inside the HEK-293 cells  there   was no signifi cant difference between the 
A.Red.40 and A.Red.30 oligos compared to the controls and only a 1.8-fold increase 
with the A.Red.54 oligo (Fig.  4B ). These data demonstrate the potential of AGT to 
increase donor DNA availability in a specifi c manner during the gene targeting 
process.  

    The Utility of AGT for Gene Targeting 

 The concept of having a sequence of DNA that is both capable of binding to a target 
while at the same time capable of repairing a targeted gene is advantageous for gene 
correction. AGT uses DNA aptamers, which themselves are a relatively new discov-
ery with aptamer selection only being done since the early 1990s [ 29 ,  30 ]. Aptamers 
have been utilized as biosensors [ 45 ,  46 ] and as therapeutics [ 47 ] but not in the 
context  of   gene targeting. Our aptamer binds I- Sce I and is targeted to a specifi c 
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genomic DNA site. This represents a novel gene targeting strategy that lays the 
foundation for other similar systems to come.  

    Future Directions for AGT 

 The AGT system described here provides a proof-of-principle using aptamers for 
gene targeting, and based upon this initial work further studies to elucidate, validate, 
and improve the system should follow. For example, there is  the   limitation we found 
with the aptamer system whereby different single-stranded homology regions may 
disrupt the aptamer region’s secondary structure to inhibit binding, reducing the 
effi ciency of AGT. Secondly, the aptamer binding affi nity may be below optimum. 
Additionally, the current design for AGT is specifi c for the I-SceI endonuclease. 

 There are many potential ways to improve the AGT system. For example, to 
reduce annealing between the aptamer region and the homology region of the DNA 
oligos, the donor region could be present as a double-stranded instead of single- 
stranded sequence. Alternatively, a linker region could be designed between the 
aptamer and the homology region. The linker could be a DNA sequence unlikely to 
be bound by either the aptamer or the homology region, or a sulfi de linker [ 48 ] or a 
carbon linker [ 49 ] between the two nucleic acids. Moreover, the aptamer itself could 
be improved for enhanced binding to its target. The binding affi nity of the A7 
aptamer for I-SceI was measured at a modest 3.16 μM, which was approximately 
15-fold higher than that of the A4 aptamer (52.49 μM) that had no effect on gene 
targeting. Although the I-SceI aptamer A7 was selected from a large pool of oligos, 
it is possible that the strongest binder to I-SceI is yet to be selected. Assuming the 
aptamer binding affi nity could be improved, modifi cations to the A7 aptamer 
sequence might lead to a further increase in gene targeting effi ciency. From the 
standpoint of the DNA targeting molecule and oligo stability, which could be a limi-
tation to gene correction, this could be enhanced by changing the chemistry of the 
oligos. Oligo modifi cations, such as the use of phosphorothioate linkages, could 
improve the stability of the donor molecules which could improve gene targeting 
frequencies. While the proof of AGT was obtained using an aptamer specifi c to the 
I-SceI enzyme, it may be possible to obtain an aptamer for FokI (ZFNs and TALENs) 
or an aptamer to Cas9 (CRISPRs) that could stimulate gene targeting. There is also 
the potential that AGT might increase gene targeting for aptamer targets not limited 
to endonucleases but theoretically other DNA binding proteins or proteins involved 
in recombination. We anticipate that selection of strong binding aptamers to tether 
the DNA binding factors of choice for use in AGT may become a powerful strategy 
to augment donor DNA availability and improve genome editing.     
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    Abstract     Recent advancements in mammalian genome editing technologies have 
demonstrated precise genetic manipulations at the chromosomal level at effi ciencies 
relevant for disease therapy. In fact, zinc-fi nger nucleases (ZFNs) that induce 
deletions in the HIV CCR5 receptor in patient T cells ex vivo have demonstrated 
promise upon treated cell infusion in the clinic. In these applications, adenoviral 
delivery vectors were employed however; there is growing popularity for the use of 
adeno- associated virus (AAV) gene delivery which has been used in over 100 clini-
cal trials without any vector-related toxicity. This review chapter summarizes the 
development of AAV for clinical gene therapy, the early observations of AAV gene 
targeting, and the current status of AAV vectors for gene editing via site specifi c 
DNA double strand break repair. In addition, the remaining obstacles towards the 
combination of AAV vectorology and site-specifi c endonucleases for genetic engi-
neering are discussed.  
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      The Vectorization of Adeno-Associated Virus 

 Adeno-associated virus (AAV) was discovered in 1965 as contaminating viral par-
ticles in adenoviral stocks and was determined to be a new species of virus, which 
depends on adenovirus to complete its replication cycle [ 1 ]. AAV is a member of the 
parvovirus family and so consists of a single-stranded DNA genome contained 
within  a   protein capsid and is further classifi ed as a dependovirus as it cannot repli-
cate without the presence of a helper virus [ 2 ]. AAV infection is common and most 
people are seropositive for AAV by a very young age [ 3 ]; however, no pathogenicity 
has been conclusively linked to AAV. 

 The wild type AAV genome is 4.7 kb in length and encodes at least two genes, 
  Rep  and  Cap   , fl anked by inverted terminal repeats (ITRs), which are the only viral 
elements required in  cis  for pack aging of the genome [ 4 ]. The  Rep  gene encodes the 
four non-structural Rep proteins required for replication and packaging of the AAV 
genome [ 5 ,  6 ], while the  Cap  gene encodes the VP1, VP2, and VP3 proteins that 
make up the icosahedral capsid as well as the assembly activating protein (AAP) 
necessary for assembly of the capsid and packaging of the genome [ 7 ]. Numerous 
AAV serotypes have been discovered that have between 49 and 99 % identity in 
their capsid amino acid sequence [ 8 ] and differ in several aspects of their biology 
including their tropism and transduction kinetics [ 9 ,  10 ]. For use as gene therapy 
vectors, the viral genes are removed from the genome and replaced with a transgene 
cassette [ 4 ]. The production and characterization of recombinant AAV (rAAV) vec-
tors have been thoroughly reviewed previously [ 11 ]. 

 AAV begins its transduction pathway by binding to  a   primary glycan receptor, 
such as heparan sulfate, and then to a secondary receptor, such as a growth factor 
receptor or integrin. The specifi c receptors bound by AAV depend on the serotype 
and the cell type being transduced (more thoroughly reviewed in [ 12 ]). AAV then 
enters the cell through receptor-mediated endocytosis [ 13 ] and traffi cs through 
endolysosomal pathways to the perinuclear microtubule-organizing center [ 14 ]. 
The virions are retained at this region both pre- and post-endosomal escape facili-
tated by the phospholipase domain present in the N-terminal region of VP1 [ 14 – 16 ]. 
After endosomal escape, intact AAV particles travel to the nucleus where uncoating 
of the genome occurs [ 17 ]. As AAV is a single-stranded virus, second-strand DNA 
synthesis must occur before the genome can be transcriptionally active, and the 
virus depends on cellular polymerases to synthesize the second strand [ 18 ]. In the 
absence of a helper virus, the wild-type genome is transcriptionally repressed by the 
actions of the Rep proteins, allowing the virus to remain latent until a helper-virus 
is present to facilitate the completion of AAV’s lifecycle [ 19 ]. For rAAV, the use of 
constitutively active promoters allows for the expression of the transgene cassette 
following second-strand synthesis. 

 Episomal rAAV genomes  form   monomer episomes and concatemers that show 
long-term persistence, although they do not replicate [ 20 – 22 ]. In addition, AAV2 
genomes can site specifi cally integrate into the AAVS1 site on chromosome 19 in a 
Rep dependent manner [ 23 ,  24 ]. However, in the absence of Rep, only a low level 
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(less than 0.5 %) of illegitimate integration occurs [ 25 – 27 ]. This integration often 
involves interaction between the ITR and the host DNA leading to a small deletion 
of the host DNA and an insertion of the vector genome [ 28 ]. Although  the   integra-
tion has been shown to occur throughout the genome, current studies suggest that 
genes, transcriptional initiation site, ribosomal DNA repeats, CpG islands, and pal-
indromic sequences are hotspots for rAAV integration [ 27 ,  28 ]. Despite this low 
level of integration, many studies have found no oncogenic effect of rAAV [ 25 ,  26 ], 
while others have found low levels of oncogenesis to be transgene and promoter 
specifi c [ 25 – 27 ]. 

 Through understanding of the rAAV transduction pathway, several strategies 
have been developed to utilize the biology of rAAV to create vectors that are more 
effi cient, the most effective of which is the development of self-complementary 
rAAV [ 29 ,  30 ]. The development of self-complementary rAAV began with the 
observation that rAAV transduction was signifi cantly enhanced  by   co-infection with 
adenovirus even though the known helper virus functions of adenovirus (e.g. pro-
moter activation) were not a part of rAAV’s transduction [ 18 ]. The increase in trans-
duction observed with adenovirus co-infection was, in part, due to increased 
second-strand DNA synthesis caused by the E4Orf6 protein [ 18 ], suggesting that 
second-strand synthesis is a rate-limiting step in rAAV transduction and that, if rates 
of second-strand synthesis could be increased, then transduction would increase. 

 To avoid the rate-limiting step  of   second-strand synthesis, vectors were fi rst 
designed to less than half the packaging capacity of rAAV, allowing single-stranded 
replication dimers of the transgene cassette to be packaged [ 29 ]. When released 
from the capsid, these complementary dimers undergo intrastrand base pairing to 
form transcriptionally active, duplexed single-stranded DNA. This process was 
made more effi cient by deleting the sequence that is nicked by Rep (the D element 
containing the Rep nicking stem) on one ITR, thereby forcing the formation of a 
self-complementary dimer [ 31 ]. Self-complementary vectors lead to both faster 
transduction kinetics and to greater transgene expression both in vivo and in vitro 
[ 31 ] and are useful in gene editing applications [ 32 ], and show promise in clinical 
gene therapy.  

    AAV as a Clinical Gene Therapy Vector 

 Due to many advantageous properties, AAV has been developed as a  vecto  r (rAAV) 
for clinical gene delivery. The lack of known pathogenicity associated with AAV 
and AAV’s helper dependence both suggest the safety of vectors derived from 
AAV. In addition, AAV is less infl ammatory than many viruses decreasing risk of 
immune related complications and immune responses to the transgene delivered 
[ 33 ]. Furthermore, all viral genes are removed from rAAV, decreasing the likelihood 
of immune responses to viral gene products. AAV can also infect both dividing and 
non-dividing cells and can lead to long-term expression of a transgene [ 3 ,  34 ,  35 ]. 
Moreover, transgene cassettes fl anked by AAV2 ITRs can be packaged into the 
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capsids of a wide variety of AAV serotypes, through a process known as transencap-
sidation [ 36 ,  37 ], allowing for the production of vectors with highly variable tro-
pism and distinct immune profi les. The transduction potential of various rAAV 
serotypes has been studied in detail, allowing for the selection of the appropriate 
serotype for different applications [ 9 ,  10 ,  38 ]. Due to these properties, rAAV has 
been used for gene delivery in over 100 clinical trials (  http://www.abedia.com/
wiley    ), which have repeatedly demonstrated the safety of rAAV-mediated gene 
delivery [ 39 ]. The diseases targeted by these trials have included monogenetic dis-
ease, such as hemophilia [ 40 ,  41 ], central nervous system diseases [ 42 ], and heart 
disease [ 43 ] illustrating the versatility of AAV gene therapy applications. 

 Recently, several lines of investigation  have   demonstrated the potential of rAAV 
as a clinical vector by demonstrating increasing success in meeting effi cacy goals. 
In fact, the fi rst commercial gene therapy product licensed for use in Europe, 
Glybera ®  utilizes rAAV to deliver the lipoprotein lipase (LPL) gene to treat lipopro-
tein lipase defi ciency (LPLD) [ 44 ]. LPLD is an orphan disease caused by loss of 
function mutations to LPL or other genes involved in clearing triglycerides from 
circulation, leading to high serum triglyceride levels and to acute and chronic pan-
creatitis [ 44 ]. Glybera ®  consists of the AAV1 capsid, which is muscle-tropic, carry-
ing a naturally occurring gain of function mutant of LPL (LPL S447X ) and is 
administered by intramuscular injection [ 44 ]. Although the population with LPLD 
is small, clinical trials testing the safety and effectiveness of Glybera ®  demonstrated 
no safety concerns. Furthermore, it was determined that treatment resulted in 
decreased incidence of pancreatitis, decreased severity of pancreatitis, and decreased 
hospitalization from pancreatitis, exemplifying the effectiveness of the approach 
[ 44 – 47 ]. Based on these clinical results, Glybera ®  was approved for commercial use 
in Europe in 2012. 

 Another target that has demonstrated a great deal of success with rAAV mediated 
gene therapy is retinal gene therapy. Ocular diseases, in general, make very promis-
ing targets for gene therapy due to the small size of the eye [ 48 ], its immunoprivi-
leged status [ 49 ], the ease of vector administration, and well-established techniques 
for evaluating outcomes (e.g. tomography and electroretinography) [ 50 ]. In addi-
tion, several rAAV serotypes preferentially transduce different retinal cell types, 
allowing the delivery to be customized for the specifi c therapeutic application [ 51 ]. 

 Of the retinal diseases,  rAAV-mediated   gene therapy for Leber’s congenital 
amaurosis (LCA) has generated a great deal of interest due to its success in improv-
ing vision in clinical trials. LCA causes early onset retinal degeneration and is the 
most prevalent cause of childhood blindness [ 51 ]. Although LCA can be caused by 
mutation in several genes, clinical trials utilizing rAAV have focused on LCA 
caused by loss of function mutations in  RPE65  [ 52 – 57 ]. RPE65 converts the all- 
 trans - retinal formed from photoreceptor signaling to 11- cis -retinal allowing for 
repeated signaling of the photoreceptors [ 58 ]. The gene therapy approach for LCA 
consists of subretinal delivery of a rAAV2 vector carrying a functional copy of 
 RPE65 . These vectors have been used to treat 30 patients who have demonstrated 
lasting improvements in visual fi elds, nystagmus, dark-adapted perimetry, and 
mobility in low light [ 52 – 57 ]. 
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 Based on the great success of these trials, eight more clinical trials have been 
initiated to treat retinal disease with rAAV, including a phase III trial targeting LCA 
(  http://www.abedia.com/wiley    ). These results, as well as those with LPLD, demon-
strate the strong promise of rAAV-mediated gene therapy. Due to this promise, AAV 
studies have expanded to investigate not only gene addition strategies, but also strat-
egies for correction of disease mutations via  double   strand break repair.  

    AAV Vectors and Gene Editing 

 In mammalian cells, the ability to precisely alter the human genome is hampered by 
the ineffi ciency  of   homologous recombination, which is approximated at one event 
in a million in dividing cells. Around the turn of this century, it was observed that 
AAV vector genomes, following transduction of dividing human cells, stimulated 
HR 1000-fold compared to the effi ciency using a plasmid repair substrate [ 59 ,  60 ]. 
Characterization of this AAV gene editing event demonstrated that particular vector 
modifi cations could be used to further enhance the AAV-mediated HR including: 
(1) increasing the homology between the AAV vector genome and the target loci, 
(2) centering the non-homologous or modifi ed sequence within the vector genome, 
and (3) a direct relationship was observed between the induced HR event and time 
[ 61 ]. In addition, the nature of the targeted mutation infl uences AAV-mediated 
HR. It was reported that AAV vector induced deletion via HR occurred at a much 
higher frequency (14-fold) than a targeted insertion [ 60 ]. However, controversy on 
this point exists as that same group, and others, have observed that the nature of the 
actual mutation (deletion vs. insertion vs. point mutations) does not always refl ect a 
particular bias in HR [ 60 ,  61 ]. Another factor infl uencing the effi ciency of AAV 
gene editing is the cell cycle kinetics. In general, AAV transduction occurs more 
effi ciently in cells that enter S-phase [ 62 ]. For instance, an early observation 
reported that cellular division is necessary for AAV gene targeting [ 63 ] and consis-
tently no targeting was observed in skeletal muscle fi bers. It was also demonstrated 
that cells enriched at the G1/S boundary at the time of infection resulted in increased 
gene targeting [ 63 ]. The use of genotoxic stress agents that increase AAV vector 
transduction, however, did not stimulate AAV gene editing suggesting that chromo-
somal damage and a DNA repair milieu is independent of the ability of 
AAV genomes to function in HR [ 61 ,  64 ]. Although  it   remains unknown 
why AAV genomes enhance HR, speculations include the single-strand nature 
of AAV genomes, the induced DNA damage response upon transduction, and/or the 
localization of AAV genomes within distinct nuclear compartments including the 
nucleolus [ 17 ,  64 – 67 ]. 

 Regarding  the   effi ciencies of AAV-mediated gene editing, reports over the last 
decade have been quite variable with frequencies ranging from undetectable to 
1/1000 despite early reports suggesting that 1 % of cells in the absence of selection 
[ 59 ,  63 ]. In fact, recent reports demonstrate that without a selection scheme, such as 
the increased fi tness of corrected cells [ 68 ], AAV gene targeting remains too low for 
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most applications. Therefore, a trend has been observed towards the use of AAV 
genome in conjunction with site-specifi c endonucleases to achieve increased tar-
geted repair [ 69 ,  70 ].  

    Stimulation of AAV Gene Editing via Site-Specifi c DNA 
Damage 

 Towards higher effi ciencies of targeted homologous recombination with the conve-
nience of effi cient AAV transduction, two groups  reported   stimulation of AAV gene 
editing by a site-specifi c nuclease in 2003 [ 69 ,  70 ]. To do so, defective reporters 
containing the I-SceI site were integrated into the human chromosome and used as 
targets for AAV-mediated gene editing. These instances relied on an AAV co- 
transduction strategy in which the homologous repair substrate and the I-SceI gene 
were delivered separately. As had been observed in previous transfection experi-
ments, reporter correction indicative of homologous repair was dramatically 
enhanced upwards of 100-fold in the absence of a selective agent. Quantitation of 
site-specifi c I-SceI mediated genome processing via Southern blotting suggested 
that approximately one in fi ve breaks were “corrected” by rAAV under the tested 
conditions [ 69 ]. Despite the potential promiscuity of I-SceI at non-target sites, AAV 
vector integration was not enhanced by the nuclease [ 69 ,  70 ]. The collective data of 
these cell culture reports using the gold standard nuclease demonstrate that stimula-
tion of AAV-mediated HR by specifi c DSBs results in effi ciencies relevant to the 
treatment of particular genetic diseases. Furthermore, these gene correction effi -
ciencies could be signifi cantly increased nearly tenfold using the self- complementary 
AAV vector genome for I-SceI delivery, highlighting the need for effi cient vector 
transduction [ 32 ]. 

 Following the encouraging demonstrations  of   AAV-mediated HR via induced 
DSB repair, the use of endonuclease platforms amenable to programmable DNA 
targeting was required. At that time, ZFNs were the most widely explored format 
and, remarkably, the initial report of AAV-ZFN mediated HR was demonstrated in 
a mouse model of hemophilia B [ 71 ]. In particular, hemophilia B represents a par-
ticularly well-suited model for AAV-mediated HR as a particular point mutation in 
the factor 9 (F9) gene is over-represented in patients, AAV transduction of the liver 
following IV administration is excellent, in some instances liver cells can undergo 
cellular replication, and only a low level of circulating F9 is necessary to signifi -
cantly improve the bleeding phenotype. Furthermore, liver-directed AAV-F9 gene 
addition strategies were already showing promise in the clinic [ 40 ]. In an attempt to 
expand the general utility of the approach to the most abundant mutations in the F9 
patient population, a strategy was employed to precisely insert exons 2–8 of the F9 
cDNA thereby restoring F9 production [ 71 ]. Regarding vectorization of the neces-
sary components for the event, the individual reagents were packaged in separate 
AAV8 capsids: (1) ZFN1, (2) ZFN2, and (3) the repair substrate encoding F9 exons 
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2–8 fl anked by homologous arms to endogenous F9 sequence. Therefore, each par-
ticular cell requires successful transduction by three separate vectors to allow the 
ZFN-mediated repair event to occur. Further complications included the inherent 
ability of the liver cells to mediate HR, in general, as cellular replication in the liver 
is minimal in a non-induced state. Despite these concerns, it was demonstrated that 
co-transduction of AAV8-ZFNs induced the cleavage of the targeted locus and stim-
ulated HR in the presence of the AAV repair substrate delivered by an additional 
AAV vector [ 71 ]. Following triple vector administration, the treated hemophilic 
mice demonstrated circulating levels of F9 at levels suffi cient to nearly correct the 
coagulation defi ciency. Importantly, both WT and F9 defi cient mice treated with the 
nuclease and repair AAV vector cocktail demonstrated no observed toxicity and 
were well tolerated over time [ 71 ]. 

 In the year to follow (2012), additional  reports   in cell cultures expanded the 
applications of multiple AAV particles for nuclease mediated gene editing [ 72 ,  73 ]. 
In particular, AAV-ZFN induced targeted gene disruption and, of signifi cant inter-
est, proviral genome deletion was reported at levels of 30 % and 12 % of cells 
treated, respectively [ 73 ]. In contrast, homology mediated repair occurred at lower 
rates (1–5 %), which may refl ect the effi ciency of NHEJ compared to HR and/or the 
requirement for transduction of an additional AAV repair vector [ 72 ,  73 ]. To address 
the later defi ciency, a single promoter platform relying on the T2A ribosome skip-
ping sequence to connect two ZFNs was developed such that all three components 
(ZFN1, ZFN2, and repair sequence) are encoded by a genome competent for single 
AAV particle packaging (<5 kb) [ 74 ]. Importantly the single AAV-ZFN1-ZFN2- 
repair vector format ensures that all transduced cells have the necessary factors for 
the desired modifi cation. This result is consistent with observations that capsid and 
genome enhancements that increase transduction, in addition to pharmacological 
agents, increase AAV gene editing [ 32 ,  72 ,  74 – 76 ]. 

 In the most recent years, it appears that AAV  vector   development for nuclease 
induced gene editing refl ects the advancements in the design of these proteins. For 
instance, the same group that demonstrated F9 correction in the hemophilia B 
mouse model, employed a similar AAV vector strategy in adult mice, however, now 
using obligate heterodimeric ZFNs which decreased off-target nuclease induced 
mutations [ 76 ]. That particular report is note-worthy as it implies that the HR repair 
event occurs within non-dividing cells, although this was not rigorously demon-
strated [ 76 ]. Although, the designer nuclease fi eld has expanded to encompass 
TALENs, homing endonucleases, and the Cas9/CRISPR system, the application of 
these newer technologies for AAV-mediated induced gene editing is currently lack-
ing. This is likely due to the larger TALEN and Cas9/guide strand sequence require-
ments, which are not readily accommodated by the limited packaging capacity of 
the AAV capsid (<5 kb). However, characterization of smaller Cas9 variants from 
multiple species, as well as the compact TALEN format, offer smaller tools that can 
be packaged in a single intact AAV particle for effi cient delivery to relatively non- 
permissive cells (Cong et al. 2014 ASGCT abstract) [ 77 ,  78 ].  
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    Challenges for AAV Gene Editing via DSB Repair 

 Currently, AAV vectors are the most clinically accepted and  effi cient   gene delivery 
strategy for mammalian cell delivery. However, the attributes that have made them 
popular for gene addition strategies also represent defi ciencies concerning AAV 
vector approaches to gene editing. For instance, in the LCA ocular trial, gene 
expression and phenotypic correction has been observed out several years following 
a single vector administration. In the case of a potentially mutagenic nuclease, 
AAV’s remarkable propensity for long-term episomal expression is not desired, and 
this highlights the importance of temporal regulation of endonuclease production 
when using this delivery context. Another apparent disadvantage of current AAV 
approaches, in particular for ex vivo applications, is its inability to effi ciently trans-
duce particular types of stem cells. For instance, despite over 30 years of AAV vec-
tor optimization experiments, only a handful of reports demonstrate transduction of 
hematopoietic stems and we have noted AAV ITR-mediated toxicity in human 
embryonic stem cells [ 79 – 82 ]. Therefore, depending on the cellular response to 
AAV vector transduction, it remains likely that particular cell types and states of 
pluripotency will remain on the periphery of the AAV-mediate gene editing follow-
ing site-specifi c DNA breaks.    At the level of the vector genome, although several 
creative strategies have been characterized that allow oversized or large gene AAV 
transduction, their effi ciencies are remarkably reduced compared to single particle 
AAV transduction potentially compromising their clinical utilization [ 83 – 88 ]. 
Therefore, the collective design of transgene regulation, an expanded capsid reser-
voir, a better understanding of the AAV vector biology in clinically important cell 
types, and smaller nuclease formats in general likely represent the next wave of 
AAV vectors for gene editing applications via DSB repair.     
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      Engineered Nucleases and Trinucleotide 
Repeat Diseases                     

       John     H.     Wilson      ,     Christopher     Moye     , and     David     Mittelman   

    Abstract     Tandem repeats are consecutively repeated sets of nucleotides that 
mutate by the addition or loss of one or more repeat units. Tandem repeats can 
modulate gene function and heritable traits in a number of species including human. 
Mutations at a subset of repeats, most of which are trinucleotide repeats, trigger 
devastating human neurological and skeletal disorders. In particular, at least a dozen 
neurological disorders share a common etiology—the expansion of a CAG repeat 
tract from less than 30 units, to pathogenic lengths of up to hundreds and sometimes 
thousands of copies. These repeats are attractive targets for therapy because they 
underlie several disorders, but at the same time they are challenging to attack. Here 
we describe studies from our lab and others that have exploited engineered nucle-
ases to target or disrupt disease-causing CAG repeats. We discuss the current chal-
lenges with this therapeutic approach and highlight the use of next-generation 
sequencing as a powerful tool to measure repeat mutation and the effi cacy of 
nuclease- mediated genome editing.  

  Keywords     Triplet repeat disorders   •   Microsatellite repeats   •   Engineered nucleases   
•   Next generation sequencing  
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  CRISPR     Clustered regulatory interspaced short palindromic repeats   
  DM1     Myotonic dystrophy Type I   
  DSBs     Double strand breaks   

        J.  H.   Wilson ,  Ph.D.      (*) •    C.   Moye ,  Ph.D.    
  Verna and Marrs McLean Biochemistry and Molecular Biology ,  Baylor College of Medicine , 
  One Baylor Plaza ,  Houston ,  TX   77030 ,  USA   
 e-mail: jwilson@bcm.edu   

    D.   Mittelman    
  Department of Biological Sciences ,  Virginia Tech ,   Blacksburg ,  VA ,  USA    

  Virginia Bioinformatics Institute ,   Blacksburg ,  VA ,  USA    

mailto:jwilson@bcm.edu


140

  FRAXA     Fragile X syndrome   
  FRDA     Friedreich ataxia   
  FXTAS     Fragile X-associated tremor and ataxia syndrome   
  GFP     Green fl uorescent protein   
  HD     Huntington disease   
  HPRT     Hypoxanthine-guanine phosphoribosyltransferase   
  PCR     Polymerase chain reaction   
  PolyQ     Polyglutamine   
  SCA     Spinocerebellar ataxia   
  TALENs     Transcription activator-like effector nucleases   
  TC-NER     Transcription-coupled nucleotide excision repair   
  TNRs     Trinucleotide repeats   
  3′UTRs     3′ Untranslated region   
  5′UTRs     5′ Untranslated region   
  ZFNs     Zinc-fi nger nucleases   
  ZFNickase     Zinc-fi nger nickase   

        Introduction 

 The human genome is rife with simple sequence repeats termed microsatellites. 
Arranged head-to-tail, these tandem repeats constitute roughly 3 % of the human 
genome, and are common in all genomes [ 1 ]. Microsatellite repeats are the most muta-
ble elements in the genome; they gain repeat units (expand) or lose them (contract) at 
rates of 0.01–1 % [ 2 – 4 ]. Their variability would seem to make it unlikely that they 
would be tolerated in coding regions, yet 17 % of human genes contain such repeats [ 3 ]. 
Indeed, a subset of microsatellite repeats—trinucleotide repeats (TNRs)—are overrep-
resented in exons, especially in genes for transcription factors and other regulatory pro-
teins, suggesting that TNRs may provide an evolutionary benefi t [ 1 ,  5 – 8 ]. 

 These potential evolutionary benefi ts, however, come with tangible human costs. 
In 25 human genes, expansion of a TNR causes a genetic disease, with well-known 
examples including fragile X syndrome, Friedreich ataxia, myotonic dystrophy, and 
Huntington disease [ 9 – 13 ]. In fragile X syndrome and Friedreich ataxia, for exam-
ple, expansion of the repeat interferes with gene expression, while in myotonic dys-
trophy and Huntington disease, expansion generates toxic products. Identifying the 
cellular defects responsible for the phenotypes of these diseases has opened up pro-
ductive avenues for drug development, with tantalizing results in model systems, 
but it has yielded few treatments for patients, and no cures. 

 An orthogonal approach to defi ning the proximate causes of disease pathology is 
the dissection of mechanisms that drive repeat expansion, with the idea that  knowing 
the molecular details might generate therapeutic targets that could then be exploited 
to prevent or reduce repeat expansions in the fi rst place [ 14 ]. The approach is 
deceptively simple since the mechanisms that underlie TNR instability have proven 
extremely diverse. Studies in model organisms have identifi ed a broad spectrum of 
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DNA transactions, including replication, recombination, DNA repair, and transcription 
that can contribute to TNR instability [ 1 ,  3 ,  15 ,  16 ]. In fact, it’s hard to identify a 
process that affects DNA that does not also modulate TNR instability. Adding to this 
complexity, studies in mice have revealed that different mechanisms of TNR insta-
bility predominate in different tissues [ 17 – 21 ]. Finding suitable therapeutic targets 
in this mechanistic soup will be a challenge. 

 A third option would be to develop reagents that promote contraction of the 
repeat tract, a potential cure for the patient so long as the existing cellular damage 
is not too great. At fi rst glance, such an approach would also seem to require deep 
knowledge of instability mechanisms; however, recent advances  in   custom-designed 
DNA nucleases offer a potential end-run around the common biological pathways 
of TNR instability. A double-strand break (DSB) introduced into a repeat tract can 
stimulate TNR contraction as a natural consequence of break repair [ 22 ,  23 ]. 
Our current toolkit of engineered nucleases includes zinc-fi nger nucleases (ZFNs), 
transcription activator-like effector nucleases (TALENs), and clustered regulatory 
interspaced short palindromic repeats (CRISPR)/Cas nucleases, any of which could, 
in principle, be used to cleave TNRs. The challenge will be to introduce DSBs, 
which are themselves dangerous lesions, at specifi c sites with high effi ciency, yet 
with minimal collateral damage. 

 Engineered nucleases are transformative tools for genome manipulation, but can 
they be transformed into reliable reagents for gene surgery in humans? To place the 
therapeutic challenges in context, we begin with an overview of repeated sequences 
in the human genome, the inherent mechanisms of instability for TNRs, and how 
TNR expansions cause disease.  

    Microsatellite Repeats and TNR Instability 

 Repetitive DNA sequences are present in all genomes to a greater or lesser extent, 
but they constitute a surprisingly high fraction of the human genome,          accounting 
for roughly half our DNA [ 1 ]. Tandem repeats form a subcategory of such 
sequences, in which the repeat units are arrayed end to end like boxcars in a train. 
If the repeat unit is ten or more nucleotides, the repeat tract is referred to as a 
minisatellite repeat; if the unit is less than ten nucleotides, the tract is commonly 
known as a microsatellite repeat [ 3 ]. Disease-causing TNRs fall squarely into the 
microsatellite category. Microsatellites are described by their overall length, which 
can range from just a few units to well over a thousand, and the purity of the 
sequence, which is the percentage of nucleotides in the tract that match the repeat 
unit. The tendency for a TNR to expand or contract depends primarily on the over-
all length of the repeat tract and secondarily on the purity of the repeat tract and the 
composition of the repeat unit. 

 TNRs mutate at  rates         100- to 1000-fold higher than unique sequences and almost 
exclusively by altering the number of repeat units in the repeat tract [ 2 ,  3 ]. Thus, 
TNR mutations are predictable: they change the length of the repeat tract, a property 
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that makes them readily reversible, as well, and allows different tract lengths to be 
effi ciently tested for evolutionary fi tness [ 7 ,  8 ,  24 ]. The properties of the repeat 
tract, for the most part, determine the rates of mutation: long repeat tracts mutate 
more rapidly that short ones, pure tracts more rapidly than impure ones [ 4 ]. Genomic 
context, however, also plays a role since similar TNRs at different locations in the 
genome mutate at different rates. Although it is not yet clear, it seems likely that 
these context effects speak to the mechanisms of TNR instability, refl ecting the 
location of nearby origins of replication, promoters, chromatin structure, or epigen-
etic status, among other possibilities [ 1 ]. 

 Studies in bacteria, yeast, fl ies, mammalian cells, and mice have shown that the 
whole gamut of DNA transactions—replication, recombination, DNA repair, and 
transcription—can contribute to the instability of microsatellite repeats [ 1 ,  3 ,  15 ,  16 ]. 
By exposing single strands  of         DNA, these processes allow strands to misalign within 
the repeat tract, leading to a variety of alternative DNA structures. For example, slip-
page of the primer strand relative to the template strand during replication could 
increase or decrease the length of the repeat tract (Fig.  1A ) [ 1 ]. Similarly, in yeast and 
human cells, breaks in CAG tracts trigger TNR instability by engaging the single-
strand annealing pathway of recombination, which repairs the break by annealing 
CAG repeat units that fl ank the break (Fig.  1B ) [ 22 ,  25 ]. Finally, and perhaps most 
surprising, transcription destabilizes TNRs [ 15 ,  26 – 33 ]. In human cells, transcription-
induced TNR instability is stimulated by R-loop formation, requires the MutSβ 
recognition component of mismatch repair, and depends on the complete pathway of 
transcription-coupled nucleotide excision repair (TC-NER) (Fig.  1C ) [ 34 ,  35 ].

   The true diversity of mechanisms of TNR instability is likely to be much greater 
than suggested in Fig.  1 , as indicated by the multitude of factors and processes that 
infl uence TNR instability in model organisms and in cell-free systems [ 36 ]. Consider 
just those that  affect         CAG TNRs: replicative polymerases [ 37 ], fl ap structure- specifi c 
endonuclease [ 25 ], replication factors [ 37 – 42 ], translesion synthesis [ 43 ], supercoil-
ing and topoisomerases [ 44 ,  45 ], helicases [ 46 – 48 ], mismatch repair proteins [ 27 , 
 49 – 53 ], components of base-excision repair [ 19 ,  20 ,  54 ], nucleotide excision repair 
[ 21 ,  33 ,  35 ,  55 ], single-strand break repair [ 45 ], double-strand break repair and 
homologous recombination [ 22 ,  25 ,  56 – 59 ], transcription [ 27 ,  33 ,  60 ], convergent 
transcription [ 31 ,  32 ], R-loops [ 34 ,  61 ], E3 ubiquitin ligases and the proteasome [ 35 ], 
CpG methylation [ 17 ,  62 ], histone deacetylases [ 63 ], Hsp90 chaperone [ 8 ,  58 ], and 
DNA-damage checkpoint pathways [ 31 ,  42 ,  64 ]. Understanding how these processes 
interconnect is  a         daunting challenge, but one that must be considered when contem-
plating therapeutic interventions aimed at shrinking the repeat tract.  

    TNRs and Human Disease 

 Expansions of TNRs at 25 loci in the human genome cause devastating neuro-
logical, muscular, or developmental diseases [ 9 – 13 ].  Disease-associated expanded 
repeats      are found in the transcribed portions of the gene, including exons, introns, 
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5′UTRs, and 3′UTRs (Fig.  2 ). Some expanded repeats interfere with gene function, 
causing recessive, loss-of-function phenotypes [ 9 ,  36 ]. For example, in fragile X 
syndrome (FRAXA), expansion of CGG in the 5′UTR becomes hypermethylated 
and inactivates the promoter [ 65 ]. Similarly, in Friedreich ataxia (FRDA), expan-
sion of GAA in an intron interferes with transcription elongation [ 66 – 68 ]. More 
commonly, however, expanded TNR alleles are associated with toxic protein or 
RNA product, giving rise to dominant, gain-of-function phenotypes.

   The dominant gain-of- function      phenotype of Huntington disease (HD) and 
several spinocerebellar ataxias (SCAs) is due to “protein toxicity” caused by exonic 
CAG repeats that encode polyglutamine (polyQ). In each case, the extended polyQ 
segment is thought to alter the properties of the mutated protein, making it toxic and 
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  Fig. 1    Mechanisms of microsatellite repeat instability. ( a ) Replication slippage. Mispairing of 
the daughter strand with its template will loop out a stretch of repeat units. Subsequent replica-
tion will generate a contraction or an expansion. ( b ) Homologous recombination. DSBs will 
expose single- strands that can pair directly by single-strand annealing (SSA), leading to contrac-
tion. If one of the paired strands were extended by DNA synthesis, the extended strand could 
disengage and re-pair to generate an expanded repeat in a version of the synthesis-dependent 
strand-annealing (SDSA) pathway [ 119 ]. ( c ) Transcription. R-loop formation behind RNA poly-
merase would allow hairpins to form in the nontemplate strand, which would lead to a slipped 
duplex when the R-loop was resolved. The binding of MutSβ to CAG and CTG hairpins might 
block RNA polymerase, which is an initiating signal for TC-NER [ 49 ,  120 ,  121 ]. Repair and 
subsequent replication would generate expansions and contractions. Adapted from Fig. 1 in 
Chatterjee, N., Santillan, B.A., and Wilson, J.H. (2013) Microsatellite Repeats: Canaries in the 
Coalmine. In  Stress-Induced Mutagenesis , D. Mittelman, ed, Springer Publishing Co, New York, 
NY, pp. 119–150, with permission       
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a trigger for disease [ 9 ]. The phenomenon of “RNA toxicity” was fi rst identifi ed at 
the myotonic dystrophy type I (DM1) locus (CTG repeat in the 3′UTR) [ 69 ,  70 ]. 
The expanded repeats in these DM RNAs bind the alternative splicing factor mus-
cleblind, leading to the aberrant splicing of a number of other transcripts, which is 
the basis for the dominant phenotype of these diseases [ 69 ]. Interestingly, the CGG 
repeats at the fragile X locus, at an intermediate level of expansion, from 55 to 200 
repeats, cause a gain-of-function disease, fragile X-associated tremor and ataxia 
syndrome (FXTAS), due to overexpression of the RNA, which is toxic to the cell 
[ 71 ,  72 ]. A recent observation that convergent transcription through CAG repeat 
tracts causes cell death raises the possibility that “DNA toxicity” may contribute to 
cell death in some of these diseases [ 31 ,  73 ], especially given the unexpectedly high 
frequency of antisense transcription in the human genome [ 74 ,  75 ]. 

 Disease-associated TNRs include only CNG and GAA repeats. In contrast to 
most other possible triplets, these TNRs readily form non-B-DNA structures, includ-
ing hairpins and slipped duplexes (CAG and CGG), G-quartets (CGG), and triplexes 
(GAA) [ 76 ,  77 ]. These TNRs are thought to be unstable because of their tendency to 
form non-B-DNA secondary structures when they become transiently single-stranded 
during replication, repair, recombination, or transcription. The propensity to form 
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  Fig. 2    Human diseases caused by TNRs. Diseases associated with specifi c TNRs are shown 
below the repeat units.  BPES  blepharophimosis, ptosis, and epicanthus inversus;  CCD  cleido-
cranial dysplasia,  CCHS  congenital central hypoventilation syndrome,  DM1  myotonic dystro-
phy type 1,  DRPLA  dentatorubral pallidoluysian atrophy,  FRAXA  fragile X syndrome,  FRAXE  
fragile X mental retardation associated with FRAXE site,  FRDA  Friedreich ataxia,  FXTAS  frag-
ile X tremor and ataxia syndrome,  HD  Huntington disease,  HDL2  Huntington-disease-like 2, 
 HFG  hand-foot- genital syndrome,  HPE5  holoprosencephaly 5,  ISSX  X-linked infantile spasm 
syndrome,  MRGH  mental retardation with isolated growth hormone defi ciency,  OPMD  oculo-
pharyngeal muscular dystrophy,  SBMA  spinal and bulbar muscular atrophy,  SCA  spinocerebel-
lar ataxia types 1, 3, 6, 7, 8, 12, and 17;  SPD  synpolydactyly. Adapted from Fig. 3 in Chatterjee, 
N., Santillan, B.A., and Wilson, J.H. (2013) Microsatellite Repeats: Canaries in the Coalmine. 
In  Stress-Induced Mutagenesis , D. Mittelman, ed, Springer Publishing Co, New York, NY, 
pp. 119-150, with permission       
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troublesome secondary structures increases with tract length to the point that TNR 
instability approaches 100 % in some cases [ 78 ,  79 ]. But the instability observed for 
the same repeat tract varies dramatically in different tissues. 

 Disease-associated TNRs typically expand  and      contract at high rates in the germ-
line, usually with a bias toward expansion in one or the other parent, depending on 
the disease. Patients with HD or any of several SCAs (all caused by CAG repeats) 
typically show expansion bias in the paternal germline. By contrast, patients with 
FRAXA (CGG repeat), FRDA (GAA repeat) or DM1 (CTG repeat) display a mater-
nal bias for expansion [ 11 ]. This bias toward expansion underlies the phenomenon 
of anticipation, the clinical observation that disease symptoms become more severe 
from one generation to the next. Though disease phenotypes always arise from TNR 
expansion, TNR instability is not always biased toward expansion; for example, in 
patients with FRDA and FRAXA, there is a marked contraction bias in the paternal 
germline [ 11 ,  80 ]. These parent-of-origin effects are not understood. 

 TNR instability also occurs in somatic tissues as affected individuals age, espe-
cially in the brain, accelerating the onset of neuronal dysfunction and death [ 79 ,  81 , 
 82 ]. TNR diseases caused by CAG and CTG display similar patterns of instability 
[ 83 ]. Microsatellites in genomes of white blood cells and cardiac muscle cells tend to 
be stable, for example, while those in liver and kidney cells display an intermediate 
level of instability. Similarly, in the brain, repeats in the striatum are typically very 
unstable, while those in the cerebral cortex and hippocampus are moderately unstable, 
and those in the cerebellum are fairly stable [ 83 ]. By contrast, the GAA repeats in 
FRDA patients are very unstable in blood and cerebellum, which distinguishes them 
from CAG repeats [ 84 ]. In addition, GAA repeat instability is biased toward contrac-
tions in all tissues; however, in the dorsal root ganglia—whose degeneration gives rise 
to the disease symptoms—there is a notably higher frequency of large expansions 
[ 81 ,  84 ]. In FRAXA patients (CGG repeats), long repeats are commonly methylated 
at their CpG sequences and display minor instability [ 80 ,  85 ], while their rare, unmeth-
ylated counterparts are very unstable [ 86 ,  87 ]. 

 The extreme variation in repeat instability  across      tissues and diseases forms one 
of the most puzzling features of TNR instability [ 83 ]. It suggests that TNR instabil-
ity involves multiple mechanisms that depend on the repeat sequence, the genomic 
context, the type of tissue, and developmental status. Proliferating cells in the male 
germline, for example, may expand TNRs via replication slippage [ 16 ], but in ter-
minally differentiated brain neurons, which do not replicate their DNA, expansion 
likely involves DNA repair processes linked to transcription (Fig.  1 ) [ 15 ,  21 ,  88 ]. 
In mouse models of CAG repeat diseases, genetic experiments reinforce the idea of 
multiple mechanisms. The recognition components of mismatch repair (Msh2 and 
Msh3, which form the MutSβ complex) affect instability in the male and female 
germline and in a variety of somatic tissues; the major maintenance DNA 
 methyltransferase, Dnmt1, affects repeat instability in the germline, but not in 
somatic tissues [ 17 ]; DNA ligase 1 alters repeat instability in the female germline, 
but has no effect in the male germline [ 18 ]; the glycosylase Ogg1 selectively 
changes instability only in somatic tissues [ 19 ,  20 ]; and the key nucleotide excision 
repair component Xpa selectively affects instability in neuronal tissues [ 21 ]. 
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 Understanding the tissue specifi city of TNR instability and the networks of 
proteins that control TNR instability will be a challenge, to say the least. The  key      
question, however, is can we bypass all this complexity using a therapeutic strategy 
that directly attacks the offending TNR. One such strategy is to use engineered 
nucleases to introduce DNA strand breaks directly into the repeat locus.  

    Engineered Nucleases and TNR Contraction 

 Among the available engineered nucleases—ZFNs, TALENs, and CRISPR/Cas 
nucleases—only ZFNs and TALENs have thus far been tested for cleavage of TNRs 
in cells. In the fi rst report, Mittelman et al. constructed a CAG-specifi c ZFN from 
two components: zfGCA and zfGCT, which recognize the CAG and CTG strands, 
respectively (Fig.  3A ) [ 22 ]. Optimal binding of the  individual      zinc-fi nger recogni-
tion domains places the two components seven nucleotides apart, slightly farther 
than the preferred six-nucleotide separation, but acceptable for cleavage [ 89 ,  90 ]. 
Digestions with the purifi ed components showed that the mixture of zfGCA and 
zfGCT effi ciently cleaved repeat-containing plasmid DNA, as expected; however, 
the individual components also cleaved the DNA by themselves, presumably after 
homodimerization to activate the FokI cleavage domain. This result was not entirely 
unexpected given the cross-reactivity of GCA fi ngers for GCT sequences, and vice 
versa [ 91 ,  92 ], and the permissiveness of in vitro systems [ 93 ].

   To assess ZFN-mediated cleavage of CAG repeats in mammalian cells,  two      selec-
tive assays were used to detect CAG repeat contraction. In both assays—one based 
on the APRT gene in hamster cells, the other on the HPRT minigene in human 
cells—the selectable gene was inactive due to a CAG 95  tract in an intron, which 
behaves like an extra exon, causing aberrant splicing and blocking gene expression 
[ 27 ,  94 ]. Contraction of the repeat to less than about 40 units, however, allows suffi -
cient gene expression for cells to survive selection. Treatment with zfGCA + zfGCT 
increased the frequency of surviving cells some 15-fold  above   background to an 
overall frequency of ~0.01 % [ 22 ]. Although treatment with zfGCA had no effect, the 
zfGCT component, by itself, was about 70 % as effective as the complete nuclease, 
confi rming the in vitro results for this component. 

 These studies also examined the effect of tract length on the effi ciency with 
which ZFNs generated APRT +  or HPRT +  colonies. Reduction  in      tract length by 
about 30 % (from CAG 95  to CAG 61  or CAG 68 ) caused a 2–3-fold drop in surviving 
cells [ 22 ]. This preference for longer repeat tracts has also been observed in a sec-
ond study, which showed that ZFNs cleave CAG 102  tracts effi ciently, but do not 
destabilize CAG 12  tracts in the same cells [ 95 ]. Steep length dependence suggests 
that the long repeat tracts typical of TNR diseases may be preferred targets over 
other repeats in the genome, which are uniformly shorter. 

 Previous analysis of the CAG tracts in surviving  APRT +  and HRPT +  colonies      had 
shown that they consisted almost entirely of simple contractions to less than 
40 repeat units [ 27 ,  35 ,  94 ]. Surprisingly, analysis of the repeat tracts in colonies 
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arising after ZFN treatment showed that only 55 % contained the expected contractions; 
the remainder displayed deletions or insertions at the CAG tract that prevented it 
from being included in the mRNA. Insertions and deletions support the idea that 
ZFN introduce DSBs, but they raise a potential concern for the goal of surgically 
shrinking TNRs, since DSBs can cause events that  extend   beyond the borders of the 
repeat tract. 
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  Fig. 3    ZFNs targeted to CAG TNRs. ( a ) Alignment of zfGCA and zfGCT on a CAG TNR. Each 
ZFN consists of three zinc-fi nger domains linked to a FokI DNA cleavage domain [ 22 ]. ( b ) 
Alignment of zfAGC and zfGCT on a CAG TNR [ 95 ]. ( c ) Alignment of zfAGC on a CAG hairpin 
[ 95 ]. ( d ) A ZFNickase. Both components were mutated to make them obligate heterodimers. One 
component was further mutated to render it cleavage dead       
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 Results in another study of CAG-directed ZFNs offer a potentially powerful 
approach to selectively shrinking CAG repeat tracts in a way that avoids DSBs. Liu 
et al. designed a two-component ZFN similar to the one discussed above, except 
that they used zfAGC in place of zfGCA [ 95 ]. This change positions the two com-
ponents of the ZFN at the optimal six-nucleotide separation, which should give 
more effi cient cleavage (Fig.  3B ) [ 89 ,  90 ]. As expected, digestion with a mixture of 
zfAGC and zfGCT effi ciently cleaved a PCR product containing a CAG 102  repeat 
tract. Moreover, transfection of the two components into human cells containing a 
CAG 102  tract (two transfections at day 0 and day 3, with analysis at day 6) revealed 
that cleavage was very effi cient, eliminating virtually all the CAG 102  alleles [ 95 ]. 

 Liu et al.  used      small-pool PCR analysis to detect changes at the CAG 102  tract. In 
principle, this technique can detect all changes—contractions and expansions, dele-
tions and insertions. In practice, however, there is a PCR bias toward shorter 
sequences with fewer CAG repeats; hence, contractions and deletions are more 
readily detected than expansions and insertions. With that caveat, the products 
generated by ZFN cleavage are mostly shorter than the parental CAG 102  tract and 
some products were isolated and shown to be contractions [ 95 ]. An analysis that 
defi ned the full spectrum of repaired alleles in ZFN-treated cells—contractions, 
expansions, deletions, and insertions—would be extremely valuable for evaluating 
the viability of using ZFN-targeted DSBs in repeat tracts as a therapeutic approach 
to TNR diseases. 

 The most surprising results, however, were obtained with the individual compo-
nents [ 95 ]. In contrast to  the      individual components employed by Mittelman et al., 
neither the zfGCT and nor the zfAGC used by Liu et al. cleaved duplex DNA. Instead, 
they cleaved the CTG and CAG hairpins formed by the repeats (Fig.  3C ). This 
hairpin-cleavage activity was fi rst noticed in PCR amplifi cation products of a 
CAG 102  repeat tract, which include a set of higher bands, previously characterized 
as slipped-strand duplexes with multiple hairpins in out-of-register regions of the 
repeat [ 96 ]. Incubation with either individual component caused the hairpin bands 
to disappear with no obvious change in the main, duplex DNA band. These infer-
ences with confi rmed with defi ned hairpins formed by CAG or CTG strands, and 
extended to show that zfGCT specifi cally cleaves CTG hairpins and zfAGC specifi -
cally cleaves CAG hairpins. 

 These results are remarkable from a structural standpoint. Normally, each zinc- 
fi nger domain binds to three adjacent bases in the major groove of the DNA; how-
ever, CTG and CAG hairpins present major grooves with mismatched bases (T:T 
and A:A, respectively) every third nucleotide. Evidently, these mismatches mini-
mally alter the ability of homodimeric zfGCT and homodimeric zfAGC to bind and 
cleave TNR hairpins [ 95 ]. 

  Hairpin-specifi c reagents      offer the possibility of probing the mechanism of TNR 
instability. Liu et al. showed the individual components, zfGCT and zfAGC, when 
transfected into cells, caused a reduction in the CAG 102  band, albeit to a lower extent 
that transfection with the mixture of components [ 95 ]. In contrast to the results with 
the mixture of zfGCT and zfAGC, the individual components generated products 
that were all shorter than the parental CAG 102  tract. The authors interpreted this 
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result as evidence that hairpins form in cells and suggest that it is because of the 
adjacent origin of replication built into their initial constructs. They buttressed this 
speculation by showing that CAG 102  tracts in serum-starved cells, which do not 
replicate their DNA, were  not   sensitive to the individual components, yet were fully 
cleaved by the mixture [ 95 ]. 

 Liu et al. did not characterize the short products generated to determine whether 
they were due solely to repeat contractions, but that is a reasonable possibility. Since 
cleavage of a hairpin delivers damage to just one strand—presumably generating a 
repeat tract with a gap in one strand—treatment with the individual components 
may avoid DSBs, which are the source of deletions and insertions. From a therapeu-
tic standpoint, hairpin-specifi c ZFNs offer two distinct advantages over ZFNs that 
cleave the repeat tract itself. First, they produce contractions exclusively, unlike 
ZFN-induced DSBs, which also generate expansions that can increase deleterious 
effects in cells, perhaps exacerbating the disease phenotype in patients. Second, 
hairpin-specifi c ZFNs are naturally targeted to longer repeat tracts—those more 
likely associated with disease—because only longer repeats can form stable hair-
pins [ 97 ,  98 ]. One disadvantage is that hairpin-specifi c ZFNs seem to require repli-
cation to generate the substrate for cleavage [ 95 ], which may render them unsuited 
for use in terminally differentiated cells, which do not replicate their DNA. In such 
cells, however, transcription through repeat tracts may generate the necessary hair-
pin substrates [ 21 ,  27 ,  31 ,  35 ]. Clearly, the effects of hairpin-directed ZFNs will 
need to be tested in vivo to defi ne their properties. 

 Moye et al. have taken a different approach— developing      zinc-fi nger nickases 
(ZFNickases)—to try to focus damage onto one strand and avoid the potential prob-
lems related to DSBs [ 99 ]. In general, building ZFNickases requires that the FokI 
domain of one component be rendered incapable of cleavage, so that when the two 
components are paired, only one component can cut its DNA strand. In addition to 
introducing such cleavage-dead (cd) mutations, designing ZFNickases for CAG 
repeat tracts required another modifi cation to eliminate cleavage by homodimers of 
the individual component [ 22 ]. By introducing mutations  into   the FokI dimerization 
domain, Moye et al. generated the so-called “RR” (D483R) and “DD” (R487D) 
variants of zfGCT and zfGCA, which do not homodimerize (Fig.  3D ) [ 100 ]. 

 To test the activity of the various components, Moye et al. used  a      supercoiled 
582-bp minicircle that contained a CAG 54  repeat tract (Fig.  4a ). Each of the zinc- 
fi nger components was transcribed and translated in vitro from plasmid DNA and 
tested by incubation with supercoiled minicircle DNA. The individual unmodifi ed 
components (wild type) yielded a mixture of nicked circular and linear products 
(Fig.  4b , lanes 1 and 2) [ 99 ]. The presence of linear products rules out the possibil-
ity that zfGCT or zfGCA is specifi c for CTG or CAG hairpins, which would yield 
exclusively nicked circles, since the damage would be confi ned to one strand. 
The different behavior of zfGCT observed by Moye et al. and Liu et al. may refl ect 
differences in the actual zinc-fi nger domains used to construct the zinc-fi nger 
components.

   As expected, the individual  modifi ed      components—zfGCA-RR, zfGCT-DD, 
zfGCA-DD, and zfGCT-RR—did not cut the supercoiled minicircle (Fig.  4b , lanes 
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4, 5, 12, and 13). Appropriate combinations of modifi ed components (zfGCA-RR 
with zfGCT-DD and zfGCA-DD with zfGCT-RR) cleaved the minicircles to mix-
tures of linears and nicked circles (lanes 6 and 14). The modifi ed components 
cleaved the minicircle at about one third the rate of the wild type components, which 
cleaved the minicircles to shortened linears with most of the CAG repeat tract 
removed (Fig.  4b , lane 3) [ 99 ]. Decreased rates of cleavage have  also   been noted in 
other obligate heterodimeric ZFNs [ 101 ]. 

 To generate ZFNickases, the  obligate      heterodimer mutations with combined with 
a mutation in the FokI active site (D450A). As expected, neither the individual 
cleavage-dead components nor mixtures of cleavage-dead components cleaved the 
minicircles (Fig.  4b , lanes 7, 8, 9, 15, 16, and 17). By contrast, the mixtures of 
zfGCA-RR with zfGCT-DDcd (lane 10) and zfGCA-DDcd with zfGCT-RR (lane 19), 
converted supercoils nearly completely to nicked circles. Surprisingly, the seemingly 
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equivalent mixtures of zfGCA-RRcd with zfGCT-DD (lane 11) and zfGCA-DD 
with zfGCT-RRcd (lane 18) generated a novel band that proved to be a gapped circle 
with much of the repeat tract removed from one strand [ 99 ]. These results correlate 
with the rate of nicking, which is 3–4-fold more rapid in mixtures that produce gaps 
as compared to those that make nicks [ 99 ]. This result suggests that the RR modifi -
cation decreases the activity of the FokI cleavage domain. 

 Moye et al. addressed the key question of  whether      ZFN nickases destabilize 
CAG repeats in cells using a GFP-based assay [ 102 ] analogous to the HPRT and 
APRT assays used by Mittelman et al. [ 22 ,  99 ]. The main difference is that cells 
with shorter CAG repeat tracts can be identifi ed by cell sorting instead of selection. 
Treatment with the wild type ZFN (zfGCA plus zfGCT) increased GFP+ cells 9.3- fold 
increase above background. Treatment with the more active ZFNickase (zfGCA-
DD plus zfGCT-RRcd) increased GFP+ cells 3.5-fold, whereas treatment with the 
less active ZFNickase (zfGCA-DDcd plus zfGCT-RR) gave no increase above 
background [ 99 ]. Notably, all the analyzed colonies from the more active ZFNickase 
all contained contractions of the repeat. These results suggest that ZFNickases, like 
hairpin-specifi c ZFNs, may be reasonable alternatives to ZFNs that introduce DSBs 
into CAG repeat tracks. 

 Most recently, a TALEN has been demonstrated to be an effective cleavage 
reagent for a chromosomal CAG repeat tract in yeast [ 23 ]. The  TALEN      was designed 
with one component anchored to the unique sequences fl anking the repeat tract and 
the other directed at the repeat itself. When expressed in cells, this TALEN effi -
ciently cleaved the repeat, producing exclusively contractions. Moreover, contrac-
tions were found only in the targeted repeat, not in any of the other CAG repeats in 
the yeast genome, as expected by the design of the TALEN. Although DSBs pro-
duce indels and expansions in human cells [ 22 ,  95 ], TALENs (and CRISPR/Cas 
nucleases) can also be modifi ed to introduce nicks.  

    Challenges and Limitations of DNA-Directed Therapy 

 Disease-causing TNR tracts present  a      distinct challenge for therapy by engineered 
nucleases. Whether the disease is dominant or recessive, the ideal therapy would 
specifi cally target the expanded allele to shrink the TNR at the genomic level. The 
key requirement would be to preferentially manipulate the expanded repeat allele. 
The therapy would not necessarily have to shrink the expanded repeat completely to 
normal lengths. Even small contractions to the repeat tract would have therapeutic 
potential, as disease severity and onset are not simply a function of initial length, but 
also a function of length-dependent somatic instability that develops in affected tis-
sue such as the striatum and cortex [ 82 ,  103 ,  104 ]. Because the rate of somatic 
expansions depends on TNR length, reducing the repeat tract even slightly would 
reduce the frequency of somatic expansion events, which would tend to delay 
disease onset and decrease its severity. Permanently shrinking an expanded repeat 
allele would signifi cantly advance therapy for TNR disorders. 
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 A key consideration—unique to TNR diseases—is that the same repeat responsible 
for disease at one gene locus resides at many other sites in the human genome, 
 in      various lengths and purities: in no case, is a disease-causing TNR unique [ 3 ]. 
Thus, strategies for therapeutic attack on an offending TNR must contend with the 
consequences of friendly fi re at other sites in the genome. The most common TNRs 
in the genome, however, are not long enough to be effective targets. Less than 20 % 
of perfect CAG repeats in the human genome are longer than 9 units—the minimum 
cleavage site for zfGCA/zfGCT [ 22 ]—and only 6 repeat tracts are longer than 20 
units [ 105 ]. Although there may relatively few natural targets for these TNR- 
directed engineered nucleases, it will still be critical to fully characterize mutagenic 
effects to the genome. Even nucleases designed to unique genomic targets can trig-
ger off-target DNA breaks [ 106 – 108 ]. 

 Next-generation sequencing offers rapid and cost-effective methods for measur-
ing nuclease-mediated changes to target loci, as well a means to quantify genome- 
wide off-target cleavage events that lead to mutagenic repair. A variety of these 
newer sequencing platforms are now available, with many more emerging platforms 
in development. Today, sequencing methods offer different combinations of trad-
eoffs in cost, speed, throughput, read lengths, error rates, and bias [ 109 ]. For TNR 
analysis, the most important parameter will be read length; if the sequencing read 
does not span the TNR, it will be hard to accurately genotype the locus. In addition, 
data analysis methods have improved dramatically in the last few years, enabling 
accurate detection of point mutations and small indels [ 110 ], as well as more com-
plex changes such as microsatellite repeat variation [ 111 – 113 ], and larger structural 
events [ 114 ]. Showcasing the power of next-generation sequencing are recent stud-
ies that characterized mutations and overall genomic instability from the recent 
sequencing and reconstruction of the HeLa genome, which is greatly mutated, and 
in some genomic locations, shattered [ 115 – 117 ]. Furthermore, some of the greatly 
expanded triplet repeats, which were traditionally inaccessible even to Sanger 
sequencing, can now be studied at the sequence level, using long read sequencing 
platforms such as PacBio [ 118 ]. Such  platforms      offer the possibility of rapidly mea-
suring the frequencies repeat expansion and contraction, while retaining the ability 
to resolve insertions of foreign sequence and deletions outside the repeat tract.  

    Summary and Perspectives 

 Directly attacking the TNRs that cause disease has become a distinct possibility with 
the development of designer nucleases that can target breaks to a repeat tract. Thus 
far, only ZFNs have been tested in human cells, and only against CAG repeat tracts, 
but they offer an effi cient way to modify TNRs, with a strong bias toward repeat 
contraction. At present, studies with engineered nucleases have revealed three poten-
tial ways to deal with CAG repeat tracts: by introducing DSBs into the tract, by 
generating nicks in the CAG strand or the CTG strand, and by cutting the CAG or 
CTG hairpins that form at the repeats [ 22 ,  23 ,  95 ,  99 ]. Although the spectrum of 
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events generated by each type of nuclease is not well enough characterized, it appears 
that ZFNs that break one strand—ZFNickases and hairpin-specifi c ZFNs—offer the 
possibility for shrinking repeat tracts without the added complication of deletions 
and insertions. Thus, it seems likely that engineered nucleases of one kind or another 
will be found that can produce the desired benefi cial effect—to shrink the repeat. 

 Unlike unique target sites, however, TNRs are present in multiple copies in the 
genome, rendering the genome especially vulnerable to the off-target action of 
TNR-specifi c engineered nucleases. For CAG-specifi c ZFNs, the steep length 
dependence of cleavage will mitigate such off-target effects [ 22 ,  95 ], because the 
vast majority of CAG repeat tracts are short [ 105 ]. In addition, most—about three 
quarters—of the CAG repeats are located outside of exons [ 105 ]; thus, their acci-
dental modifi cation may have little consequence for cell viability or function. 
Alternatively, TALENs and CRISPR/Cas nucleases can be designed to recognize 
unique sequences at one edge of the target repeat to focus cleavage selectively at the 
desired genomic site [ 23 ]. This strategy is problematical for ZFNs, because zinc- 
fi nger domains that bind tightly and selectively are not available for all DNA trip-
lets. Regardless of the strategy, it will be essential to characterize the genome-wide 
sensitivity of TNRs to modifi cation by the engineered nuclease, a task well within 
the capabilities of next-generation sequencing technologies. Only then will it be 
possible to evaluate the true therapeutic usefulness of nuclease-mediated repeat 
contraction as an approach to treating TNR diseases. 

 Our focus in this review has been entirely on engineered nucleases and the 
strengths and limitations of using them to shrink disease-causing TNRs. We’ve 
ignored the bigger challenge: how to use this therapy in humans. Assuming we were 
able to build an engineered nuclease with all the right properties—effi cient cutting at 
the disease TNR, exclusive bias toward contractions, and minimal cleavage at other 
sites in the genome—how would we deploy it in humans? Treatment of the germline, 
sperm, egg, fertilized egg, or early embryo would eliminate the disease in the off-
spring, and in subsequent generations, but that approach is fraught with almost insur-
mountable ethical and societal questions. The alternative is to treat the affected 
individual. Most TNR diseases involve a limited set of cells or tissues. Thus, it should 
be possible to express the nuclease in the affected cells by a combination of local 
delivery, tissue- or cell-specifi c vector targeting, and cell-specifi c nuclease expres-
sion. In principle, such an approach could preserve at-risk cells and eliminate disease 
symptoms. It would not, of course, alter the germline, which would leave the patient’s 
future children at risk. More serious, though, is the possibility that TNR effects in 
a secondary population of cells—previously masked by the defects in the primary 
cell population—would cause a new disease, requiring additional treatment. 
Clearly, there is much to be done if such a therapy is to be developed, but engi-
neered nucleases are beginning to fulfi ll their promise.     
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    Abstract     HIV-1/AIDS is often considered a priority disease in the development of 
genetic and cell based therapies because of the high burden imposed by current 
treatments, which require life-long adherence to antiretroviral drug regimens. 
Engineered nucleases have the capability to either disrupt a specifi c gene, or to pro-
mote precise gene edits or additions at the targeted gene. As one application for the 
gene disruption capabilities of the nucleases, HIV-1 infection provides an excep-
tional target in the CCR5 gene. This is the most commonly used entry co-receptor 
through which the virus enters into CD4+ T cells. Importantly, the loss of CCR5 is 
expected to be well-tolerated, since a relatively high percentage of individuals are 
naturally homozygous for a defective CCR5 allele. As a result, CCR5 disruption by 
zinc fi nger nuclease treatment of autologous T cells was the fi rst-in-man use of 
engineered nucleases. Future applications to refi ne this therapy may include dis-
rupting CCR5 in precursor hematopoietic stem cells, the additional disruption of the 
alternate HIV-1 co-receptor, CXCR4, in T cells, and the addition of other anti-HIV 
genes at a disrupted CCR5 locus to provide a combinatorial therapy. Finally, the 
gene disrupting actions of engineered nucleases could also be harnessed to inacti-
vate the integrated HIV-1 genomes that persist in patients’ cells despite drug ther-
apy, and which thereby prevent the complete eradication of the virus by drug 
treatments.  
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      Introduction 

 Human immunodefi ciency virus (HIV-1) causes a serious, life-long infection, with 
high rates of mortality in untreated individuals. Although the current combinations 
of antiretroviral drugs used to treat the infection are highly effective at suppressing 
HIV-1 replication, they do not ultimately cure people. This means that infected 
individuals have a life-long requirement for antiretroviral drug therapy, with associ-
ated high economic costs and the risk of developing drug toxicities, viral resistance, 
or “treatment fatigue”. In fact, it is estimated that only 25 % of the HIV-infected 
population in the US successfully accesses therapy and achieves full viral suppres-
sion through antiretroviral drugs [ 1 ]. Therefore, alternate strategies to control and 
potentially cure HIV-1 infections are being considered, including those based on 
cell and genetic therapies. 

 HIV-1/AIDS has long been considered a candidate for gene therapy interven-
tions, following early speculation that genetically modifi ed cells could provide an 
‘intracellular immunization’ to inhibit HIV-1 replication [ 2 ]. Some of the earliest 
gene therapy trials were for HIV-1, and typically used integrating retroviral vectors 
to allow for long-term expression of anti-HIV genes, such as the trans-dominant 
RevM10 protein and various RNA-based inhibitors (reviewed by Peterson et al. 
[ 3 ]). More recently, HIV-1 infection has proven itself uniquely suited to the fi rst 
in- human use of engineered nucleases, based on CCR5 gene knockout by zinc fi nger 
nucleases (ZFNs) [ 4 ]. Beyond CCR5 disruption, future applications of engineered 
nucleases in anti-HIV therapies could exploit homologous recombination to insert 
anti-HIV genes at the disrupted CCR5 locus and thereby create a combinatorial 
gene therapy. Alternatively, the gene disrupting capabilities of the nucleases could 
be used to disable the integrated HIV-1 genomes present in infected cells, an 
attractive option for removing latently infected cells. The potential applications  of 
  engineered nucleases for HIV-1 therapy that will be discussed in this review are 
summarized in Fig.  1 .

       Disruption of the CCR5 Co-Receptor by ZFNs 

    Engineered Nucleases and DNA Repair 

  Engineered nucleases   such as zinc fi nger nucleases (ZFNs), TAL effector nucleases 
(TALENs), homing endonucleases and the CRIPSR/Cas9 system all function in 
basically the same way, by creating a double-stranded break (DSB) in the DNA 
sequence to which they are targeted, which is then acted on by cellular DNA repair 
pathways. While the homing endonucleases and Cas9 contain natural endonuclease 
activities, ZFNs and TALENs are based on a modular design that links engineered 
DNA binding domains to the non-specifi c cleavage domain from a homodimeric 
type IIS nuclease, such as the  Fok I restriction enzyme. Different cellular pathways 
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can repair the DSBs so created, including the non-homologous end joining (NHEJ) 
pathway, where the frequent outcome is an insertion or deletion (indel) that can 
thereby lead to gene knockout (Fig.  2 ). Alternatively, DSBs can be more precisely 
repaired by recombination with a homologous sequence, such as a sister chromatid. 
Such homology directed repair (HDR) can also copy information from a homolo-
gous ‘donor sequence’, introduced into the cell at the same time as the engineered 
nuclease, and coding for any specifi c changes that are desired. The end result of this 
process can be a small genetic edit, for example to repair a point mutation in a 
defective gene, or the site-specifi c addition of a larger stretch of new genetic mate-
rial at the site of the DSB. In this way, engineered nucleases can be used to direct 
three different outcomes: gene disruption, gene editing or gene addition (Fig.  2 ).

  Fig. 1    Potential uses of engineered nucleases as anti-HIV therapies. The main stages of the HIV-1 
life-cycle are shown. HIV-1 enters a target cell by binding to both CD4 and a co-receptor protein 
such as CCR5 or CXCR4, the preference for which is determined by the HIV-1 surface glycopro-
tein. Following entry, the viral RNA genome is reverse transcribed into a DNA form that perma-
nently integrates into the host cell’s genome. From here, the integrated provirus acts like a cellular 
gene, transcribing both mRNA to create HIV-1 proteins, and new viral RNA genomes, that are 
assembled together into particles that bud from the cell surface. ( a ) Engineered nucleases are used 
to disrupt the cellular co-receptor genes, CCR5 or CXCR4, in either CD4+ T cells (both genes), 
or their hematopoietic stem cell (HSC) precursors (CCR5 only) and thereby block HIV-1 entry. 
( b ) Additional anti-HIV genes are inserted at the disrupted CCR5 locus, blocking other stages of 
the HIV-1 life-cycle. ( c ) Engineered nucleases are targeted to HIV-1 sequences, and thereby 
inactivate an integrated HIV-1 genome in an infected cell       
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   The repair of a DSB is committed to one of the available cellular pathways at an 
early time point. If exposed DNA ends are protected by the Ku70/80 complex, the 
NHEJ pathway is used [ 5 ], while HDR is initiated if a resection event occurs that 
exposes tracts of single-stranded DNA [ 6 ]. The choice of HDR or NHEJ is also 
infl uenced by the phase of the cell cycle, with HDR only occurring during and 
shortly after DNA replication in S and G2 [ 6 ,  7 ], when the required factors are 
available in active (phosphorylated) forms [ 8 ], and sister chromatids are in closer 
proximity and more able to serve as homology templates [ 9 ]. In contrast, NHEJ 
predominates in G1, although it is active throughout the whole cell cycle. 

 In hematopoietic stem cells (HSC),  an   important therapeutic target cell for many 
gene therapy applications, NHEJ is far more common than HDR [ 10 ,  11 ], which 
biases the outcome of nuclease activities. In addition, the co-introduction of DNA 
donor sequences along with a nuclease, as is needed to promote HDR gene editing, 
can result in signifi cant toxicity to these cells. Because of these factors, NHEJ- 
mediated gene disruption is the most easily achieved result for engineered nucleases 
in HSC. However, therapeutic applications of gene disruption are likely to be 
 limited. In this regard, the application of engineered nucleases to HIV-1 disease has 
found a uniquely suitable target in the CCR5 gene (Fig.  2 ).  

  Fig. 2    Alternate outcomes following the action of engineered nucleases. Engineered nucleases 
create a double-stranded break (DSB) in the targeted gene. If the non-homologous end joining 
(NHEJ) repair pathway is used, a frequent outcome is disruption of the gene. Alternatively, DSBs 
can be repaired by homologous recombination, and the introduction of a homologous donor 
sequence into the cell can hijack this pathway to introduce a desired genetic edit, or to promote the 
site-specifi c addition of new genetic material at the site of the DSB       
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    Rationale for CCR5 Disruption as an Anti-HIV Therapy 

 CCR5 is a chemokine receptor that  also   functions as the major entry co-receptor 
used by HIV-1, in concert with the primary receptor, CD4 [ 12 ] (Fig.  1 ). However, 
its functions are not essential in humans, since a relatively high frequency of the 
population (~1 %) is homozygous for the defective CCR5Δ32 allele. Such individu-
als are correspondingly almost completely resistant to HIV-1 [ 13 ,  14 ] while not 
exhibiting any signifi cant phenotypic defects [ 13 ,  15 ]. These properties have 
encouraged the development of a class of anti-HIV drugs targeted to CCR5, such as 
Maraviroc [ 16 ], which further established CCR5 as a therapeutic target. 

 In addition, compelling human data exists for the ability of CCR5-negative cells 
to confer HIV-resistance, from the well-documented case of the so-called ‘ Berlin 
patient  ’.    This individual was an HIV-positive leukemia patient who received an 
HSC transplant, as part of his leukemia treatment, from a donor who was homozy-
gous for the CCR5Δ32 mutation. Following the treatment, the Berlin patient has 
been HIV-1 free for 8 years, and is considered the fi rst documented case of an HIV-1 
cure [ 17 – 19 ]. Although the treatment included aggressive ablative regimens to 
destroy the leukemia, which likely also signifi cantly reduced the burden of HIV- 
infected cells, the essential role of the CCR5Δ32 genotype of the donor is illustrated 
by the fact that other HIV patients undergoing bone marrow transplantation without 
a CCR5Δ32 donor have not been similarly cured [ 20 ,  21 ]. These fi ndings support 
the idea that blocking CCR5 expression in a patient’s own cells by genetic methods 
could also result in the control of HIV-1 replication. 

 Methods to block CCR5 have previously included the use of anti-CCR5 shRNAs 
or ribozymes, delivered using integrating retroviral or lentiviral vectors [ 22 – 27 ]. Such 
approaches can provide signifi cant, albeit incomplete, inhibition, and will require the 
life-long expression of the anti-CCR5 moiety in the engineered cell. While the use of 
integrating vectors provides for this possibility, it is known that gene expression from 
such vectors can be silenced over time and that integrating viral vectors provide an 
unknown risk of insertional mutagenesis [ 28 ]. Because of these factors, there has been 
much interest in the use of engineered nucleases as an approach to disable the CCR5 
gene. Since expression of the nucleases would only need to be a transient event, this 
approach can make use of potentially safer, non- permanent and non-integrating vector 
systems, yet still result in a permanent genetic change [ 29 – 35 ]. Both the mature CD4+ 
T cells that HIV-1 infects, as well as the precursor HSC that give rise to these cells,  are 
  considered suitable target cells for CCR5 engineering.  

    First to Clinic: CCR5 Knockout in T Cells Using ZFNs 

  CD4+ T cells   are the primary target of HIV-1 infection, although other CD4+ cells 
such as macrophages are also infected by the virus. T cells are also an excellent 
clinical target cell for genetic manipulation, since considerable experience already 
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exists from their use in anti-cancer applications, and the procedures to harvest, 
expand, genetically modify, store, and re-infuse these cells back into patients are 
well established [ 30 ,  36 ]. In addition, and contrary to initial expectations, geneti-
cally marked T cells have been shown to persist for at least 11 years in vivo, sug-
gesting that any such modifi ed T cells could confer a relatively long-lasting effect 
[ 37 ]. These factors made ZFN engineering of T cells for CCR5 disruption as an 
anti-HIV therapy an obvious fi rst clinical application of engineered nucleases. 

 ZFNs against CCR5 were fi rst described by Mani et al. [ 38 ], who constructed 
two different ZFN pairs targeted to the second and seventh transmembrane domains 
of CCR5 respectively (Fig.  3 ). Each ZFN pair consisted of monomers containing 
three zinc fi ngers, and was therefore capable of recognizing 9-bp target sequences 
on either side of the DSB site. Using these ZFNs, the authors were able to disrupt 
CCR5 plasmid DNA in an in vitro system. Since then, multiple studies have shown 
that ZFNs work well in a variety of human cells. Many of these studies have used a 
ZFN pair that creates a DSB centered at approximately nucleotide 160 in the open- 
reading frame, which maps to the fi rst transmembrane domain of the CCR5 protein, 
and which contains four zinc fi ngers in each monomer [ 29 – 35 ]. Fortuitously, for a 
gene knockout approach, the most common indel resulting from this reagent is a 
5 bp insertion that occurs in ~10–30 % of edited alleles and creates two in-frame 
stop codons shortly after the target site [ 31 ,  33 ,  35 ].

   The predicted ability  of   CCR5 disruption by ZFNs to impact HIV-1 replication 
has been demonstrated in an escalating series of studies in T cell lines [ 29 ,  31 ], 
primary T cell cultures [ 29 – 31 ,  39 ], and immune-defi cient mice, engrafted with 
human T cells [ 29 ,  31 ,  39 ]. In the fi rst such report, Perez et al. [ 31 ] showed that a 
CCR5 disruption rate of 2.4 % of alleles in the PM1 T cell line was increased to 73 
% following infection of the culture with a CCR5-using (R5-tropic) strain of HIV-1. 
The authors further reported achieving CCR5 disruption rates between 28 and 33 % 

  Fig. 3    Target sites for engineered nucleases in CCR5. The approximate location of the target sites 
for a series of engineered nucleases are shown superimposed on a schematic of the CCR5 protein, 
and described more fully in the associated table. Also indicated is the location of the 32 bp deletion 
that produces a prematurely truncated and defective protein from the CCR5Δ32 allele. *Kim et al. 
[ 119 ] tested 315 ZFN pairs against 33 sites, and the 3 shown had the highest activity with lowest 
off-target effects. **Cho et al. [ 53 ] tested 10 CRISPRs against CCR5, and the one shown had the 
highest activity and lowest off-target effects. HE, homing endonuclease       
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when the ZFNs were delivered to primary T cells using adenoviral vectors based on 
the Ad5/F35 variant [ 40 ]. When such modifi ed T cells were engrafted into NOG 
mice and challenged with HIV-1, plasma viremia was reduced 7.2-fold compared to 
mice infused with unmodifi ed T cells, and rates of CCR5 disruption at the end of the 
HIV-1 challenges increased by threefold (8.5–27.5 %). These pre-clinical studies 
demonstrated both the feasibility of using engineered nucleases to disrupt the CCR5 
gene in primary human T cells, as well as the anti-HIV consequences of such engi-
neering. The studies also formed the basis for a series of T cell based human clinical 
trials in HIV-infected individuals, using the same combination of the Ad5/F35 vec-
tor and the site 160 ZFN pair (Table  1 ).

   The initial clinical trials of ZFN-mediated CCR5 disruption are based on a strat-
egy of delivering CCR5 ZFNs to a patient’s own (autologous) T cells, which are 
then expanded ex vivo using CD3/CD28 stimulation. This protocol has been 
reported to allow the generation of up to 3 × 10 10  T cells, with CCR5 disruption rates 
of 30–36 %, when measured at 10 days post transduction [ 30 ]. ZFNs were initially 
delivered as Ad5/35 vectors, but more recent trials are using mRNA electroporation. 
The fi rst completed trial, NCT00842634, involved 12 patients who were each 
infused with 10 10  T cells containing CCR5 modifi cation rates between 10.9 and 27.7 
% [ 4 ]. The procedure was  well   tolerated, with only one patient reporting an adverse 
reaction at time of infusion. CCR5-modifi ed T cells were found to persist for several 
months, with a calculated half-life of 48 weeks. For 6 of the patients, a planned 
analytical treatment interruption (ATI) was initiated 4 weeks after infusion, involv-
ing cessation of antiretroviral therapy (ART) for 12 weeks, and this was completed 
by 4 of the 6 individuals. The rational for an ATI is that withdrawal of ART usually 
causes a rapid increase in HIV-1 viremia [ 41 ], and this may provide a selection pres-
sure to increase the frequency of the CCR5-negative T cells. In addition, since this 
HIV-1 rebound follows a fairly characteristic pattern, an ATI provides an opportu-
nity to evaluate whether the presence of CCR5-disrupted cells is infl uencing the 
ability of the patients to control HIV-1. 

 During the ATI, some indications  of   anti-HIV effects were observed. Although 
both CCR5-modifi ed and unmodifi ed CD4 T cells numbers declined in response to 
the rebound of HIV-1 viremia during the ATI, the rate of decline for the CCR5- 
modifi ed T cells was signifi cantly slower than the rate for the non-modifi ed cells 
(−1.81 cells/mm 3 /day compared to −7.25 cells/mm 3 /day, p = 0.02), although this did 
not reach signifi cance when mean values were considered (p = 0.08). In addition, in 
one of the patients undergoing ATI, HIV-1 RNA levels did not rebound until week 
6 post ATI initiation, and then decreased to undetectable levels, even before therapy 
was re-started. Since this patient was heterozygous for the CCR5Δ32 allele, it is 
possible that this ‘half-way there’ genetic background facilitated the production of 
homozygous CCR5-negative cells by the ZFNs. This hypothesis is being further 
tested in clinical trial NCT01044654, in which 10 individuals who are CCR5Δ32 
heterozygotes have been treated (Table  1 ). As a further refi nement, the most recent 
T cell trials have also included  treatment   with cyclophosphamide (Cytoxan). 
This pre-conditioning treatment is expected to transiently reduce the patients’ T cell 
numbers prior to infusion of the ZFN-engineered cells, and thereby facilitate greater 
engraftment of the modifi ed T cells.  
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    CCR5 Disruption in HSC Using ZFNs 

 Engineered nucleases could also be used to disrupt the CCR5 gene  in   HSC, since 
these stem cells give rise to all lineages of the immune system, including CD4+ 
T cells. Although HSC are more challenging to work with than mature T cells, the 
longer life-span of the cells could allow for a one-shot treatment, while the fact that 
HSC give rise to both myeloid and lymphoid lineages means that non-T cell targets 
of HIV-1 such as macrophages would also be protected. 

 We previously reported on the ability of the site 160 ZFN pair to modify human 
HSC, isolated as CD34+ cells from umbilical cord blood [ 35 ]. By using plasmid 
DNA electroporation (Nucleofection) to introduce the ZFNs into the HSC, an aver-
age disruption rate of 17 % of the CCR5 alleles was achieved. These modifi ed HSC 
were then used to engraft immune-defi cient NSG mice, where they were found to 
differentiate comparably to unmodifi ed HSC into various lineages of the human 
immune system, including CD4+ T cells. Following infection of the mice with 
R5-tropic HIV-1, protection of CD4+ T cells in the blood and lymphoid tissues was 
observed in the animals receiving ZFN-treated HSC compared to control HSC, 
which rapidly lost CD4+ T cells. Analysis of the blood and lymphoid tissues of the 
mice at 8–12 weeks post-infection also revealed a strong selection by HIV-1 for 
cells that were CCR5-negative. During the HIV-1 challenges, both unmodifi ed and 
ZFN-engineered HSC cohorts of mice were equally infectable by HIV-1, but mice 
in the ZFN cohort were eventually able to suppress HIV-1, in both blood and tissues. 
This fi ts with the hypothesis that even a minority of CCR5-negative cells would be 
selected for during an active HIV-1 infection, and could eventually increase to a 
frequency where they were able to impact virus replication. 

 Although these observations support the use  of   ZFN-modifi ed HSC as an alter-
native to engineering mature T cells, protocols will be needed that can deliver the 
nucleases to HSC while ensuring no or minimal impact on the ability of the cells to 
function as stem cells. In addition, although many pre-clinical studies rely on human 
HSC isolated from cord blood or fetal liver specimens, the clinical target cell for 
autologous HSC gene therapies will be the bone marrow resident HSC, which have 
distinct properties compared to other sources [ 42 ,  43 ]. These adult HSC are typi-
cally isolated by mobilization of the cells into the peripheral blood by treatment 
with cytokines (G-CSF), chemotherapeutic agents (cyclophosphamide), or small 
molecules such as the CXCR4 antagonist, AMD3100 [ 44 ]. We previously reported 
the modifi cation of up to 25 % of CCR5 alleles in adult CD34+ HSC mobilized by 
G-CSF and treated with the same Ad5/F35 site 160 ZFN vectors as used in the cur-
rent T cell trials (Table  1 ) [ 33 ]. However, adenoviral vector transduction of HSC 
proved to be more challenging than T cells, and transient low-dose treatment of the 
cells with PMA was necessary to achieve CCR5 disruption rates greater than 5 %. 
The associated toxicity cost when higher levels of gene disruption were achieved 
suggests that adenoviral vectors may not be optimal for this cell type. 

 In contrast, we have recently identifi ed mRNA electroporation as a relatively 
non-toxic and effi cient way to deliver ZFNs and TALENs to HSC, resulting in up 
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to 50 % CCR5 disruption with minimal toxicity [ 45 ]. This method can also be used 
at large-scale, allowing a full patient dose of cells to be treated in one batch, and 
thereby increasing the  clinical   utility of this procedure.   

    CCR5 Disruption Using Other Engineered Nucleases 

 The recent progress  to   clinical trials of therapies based on ZFN modifi cation of 
CCR5 is encouraging the development of other CCR5-specifi c reagents based on 
alternate engineered nucleases. The relative ease of design of TALENs compared to 
ZFNs is allowing the rapid evaluation of a range of CCR5-targeted TALENs, with 
variations in both the site of CCR5 that is targeted, as well as the basic design of the 
TALEN protein (e.g. length of the C-terminus). Miller et al. [ 46 ] fi rst reported up to 
15–20 % disruption of CCR5 in the K562 cell line using TALENs with either C28 
or C63 backbone designs, respectively. For each backbone architecture, several left 
and right TALEN combinations were tested, allowing varying spacer lengths to be 
accommodated between the DNA sequences recognized by each monomer. All of 
the combinations evaluated were designed against sequences in the second extracel-
lular domain of CCR5, close to the site of the natural Δ32 mutation (Fig.  3 ). 
Recently, we found that a C17 backbone TALEN also targeted close to the Δ32 site 
was able to achieve 60 % disruption in HSC [ 47 ]. Similarly, a C17 backbone TALEN 
targeting site 157, which overlaps the region recognized by the site 160 ZFNs, has 
also been evaluated by Mussolino et al., with the TALEN producing 17 % disrup-
tion of the CCR5 gene in 293 T cells [ 48 ]. Interestingly, when these authors looked 
at off-target disruption at the homologous CCR2 gene, they reported that such 
events were lower in cells transfected with the TALEN pair than the site 160 ZFN 
pair. In a follow up study, in which toxicity was more rigorously tested, the authors 
also noted lower overall cytotoxicity in the TALEN-treated cells [ 49 ]. Although 
both these TALENs and ZFNs targeted a similar region in CCR5, the non-identical 
nature of the target sequences recognized by the two reagents could have created 
such differences. In addition, while off-target and cytotoxicity analyses are a vital 
part of the evaluation of different candidate nucleases, especially for clinical appli-
cations, these  analyses   also need to be performed in the proposed clinical target cell, 
such as primary human T cells or HSC. Finally, it has been reported that CCR5 site 
157 targeted TALENs can be introduced into cells by electroporation of mRNA, and 
thereby achieve disruption in both the PM1 cell line (up to 94 %) and primary T 
cells (between 17 and 46.8 %) [ 50 ]. 

 It is possible that DNA breaks generated by different classes of nucleases will be 
qualitatively different, even when using the  same   FokI nuclease to introduce the 
break. For example, after analyzing a total of 1,456 mutant sequences at 122 target 
sites reported in 43 independent studies, Kim et al. found differences in the gene 
disruptions caused by ZFNs and TALENs. Specifi cally, they noted that while ZFNs 
cause an even distribution of insertions and deletions at the DSB site, TALENs 
almost exclusively cause deletions [ 51 ]. While the reason for this difference has not 
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been determined, the authors speculated that the smaller spacer region between the 
two monomers in a ZFN pair may create a more defi ned cleavage site that is more 
prone to insertions, while the much larger spacers between the two regions bound 
by TALEN monomers could allow more heterogeneous cleavage sites, and result in 
more deletions. As noted earlier, the action of the widely used CCR5 site 160 ZFN 
pair frequently results in a 5 bp insertion that creates two in-frame stop codons, and 
which thereby terminates translation of the CCR5 protein 

  Homing endonucleases   have also been adapted to target CCR5. These nucleases 
recognize stretches of 18–34 bp and cleave the target DNA in a manner similar to a 
restriction enzyme. Hundreds of homing endonucleases with different specifi cities 
have been reported, including I-Sce1, from baker’s yeast, and I-Cre1 from green 
algae chloroplasts. Although they can be very effi cient at cleaving double stranded 
DNA, they do not use a specifi c code that is easily engineered to recognize a desired 
target site, as is the case for ZFNs or TALENs. This makes it more challenging to 
retarget them to specifi c sites such as CCR5. To date, one homing  endonuclease   has 
been reported that disrupts CCR5, based on I-CreI and targeting the third transmem-
brane domain of the protein (Fig.  3 ) [ 52 ]. The authors used combinatorial assembly 
of archived I-Cre1 derivatives to generate a fi nal nuclease that matched the original 
I-Cre1 binding site at only 4 out of 24 bases. Interestingly, by co-expressing a DNA 
end-processing enzyme, the TREX2 exonuclease, the authors were also able to 
increase CCR5 disruption rates from 5 to 37 % in HSC, when both proteins were 
co-expressed from a lentiviral vector. This TREX2 co-expression also improved gene 
disruption rates for CCR5-targeted ZFNs and TALENs by almost threefold, suggest-
ing a general approach to increasing gene disruption [ 52 ]. While the diffi culty in 
engineering homing endonucleases is currently a bottleneck to their more widespread 
use, the small size of these proteins facilitates their delivery via viral vectors, which 
could make them attractive tools for certain gene therapy applications. 

 Finally, for  the   CRISPR/Cas9 system, since target site specifi city is provided by 
a complementary RNA, these reagents are the simplest class of engineered nucle-
ases to construct and evaluate, and lend themselves to high throughput analyses of 
different sites within a targeted gene. For example, Cho et al. [ 53 ] designed CRISPRs 
against 10 different sites in CCR5 and were able to disrupt up to 60 % of alleles in 
K562 cells using a CRISPR directed against the fi rst extracellular domain of CCR5 
(Fig.  3 ). Similarly, Cradick et al. described CRISPRs that could disrupt CCR5 at 
high levels (21–77 %) in 293T cells, targeting the N-terminal side of the second 
transmembrane domain and the second extracellular domain [ 54 ]. CRISPRs have 
also been shown to work in HSC. In a recent study, HSC were transfected with a 
Cas9 plasmid also expressing GFP. Cas9-expressing cells were then specifi cally 
FACS sorted based on GFP expression and electroporated with a CCR5 guide RNA 
plasmid. Subsequently, 25.8–30 % of colonies derived from these HSCs were found 
to have CCR5 disrupted at both alleles [ 55 ]. CRISPR/Cas9 components targeted to 
CCR5 have also been delivered via Ad5/F35 or lentiviral vectors: Li et al. were able 
to disrupt CCR5 at an average of 30.3 % of alleles in primary  T   cells using Ad5/F35 
vectors [ 56 ], while Wang et al. achieved up to 43 % CCR5 negative cells when using 
lentiviral vector delivery to the CEMss-CCR5 T cell line [ 57 ].  
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    CXCR4 is an Additional Target for Gene Knockout 

 Therapies based  on   engineered nucleases to disable the CCR5 co-receptor will always 
run into two potential limitations; (1) both copies of the gene need to be disabled to 
produce a CCR5-negative cell, and (2) certain strains of HIV-1 can use alternate co-
receptors, such as CXCR4, to enter cells. While such X4-tropic viruses are not as 
common as R5-tropic strains, they emerge in ~50 % of HIV patients towards the later 
stages of the disease, and there is concern that therapies or drugs targeted towards 
CCR5 could speed this process or selection. This issue could be addressed by using 
CXCR4-targeted nucleases in addition to CCR5 reagents, although the important role 
that CXCR4 plays in HSC homing to the bone marrow stem cell niche means that 
CXCR4 disruption could only be feasible for T cells, and not HSC. 

 Targeting CXCR4 in T cells has been described by two groups. Wilen et al. 
showed that T cells modifi ed by CXCR4 ZFNs were protected from X4-tropic 
HIV-1 infection in vitro, and that this provided partial protection in vivo in NSG 
mice transplanted with CXCR4 ZFN-modifi ed T cells [ 58 ]. However, this protec-
tion was lost over time due to the emergence of R5-tropic strains of HIV-1. The 
authors also demonstrated that they could modify T cells obtained from homozy-
gous CCR5Δ32 individuals, and that these cells were protected against both R5 and 
X4-tropic HIV-1. Yuan et al. further confi rmed the fi nding that modifi cation of 
CXCR4 with ZFNs protected cells in vitro and in vivo and additionally reported that 
this approach was more effi cient at providing protection against X4-tropic HIV-1 
than adenovirus vector delivery of shRNA against CXCR4 [ 59 ]. 

 Taking this approach another step forward,    Didigu et al. were able to co- transduce 
both a T cell line and primary T cells with two sets of ZFNs targeted against both 
CCR5 and CXCR4 [ 29 ]. These dual-disrupted T cells were rapidly enriched after 
infection with both R5 and X4-tropic viruses in vitro, confi rming their protection. 
Consistent with the previous studies, this protection was also observed in vivo, when 
mice were transplanted with the T cells, previously infected with both R5 and 
X4-tropic viruses. Here, mice receiving the dual-ZFN treated T cells were found to 
have up to 200 times higher CD4 counts in the blood at day 55, compared to mice 
receiving unmodifi ed cells, or those disrupted for CCR5 only [ 29 ]. This approach 
could therefore represent an improvement over disruption of CCR5 alone in T cells, 
and further suggests that CXCR4 disruption in T cells could be combined with CCR5 
disruption in HSC. It should be noted, however, that while no toxic effects were 
observed in these model systems, the impact of disrupting CXCR4 in mature T cells 
is unknown, and further testing of this method will be required before use in humans.  

    Beyond Gene Knockout: Site-Specifi c Gene Addition 
and Combination Anti-HIV Therapies 

 As noted above, the ability of HIV-1 to adapt to use co-receptors other than CCR5 
may limit the effectiveness of therapies relying solely on CCR5 disruption. Here, 
similar to the NIH guidelines for treatment with CCR5 inhibitor drugs [ 60 ], patients 
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would fi rst need to be screened to confi rm that they do not already harbor viruses 
with X4 tropism. Beyond this limitation, CCR5 knockout is expected to only be 
effective in cells with homozygous disruptions, although a single allele knockout 
may mimic CCR5Δ32 heterozygotes, who do have a better prognosis than homozy-
gous wild-type individuals [ 61 – 64 ]. Because of this limitation, the use of engi-
neered nucleases to  promote   homologous recombination in order to insert additional 
anti-HIV genes into the CCR5 locus could provide a more effective strategy than 
CCR5 disruption alone (Fig.  1 ). 

 There are a number of anti-HIV molecules that are already being considered for 
 more   conventional HIV-1 gene therapies based on integrating retroviral and lenti-
viral vectors, and which could also be adapted for a gene knock-in approach. These 
include trans-dominant versions of HIV-1 proteins such as the RevM10 mutant 
[ 65 ,  66 ] and modifi ed, HIV-resistant versions of cellular restriction factors such as 
TRIM5α and APOBEC3G. For example, although HIV-1 is naturally resistant to 
the human form of TRIM5α, it is inhibited by the Rhesus macaque ortholog [ 67 ], 
and engineered human-rhesus TRIM5α derivatives restore this anti-viral activity 
[ 68 ,  69 ]. Similarly, although the HIV-1 Vif protein normally degrades APOBEC3G, 
a cytosine deaminase that causes G→A mutations in the viral genome during 
reverse transcription, the D128K point mutant is resistant to Vif and thereby inhib-
its HIV-1 replication [ 70 ,  71 ]. Alternative candidates for insertion at the CCR5 
locus include RNA based therapeutics such as ribozymes or small interfering 
RNAs (siRNA) directed against different HIV-1 targets such as Rev [ 72 ], Vif [ 73 ], 
Nef [ 74 ], Gag [ 75 ], Env [ 76 ,  77 ], or Tat [ 72 ,  73 ,  78 ], as well as the C46 peptide 
inhibitor that potently blocks HIV-1 fusion [ 79 ]. The feasibility of inserting three 
different anti- HIV genes (human-rhesus TRIM5α, APOBEC3G D128K, and Rev 
M10) at the CCR5 locus has been demonstrated in a cell line model [ 80 ]. 

 For HIV-1 therapies and beyond, the use  of   site-specifi c gene addition in the 
primary human cells that would be used clinically will require signifi cant increases 
in the effi ciency of the process, which has proven to be challenging. In a pioneering 
study, Lombardo et al. [ 81 ] reported up to 50 % integration of a GFP cassette at the 
CCR5 site 160 in immortalized cell lines when using three non-integrating lentiviral 
vectors (IDLVs) to deliver each ZFN monomer and a homologous donor sequences. 
However, the diffi culty of achieving such an outcome with human HSC was shown 
by the same vectors achieving only 0.11 % targeted GFP addition. Subsequently, the 
same group reported using adenovirus 5 vectors to deliver the CCR5 ZFNs, 
combined with IDLVs for the donor sequence, and were able to achieve up to 5 % 
targeted addition in primary human T cells at the site 160 locus [ 82 ]. 

 We have previously reported on the ability of site 160 ZFNs, delivered to human 
HSC as plasmid DNA, to achieve  mean   gene disruption rates of 17 % of CCR5 
alleles [ 35 ]. When a CCR5 homology donor plasmid containing an internal PGK- 
GFP expression cassette was co-introduced into the cells with the ZFNs, although 
we observed an increase in DNA-mediated toxicity, the viable human HSC in the 
population were able to engraft NSG mice, and give rise to mature human cells 
stably expressing GFP at frequencies up to 5 % in multiple lineages (Fig.  4a ). 
When humanized mice are challenged with an R5-tropic strain of HV-1, the HIV-
mediated destruction of CD4 T cells typically causes selection of phenotypically 
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CCR5- negative cells, created by the action of the nucleases [ 35 ]. In this experimental 
situation where GFP was inserted at  the   CCR5 locus, HIV-1 infection also co-selected 
for GFP-expressing cells in the CD4 cell fraction only (Fig.  4a, b ). This observation 
is in keeping with the GFP cassette being specifi cally integrated at the CCR5 locus, 
which was also confi rmed by PCR analysis (Fig.  4c ).

   Despite these promising developments, and the expected ability of HIV-1 itself 
to act as a selection agent to increase the frequency of cells with CCR5-specifi c 
gene addition, the currently achievable levels of targeted addition in HSC cannot 
match the effi ciency of more standard integrating viral vectors for the delivery of 
genes, and higher rates of targeted integration, especially into  primary   HSC, may 
be required. Recent promising progress has been made by introducing homolo-
gous donors using non-integrating lentiviral [ 83 ,  84 ] and AAV vectors [ 85 ] and 
strategies that can promote HDR over NHEJ in human cells are also being 
explored [ 86 ,  87 ].  

  Fig. 4    Targeted gene addition at the CCR5 locus. Human cord blood HSC were electroporated 
with plasmid DNAs expressing CCR5 site 160 ZFNs and a donor sequence containing a PGK-
GFP cassette fl anked by CCR5 homologous sequences. The cells were engrafted into neonatal 
NSG mice, as described previously [ 35 ]. At 12 weeks of age, the mice were infected with 
R5-tropic HIV-1. ( a ) At the indicated time points, blood was analyzed by FACS for GFP expres-
sion in total human leukocytes (CD45 cells), and in the CD4 and CD8 subsets. ( b ) Following 
HIV-1 infection, the frequency of GFP-expressing cells increased in the CD4 fraction, which 
represent the target cells of HIV-1 infection, as well as the total CD45 group, but not in the CD8 
fraction. ( c ) The site- specifi c addition of the GFP cassette at the CCR5 locus was confi rmed by a 
specifi c in-out PCR analysis of clones derived from the input HSC, where one of the PCR primers 
is specifi c for the GFP expression cassette, and one is specifi c for CCR5, but beyond the region 
contained in the donor sequence       
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    Disrupting CCR5 in iPSC 

 HSC are challenging to culture and expand in vitro without losing their ability to 
differentiate, which limits the potential to pre-select genome modifi ed cells prior to 
infusion into a patient. In the future, it may be possible to derive fully functional 
HSC from patient- specifi c      induced pluripotent stem cells (iPSC), which would 
thereby also allow for the generation of a more homogenous population of modifi ed 
cells. Towards this goal, several groups have recently reported modifying iPSC: 
Ye et al. used CRISPRs and TALENs to generate iPSC that contained the exact 
CCR5Δ32 mutation while maintaining pluripotency [ 88 ], while Yao et al. disrupted 
CCR5 in human embryonic stem cells and iPSC and were able to  differentiate      them 
into CD34+ cells and more differentiated hematopoietic lineages [ 89 ].  

    Disrupting HIV-1 Genomes with Engineered Nucleases 

    Progress to Developing HIV-Specifi c Nucleases 

 An additional application of engineered nucleases to combat HIV-1 would be to 
engineer the reagents to target the HIV-1 genome itself (Fig.  1 ).  Although   antiret-
roviral drugs are highly effective and capable of suppressing HIV-1 to undetectable 
levels, they do not completely eliminate the virus, which then usually rebounds if 
therapy is stopped. The source of this rebounding virus are the so-called latent HIV 
reservoirs—cells in the body where the virus lies dormant, unperturbed by antiret-
roviral drugs, but from which the virus can be activated at a later date. Among the 
most prominent reservoirs are memory CD4 T cells [ 90 – 92 ]. Methods to remove 
or disable the virus in these cells could allow drug-free suppression of HIV-1, or 
even a cure. 

 There have been several reports in which different types of engineered nucleases 
have been developed that recognize the HIV-1 genome [ 93 – 96 ]. In most of these 
studies, the targeted sequence has been the HIV-1 long terminal repeat (LTR), which 
is present at both ends of the integrated DNA version of the virus. The LTRs play 
multiple roles, with the 5′ sequence driving transcription of the viral genome and 
the 3′ sequence regulating transcription termination and polyadenylation. Intact 
LTRs are also necessary for correct RNA processing to allow successful reverse 
transcription and integration during the viral life-cycle. In addition, the presence of 
two copies of the LTR in the HIV-1 genome provides anuclease with double the 
target sequences, as well as the possibility of a double cut and re-ligation event, 
leading to the permanent excision of the intervening HIV-1 genome. 

 One of the fi rst reports describing disruption of an integrated HIV-1 genome 
through engineering recognition of specifi c HIV-1 sequences used  a   modifi ed 
cre- recombinase [ 93 ]. This enzyme usually recognizes 34 bp loxP sites, but was 
evolved to recognize a similar sequence that is present in the LTRs of the clade A 
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HIV-1 strain, TZB0003 [ 97 ]. The evolved recombinase, named Tre recombinase, 
was able to disrupt integrated HIV-1 genomes in HeLa cells, and reduce the produc-
tion of new HIV-1 particles [ 93 ]. The Tre recombinase was subsequently evaluated 
in an in vivo model [ 95 ], where primary T cells or HSC were transduced with lenti-
viral vectors expressing the recombinase under control of an HIV-inducible pro-
moter. This design used a Tre-resistant HIV-1 LTR promoter containing tandem 
copies of the HIV-1 Tar element, which responds to the viral transactivator, Tat, 
produced upon HIV-1 infection. Consequently, the recombinase would only be 
expressed in cells infected with HIV-1, so reducing the potential for toxicity. In this 
proof of concept experiment, cells transduced with the vectors at between 30 and 60 
% were engrafted into Rag2 -/- γc -/- mice, which were then challenged with a replica-
tion-competent R5-tropic HIV-1 reporter virus, modifi ed to contain the Tre recogni-
tion sites in its LTRs. The animals receiving the Tre recombinase-containing cells 
had increasing or stable levels of human CD45 and CD4 cells, and virus levels that 
decreased approximately 1-log between weeks 2 and 12 post infection. This was in 
contrast to mice receiving non-transduced cells, which showed decreasing levels of 
human CD45 and CD4 cells and increasing or stable HIV-1 levels over the same 
time period. While this is an intriguing approach, the broader application of the 
technology will require the development of recombinases that recognize sequences 
that are more divergent from the natural loxP sequence and, preferably, are highly 
conserved across multiple strains of HIV-1. Such  engineering   challenges may be 
facilitated by the availability of new design tools [ 98 ]. In this regard, another Cre 
recombinase derivative (uTre) has recently been described that recognizes an HIV 
LTR sequence that is conserved in 94 % of the major HIV subtypes A, B, and C, 
which would make it much more therapeutically relevant [ 99 ]. 

 For the classes of engineered nucleases with less restrictions  on   target site selec-
tion (ZFNs, TALENs and CRISPR/Cas9), several different regions of the HIV-1 
genome could provide target sites in addition to the LTRs. Figure  5  displays an 
entropy analysis of sequence variation in the HIV-1 genome, highlighting regions of 
conservation that could provide a source of such target sites. ZFNs have already 
been described targeting the LTRs, using a site that is highly conserved in viral 
isolates from patient samples [ 94 ]. These reagents were reported to disrupt up to 60 
% of GFP-expressing HIV-1 genomes present in a Jurkat T cell line following DNA 
electroporation, and to reduce viral production from infected primary human PBLs 
(29 % reduction) or CD4+ T cells (31 % reduction). Similarly, TALENs have also 
been used to target HIV DNA. Ebina et al. were able to signifi cantly disrupt HIV 
sequences in a Jurkat cell line model of an integrated latent HIV genome, where 
LTR-driven GFP expression occurs after stimulation with TNFα. By electroporating 
in mRNA for a TALEN pair targeting the LTR, they saw reduction in the levels of 
GFP-positive cells following stimulation from 63 % down to 4.3 %, and reported 
complete removal of the HIV genome in 53 % of the cells [ 100 ].

   Finally, CRISPRs are also being used to target integrated HIV-1 DNA. Here, the 
potential for these reagents to be multiplexed [ 101 ] and thereby target more than 
one HIV-1 sequence could prove to be a distinct advantage against a virus known for 
its ability to rapidly evolve resistance to other therapies. Ebina et al. designed two 
CRISPR gRNAs against the TAR and NFκB regions of the LTR, which were tested 
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for their ability to block expression from an integrated LTR-GFP reporter sequence 
that also contained  the   Tat gene (JLAT cells) [ 96 ]. The utility of the reagents to 
disrupt LTR function was demonstrated following three rounds of electroporation 
with the CRISPR/Cas9 reagents, where GFP expression was reduced in activated 
cells by 25–32 % [ 96 ]. Similarly, Zhu et al. tested 10 different gRNAs against the 
HIV LTR and Pol regions in JLAT cells and were able to reduce the levels of GFP+ 
cells by more than 24-fold when used in combination [ 102 ]. Liao et al. also found 
that introducing multiple CRISPR gRNAs was better able to disrupt integrated HIV 
sequences when compared to single gRNAs, and they further demonstrated that 
cells expressing anti-HIV CRISPRs were protected from HIV infection [ 103 ]. 
Finally, Hu et al. reported an effect in CHME-5 cells, a microglial cell line of HIV 
latency, where GFP expression after activation was reduced from 76 to 17.1 % or 
3.9 % of cells for two different LTR-directed gRNAs [ 104 ].  

    Challenges for the Use of Anti-HIV Nucleases 

 While the studies described above represent important fi rst  steps   toward using 
engineered nucleases to disrupt HIV-1, much work will be needed to deliver these 
reagents to the cells in patients that harbor latent HIV-1 genomes, including those 
cells where latency may involve chromatin condensation. In addition, even when 
highly conserved HIV-1 sequences are targeted (Fig.  5 ), the potential for HIV-1 to 
mutate and evolve resistance against other therapies is well established, and it 
should be assumed that this will also be the case for HIV-specifi c engineered nucle-
ases. In this regard, targeting multiple sequences simultaneously may be advanta-
geous, including all known variants known to be tolerated at a specifi c site, although 
this would greatly increase the complexity of the therapy. In addition, in common 
with all therapeutic applications using nucleases, the potential for off-target effects 
will need to be characterized. Finally, unless a lie-in-wait protection approach is to 
be used, as described above for the Tat-inducible Tre-recombinase system, methods 
to deliver the reagents to HIV-infected cells in vivo will need to be developed. 
This requirement will be especially challenging for latently infected cells, since the 
lack of expression of HIV-1 genes means that there are no obvious signs to indicate 
that the  cells   harbor an HIV-1 genome. Thus, bulk delivery to all T cells, or select 
delivery through the use of surrogate markers of reservoir cells [ 90 ], may be needed.   

    Considerations for the Clinical Use of Engineered Nucleases 

    Strategies to Deliver Engineered Nucleases to Human Cells 

 The delivery of engineered nucleases to cells presents certain challenges, including 
 the   requirement for the co-delivery of more than one component for the ZFN, 
TALEN and CRISPR/Cas9 nucleases, and the additional inclusion of a donor 
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sequence if HDR-mediated engineering is desired. Beyond this, the extensive 
regions of repeat sequences present in the DNA binding domains of ZFNs and 
TALENs can lead to instability. However, since the permanent genetic changes that 
result from the action of engineered nucleases only require their transient expression 
in target cells, a wide variety of delivery systems could potentially be used. 

 Refl ecting their earlier development and adoption  for   clinical applications, ZFNs 
are the class of engineered nucleases that have been evaluated in the widest array of 
delivery methods. These include packaging in standard viral vectors such as adeno-
virus, adeno-associated virus (AAV) and IDLVs [ 31 ,  33 ,  81 ,  82 ,  105 – 107 ] as well as 
less frequently used systems such as baculovirus vectors [ 32 ]. In a simpler delivery 
approach, nucleases have also been introduced into cells following electroporation 
of both DNA and mRNA [ 32 ,  35 ,  45 ,  47 ,  81 ,  82 ]. Interestingly, ZFN proteins are 
also capable of direct uptake by cells, with one study reporting CCR5 disruption 
rates up to 27 % in cell lines, and 8 % in primary human CD4 T cells, using this 
approach [ 34 ]. The authors also reported lower rates of off-target disruption at 
9 sites with homology to CCR5 when compared to the rates occurring following 
transfection of ZFN DNA into 293T cells although, as noted, this may refl ect lower 
concentrations of the ZFNs when delivered by this route. In a similar approach, 
Chen et al. developed a system whereby ZFN proteins are attached to the transferrin 
molecule through a cleavable disulfi de bond [ 108 ]. Here, the ZFN proteins are taken 

  Fig. 5    Identifi cation of low entropy islands in the HIV-1 genome. 102 LTR and 442 coding region 
sequences from the Los Alamos HIV-1 sequence database were queried using the Entropy-one tool 
(  www.hiv.lanl.gov    ). Entropy measures the amount of sequence variation at each position, with 
lower entropy scores indicating higher conservation. The average entropy score across sequential 
20 bp segments was calculated and plotted, to highlight islands (red lines) of consistent low 
entropy (at or below 0.1)       
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up into cells by transferrin receptor-mediated endocytosis, and the system appears 
to function in a variety of cell types, refl ecting the broad distribution of this receptor. 
Such protein-based delivery systems may be simpler to use than viral based systems 
and, by reducing the time of exposure of the cells to ZFN proteins, may indeed 
reduce off-target effects, which are a function of both the concentration of the nucle-
ases, and the time of exposure. 

  Although   TALENs and ZFNs share many common design features, TALEN 
delivery is likely to be more complicated than ZFNs. First, TALEN constructs with 
the commonly used C63 backbone are roughly 1 kb larger (per monomer) than 
ZFNs, which complicates their use in size constrained vectors such as AAV. In addi-
tion, the 1 base pair recognition code used by the TALE repeat component is in 
contrast to the 3 bp recognition sequence of each zinc fi nger module, so that 
TALENs directed to the same target sequence contain three times as many repeating 
units as ZFNs. Such designs can cause instability in certain vector types, especially 
lentiviral vectors [ 107 ], where the high level of homology between the TALEN 
subunits can lead to rearrangements and deletions as a result of strand switching 
between the subunits of the two packaged  vector   RNAs during reverse transcription. 
A possible solution to this problem will be to make numerous silent mutations in 
each of the repeat units of the TALE to decrease homology. Alternatively, it was 
found in the same study that Ad5 vectors worked well for delivering TALENs, pro-
ducing 47–55 % gene disruption of the AAVS1 locus in HeLa cells, immortalized 
myoblasts and bone marrow-derived mesenchymal stem cells [ 107 ]. Recently 
another option was described in which the lentiviral vector delivering the TALEN 
was mutated to be unable to perform reverse transcriptase. The resulting RNA 
genome was able to express an encoded TALEN following addition of an IRES and 
poly A sequence, to mimic a mRNA [ 109 ]. 

 For all classes of engineered nucleases, current technologies are limited almost 
exclusively to methods of  ex vivo delivery  , but future broader utilization of the 
reagents will benefi t from in vivo methods of delivery, as are being developed for 
siRNAs [ 110 ], and may be possible for certain viral vectors. For example, different 
subtypes of AAV display different in vivo tropisms, and AAV vectors have been 
shown to be capable of co-delivering both ZFN monomers and a donor sequence to 
mouse hepatocytes following intraperitoneal injection of hepatotropic AAV vectors 
[ 105 ]. In addition, recent advances in retargeting lentiviral vectors, based on includ-
ing scFvs or ligands to cell surface proteins, could be exploited to allow the delivery 
of engineered nucleases to specifi c cell types in the future [ 111 – 117 ].  

    Off-Target Effects and Toxicity 

 A major concern for any clinical application of engineered nucleases is the potential 
for adverse events, including cellular toxicity [ 118 ], or nuclease modifi cation  at 
     off- target sites [ 31 ,  33 ,  119 – 121 ]). Toxicity may result from expression of the 
nucleases themselves, be a consequence of the cellular response to DNA damage, or 

Using Engineered Nucleases to Create HIV-Resistant Cells



180

result from a combination of factors that stress the cells, including the delivery 
method used. Off-target gene modifi cations can occur at sites predicted by bioinfor-
matics to be highly homologous to the desired target sequence, as well as at sites 
that are revealed by in vitro screens [ 122 ], or by DSB site capture in cells following 
NHEJ- mediated integration of IDLVs [ 123 ]. Since such off-target events and toxicities 
may be cell-type specifi c, cell line studies may not predict the outcome for primary 
human cells. Thus pre-clinical toxicology studies should include both the evaluation 
of activity at predicted off-target sites, as well as more general analyses to evaluate 
the tumorigenic potential of patient-sized doses of ZFN-treated T cells or HSC, 
using both in vitro cellular assays and following engraftment into immune-defi cient 
mice [ 30 ,  42 ]. 

 Recently, several new methods to detect off-target events have been described. For 
example, high-throughput genome-wide translocation sequencing (HTGTS) was used 
to identify translocation junctions in cells treated with I-sce meganuclease [ 124 ] and 
this method has been adapted and enhanced by Frock et al. to include linear-amplifi -
cation-mediated PCR (LAM-PCR) to identify off-target sites created by CRISPRs 
and TALENs [ 125 ]. This study confi rmed previous fi ndings that CRISPR-mediated 
off-target activity can be reduced by using CRISPR nickases [ 53 ], and also found that 
TALEN-mediated off-target effects were mostly due to homodimers [ 125 ]. 

 Other genome-wide off-target detection methods include GUIDE-seq (genome- 
wide, unbiased identifi cation of DSBs enabled by sequencing), which is based on 
detection of double-stranded oligodeoxynucleotide tags inserted into the DSBs 
[ 126 ], and the BLESS assay (breaks labeling, enrichments on streptavidin and next- 
generation sequencing), which labels DSBs with biotinylated oligonucleotides 
[ 127 ,  128 ]. Yet another method is digenome-seq (digested genome sequencing), 
which works by nuclease treatment of genomic DNA in vitro, followed by whole 
 genome      sequencing of the resulting fragments [ 129 ]. The value of these assays is 
that they don’t rely on bioinformatics predictions and so can potentially detect cryp-
tic off-target sites in a more unbiased way. However, the assays are still imperfect 
since the HTGTS, GUIDE-seq and digenome-seq all produced different sets of off- 
target sites for a VEGF-A CRISPR target site (Reviewed in [ 120 ]). 

 For the commonly used site 160 CCR5 ZFNs, off-target disruption is most com-
monly observed at the highly homologous CCR2 gene, and can reach 9–10 % of the 
rates at the CCR5 locus [ 31 ,  33 ,  49 ,  119 ,  122 ,  123 ], and increasing as the expression 
of ZFNs is increased. In this way, it may be useful to consider nuclease activity as 
having a practical plateau, with a maximum amount of on-target disruption and 
acceptable amount of off-target activity. Meanwhile, methods to reduce off-target 
activity of nucleases are also being developed. For example, both ZFNs and TALENs 
are made more specifi c through the use of engineered obligate heterodimers of the 
Fok1 endonuclease, which limits the possible pair combinations of the individual 
component monomers to the desired heterodimer [ 130 ]. In a related approach, 
CRISPR/Cas9 specifi city can be improved by requiring two guide RNA binding 
events and using a catalytically inactive Cas9 protein fused to Fok1 moieties [ 131 ]. 
Finally, altering  the      nature of the DNA-binding RVDs in TALENs can also result in 
reduced off-target effects by increasing on-target specifi city [ 47 ].   
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    Summary 

 The life-cycle of HIV-1 provides several opportunities for interventions by therapies 
based on engineered nucleases. The requirement of the virus for a cellular co- receptor, 
CCR5, that is non-essential to its human host, provides an obvious application for 
the gene disrupting capabilities of nucleases, and the use of ZFNs in this regard is 
currently the most clinically advanced application of this new class of genome 
modifying tools. Beyond that, gene disruption could be combined with HDR to 
insert additional anti-HIV genes at the CCR5 locus. In addition, the integrated 
HIV-1 genomes that persist in patients’ cells despite antiretroviral therapy can also 
be considered as a genetic target for disruption, although the challenges of deliver-
ing nucleases to the cells that harbor such latent genomes will be formidable. 
Finally, as in all gene therapy approaches that create HIV-resistant cells, it is antici-
pated that HIV-1 could be harnessed to assist in its own demise, by enabling selec-
tion for the engineered, HIV-resistant cells.     
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of Engineered Nucleases                     
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    Abstract     Genome editing is greatly facilitated by using engineered nucleases to 
specifi cally cleave a pre-selected DNA sequence. Cellular repair of the nuclease- 
induced DNA breaks by either non-homologous end joining (NHEJ) or homology- 
directed repair (HDR) allows genome editing in a wide range of organisms and cell 
lines. However, if a nuclease cleaves at genomic locations other than the intended 
target, known as “off-target sites”, it can lead to mutations, chromosomal loss or 
rearrangements, causing gain/loss of function and cytotoxicity. Although zinc fi nger 
nucleases (ZFNs), TAL effector nuclease (TALENs), and CRISPR/Cas9 systems 
have been used successfully to create specifi c DNA breaks in cells, they lack perfect 
specifi city and may result in off-target cleavage. Methods have been developed to 
predict and to quantify the off-target cleavage events, which are very important for 
optimizing nuclease design and determining if the gene editing approaches are 
highly specifi c. These methods have the potential to signifi cantly facilitate the 
design of engineered nucleases for genome editing applications.  

  Keywords     Gene editing   •   Nucleases   •   Off-target   •   Specifi city   •   TAL effector 
 nuclease (TALEN)   •   Zinc fi nger nuclease (ZFN)   •   CRISPR/Cas9  

  Abbreviations 

   bp    Base pairs (of nucleic acid)   
  Cas9    CRISPR associated protein 9, an endonuclease from  Streptococcus 

pyogenes    
   CCR5     The chemokine (C-C motif) receptor 5 gene   
  CRISPR    Clustered regularly interspaced short palindromic repeats   
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  CRISPR/Cas9    The combination of guide RNA and associated protein required 
for DNA cleavage   

  DSB    Double strand break   
  FokI    An endonuclease derived from  Flavobacterium okeanokoites    
  gRNA    Guide RNA, used in the CRISPR/Cas9 system   
   HBB     The hemoglobin beta gene, also known as beta-globin   
  HDR    The homology directed DNA repair pathway   
  IDLV    Integrase defi cient lentiviral vector   
  indel    A short insertion, deletion, or combined insertion and deletion of 

DNA   
  NGS    Next generation sequencing, platforms such as Illumina fall in this 

category   
  NHEJ    The non-homologous end-joining DNA repair pathway   
  RVD    Repeat variable di-residue, the two amino acids in TAL repeats 

that specify the DNA base   
  SMRT    Single molecule real-time, a third generation sequencing 

platform   
  TALEN    Transcription activator-like effector nuclease   
  ZFN    Zinc fi nger nuclease   

        Introduction 

 Engineered nucleases cleave their target site DNA to facilitate genome editing, 
which occurs using cellular repair pathways. DNA cleavage dramatically increases 
the frequency of gene editing through homologous recombination (HR) with a sup-
plied donor DNA [ 1 ,  2 ], and effi cient gene knockout can be achieved by triggering 
the non-homologous end-joining (NHEJ) repair pathway that results in small inser-
tions and deletions (indels) at the site of the break. Of course, ensuring only one 
cleavage spot in a large genome presents challenges. Engineered nucleases need to 
minimize off-target cleavage, which can lead to mutations, chromosomal loss or 
rearrangements, changes in gene regulation and cytotoxicity. There have been a 
number of nucleases used to create these specifi c breaks, including meganucleases 
[ 3 ,  4 ], zinc fi nger nucleases (ZFNs) [ 5 – 7 ], TAL effector nuclease (TALENs) [ 8 – 11 ] 
and most recently CRISPR/Cas9 [ 12 – 14 ]. Each of these types of nuclease lacks 
perfect specifi city and has been found to have off-target cleavage, even naturally 
evolved meganucleases, also known as homing endonucleases, such as I-SceI [ 15 ]. 

 Cleavage by each of these nuclease families generally results in DNA double- 
strand breaks at their target site and at off-target genomic sites. Different families of 
nucleases are prone to cleave different types and numbers of off-target sites. Within 
a family, variations in targeting also lead to dramatic changes in off-target site cleav-
age. Therefore, it is important to choose the variant optimal for a given application 
in order to best balance activity and specifi city. It is also important to understand the 
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aspects of each variant because it will impact the search parameters for off-target 
sites throughout the genome. 

 There are various strategies to determine off-target effects of nucleases. The sim-
plest are bulk measures of overall off-target activity through observing effects on 
the overall cell population, such as an increase in DNA repair foci, cell cycle dys-
regulation, or an increase in cell death. More intricate strategies focus on fi nding the 
specifi c sites of off-target cleavage and measuring the nuclease-induced mutation 
rates at those sites. Most methods to locate site-specifi c off-target activity follow a 
common framework (Fig.  1 ). First, a list of potential off-target sites are predicted in 
the genome based on experimental characterization of the nucleases (in cells or in 
vitro) or through  in silico modeling  . Then, these loci are analyzed in cells treated 
with nucleases in order to identify which sites are  bona fi de  locations of nuclease 
off-target activity and which sites are false positive predictions.

       Factors Infl uencing Off-Target Activity 

 When choosing engineered nucleases systems, it is important to assess the accept-
able risk and (Fig.  1 ) level of off-target effects that is tolerable for each application. 
Each nuclease family, and variations of those nucleases, offers tradeoffs between 
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  Fig. 1    Locating nuclease off-target activity. Off-target sites are predicted through either in vitro, 
cellular, or in silico techniques, which generate a list of potential off-target sites. Genomic DNA is 
harvested from cells treated with nucleases, the sites are amplifi ed, tested and a subset validated as 
bona fi de off-target sites       
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activity and specifi city. Furthermore, when using strategies to determine off-target 
effects, it is important to understand what types of off-target sites are more likely in 
order to adjust in silico modeling parameters, the composition of oligonucleotide librar-
ies for in vitro analysis, or the search parameters used to locate the potential cleavage 
site within the genomic region identifi ed by an in vivo technique accordingly. 

    Zinc Finger Nucleases 

 C 2 H 2 -type zinc fi ngers are the most  abundant   DNA-binding motif in the human 
genome [ 16 ]. Zinc fi nger  DNA   binding domains consist of arrays of individual zinc 
fi nger modules each comprising ~30 aa, which form a ββα-fold stabilized by hydro-
phobic interactions and the chelation of a zinc ion [ 17 ,  18 ]. Each zinc fi nger domain 
generally recognizes 3–4 nucleotides, but some fi ngers have relaxed specifi city. 
Zinc fi ngers are modular and can be assembled for targeting novel sequences, 
though positional effects and context limit the success rate [ 19 ,  20 ]. Artifi cial 
restriction enzymes are created by linking zinc  fi nger   DNA binding domains with 
the catalytic domain from the bacterial endonuclease FokI,  creating   zinc fi nger 
nucleases (ZFNs) [ 21 ,  22 ]. This work developed from the observation that the cata-
lytic domain of FokI was sequence non-specifi c, separable and could be replaced 
with other DNA binding domains [ 21 ]. Specifi city is greatly increased by the 
requirement for correct binding of two ZFNs to half-sites with correct orientation 
and spacing. This allows the two FokI domains to dimerize and cleave the interven-
ing sequence [ 23 ]. The individual zinc fi ngers can be changed, or the framework can 
remain constant and the contact residues in the zinc fi nger changed to direct ZFNs 
to novel sequences [ 6 ,  24 ]. ZFNs have been shown to have off-target cleavage and 
cytotoxicity [ 25 – 30 ]. Research continues to improve specifi city through modifi ca-
tions and further refi nement of each aspect of the ZFNs, as described below. 

    Protein-DNA Interactions 

 A number of methods were used in hopes  of   decreasing ZFN off-target cleavage and 
toxicity. Much of this research was directed at improving specifi city through better 
understanding of protein-DNA binding and use of more specifi c nucleases [ 31 ]. 
Selection experiments were used to identify tighter binding zinc fi nger domains 
using phage display [ 32 – 35 ] and bacterial systems, which may also take into 
account specifi city through competition with bacterial chromosomes [ 36 – 38 ]. 
Several selection-based platforms have allowed selection of many zinc fi ngers 
domains, but remain diffi cult methods [ 39 ,  40 ]. Targeting non guanine-rich 
sequences remains more diffi cult for ZFNs.    Overall though, methods to improve 
ZFN specifi city have failed to make dramatic improvements.  
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    Poly-Zinc Finger Arrays 

 Increasing the number of zinc  fi ngers   in artifi cial transcription factors or ZFNs can 
lead to high affi nity DNA binding. Four and six fi nger zinc fi nger domains were 
often constructed linking series of two fi nger units [ 41 ]. Several groups have 
increased the number of zinc fi nger domains to increase DNA binding domains’ 
affi nity and/or specifi city [ 42 ,  43 ], though there has been little comparative work to 
validate the approach by comparing arrays targeting the same location with differ-
ent number of fi ngers. A six-fi nger zinc fi nger linked to a repression domain was 
shown to have high specifi city in down regulating only its targeted gene [ 44 ]. As 
this was a repression domain, off-target binding at silent genes could not be 
observed, nor was this compared to similarly targeted repressors containing fewer 
fi ngers. A recent comparison of on- and off-target cleavage directly compared a 
three-fi nger and a four-fi nger ZFN pair targeting overlapping sites. The four-fi nger 
ZFN pair had higher on-target cleavage, and lower off-target cleavage [ 45 ]. However, 
additional fi nger domains do not always ensure high specifi city; a substantial 
amount of off-target activity was observed in cultured rat cells for a pair of fi ve- 
fi nger CompoZr ZFNs designed by Sigma-Aldrich [ 46 ]. Sensitive sequencing 
methods will allow further work comparing ZFNs with different number of 
fi ngers.  

    Protein Linker Domains 

 Research was also conducted  to   optimize the use of linkers between individual zinc 
fi nger domains within a ZFP or ZFN [ 41 ,  47 ], but no general rules were derived 
applicable to all situations. An alternative approach was to increase specifi city by 
decreasing non-specifi c DNA interactions between the linker and DNA [ 48 ]. When 
the linker between the zinc fi nger domains and the FokI domain was varied, it 
changed the half-site spacing requirement, impacting locating on- and off-target 
cleavage sites [ 49 ].   

    Transcription Activator-Like Effector Nucleases 

  Transcription activator-like effectors (TALEs)      are a family of DNA binding pro-
teins, discovered in the plant pathogen  Xanthomonas  [ 10 ,  11 ,  50 ,  51 ]. Artifi cial 
restriction enzymes were created by linking the TALE DNA binding domains with 
the same sequence non-specifi c catalytic domain used in ZFNs from the bacterial 
endonuclease FokI, thus creating TALENs [ 52 ]. As with ZFNs, the key component 
of their specifi city is the requirement for correct binding of two TALENs to two 
half-sites with correct orientation and spacing [ 23 ]. 
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    Protein-DNA Interactions 

 Each TALE DNA-binding domain contains repeats of 33–35 amino-acids that differ 
primarily in the 12th and 13th position of each repeat—termed  the       repeat-variable 
di-residues (RVDs)[ 50 ]. TALEN specifi city is conferred through the RVDs using a 
DNA binding code that was derived from naturally occurring TALE target sites 
[ 53 ]. TALE or TALEN DNA binding domains can be easily designed because a 
simple one-to-one relationship exists between each RVD and the preferred nucleo-
tide [ 10 ,  11 ,  54 ]. Although binding to adenine, cytosine and thymine is straightfor-
ward, there are several RVDs that bind to guanine; the most common RVD, “NN” 
(Asparagine-Asparagine), binds to both guanine and adenine  with      nearly equal 
affi nity. TALENs containing the “NN” RVD tend to have better activity, but show 
more off-target activity than those TALENs containing the “NK” (Asparagine- 
Lysine) RVD [ 45 ].  

    Protein Linker Domains 

  Non-canonical linkers   within the DNA binding domain of TALENs have not yet 
been investigated, but there are several alternative linkers that have been tested to 
connect the TAL repeats to the FokI domain. These different linkers consist of dif-
ferent lengths of the natural  AvrBs4  TALE backbone that are preserved C-terminally 
from the end of the TAL repeats; for example, the commonly used +63 linker pre-
serves the fi rst 63 amino acids from the  AvsBs4  backbone before truncating the 
backbone and fusing it to the FokI domain. Although some publications found that 
certain linkers can provide higher TALEN activity at the intended target site, results 
have been mixed [ 54 ,  55 ], except for strong evidence that the full  AvsBs4  backbone 
(termed the +231 linker) yields much lower activity than shorter truncations [ 52 , 
 56 ]. However, it is clear that different linkers have a dramatic effect on the range of 
spacing distances between the two TALEN half-sites over which effective cleavage 
can occur. 

 A design tradeoff exists between choosing a linker that allows a wider half-site 
spacer range and one that allows a more limited range. A wider  range   allows more 
fl exibility in choosing an intended TALEN target site. However, this creates a 
greater potential for off-target activity, as mismatched half-sites throughout the 
genome separated by a larger number of spacer distances could be susceptible to 
TALEN cleavage. The +63 linker is the most commonly used length, and generally 
allows cleavage with spacers ranging from 10 to 30 bp, although detectable activity 
has been observed with a spacer as small as 6 bp [ 55 ] and as large as 39 bp [ 54 ]. A 
+47 linker was shown to provide a somewhat stricter range than the +63 linker, but 
was still quite tolerant of spacers from 12 to 21 bp [ 55 ]. Using a +18 linker was 
reported to only allow cleavage with spacers from 13 to 17 bp (and greatly reduced, 
but detectable, cleavage at 24 bp) [ 54 ]. A +17 linker was reported to provide a 
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 similar limitation in spacers, allowing 9–18 bp spacers as well as 21 bp [ 55 ]. If 
limiting off-target activity is a major concern for the intended application, then a 
shorter (+17 or +18) linker is recommended. 

 One group attempted to re-engineer the C-terminal linker to provide greater 
specifi city [ 57 ]. They replaced either three or seven cationic amino acids with glu-
tamine in order to limit non-specifi c interaction of the C-terminal domain with 
DNA. While the results in vitro were very promising (showing little reduction in 
on-target activity coupled with a substantial decrease in off-target cleavage), the 
on- target activity in cultured cells was severely compromised. Nevertheless, further 
work may show that this approach is benefi cial in situations with an extremely low 
tolerance for off-target cleavage.   

    Modifi cations to the FokI Domain of ZFNs and TALENs 

 Both ZFNs and TALENs employ the catalytic domain from the FokI endonuclease 
to cleave DNA. Although attempts have been made to attach ZFNs or TALENs to 
alternate cleavage domains, such as PvuII [ 58 ] or I-TevI [ 59 ], FokI remains the most 
widely used. Several improvements and alterations have been made to the FokI 
domain that should be considered for use in different genome engineering 
applications. 

    Obligate Heterodimers 

 ZFNs were originally designed to function  as   heterodimeric pairs made up of a 
“left” ZFN and a “right” ZFN with identical FokI cleavage domains. If an off-target 
site consisted of two “left” or two “right” right half-sites, it was therefore possible 
for the FokI domains from two ZFNs to homodimerize and create a DSB, doubling 
the number of potential off-target binding confi gurations. In practice, homodimers 
often account for a disproportionately large fraction of off-target sites [ 28 ,  45 ], 
because one ZFN is much less specifi c than the other. To address this issue, the FokI 
dimerization interface was re-engineered to inhibit homodimerization [ 60 ,  61 ]. 
While effective at reducing or eliminating homodimeric off-target effects [ 60 ,  61 ], 
some earlier versions were found to reduce on-target activity as well [ 29 ]. 
Heterobligate constructs greatly reduced off-target events at homodimeric sites, but 
some thorough studies found that ZFNs that were thought to be obligate heterodi-
mers had rare off-target cleavage and mutagenesis at homodimeric sites [ 27 ,  28 ]. 
The most prevalent obligate heterodimeric FokI pair in current use is the “ELD/
KKR” set, containing triple mutations in each FokI domain, which has been found 
to often have comparable on-target activity to the wild-type FokI domain both for 
ZFNs [ 62 ] and TALENs [ 63 ].  
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    Sharkey Enhancement 

 Directed evolution was  applied   to the FokI domain to enhance ZFN cleavage activ-
ity [ 64 ]. Several mutants were found that increased activity up to ~10-fold in mam-
malian cells and some were also compatible with the obligate heterodimer FokI 
architectures. The most effi cient of these mutants (S418P, K441E) was called 
“Sharkey”. Although on-target activity is increased, Sharkey has been found to 
increase bulk measures of ZFN off-target activity in cells, even when used in con-
junction with obligate heterodimer architecture [ 25 ], and so its use is cautioned 
when off-target effects are a major concern. A thorough comparison of the use of 
Sharkey vs. wild-type TALENs has not yet been reported.  

    Nick Only 

 If the desired DNA repair pathway for an application is gene editing through homol-
ogy directed repair (HDR), as opposed to mutagenic non-homologous end-joining 
(mutNHEJ), an option to reduce off-target activity is the use of “nick-only” enzymes. 
The D450A mutation in FokI inactivates the catalytic domain of that ZFN and ren-
ders it unable to cleave the DNA strand. Therefore, when one active and one inac-
tive ZFN bind and the two FokI domains dimerize, they do not create a double 
strand break, but break the backbone of only one of the strands of DNA, creating a 
“nick”. Resolution of a DNA nick is much less likely to use the NHEJ pathway and 
therefore much less likely to result in mutations [ 65 ].  ZFNickases   have been shown 
in human cells to be able to induce HDR at the target site while only creating a very 
low level of mutNHEJ events compared to standard ZFNucleases [ 65 ]. The absolute 
rate of HDR caused by the nickases however was substantially reduced compared to 
nucleases. Although not yet demonstrated, the combination of ZFNickases with 
obligate heterodimer architecture should theoretically drastically reduce or even 
eliminate any off-target activity. TALENickases have not yet been reported, although 
unpublished data indicate that using a TALEN pair with one inactivated (D450A) 
 FokI   domain may still result in mutNHEJ at the on- and off-target sites in some 
instances.   

    CRISPR/Cas9 Systems 

 Another type of engineered  nuclease   was developed that does not rely on protein- 
DNA interactions to direct specifi c cleavage, but instead was based on the discovery 
of a bacterial defense system that uses RNA-guided DNA cleaving enzymes  and 
  clustered, regularly interspaced, short palindromic repeats (CRISPR) [ 66 – 70 ]. 
CRISPR provides an exciting alternative to ZFNs and TALENs, as the CRISPR- 
associated (Cas) protein remains the same for different gene targets; only the short 
sequence of a single guide RNA (sgRNA) needs be changed to redirect the 
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site-specifi c cleavage [ 12 ,  14 ]. Each construct is made by simply adding a pair of 
annealed oligonucleotides. This is in stark contrast to ZFNs and TALENs, which 
require redesign of the protein—and reconstruction of the plasmids—in order to 
target novel sequences [ 71 ]. 

    gRNA-DNA and PAM Interactions 

 Early studies on CRISPR/Cas9 systems suggested high off-target  activity         could 
occur with nonspecifi c binding of the guide strands to DNA sequences with base 
pair mismatches at positions distal from the protospacer adjacent motif (PAM) 
region [ 12 ,  13 ,  72 ,  73 ]. CRISPR systems have also been found to cleave sequences 
with mismatches closer to the PAM site as well [ 55 ,  65 ,  74 – 76 ]. A clear understand-
ing of “rules” governing CRISPR off-target cleavage has not been achieved and 
there appear to be strong infl uences of the specifi c sequence of the guide RNA 
(gRNA). However, a general trend has been observed that mismatches in the “seed” 
region closer to the PAM are less tolerated than distant mismatches.  The         PAM 
appears to be the most critical region for determining specifi city, with a single mis-
match being able to completely abolish cleavage at that location in most cases [ 77 , 
 78 ]. The preferred PAM sequence for the most commonly used Cas9 variant (derived 
from  Streptococcus pyogenes , also called SpCas9) is any nucleotide followed by a 
pair of guanines (the motif NGG), although off-target sites with NAG PAMs also 
seem to be well tolerated [ 79 – 81 ]. Different CRISPR systems target different PAMs, 
varying in length and sequence preference, and further work on Cas molecules with 
longer PAM requirements may allow for increased specifi city [ 82 ]. Recent work has 
also suggested that it may be possible to lower off-target activity by deploying sepa-
rate transactivating CRISPR RNA (tracrRNA) and CRISPR RNA (crRNA) rather 
than a single gRNA (sgRNA) [ 83 ].  

    Modifi cations to Cas9 

 Although studies are  rapidly   revealing more about the structure [ 84 ] and mechanism 
[ 85 ] of Cas9 cleavage, thus far Cas9 has not yet been re-engineered in the variety of 
ways as FokI, however there have been several modifi cations developed that can 
mitigate off-target activity. Similar to FokI, “nick only” mutants of Cas9 have been 
generated by inactivating one of the cleavage domains of Cas9 through either the 
D10A mutation or the H840A mutation [ 86 ,  87 ]. These CRISPR nickases still trig-
ger on-target HDR, while greatly reducing off-target levels of NHEJ. Pairs of 
CRISPR nickases have been used to generate offset nicks that are repaired by NHEJ 
similar to DSBs [ 86 ,  87 ]. As single nicks at off-target sites cause mutations at a 
much lower frequency than DSBs caused by nucleases (50–1500 fold lower [ 86 ]), 
using nickase pairs decreases standard Cas9 off-target activity by requiring that two 
off-target sites exist within ~100 bp of each other in order for a double strand break 
to occur.    Fusion proteins consisting of FokI and a catalytically inactivated Cas9 
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have also been generated which require dimerization of the two FokI domains for 
cleavage in a similar manner to ZFNs and TALENs [ 88 ,  89 ]. While single nicking 
by Cas9 at an off-target site can still induce low rates of NHEJ, these RNA-guided 
FokI Nucleases (RFNs) have been shown to have even greater specifi city and no 
detectable NHEJ was observed by deep sequencing at sites previously identifi ed as 
having low off-target activity by Cas9 nicking (using the same gRNA).    

    Bulk Assays of Off-Target Activity 

 If nuclease activity can be observed at the intended target site and gross cytotox-
icity is not readily visible in treated cells, bulk assays can be used as a fi rst step 
in determining the level of off-target activity. These assays provide information 
on whether the nucleases are causing DNA breaks in suffi cient quantity through-
out the genome to adversely affect the properties of the bulk cell population. A 
common negative control for these assays is the meganuclease I-SceI, available 
in a mammalian expression plasmid from AddGene (#21299). The high level of 
specifi city seen with I-SceI does not typically induce signals of bulk off-target 
activity. 

    γH2AX Foci 

 Double strand breaks in the genome cause the rapid appearance of phosphory-
lated  histone H2AX (γH2AX)   at the site of the DNA break [ 64 ].  Substantial 
  nuclease off- target activity will result in the appearance of many of these 
foci that can be visualized using microscopy or fl ow cytometry. A commercial 
kit for fl ow cytometry analysis is available from Millipore (Catalog #17-344) 
and its use for detecting nuclease off-target activity was described by Guo 
et al. [ 64 ].  

    Cell Cycle Disregulation 

 DSBs occurring throughout  the   genome due to nuclease off-target activity can pre-
vent transition between different phases of the cell cycle, until the breaks are 
repaired. HeLa FUCCI cells (originally described by Sakaue-Sawano et al. [ 90 ] and 
available from Amalgaam) are an easily transfectable system that offer fl uorescent 
readouts to determine which of three phases of the replication cycle a cell is in: G 1 , 
G 1 /S, or S/G 2 /M. The use of this assay for detecting nuclease off-target activity was 
described by Mussolino et al. [ 30 ].  
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    Apoptosis and Cell Viability 

 If cells are unable to repair the DSBs caused by nuclease off-target activity, the cells 
may commence  apoptosis      or show other signs of reduced viability. An increase in 
AnnexinV-positive cells is observed with increased apoptosis [ 30 ]. Alternatively, 
cells that uptake the dye 7-aminoactinomycin D (7-AAD) are no longer viable. 
Although 7-AAD cannot distinguish between apoptosis and necrosis, it is a very 
cheap and easy method that has the advantage over the propidium iodide (PI) viabil-
ity dye because the fl uorescent spectrum of 7-AAD does not overlap with many 
fl uorescent proteins  commonly      used as transfection controls [ 91 ].  

    Loss of Fluorescence 

 If nucleases are being delivered  as   DNA into cells, then a common and straightfor-
ward assay involves co-delivering a fl uorescent protein such as eGFP [ 74 ]. The 
percentage of cells that are fl uorescent is then measured at two different time points 
(commonly 2 and 5 days after transfection). Presumably, if cells were fl uorescent at 
an earlier timepoint, then they also received the nucleases. Therefore, the percent 
loss of fl uorescence (i.e. 40 % at Day 5 divided by 80 % at Day 2 equals 50 % loss 
of fl uorescence) can be used as an indication of how toxic the nucleases. This 
approach measures the effect of cells within a population which received nuclease 
exhibit reduced viability compared to cells in the same population that did not 
receive the nuclease.   

    Experimental-Based Off-Target Site Prediction Methods 

 Most previous studies of nuclease off-target activity have used experimental char-
acterization of the specifi c nuclease in order to predict potential off-target sites. 
 Although   experimental-based prediction methods are generally quite effective 
(nearly all publications employing them have located at least one  bona fi de  nuclease 
off-target site), they are very technically challenging, costly, and time intensive. 
Because of the diffi culty of implementing these techniques, most have never been 
replicated outside of the original laboratories in which they were developed. 

    SELEX 

  Systematic Evolution of Ligands by Exponential Enrichment (SELEX)      is an estab-
lished technique for determining nucleic acid sequences that have high affi nity for 
target molecules. This approach has been used to ascertain nuclease specifi city in 
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works from the laboratories of Sangamo Biosciences. SELEX (Fig.  2 ) has been 
used to determine the binding preference of ZFNs [ 92 ,  93 ] and TALENs [ 52 ,  75 ,  76 ] 
and subsequently to guide bioinformatics searches for potential genomic off-target 
sites. The general approach is to (1) genetically tag the nuclease with an affi nity 
molecule, such as hemagglutinin (HA), (2) express the nuclease in vitro, (3) incu-
bate it with a semi-randomized library of oligonucleotides (usually biased towards 
the expected binding site of the nuclease), (4) capture the nuclease protein using 
antibodies, and (5) PCR the bound DNA fragments to amplify them. Steps (3)–(5) 
are then repeated for multiple rounds of enrichment with the PCR products from 
step (5) replacing the initial semi-randomized library in step (3). After the desired 
number of selection rounds, the PCR amplicons are sequenced to determine the 
identity of the selected DNA. SELEX typically yields 20–50 unique sequences that 
were bound by the nucleases or DNA binding domains [ 52 ]; if too few or too many 
unique sequences are found, amplicons from prior rounds can be sequenced or addi-
tional rounds of selection can be carried out. These sequences can be compiled to 
form position weight matrices (PWMs) indicating the binding preferences of the 
nuclease at each position (Fig.  2 ).

   Once PWMs for each nuclease half-site have been established, the genome can 
be searched bioinformatically and scores calculated for each position. Each poten-
tial bi-partite nuclease off-target site—one half-site, separated by an appropriate 
length spacer sequence, and the other half-site—can be given a score by calculating 
the product of the values of the PWM for each nucleotide comprising the potential 
off-target site (Note: the authors from Sangamo did not publish their formula for 
generating a score from the PWMs, but calculating the product of all positions 
 provides a close approximation [ 94 ]). All sites in the genome can then be ranked 
and a subset can be chosen for further investigation. 

 This technique has faced several criticisms,       but has proven remarkably robust 
at fi nding off-target sites for both ZFNs and TALENs. Drawbacks of this technique 

  Fig. 2    ZFN targeting specifi city. A position weight matrix defi ning the specifi city of the CCR5 
ZFNs based on SELEX analysis. From Perez, EE, et al. (2008) Establishment of HIV-1 resistance 
in CD4+ T cells by genome editing using zinc-fi nger nucleases. Nat Biotechnol, 26, 808-816. With 
permission from Nature Publishing Group       
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include the fact that it only provides information about the binding preferences of 
each nuclease half-site, therefore ignoring interactions between the two half-sites 
required for nuclease cleavage. Another limitation is that it is performed com-
pletely in vitro, therefore ignoring changes that may occur to the protein in the 
cellular environment as well as ignoring any factors that may affect the genomic 
DNA at the potential off-target sites in the cells, such as chromatin structure, 
accessibility, and methylation status. Finally, because the starting oligonucleotide 
library is only semi-randomized, this method is biased towards fi nding sites with 
relatively high homology to the intended nuclease target. Nevertheless, this has 
been the most published experimental characterization technique for successfully 
fi nding nuclease off-target sites and is one of only two experimental-based pre-
diction technique thus far published that has found  bona fi de  TALEN off-target 
sites [ 75 ,  76 ].  

    Bacterial One-Hybrid 

 The  bacterial one-hybrid (B1H) approach      is similar to SELEX in that it analyzes the 
binding preferences of nuclease monomers. To begin, a library of reporter plasmids 
is generated with a semi-randomized (biased towards the intended nuclease target) 
region upstream of the reported gene. This library is co-transformed into bacteria 
along with a plasmid encoding the nuclease DNA binding domain fused to a tran-
scriptional activator [ 29 ].  E. coli  colonies expressing the reporter gene, due to the 
nuclease DNA binding domain having suffi cient affi nity for the sequence in the 
plasmid to be able to activate the gene, are selected and the plasmid is sequenced to 
determine the sequence of the semi-randomized binding site. All sequences recov-
ered from the  E. coli  colonies are compiled to create a PWM that can be used to 
screen the genome for potential off-target sites in the same way as the SELEX 
method. Using B1H for nuclease off-target prediction was developed by Scot 
Wolfe’s laboratory which has been the only group to employ this method so far, and 
only for predicting off-target activity of ZFNs [ 29 ]. This approach faces many  of      the 
same criticisms as SELEX relating to the analysis of single monomers, but it has the 
advantage of being performed in a cellular (albeit bacterial and not eukaryotic) envi-
ronment which may better model protein-DNA interactions than a completely in 
vitro analysis.  

    In Vitro Cleavage 

 Unlike the previous two prediction methods that separately characterize the DNA 
binding abilities of each monomer,  in vitro cleavage assays   explicitly investigate 
which DNA sequences in a random pool can be cut by a nuclease [ 27 ]. This approach 
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has been applied to ZFNs [ 27 ], TALENs [ 57 ], and CRISPRs [ 95 ], but has only been 
utilized in studies published by David Liu’s laboratory. In this approach, a semi- 
randomized oligonucleotide library is synthesized that consists of the full nuclease 
recognition site. For paired nucleases (such as ZFNs, TALENs, or paired CRISPR 
nickases), the half-sites of both monomers are included, separated by appropriate 
length spacer sequences. The nuclease is then expressed in vitro, and incubated with 
the oligonucleotide library. Several enzymatic and gel isolation steps allow separa-
tion of sequences cleaved by the nuclease. Libraries are deep sequenced before and 
after nuclease incubation to identity the sequences cleaved by the nuclease. A bio-
informatics search is then performed to determine if any of the sites that were 
cleaved in vitro also exist in the genome of interest.  These   sites can then be assayed 
for off-target activity. 

 There are several advantages and limitations of this technique. By examining 
nuclease cleavage instead of merely binding, insights were gained in the original 
study [ 27 ] that led to the hypothesis of an “energy compensation” model of dimeric 
ZFN interactions where larger numbers of mismatches in one half-site can be com-
pensated by few or no mismatches in the other half-site. However, as this technique 
is performed entirely in vitro, effects of the cellular environment on the nuclease 
and genomic DNA are not accounted for. Furthermore, since the oligonucleotide 
library is semi-randomized, the analysis is biased towards fi nding sites with higher 
levels of homology to the intended nuclease target site. 

 An extension to this approach was recently developed to make better use of 
the large amount of data generated [ 26 ]. The original applications of this method 
searched through genomes to fi nd  exact  matches to sequences that had been 
cleaved [ 27 ,  95 ], but those sequences that matched the genome were only a 
small fraction of the total sequences that the nuclease was shown to be able to 
cleave. By applying a Bayesian machine learning algorithm to the full list of 
sequences that the  CCR5  and  VEGF  ZFNs were confi rmed to cleave in the origi-
nal study, classifi ers were developed for each nuclease that could generate a 
score for any given sequence predicting the likelihood of cleavage. The full 
genome was then screened bioinformatically—in a similar manner to the PWM 
screening in the SELEX and B1H methods—for sites that scored highly by the 
classifi er. The analysis of off-target activity at the sites predicted by this method 
demonstrated that it could locate  bona fi de  off-target sites with relatively low 
sequence homology and sites that have low activity. Impressively, this method 
also appears to have a fairly low false discovery rate that resulted in the analysis 
locating a large number of new  bona fi de  off-target sites for both the  CCR5  and 
 VEGF  ZFNs [ 26 ] and two TALENs targeting  CCR5  and  ATM  [ 57 ]. Unfortunately, 
 the   incredibly diffi cult and time consuming nature of this approach that must be 
performed for each nuclease to be studied—conducting the in vitro cleavage 
experiments and then subsequently building a Bayesian classifi er using machine 
learning—will likely severely limit the number of nucleases that are studied 
using this method.  
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    IDLV LAM-PCR 

 Integrase-Defi cient Lentiviral Vector Linear Amplifi cation Mediated Polymerase 
Chain Reaction (IDLV LAM-PCR) is one of the two off- target      prediction methods 
that is performed in the full intracellular environment. This approach was developed 
by Christof von Kalle’s laboratory [ 28 ]. In this approach, the cells are transduced by 
an IDLV encoding a selectable marker, such as green fl uorescent protein (GFP). 
Because the virus is integrase defi cient, its ability to integrate into the genome is 
severely limited. Therefore, cultured dividing cells would rapidly dilute the IDLV 
gene sequence after several weeks, as it is not replicated during cell division. If 
nucleases are added, the resulting DSB can lead to a much higher effi ciency of 
IDLV integration into the cellular genome. In this case then, after culturing dividing 
cells for several weeks, a larger fraction of nuclease treated cells express the select-
able marker compared to control cells. These cells are then selected and viral inte-
gration site analysis is performed. Briefl y, their approach was to use LAM-PCR on 
the genomic DNA using primers that bind to the long terminal repeat (LTR) regions 
of the IDLV. The amplicons resulting from LAM-PCR include a portion of the 
genomic sequence fl anking the LTR, and therefore the location of the integration 
site of the IDLV can be deduced by high-throughput sequencing of the amplicons. 
Clustered integration site (CLIS) analysis is performed to fi lter out much of the 
random integration by imposing a criteria that two independent integration sites 
must be observed within 500 bp of each other in order for that locus to be consid-
ered a potential site of nuclease activity (although fragile sites in the genome are 
also prone to clustered integration sites). The next step is to search the sequence 
space surrounding the CLIS locus for a region with homology to the intended nucle-
ase target that might be a location of  bona fi de  nuclease cleavage activity; random 
sequence space has an expected level of ~45 % homology to the nuclease target 
[ 28 ], so sequences with >60 % homology to the nuclease target are likely candi-
dates. The predicted off-target sites can then  be      interrogated in cells treated with 
nucleases without the IDLV. 

 The major limitation of this approach is its lack of sensitivity. This drawback is 
an inherent part of the method since the underlying process relies on the relatively 
rare event of the IDLV being captured during the repair of a DSB. Consequently, 
many off-target sites, especially those with lower activity, are overlooked; the IDLV 
LAM-PCR analysis of the hetero-obligate  CCR5  ZFNs [ 28 ] predicted only four of 
the 38 known off-target sites [ 26 ,  45 ]. This method has been successfully used to 
locate ZFN [ 28 ], TALEN [ 96 ], and CRISPR [ 96 ] off-target sites and provides an 
unbiased survey of any highly active off-target sites in the full intracellular environ-
ment with the cell’s genome in its native structure. Because it is not biased by 
 oligonucleotide selection libraries, this method was able to locate  bona fi de  off-tar-
get sites with extremely low (66 %) homology to the intended nuclease target [ 28 ]. 
As this method lacks sensitivity, it may not be optimal for testing nucleases for 
potential use as human therapeutics—or other applications where even rare off-tar-
get cleavage could cause adverse events—but it remains a highly useful research 
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tool because its unbiased  nature      allows it to uncover sites that might not fi t standard 
models of nuclease specifi city used to guide the generation of oligonucleotide 
libraries or in silico searches.  

    ChIP-Seq 

  Chromatin immunoprecipitation followed by deep sequencing (ChIP-Seq)      is a well- 
established method for determining what sequences in a genome a certain protein 
binds. ChIP-Seq involves genetically tagging the nuclease with an affi nity epitope 
(commonly hemagglutinin) and catalytically inactivating the nuclease (so that it 
binds but does not cleave DNA), expressing the modifi ed nuclease in cells, cross- 
linking the protein and DNA together, shearing the genomic DNA into smaller frag-
ments, purifying the nuclease (and the DNA fragments to which it is cross-linked) 
using antibodies (immunoprecipitation), sequencing the DNA fragments bound to 
the nuclease, and then mapping those sequences to the genome. In early 2013 it was 
noted how well the idea of ChIP-Seq seemed to be suited to facilitating an unbiased 
genome-wide survey of nuclease off-target activity in living cells [ 71 ], but the 
results of recent studies thus far have not been as promising as initially hoped. 

 Dimeric nucleases—such as ZFNs, TALENs, RFNs, and paired Cas9 nickases—
present special challenges for ChIP-Seq. As noted in an unsuccessful attempt in late 
2013 to use ChIP-Seq to identify off-target sites of the  CCR5  ZFNs: “thousands of 
high affi nity monomeric target sites may exist in the genome, however a monomer 
is not suffi cient to generate a lesion. Alternatively, dimeric ZFN sites that are bound 
weakly by both monomers may be suffi cient to cleave DNA at a low frequency but 
may not bind stably enough to be detected reliably via ChIP” [ 26 ]. 

 Because Cas9 can act as a  monomeric      nuclease, three groups attempted to use 
ChIP-Seq to locate CRISPR/Cas9 off-target sites in early 2014. While Cas9 binding 
was observed at many (up to thousands, depending on the gRNA used) sites through-
out the genome other than the intended target site, off-target nuclease activity 
(NHEJ) was only found at a tiny fraction of the sites interrogated by two of the 
groups [ 97 ,  98 ], indicating that this method has a very high false positive rate as a 
method of discovery of off-target nuclease activity. The other group (Kuscu et al.) 
claimed to have found  bona fi de  nuclease activity at 53 % of the sites predicted by 
their ChIP-Seq experiments [ 99 ]. However, large discrepancies in the results of 
Kuscu et al. when applying different window sizes to look for nuclease-induced 
mutations (reported at ranging from 12 to 53 % of predictions being  bona fi de  off- 
target sites) and their unorthodox method of detecting indels (using the CIGAR 
output from Bowtie2 rather than analyzing the pairwise alignment between 
 sequencing read and template sequence) raise questions about the validity of their 
fi ndings which were in marked contrast to the fi ndings of the other two research 
groups. 

 In summary, ChIP-Seq has not yet become a reliable method to predict off-target 
nuclease activity. Although it identifi es the on-target site with reasonably accuracy 

E.J. Fine et al.



203

(although sometimes off-target sites with no detectable nuclease activity are given 
higher scores via ChIP-Seq binding [ 99 ], ChIP-Seq may be fundamentally ill-suited 
to identifying off-target sites of nuclease activity. Emerging evidence into the mech-
anism of Cas9 shows that it uses a multi-step approach to DNA cleavage [ 97 ]: bind-
ing to many points along a chromosome as it pauses in the search for a target 
matching the gRNA but only cleaving when a good match is found. ChIP-Seq 
detects all binding events which leads to very high false positive prediction rates of 
nuclease activity. Without a method to discriminate between binding and cleavage 
events, ChIP-Seq may be incapable of detecting sites of low frequency off- target 
     cleavage because the ChIP-Seq signal at those sites may not rise above the back-
ground noise.  

    Additional Genome-Wide Tools for CRISPR Off-Target Site 
Identifi cation 

 Following the failure of ChIP-Seq, several other methods were recently developed 
to attempt to locate genome- wide   off-target sites in an “unbiased” (not guided by 
homology to the intended target) manner. The digestion of genomic DNA was also 
used to predict off-target cleavage sites [ 100 ]. An alternate method identifi ed sites 
using high-throughput, genome-wide translocation sequencing (HTGTS), which 
identifi ed potential off-target cleavage sites through the translocations they make 
possible, using linear-amplifi cation PCR and NGS [ 101 ]. However, it is important 
to note that the potential off-target sites predicted by HTGTS in the manuscript 
were never assayed for evidence of NHEJ necessary to confi rm them as bona fi de 
off- target sites. Although orthogonal evidence was presented to show that at least 
some of the predicted sites were likely to be bona fi de, more thorough studies are 
needed to determine aspects of the methods performance such as its false positive 
discovery rate. 

 The fi nal method in this category that has been published is  called   Genome-wide 
Unbiased Identifi cations of DSBs Evaluated by Sequencing (GUIDE-Seq) [ 102 ]. 
This method is similar to the IDLV approach but uses short double stranded oligo-
nucleotides instead of a full-sized virus. Although a seemingly minor alteration, this 
had a dramatic impact on the sensitivity of the approach (the major drawback of the 
IDLV method), allowing identifi cation of off-target sites  with   NHEJ frequencies on 
the order of tenths of a percent. GUIDE-Seq retained the low false positive rate that 
was an advantage of the IDLV system and additionally is the only method thus far 
that yields a substantial correlation between the predictive ranking of the off-target 
sites and the NHEJ frequencies experimentally observed at those sites. On the other 
hand, a comparison of the sites in the exhaustive output by the COSMID bioinfor-
matics tool to those identifi ed by the fi rst gRNA in the GUIDE-Seq manuscript 
(VEGF#1) and found that 92 % of the total off-target activity (defi ned by the num-
ber of GUIDE-Seq reads) occurred at locations within the top 25 ranked sites pre-
dicted by COSMID (Fig.  3 ). With the continual improvement of in silico predictive 
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methods for CRISPR off-target activity, it remains to be seen which genome engi-
neering applications will require a thorough enough analysis of off-target activity to 
justify the added expense and time of using an experimental-based predictive 
method (such as GUIDE-Seq) as opposed to an in silico predictive approach (such 
as COSMID). Comparison of these two methods on the same sample would prove 
most informative. It remains to be seen if any additional sites predicted by COSMID 
will be validated as bona fi de sites, using COSMID or any of these or newer meth-
ods. The individual methods may locate additional bona fi de off-target cleavage 
sites as was shown with the  CCR5  directed ZFNs [ 45 ,  101 ].

  Fig. 3    Comparison of Off-target Site Identifi ed by COSMID and GUIDE-seq. The top 25 ranked 
sites in the COSMID output for VEGF gRNA#1 account for 92 % of the off-target sequencing 
reads observed using GUIDE-seq. The sites given by COSMID are uncovered, while those sites 
that were located using GUIDE-seq, but not the output of COSMID are  boxed  and  faded . These 
sites were not in the output of COSMID as they had four, or in one case fi ve, mismatches between 
the gRNA and the genomic sequence. The seventh locus in the list was output by COSMID with a 
gRNA deletion and two mismatches. From Tsai SQ, et al. (2014) GUIDE-seq enables genome- 
wide profi ling of off-target cleavage by CRISPR-Cas nucleases. Nat Biotechnol, 33, 187-197. 
With permission from Nature Publishing Group       
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        In Silico Off-Target Site Prediction Methods 

 While experimental-based off-target prediction methods are reasonably accurate 
and have provided the bulk of total nuclease off-target sites discovered so far, the 
shifting landscape of nuclease design and testing increasingly magnifi es the disad-
vantages of those approaches. Accurate in silico prediction methods also provide 
the possibility of a dramatic increase in the total number of off-target analyses that 
are performed, due to the substantial cost and implementation advantages of in 
silico over experimental-based methods. 

 All but two of the experimental-based prediction methods (IDLV LAM-PCR and 
ChIP-Seq) rely on a semi-randomized library  of   oligonucleotides. However, the 
degree to which a library can be randomized is directly dependent on the length of 
the sequence; shorter sequences can have a higher degree of randomization than 
longer sequences given a fi nite total number of molecules allowed in the library. 
Most of the experimental-based off-target analyses were performed with three- 
fi nger or four-fi nger ZFNs, which specify 9–10 or 12–13 bp, respectively. The trend 
over the last several years has been towards longer target sequence lengths; 6-fi nger 
ZFNs with each monomer targeting 18 bp are now the standard for the CompoZr 
nucleases created by Sigma-Aldrich, TALEN monomers are commonly designed to 
target 16–20 bp sequences, and CRISPR/Cas9 systems target 22 bp stretches 
(including the protospacer and PAM). With oligonucleotide libraries that are more 
homologous to the intended target, the benefi t of these experimental-based 
approaches is greatly reduced. Indeed, of the three TALEN off-target sites that were 
located using SELEX experiments, two of the three were readily predicted by rela-
tively simple search algorithms based on sequence homology [ 45 ,  75 ,  76 ]. 
Furthermore, the in vitro cleavage analysis of CRISPR/Cas9 systems [ 95 ] located 
fewer bona fi de off-target sites than prediction using naïve homology based searches 
of the genome [ 78 ,  103 ]. 

 Another major trend that (Fig.  4 )    disadvantages the IDLV LAM-PCR and ChIP- 
Seq prediction methods is the shift towards higher overall nuclease specifi city. 
While the advantage of those methods is their unbiased approach that does not rely 
on oligonucleotide libraries, the disadvantage is their relative lack of sensitivity to 
sites of low frequency off-target activity. While many ZFN off-target sites with >1 
% activity have been discovered [ 26 – 30 ,  45 ], TALENs and paired CRISPR nickases 
appear to be much more specifi c. To date, only one TALEN off-target site—lacking 
high (<87 %) sequence homology to the intended target–has been discovered with 
>1 % activity [ 57 ]. Paired CRISPR nickases have been developed and shown to 
lower off-target activity at selected sites 50–1500-fold compared to single CRISPR 
nucleases yielding activities substantially lower than 1 % at all sites discovered thus 
far [ 86 ]. RNA-guided FokI nucleases (RFNs) are another recent development which 
offers further improvements in the specifi city of CRISPR systems [ 88 ,  89 ].

   The fi nal major trend that disadvantages experimental-based prediction methods 
is a shift in the bottleneck of the nuclease development process. It is a major chal-
lenge for most laboratories to identify ZFN binding helices that effi ciently cleave 
their target sites (Fig.  4a ) [ 20 ]. If a considerable amount of time and effort is required 
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to develop a single active nuclease, then it is a judicious use of resources to apply 
an experimental-based off-target prediction method to that nuclease to determine 
the off-target profi le. However, with current techniques, highly active TALENs and 
CRISPRs can be easily designed to cleave almost any sequence of interest [ 12 ,  104 ]. 
When dozens of highly active nucleases to address the gene of interest can be gener-
ated within a few weeks by a single researcher, it becomes impractical to use 
experimental- based prediction methods to analyze each nuclease in order to deter-
mine which has the lowest amount of off-target cleavage. These constraints result in 
an arbitrary elimination of most of the active nuclease candidates without consider-
ation of the results of an off-target analysis (Fig.  4b ). However, with potential off- 
target sites predicted rapidly in silico, many more nucleases can be assayed for their 
level of off-target cleavage, resulting in a more informed choice of a fi nal lead 
candidate nuclease for the genome engineering application (Fig.  4c ). 

  Fig. 4    Paradigm shifts in the nuclease development process. ( a ) Prior to recent developments in 
TALEN and CRISPR design, creating nucleases was a diffi cult process and typically only a small 
fraction of the nucleases were highly active when tested in cells. Experimental-based off-target 
prediction methods could then be used on that small subset of candidates in order to identify a lead 
candidate that showed the least lowest off-target activity. ( b ) Simple in silico design rules now 
result in large numbers of highly active nucleases, but experimental-based off-target prediction 
methods are prohibitively challenging and resource intensive to conduct, so many active nucleases 
are arbitrarily removed ( red  ‘x’) from further analysis. ( c ) Development of improved in silico off- 
target prediction methods allows pre-screening for designs with lower numbers of likely off-target 
sites and off-target analysis of all highly active nucleases designed in order to make a more 
informed choice of the nuclease with the fewest off-target effects       
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    In Silico Tools for ZFN Off-Target Prediction 

    PROGNOS 

 The  Predicted Report Of Genomewide Nuclease Off-target Sites (PROGNOS)      is an 
online tool that models potential off-target activity of both ZFNs and TALENs 
(Fig.  5a ) [ 45 ]. For ZFNs, it weighs several factors including sequence homology, 
the distance of mismatches from the FokI domain, the prevalence of guanosine resi-
dues, the energy compensation model of dimeric ZFN cleavage, and the binding 

Sample Output
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  Fig. 5    Off-target analysis using PROGNOS. ( a ) Parameters such as the nuclease target site, the 
genome of interest, and allowed spacer distances are entered into the online interface. ( b ) 
PROGNOS provides a list of all sites in the genome matching the search parameters as well as a 
rank-ordered list of the most likely off-target locations according to its algorithms. ( c ) PCR primer 
sequences are automatically designed, according to input specifi cations, which can be used to 
amplify potential off-target sites in a high-throughput manner. Primers designed by PROGNOS 
have comparable PCR success rates to manually designed primers in other publications. From Fine 
EJ, et al. (2014) An online bioinformatics tool predicts zinc fi nger and TALE nuclease off-target 
cleavage. Nucleic Acids Res, 42, e42. With permission from Oxford University Press       
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energy of individual zinc fi nger subunits in order to provide a ranked list of potential 
off-target sites in a genome (Fig.  5b ). PROGNOS listed more than half of all previ-
ously discovered ZFN off-target sites in the top subset of its rankings, located a 
novel off-target site for the well-studied  CCR5  ZFNs, and located several off-target 
sites for newly designed 3-fi nger ZFNs [ 45 ], 4-fi nger ZFNs [ 30 ,  45 ], and 5-fi nger 
CompoZr ZFNs designed by Sigma-Aldrich [ 105 ]. To aid in off-target analysis, 
PROGNOS also generates PCR primer sequences for different off-target detection 
methods which can be used in under a single set of thermocycler conditions in a 
high-throughput manner with a high success rate (Fig.  5c ). The major disadvantage 
of PROGNOS compared to other in silico prediction tools is that it has longer run 
times on the online server, making pre-screening of large numbers of potential 
nucleases less feasible. For researchers who are interested and have some program-
ming knowledge, PROGNOS can also be downloaded and run locally from the 
command line for faster performance.       PROGNOS is available online at   http://
baolab.bme.gatech.edu/Research/BioinformaticTools/prognos.html     or   http://bit.ly/ 
PROGNOS    .

       ZFN-Site 

 ZFN-Site is a web interface that searches multiple genomes for nuclease off-target 
sites based on the target sequence or known nuclease specifi city [ 94 ].  ZFN-site   uses 
the FetchGWI search engine to provide a quick, exhaustive search that does not 
miss potential off-target sites. The output of located sites includes links to genome 
browsers, facilitating off-target cleavage site screening. A major limitation of ZFN- 
site is that it only allows up to two mismatches per ZFN half-site in its search algo-
rithm, though this is less than are found in many of the  bona fi de  off-target sites of 
ZFNs with four or more zinc fi nger subunits. However, its rapid search capabilities 
make it an excellent tool for quickly screening potential ZFN target sites to ensure 
that there are no additional sites in the genome with two or fewer mismatches per 
half-site besides the intended target location. ZFN-site is available online at   http://
ccg.vital-it.ch/tagger/targetsearch.html    .   

    In Silico Tools for TALEN Off-Target Prediction 

    PROGNOS 

 As described in the ZFN section above,  PROGNOS      is an online tool that models 
potential off-target activity of both ZFNs and TALENs [ 45 ]. For TALENs, it weighs 
several factors including sequence homology, interactions between the TALEN 
dimers, the distance of mismatches from the N-terminus, compensation effects from 
“strong” RVDs (i.e. NN and HD) that fl ank mismatches, and RVD-nucleotide 
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binding preferences derived from SELEX analysis of engineered TAL domains in 
order to provide a ranked list of potential off-target sites in a genome (Fig.  5b ). Of 
the three  bona fi de  TALEN off-target sites found using the SELEX prediction 
method [ 75 ,  76 ], PROGNOS listed two of the three in the top subset of its rankings. 
PROGNOS was used to locate eight additional  bona fi de  off-target sites for seven 
newly designed TALENs [ 30 ,  45 ]. To aid in off-target analysis, PROGNOS also 
generates PCR primer sequences for different off-target detection methods which 
can be used in under  a      single set of thermocycler conditions in a high-throughput 
manner with a high success rate (Fig.  5c ).  

    TALENoffer 

 TALENoffer is  another   web tool for predicting TALEN off-target sites [ 106 ]. It uses 
a model based on the RVD-nucleotide binding preferences of natural TAL effectors 
to predict potential off-target sites. Although it substantially outperforms the older 
TALE-NT web tool [ 107 ] in terms of accurately locating bona fi de off-target sites 
[ 106 ], it was shown to be less accurate than PROGNOS [ 45 ], and has yet to be used 
to locate any novel  bona fi de  off-target sites. However, TALENoffer performs 
genomewide searches much faster than PROGNOS (and faster than TALE-NT), 
making it an excellent tool to use for quickly screening potential TALEN binding 
sites to ensure that there are no other sites in the genome that score as a high poten-
tial for off-target activity. TALENoffer is available online at    http://galaxy2.informa-
tik.uni-halle.de:8976/    .   

    In Silico Tools for CRISPR Off-Target Prediction 

 Although  CRISPR/Cas systems   have proven able to effectively cleave their target 
sites in a wide range of organisms, off-target cleavage remains a major concern. 
Determining the possible off-target sites is critical for choosing guide sequences 
and for thorough testing after use. Possible off-target genomic cleavage sites are 
identifi ed by comparing the guide strand to each site in the genome adjacent to the 
specifi ed PAMs. Generally the user starts by entering a number of search criteria. 
Off-target programs output the genomic sites most similar to the input guide 
sequence within the specifi ed constraints if found adjacent to an allowed 
PAM. Currently available programs differ markedly in the search method, features 
and ranking of the output. Ranking generally conforms to the concept that mis-
matches are better tolerated further from the PAM, whereas cleavage is less likely 
with mismatches between the guide and target sequences that are closer to the 
PAM. These tools will continue to improve, particularly in terms of rankings, as 
discussed below. 
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    Ranking 

 As the number of sites that can be screened for off-target activity is limited, it is 
worthwhile to prioritize or rank the genomic sites matching the user-supplied crite-
ria. Ranking is important due to the high number of bona fi de off-target events that 
have been observed even with greater than three mismatches between the guide 
RNA and genomic sequence [ 77 ,  78 ,  103 ]. To order the output based on each puta-
tive site’s probability of being cleaved, many of the programs take into consider-
ation the number and location of mismatches between the complementary genomic 
sequence and the guide strand and specifi ed PAMs. In addition to ranking the output 
for a given gRNA, some programs can scan a genomic region and rank the identi-
fi ed guide strands based on the total number of off-target sites found or using a 
scoring system. Data from continued use of these tools to guide off-target analysis 
will permit better ranking of off-target sites and choice of guide strands. 

 An early program, the  Optimized   CRISPR design tool, weighs the effects of 
mismatches at different positions based on experimental testing of several sgRNAs 
in human cells [ 78 ]. Other tools provide less complex scoring systems that correlate 
with the observation that mismatches between the gRNA and genomic sequence are 
less well tolerated closer to the PAM than on the 5’ end. Therefore the ranking sys-
tems used in a number of tools are based on the sum of weight factors specifying the 
number and locations of the mismatches between the gRNA and the genomic loci. 
Using the same guide RNA with different tools will result in similar, but divergent 
ranked output, as shown in Fig.  6  [ 108 ].

   At this point, all rankings are based solely on the sequence and do not take into 
account any factors related to the genomic context. Therefore identical sequences 
receive the same ranking. We and others have seen dramatic differences in the level 

  Fig. 6    Comparison of online search tools’ output. The observed mutation rates at on- and off- 
target sites for gRNA R-01 that contain two mismatches are listed by decreasing T7EI activity. 
Sites with matching sequences (outside fi rst base) have their names in  bold  with matching colors. 
Annotated genes corresponding to the sites are listed to right. Off-target analysis was performed 
with different online search tools. If the specifi ed sites were predicted by a given tool, listed on top 
(such as Cas OFFinder), the sites’ rankings in the output of the tool (if sortable) are shown. Sites 
not predicted by that tool are indicated by a  dash  in a  grey  box       
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of cleavage of a small number of identical sequences at different sites [ 108 ]. In one 
instance, a high-ranking off-target site (OT2) has higher cleavage than the on-target 
site, while another location is below detection (OT3) (Fig.  6 ). Scoring may therefore 
represent the opportunity for cleavage or the highest level of cleavage that might be 
seen under different conditions or in different cell types. This type of data highlights 
the role of genomic context and the diffi culty in predicting the level of cleavage at a 
site based solely on the similarity of the gRNA and genomic sequences. To model 
this type of blocking, developmental or cell-specifi c data would have to be incorpo-
rated, such as the possible locations of accessible chromatin, chromatin methylation 
and transcription factor binding sites; the growth of the ENCODE database to con-
tain much of this information offers hope that future predictive tools will be able to 
incorporate these factors.  

    Exhaustive Searches to Find All Sites 

 A recent comparison with other  tools   and  bona fi de  off-target cleavage sites found 
that some tools failed to exhaustively output all sites in the genome matching the 
user input [ 108 ]. Some off-target search tools vary in their inclusion of non-coding 
regions including CG or other repeat regions that may occur at very high numbers. 
Therefore care must be taken to determine the parameters used by programs so that 
thousands of off-target sites are not excluded because of their location. 

 We recently published that genomic DNA sequences can be cleaved that are 
longer (‘DNA bulge’) or shorter (‘RNA bulge’) than the RNA guide strand at levels 
higher than the matching site that lack mismatches [ 109 ]. Due to the high levels of 
off-target activity at the ‘bulge’ sites observed in this study, the COSMID tool was 
developed to enable including these sites in genomic searches and Cas-OFFinder 
will be adding this option (personal communication). Including the option for 
bulges can greatly increases the number of sites output, so it remains to be seen how 
extensive the off-target events are across these sites.  

    Search Features 

 There is a steady stream of new CRISPR tools and/or changes and improvements to 
the existing tools. Current off-target search tools (Table  1 ) vary in their ability to 
exhaustively output all genomic sites matching the user-supplied criteria, as 
described above, and vary in their range of features. Some tools scan input sequences 
or genomic regions and then output the located guide strands ranked by estimated 
off-target sites [ 110 ], while others focus on exhaustive searches for possible off- 
target sites for an entered guide strand. While a number of features are found on 
several tools, some are not, such as the ability of E-CRISPR to search for off-target 
sites in a user provided sequence, such as would be used to determine if a knocked-
 in gene could be cleaved [ 111 ]. Jack Lin’s CRISPR/Cas9  gRNA   fi nder has links to 
a pair of RNA secondary structure web tools, though it only links to non-exhaustive 
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BLAST and BLAT searches. If a tool lacks a desired genome, many sites will add 
them upon request. A number of tools can locate off-target sites for two correctly 
spaced binding sites that might allow cleavage by CRISPR nickase [ 86 ,  112 ] pairs 
or CRISPR FokI [ 88 ,  89 ] pairs [ 113 – 115 ], which is easier than combining the out-
put from two individual runs, such as the excel output of COSMID [ 108 ].

   Off-target analysis is included in some CRISPR design tools that search the spec-
ifi ed genomic region, ranking the potential guide sequences in that region based on 
their predicted number of off-target sites in the selected genome. Although it is easy 
to rule out gRNA that have very similar off-target sites in the genome, ranking and 
comparing sites requires making a number of assumptions to total the combined 
effects of multiple putative off-target cleavage sites. These CRISPR design tools 
speed target site selection by providing a ranked list of the sites with the least poten-
tial for off-target events [ 78 ,  110 ,  114 – 116 ]. These tools markedly differ in how 
they screen for off-target sites and in the top sites they output, so re-scanning using 
an exhaustive search tool is required to ensure the optimal target site is selected. 

 Measuring the scale of off-target activity by testing a given number of sites is 
hampered by several factors. As described above, off-target tools varied on how 
exhaustively they located all the sites matching the specifi ed criteria. Experimental 

   Table 1    CRISPR off-target analysis tools   

  Downloadable programs  
 CasOT [ 113 ]    eendb.zfgenetics.org/casot/index.php     
 CRISPRseek [ 120 ]    bioconductor.org/packages/release/bioc/html/CRISPRseek.html     
 sgRNAcas9 [ 110 ]    http://www.biootools.com/col.jsp?id=140     
  Web-based tools  
 Cas- OFFinder [ 121 ]    rgenome.net/cas-offi nder/     
 Cas9 Design [ 115 ]    cas9.cbi.pku.edu.cn/index.jsp     
 COD (Cas9 and Off-target 
Designer) 

   cas9.wicp.net     

 COSMID [ 108 ]    crispr.bme.gatech.edu     
 CHOPCHOP [ 116 ]    chopchop.rc.fas.harvard.edu     
 CRISPR Design Tool    www.broadinstitute.org/mpg/crispr_design     
 CRISPR Optimal Target 
Finder 

   tools.fl ycrispr.molbio.wisc.edu/targetFinder/     

 Drosophila CRISPR gRNA 
design search 

   fl yrnai.org/crispr2/     

 E-CRISP [ 111 ]    www.e-crisp.org/E-CRISP     
 Optimized CRISPR Design 
[ 78 ] 

   crispr.mit.edu     

 Jack Lin’s CRISPR/Cas9 
gRNA fi nder [ 110 ] 

   spot.colorado.edu/~slin/cas9.html     

 ZiFiT [ 115 ]    zifi t.partners.org/ZiFiT/ChoiceMenu.aspx     

  Software programs that search for possible off-target sites, including three programs that can be 
downloaded and 12 programs that have web interfaces 
 Users provide individual guide strands or genomic target regions that are searched for guide 
strands. Putative genomic off-target sites are then output enabling choice of guide strand or testing 

after CRISPR/Cas use  

E.J. Fine et al.

http://eendb.zfgenetics.org/casot/index.php
http://bioconductor.org/packages/release/bioc/html/CRISPRseek.html
http://www.biootools.com/col.jsp?id=140
http://rgenome.net/cas-offinder/
http://cas9.cbi.pku.edu.cn/index.jsp
http://cas9.wicp.net/
http://crispr.bme.gatech.edu/
http://chopchop.rc.fas.harvard.edu/
http://www.broadinstitute.org/mpg/crispr_design
http://tools.flycrispr.molbio.wisc.edu/targetFinder/
http://flyrnai.org/crispr2/
http://www.e-crisp.org/E-CRISP
http://crispr.mit.edu/
http://spot.colorado.edu/~slin/cas9.html
http://zifit.partners.org/ZiFiT/ChoiceMenu.aspx


213

results have indicated that many  bona fi de  off-target cleavage sites are not located 
by these methods [ 102 ]. In addition, next generation sequencing is often needed to 
provide a suffi cient number of reads for precise measurement, as off- target   events 
can be missed using mutation detection assays, which generally cannot detect activ-
ity below 1–2 % modifi cation rates [ 55 ,  117 ]. Although there are these limitations, 
comparisons of this type can provide a comparative readout of the specifi city of 
individual guide strands. One zinc fi nger nuclease (ZFN) pair has been studied 
using a number of bioinformatics and experimentally driven off-target analysis 
techniques, each of which returned a portion of the total sequence validated off- 
target sites found combining the methods [ 45 ], so it is likely that a number of 
 methods may need to be used to locate all the sites of CRISPR off-target cleavage, 
but there will continue to be improvement in bioinformatics and experimentally 
derived methods.    

    Off-Target Activity Detection Methods 

 All the methods listed previously are  predictive only , and any potential off-target 
sites must be validated using separate assays to test for the presence of  bona fi de  
nuclease activity. Although some of the predictive methods have substantially lower 
false discovery rates than others, all of them have predicted sites at which no off- 
target activity was observed during subsequent validation assays. If no off-target 
activity is detected at a site with a particular assay, a more sensitive assay can be 
employed if warranted. Several methods to assay for off-target activity are outlined 
below in order of increasing sensitivity and diffi culty. The fi rst step in each of these 
detection methods is amplifying the region of interest surrounding the potential off- 
target site using PCR. Different detection methods have different requirements for 
 the   PCR amplicons, particularly in terms of length, so care must be taken when 
designing PCR primers for each different method. In order to limit the occurrence 
of mutations during the PCR reaction, high fi delity polymerases should always be 
used. With all of these detection methods, it is critical to perform analyses in paral-
lel on samples from mock treated cells in order to assess any level of background 
signal at a particular off-target site for that assay. A possible exception to this 
requirement, because of its extremely low error rate, is TOPO sequencing. In the 
unlikely event of very high observed rates of identical mutated sequences, TOPO 
sequencing should also be conducted on mock treated cells to rule out genetic poly-
morphisms at that site. 

    Mismatch Detection Enzymes 

 These enzymatic assays are commonly used techniques  to   provide a quick answer 
about off-target activity at a specifi c location. However, their sensitivity is fairly 
low, typically having a limit of detection on the order of ~1 %. In this method, 
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amplicons are denatured and allowed to re-anneal such that heteroduplexes form, 
with one strand from a wild-type amplicon and one strand from an amplicon con-
taining a nuclease-induced mutation. Heteroduplexes also form from two different 
mutations. Adding an enzyme that selectively cleaves these heteroduplexes, such as 
Surveyor Nuclease (also known as the Cel1 enzyme and available from 
Transgenomic) or T7 Endonuclease I (also known as T7EI and available from New 
England BioLabs) allows direct quantifi cation of band intensity by agarose or poly-
acrylamide gel electrophoresis. The percentage of alleles in the sample that con-
tained nuclease-induced mutations can be calculated from the intensity of the bands 
on the gel [ 117 ,  118 ]. This assay generally works best with amplicons ranging in 
size from 300 to 500 bp. Because of the need for quantifi cation of three different 
bands on the gel—the parental band and the two smaller products resulting from the 
mismatch detection enzyme cleaving at the point containing nuclease-induced 
mutations—amplicon sizes must be carefully chosen so that all three bands can be 
fully separated during electrophoresis; general guidelines are to ensure that the 
point of nuclease cleavage within the amplicon is >45 bp away from the midpoint 
of the amplicon and >90 bp from either end of the amplicon. A step-by-step protocol 
for using the T7EI enzyme  to   detect nuclease off-target activity is available [ 119 ].  

    TOPO Sequencing 

  TOPO sequencing   provides an advantage over mismatch detection enzymes in that 
the actual sequences are read and compiled. The overall process is to use the TOPO 
TA kit (available from Invitrogen) to clone the amplicons into a plasmid that is 
transformed into  E. coli , then to prepare plasmids from several of the individual  E. 
coli  colonies, then to perform Sanger sequencing on the plasmids, and fi nally to 
analyze the sequencing reads for evidence of nuclease-induced mutations. Because 
Sanger sequencing allows relatively long read lengths (typically >750 bp), if ampli-
cons of ~450–550 bp are designed with the nuclease cleavage site near the midpoint 
of the amplicon, larger indels that might be missed with NGS methods that use short 
read lengths can be detected. Because Sanger sequencing is extremely accurate, the 
TOPO sequencing process also avoids the tendency of NGS to have errors with 
certain types of sequences (such as GC-rich stretches or homopolymer sequences) 
and background noise that can complicate locating (Fig.  6 ) small indels, such as 
those generated by CRISPR/Cas9 [ 77 ]. Because of the low-throughput nature of 
TOPO sequencing, the sensitivity is usually low, but can be raised by prepping and 
sequencing of many colonies. 

 However, for clonal populations of cells or analyzing organisms grown from 
embryos injected with nucleases, TOPO sequencing can very useful because a low 
detection limit is not needed and the sequences of all alleles can be determined. To 
analyze clonal populations of bi-allelic cells, amplifi cation products are cloned into 
plasmids and transformed into  E. coli.  At least seven colonies should be sequenced 
in order to have suffi cient confi dence (p < 0.01) that at least one sequencing read is 

E.J. Fine et al.



215

obtained from each allele. After microinjection into embryos, nucleases can still 
cause mutations in the two-cell stage of the embryo thereby allowing for the possi-
bility of four different allelic variants in the whole organism. Therefore, in samples 
of genomic DNA obtained from whole organisms, at least 17  E. coli  colonies should 
 be   sequenced in order to have confi dence that all four allelic variants are represented 
(p < 0.01).  

    SMRT Sequencing 

  Single molecule real-time (SMRT) sequencing      is a recently developed “third- 
generation” sequencing platform that offers greatly improved sensitivity over TOPO 
sequencing and mismatch detection enzymes. Approximately 25,000 high quality 
sequencing reads can be obtained during a single sequencing run for a consumable 
reagents cost of ~$250 (although sequencing cores may charge various additional 
machine usage fees). This allows for the analysis of 24 potential off-target sites for 
a nuclease with a sensitivity of ~0.1 %, making this platform an attractive option for 
laboratories conducting analyses of limited numbers of nucleases. Another advan-
tage of the SMRT platform for laboratories making their fi rst foray into high- 
throughput sequencing is the simplicity of the process. There are minimal constraints 
on the design of amplicons compared with platforms like Illumina; amplicons 
should be between 270 and 400 bp and the nuclease target site should be >40 bp 
from each end. As long as those two requirements are met, amplicons from multiple 
off-target sites can be pooled together (in roughly equimolar quantities) for a single 
sequencing run. There are no special requirements for the primer sequences and all 
steps can be performed as for a standard PCR reaction. If possible, better results can 
be achieved if the amplicons are near the shorter end of the range (sequencing reads 
will have higher quality on average) and the nuclease site is positioned near the 
midpoint of the amplicon (larger deletion events can be observed). A description of 
using SMRT sequencing to analyze nuclease off-target activity is available in Fine 
et al. [ 45 ].  

    Illumina Sequencing 

 For cases where sensitivity is critical,    Illumina sequencing provides the highest 
level of sequencing throughput for the lowest cost per read. Whereas SMRT pro-
vides high quality reads in chunks of 25,000 per run, Illumina starts at ~10 million 
high quality reads per run and increases from there. If samples from many different 
experiments are multiplexed together, substantial cost savings relative to SMRT 
sequencing can be realized while obtaining similar sensitivity. However, great care 
must be taken when preparing amplicons for Illumina sequencing. There are special 
adapter sequences that must be present on the ends of both primer sequences and a 
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second round of PCR with a separate set of primers must be performed. 
Recommended amplicon lengths vary substantially depending on the type of 
Illumina chemistry used (single-end vs paired-end sequencing, and 100 vs. 250 vs. 
300 bp read lengths). When attempting to perform Illumina sequencing for the fi rst 
time, it is highly recommended to consult with sequencing core facilities or other 
experienced individuals to fully understand the Illumina process and all the steps 
required as there are many common errors that can result in the sequencing run 
providing no useful information.   

    Conclusion 

 Engineered nucleases are valuable research tools, and becoming signifi cantly more 
promising for therapeutic use. The genome-editing fi eld has garnered increasing 
attention and excitement with each newly developed class of engineered nuclease; 
however, each of these nucleases lacks perfect specifi city. The potentially disastrous 
consequences of off-target cleavage require new methods and assays to accurately 
predict and quantify off-target events in hopes of choosing the most specifi c and 
safe nucleases to use, and to ensure that nuclease-treated cells have minimal off- 
target effects. The methods developed to detect and quantify off-target cleavage 
activity will also help improve the specifi city of future nucleases.     
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    Abstract     Two rapidly evolving technologies are set to intersect at the crossroads of 
the future of medicine: the knowledge of how to induce and maintain cellular pluripo-
tency, and the ability to precisely manipulate the genome with engineered nucleases. 
Together, these two advances have signifi cant potential in the development of the next 
generation of cell and gene therapies. This review will discuss human and animal mod-
els of stem cells and the application of engineered nucleases for precision gene target-
ing and control. For animal studies and models, nucleases have allowed for greater 
fl exibility and expandability. Previously untargetable regions of the murine genome are 
now accessible via engineered nucleases. Prior to the availability of gene editing pro-
teins, the entire rat genome was largely refractory to gene targeting and manipulation. 
The ability to engineer larger animals may reduce the transplant organ gap and increase 
the yields of food for an expanding population. Lastly, the ability to modify stem cells 
of hematopoietic, embryonic, or somatic origin will allow for more relevant disease 
modeling, and more targeted and effective therapies. Collectively, the effi ciency of 
gene editing nucleases and the ability to apply them across cells of multiple species 
allows for new research opportunities, more fl exibility, and greater accuracy in choosing 
the model best suited for genome manipulation.  
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   By defi nition, stem cells are capable both of self-renewal and of differentiation 
into cell types of multiple lineages. Cell types include embryonic stem cells 
(ESCs), inducible pluripotent stem cells (iPSCs), and hematopoietic stem cells 
(HSCs). ESCs were fi rst described in 1998 [ 1 ] and are derived from the inner cell 
mass of a blastocyst-stage embryo before the separation of the germ and somatic 
lineages occurs [ 2 ]. This property confers upon them a putative selective advan-
tage under normal circumstances according to the  Germ Plasm Theory   of August 
Weismann [ 3 ]. This theory states that the germline gives rise to somatic cells and 
that mutations acquired in germ cells will affect the soma but not vice versa [ 4 ]. 
As such, the genome of the germline is guarded and guided by selection against 
the accumulation of deleterious mutations. While the potential for these cells as 
tools of regenerative and transplant medicine is promising, the nature in which 
they are derived is the subject of intense legal and ethical debate that greatly 
restricts their widespread use. 

 In the last 60 years one portion of the  Weismann theory   was disproved while 
another was validated. In the 1950s and 1960s, Robert Briggs, Thomas King and 
John Gurdon showed that when a nucleus from a differentiated cell is transferred 
to an enucleated oocyte, a complete organism (a frog) can develop [ 5 ,  6 ]. In 1997 
Ian Wilmut and colleagues utilized this concept of somatic cell nuclear transfer 
(SCNT) to create Dolly the sheep [ 7 ]. This procedure relies on the transfer of the 
nucleus from a somatic cell into an enucleated oocyte. Moreover, work from the 
Yamanaka laboratory in 2006 showed that by the addition of defi ned transcrip-
tional factors, somatic cells could be reprogrammed to a pluripotent state; these 
cells are termed inducible pluripotent stem cells (iPSCs) [ 8 ]. These studies refuted 
the Weismann theory in regards to the irreversible ‘stemness’ of somatic cells, but 
validated it in that somatic genome aberrations can impact the phenotype of the 
new cell type [ 9 ]. 

 A second technology has merged with the stem cell fi eld and enables users the 
freedom to make precise alterations to the genome. This technology uses the 
genome editing class of nucleases that exist in multiple formats and architectures 
that have the unifying characteristic of recognizing and contacting a unique 
sequence of DNA. The majority of studies have tethered these proteins to nuclease 
domains or used their inherent ability to cut DNA. Once the DNA is broken, two 
predominant repair pathways have been exploited for genome engineering: non-
homologous end-joining (NHEJ) and homologous recombination (HR). NHEJ is 
an error-prone pathway that, in the absence of a donor template, repairs the DNA 
break in a fashion that is associated with small insertions or deletions (‘indels’) 
that can permanently disrupt coding DNA sequences. Gene repair relies on the 
error-free HR pathway. When both nucleases and a donor template are provided, 
DNA breaks are repaired using the donor as a template as part of a “cut and replace” 
strategy that allows for precise insertion of user-defi ned sequences. The ability to 
employ nucleases for NHEJ and HR allows for great fl exibility and accuracy in 
gene knockout, knock-in and repair strategies, and allows investigators to tailor 
cells for research in disease modeling, in drug discovery, and for gene correction. 
The nuclease molecules that have been employed for genome modifi cation are 
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meganucleases (MNs), zinc fi nger nucleases (ZFNs), transcription activator-like 
effector nucleases (TALENs), and  clustered  regularly-interspaced short palin-
dromic repeats (CRISPRs)/Cas9 system. 

    Meganucleases 

 Multiple MN  family   members exist, and one class, containing the LAGLIDADG pro-
tein motif, appears to be the most amenable MN for reengineering for unique target 
sites [ 10 ]. MNs have been employed in human cells for modifi cation, but not directly 
in pluripotent stem cells [ 11 ,  12 ]. In rodents, proof of principle for MN activity was 
established by knocking-in an I- Sce I target site into the villin gene locus, followed by 
transient expression of the I- Sce I MN that resulted in a 100-fold stimulation of HR 
[ 13 ]. Precision targeting was described by Ménoret et al., who utilized the I-CreI hom-
ing endonuclease as a template for rational sequence-specifi c reengineering for the 
 Rag1  gene [ 14 ]. Injection of plasmid DNA into zygotes resulted in 0.6 % of rats and 
3.4 % of mice born with mutation at this locus, and with a signifi cant decrease of T- and 
B-cells and a normal NK-cell component [ 14 ]. Despite their ability to disrupt endoge-
nous genes, MN use for widespread genome editing has been restricted by their costly 
and lengthy generation procedure; however, their monomeric, highly active nature may 
make them uniquely suited for future therapeutic genome engineering.  

    Zinc Finger Nucleases 

 The  Zif268 transcription   factor that binds to and regulates the expression of multi-
ple cellular genes serves as the foundational template for the generation of custom- 
engineered ZFNs. By altering the specifi city of the DNA binding residues of Zif268, 
a multitude of gene-specifi c ZFNs have been produced that recognize user-defi ned 
sequences. Typically ZFNs employed for sequence-specifi c binding are organized 
into an array that binds a particular sequence of DNA. Each individual unit, or fi n-
ger, of the array is comprised  of   approximately 30 amino acids and contacts three 
base pairs of DNA [ 15 ]. Multiple fi ngers are connected to one another, comprising 
a ZFN monomeric array, such that each array recognizes and binds to a specifi c 
sequence termed a ‘half-site.’ Thus, the fully formed complex recognizes a target 
site comprised of the two half-sites that are separated from one another by a ‘ spacer 
sequence  ,’ in which the double-stranded break (DSB) is mediated by the nuclease 
component of the complex (Fig.  1 ) [ 15 ,  16 ]. To date, ZFNs have been widely 
employed in stem cells in mammals.

   Genetically engineered rodents have been the core tool employed by researchers 
for genome modifi cation, with the mouse established as the most commonly used 
animal model system [ 17 ]. As functional ESC lines exist for the mouse but not for 
many other species, intrazygotic injections can be performed to augment the direct 
use of rodent ESCs. 
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     Rodents   

  In 2009, the fi rst documented modifi cation of a rodent genome was reported by Geurts 
et al., who utilized ZFNs in rat embryos. They targeted an exogenous integrated 
reporter and the endogenous  IgM  and Rab38 genes, and showed rates of disruption of 
25–100 % with stable germline transmission [ 18 ]. A second study disrupted the rat 
 Il2rg  locus at rates of ~20 % [ 19 ]. As such, these studies developed rat models of 
hypertension [ 18 ] and immunodefi ciency [ 19 ], and a platform for monoclonal anti-
body production [ 18 ]. Targeted integration into the rat genome was also shown by Cui 
et al., who introduced donor-derived sequences into the  Mdr1a  and  PXR  genes by HR 
[ 20 ]. These studies are signifi cant due to the facts that the rat genome had previously 
proved to be largely intractable for targeting [ 18 ] and that the rat may be a better 
model than the mouse in addiction and other neurobehavioral studies [ 21 ]. 

 ZFNs were successfully used for knockout or knock-in of target genes in mice in 
2010 [ 22 ,  23 ]. For the knockout, the  Mdr1a ,  Jag1 , and  Notch3  genes were targeted 
in the C57BL/6 or FVB/N strains of mice [ 22 ]. Rates of editing in live-birthed ani-
mals ranged from 20 to 75 % and the disrupted alleles were effi ciently transmitted 
through the germline [ 22 ]. By successfully targeting the  ROSA26  locus with ZFNs 
and an exogenous donor template, Meyer et al. documented a tenfold or greater 
increase in HR compared to an earlier report [ 23 ,  24 ]. These studies were transformative 

  Fig. 1    ZFN Nuclease Architecture. At top is shown is a three fi nger ZFN with the fully formed 
left and right array heterodimeric complex.  Each individual fi nger contacts three bp of DNA and 
the arrays are tethered to the FokI nuclease domain (pink and tan ovals) that mediates a DSB in the 
spacer region.  DNA breaks can be resolved by error prone mutagenic non-homologous endjoining 
(NHEJ) or homologous recombination (HR).  Red indicates NHEJ-mediated insertion/deletion 
and HDR occurs from an exogenous donor template (right). Image generated using software from 
Motifolio Inc. Sykesville, MD       
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due to the rapidity (as little as 4 months) with which genome engineering could now 
be performed in rodents of any strain [ 22 ]. This is an important consideration 
that will facilitate the generation of more relevant and penetrant disease models. For 
example, non-obese diabetic (NOD) mice have been an important tool for the study 
of type 1 diabetes. Using ZFNs in NOD embryos, Chen et al. were able to knockout 
the  Tnfrsf9  gene that encodes CD137 [ 25 ]. Their report showed that CD137 was not 
required for the development of insulitis, but was a factor in promoting overt diabe-
tes progression [ 25 ]. Thus ZFNs and strain-specifi c embryos allowed for disease 
modeling in a pure NOD background and removed any potential confounding and/
or disease-masking factors that might result from contamination of genetic material 
obtained from ESCs of one strain and implanted into a second. More expansive 
disease modeling in mice is possible because of ZFNs as well. Meyer et al. showed 
the effi cacy of introducing ZFNs and single-stranded oligonucleotides into mouse 
embryos in order to introduce missense mutations into a specifi c gene [ 26 ]. This 
approach simplifi es the manner in which relevant animal models can be created and 
should facilitate more widespread in vivo development and modeling of diseases, 
genes, and therapeutic interventions. A second study that reinforces this concept 
was performed by Osiak et al., who devised a selection-free methodology for gen-
erating knockout mouse ESCs [ 27 ]. The ability to precisely target a specifi ed locus 
in the genome without the addition of selectable markers has streamlined the gen-
eration process and minimized the potential for ectopic transgene/exogenous 
sequence interference in disease modeling. 

 Larger animal models have also been employed for ZFN-mediated engineering 
with the hopes of increasing the yield/mass of animals for food production or mak-
ing them safer by reducing allergenicity or unwanted traits. These studies serve as 
general models for eventual human ex vivo therapies in that the animal studies 
largely center on modifi cation of skin cells with reprogramming into pluripotent 
stem cells. In humans this will rely likely on iPSC-derived technologies. In animals 
it will most likely center on SCNT, a cloning technique used to produce an animal 
from a single cell nucleus placed in a surrogate oocyte from which the nucleus has 
been removed  [ 28 ,  29 ].  

     Swine   

 In 2011, Whyte et al. showed the ability of ZFNs to knockout a GFP reporter gene 
in porcine fi broblasts, and Hauschild et al. successfully disrupted both alleles of the 
porcine α1,3-galactosyltransferase ( GGTA1 ) gene [ 30 ,  31 ].  GGTA1  encodes for 
the enzyme required to generate Gal epitopes [ 31 ], which are highly immunogenic 
and result in a hyperacute rejection response in xenotransplantation models [ 32 ]. 
The ability to mitigate or remove the antigens responsible for organ rejection is 
signifi cant because it raises the possibility of engineering xenogeneic organs to help 
address the gap of  approximately   70,000 persons per year between people receiving 
organ transplants and those on the waiting list [ 33 ,  34 ].  
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    Cattle 

 The modifi cation of the  bovine   genome holds promise in efforts to improve the 
quantity and quality of dairy output. Yu et al. used ZFNs to induce NHEJ-mediated 
disruption of the beta-lactoglobulin ( BLG ) gene in the bovine genome that encodes 
a protein that is a major antigen in cow’s milk [ 35 ]. Liu et al. employed the ‘nickase’ 
version of ZFNs whereby one ZFN monomer is not capable of cleaving the DNA 
strand. This results in a single-stranded DNA break, a modifi cation that greatly 
improves the accuracy of targeted gene knock-in [ 36 ]. Using ZFN nickases designed 
for the second intron of the bovine  CSN2  locus, they knocked-in a copy of the 
 Staphylococcus simulans  lysostaphin gene. Mastitis is a common disease in dairy 
cows and prophylactic antibiotic regimens are instituted in approximately 90 % of 
herds [ 37 ], as healthier dairy cows have a higher yield and quality of milk produc-
tion [ 37 ]. The ability, documented by Yu and colleagues, to engineer dairy cows 
with ZFNs and SCNT to express lysostaphin or other similar genes may benefi cially 
impact cattle farming due to the ability of  Staphylococcus simulans -derived lyso-
staphin to control  Staphylococcus aureus -caused mastitis [ 38 ]. A major detriment to 
this strategy is the presence of antibiotics in milk consumed by humans that may 
contribute to antibiotic resistance [ 39 ]. Antimicrobial resistance is a critical threat to 
public health, as antibiotic use in humans is thought to result in a gain of 2–10 years 
of  life   expectancy [ 40 ,  41 ].  

    Humans 

 Stem  cell   candidates that are actively being pursued for gene editing in humans are 
HSCs, ESCs, and iPSCs. HSCs are a highly desirable target cell population due to 
their pluripotent ability to differentiate into all blood lineages and their use in trans-
plant centers around the globe for dozens of malignant and non-malignant diseases 
(Fig.  2 ). For humans, there are a limited number of ESC lines for unrestricted use. 
Multiple wild-type and disease-model iPSCs, however, are able to circumvent the 
potentially restrictive constraints associated with ESCs.

   Approaches for  HSC   genome modifi cation in human cells have predominantly 
centered on the use of ZFNs and have used both the NHEJ and HR arms of the DNA 
repair pathway. HR represents the gold standard for future gene therapies whereby 
a mutation can be specifi cally and seamlessly corrected. Lombardo et al. reached 
maximal rates of 0.11 % gene targeting at the  CCR5  locus utilizing ZFNs and a 
donor containing GFP or a puromycin resistance gene [ 42 ]. In 2014, a second 
groundbreaking study detailed the use of ZFNs for the insertion of a gene-targeting 
construct into the  AAVS1  or the  IL2RG  locus [ 43 ]. This study maximized recent 
advances in HSC culture and expansion to achieve higher rates of HDR [ 44 – 46 ]. 
Antagonism of the aryl hydrocarbon receptor with StemRegenin 1 (SR1) drives 
relative CD34+ HSC expansion (as a result of diminished rate of spontaneous 
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differentiation of HSCs ex vivo) with a corresponding ability to engraft at higher 
rates in xenotransplanted human-murine chimeric mice [ 47 ]. 16,16 Dimethyl 
 prostaglandin E2 (dmPGE2), a stable analogue of PGE2, has been shown to regu-
late hematopoiesis and enhance engraftment [ 48 ,  49 ]. The use of both  SR1 and 
dsPGE2   preserved the hematopoietic stem cell phenotype, and delivery of ZFN 
mRNA and donor template in an  integrase-defi cient lentivirus (IDLV)   resulted in an 
increased proportion of mice showing engraftment of gene-edited human cells [ 43 ]. 
Further, the engrafted cells showed preferential outgrowth and functionality when 
challenged with an allogeneic tumor. The studies were performed in a manner to 
support rapid translation to the clinic: GMP-level  mRNA and IDLV procedures   are 
in place and the donor construct for the  IL2RG  gene was generated in a manner to 
splice endogenous exons 1–4 with donor-derived exons 5–8; this would therefore be 
broadly applicable in SCID. Further, by demonstrating  AAVS1  HDR, the procedure 
is transferrable to other disorders and represents a strategy for broad application to 
the many disorders currently treated by hematopoietic cell transplantation. 

  Fig. 2     Human Hematopoiesis. The hematopoietic stem/progenitor cell possesses self renewal 
capacity (green arrow ) and the ability to form the common lymphoid (CLP) and common myeloid 
(CMP) progenitors. CLPs give rise to the cells of the lymphoid compartment: T-, B-, and NK Cells 
(right). The CMP generates lineage restricted progenitors (myeloblasts, proerythroblasts, 
and megakaryoblasts) that themselves differentiate into the terminal hematopoietic myeloid and 
erythroid effector cells. Red arrow indicates the cell target for genome engineering. Image generated 
using software from Motifolio Inc. Sykesville, MD       

 

Cellular Engineering and Disease Modeling with Gene-Editing Nucleases



230

 The  NHEJ arm   of DNA repair has therapeutic potential for HSC engineering as 
well, and multiple gene delivery platforms for maximizing gene disruption rates 
have been employed. HSC gene transfer is a key concept for manipulation of these 
cells and has encompassed viral, non-viral, and protein-based approaches. The ideal 
strategy is to deliver the genetic cargo in a format that not only allows for robust 
gene/protein expression but also carries little to no risk of genomic perturbation by 
the nuclease expression cassette itself. The Lombardo and Genovese studies used 
IDLV to deliver ZFNs and donor cargo, respectively [ 42 ,  43 ]. Cargo DNA packaged 
with the D64V integrase mutant resulted in a linear or circularized species capable 
of transiting both the cellular and nuclear membranes where they exist as episomes 
that are lost through progressive cellular division [ 50 – 54 ]. A potential drawback of 
 IDLVs   is their known propensity to integrate into areas of the genome where there 
have been DNA breaks generated by a nuclease or as the result of endogenous 
breaks at genomic fragile sites [ 55 ,  56 ]. Adenoviral cassettes bearing ZFNs have 
also been introduced into HSCs and have resulted in   CCR5  gene disruption   by 
NHEJ at rates of approximately 25 % with potentially offsetting toxicity [ 57 ]. This 
comparatively high rate was due to modulation of the mitogen-activated protein 
kinase/extracellular signal-regulated kinase pathway [ 57 ]. Other studies have shown 
the value of drug-induced enhancement of nuclease gene transfer and represent an 
intriguing avenue of research to further maximize nuclease activity [ 58 ]. Because 
ZFN expression in 293 adenoviral producer cells may be toxic and impact titers, 
Saydaminova et al. devised a strategy to ‘detarget’ ZFN expression in 293 cells by 
including microRNA (MiRNA) sequences that repressed gene expression in pro-
ducer but not hematopoietic cells [ 59 ]. As such, they observed gene modifi cation 
rates of ~12 % in engrafted HSCs. Both the Li and Saydaminova studies observed 
that the gene-modifi ed cells resulted in a reduced ability to engraft in a murine 
model; however, they achieved clinically meaningful  CCR5  disruption rates that 
show the usefulness of adenoviral gene delivery in HSCs [ 57 ,  59 – 61 ]. 

  Non-viral approaches   for nuclease delivery include protein- and messenger 
RNA (mRNA)-based platforms that are highly desirable because their transient 
expression has no potential for genome integration. Protein-based delivery strate-
gies have employed ZFN-transferrin conjugates to deliver ZFNs via transferrin 
 receptor- mediated endocytosis [ 62 ]. These complexes were delivered to human 
HSCs and mediated both NHEJ and HR in reporter assays in transformed cell lines 
[ 62 ]. Using  an   optimized electroporation-based procedure with the Amaxa 
Nucleofector instrument, mRNA delivery has resulted in  CCR5  gene disruption in 
HSCs at a rate of approximately 15 % [ 63 ]. Furthermore, this group employed the 
HSCs in a pre- clinical humanized mouse model to show that the modifi ed cells are 
resistant to HIV-1 infection [ 63 ,  64 ]. The ability to disrupt HIV entry portals in 
 HSCs   with ZFNs is signifi cant due to the recent treatment of patients using hemato-
poietic cell transplantation of grafts with homozygous CCR5Δ32 mutations that 
disrupt cellular entry of the HIV particles [ 65 ]. This treatment protocol was initiated 
for an individual with HIV/AIDS who developed acute myeloid leukemia (the so-called 
‘Berlin patient’) in an attempt to cure both the malignancy and the HIV infection 
[ 65 ,  66 ]. Because of the paucity of  CCR5Δ32/CCR5Δ32 donors  , ZFN-modifi ed 
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HSCs are thought to be an ideal strategy for widespread implementation of this regimen. 
A further consideration for nuclease-based gene disruption therapies for HIV 
includes the  CXCR4  gene that is also a co-receptor for HIV cellular entry, and a 
signifi cant number of HIV patients harbor the  CXCR4  variant HIV strain [ 67 ]. As 
such, a recent combinatorial ZFN approach has been investigated in the laboratory. 
Didigu et al., using  CXCR4  and  CCR5  adenoviral-borne ZFNs, showed the ability 
to remove both HIV co-receptors simultaneously in human T-cells [ 68 ]. A potential 
clinical limitation of this approach is the fact that  CXCR4  is a critical homing mol-
ecule for HSCs [ 68 ] and its disruption may perturb normal HSC homeostasis. 

 Their blood lineage plasticity  and   expansive clinical application makes HSCs 
a desirable cell type for genome engineering with designer nucleases; however, 
their limited ability to form extrahematopoietic tissue restricts their wide use in 
comprehensive disease modeling and in regenerative medicine outside the lym-
phohematopoietic system. ESCs and iPSCs represent powerful tools for fi lling 
this void and performing nuclease genome modifi cation of  multi-lineage stem cells   
(Figs.  3  and  4 ).

  Fig. 3    Inducible pluripotent stem cell engineering. Gene editing nucleases can be introduced into 
somatic cells prior to reprogramming or directly to iPSCs. Somatic cells can be obtained from 
multiple sources as part of a minimally invasive biopsy from a patient. The Yamanaka factors 
(Oct3/4, Sox2, Klf4, c-Myc) are added to the template cell to induce pluripotency. These cells 
serve as a platform for disease modeling, drug discovery, and autologous therapies/regenerative 
medicine due to their broad differentiation potential. Image generated using software from 
Motifolio Inc. Sykesville, MD       
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    Human ESC  engineering   with ZFNs was fi rst described by Lombardo et al., who 
targeted the HUES-3 and HUES-1 cell lines with ZFNs designed for the  CCR5  gene 
[ 42 ]. They introduced ZFNs and a donor sequence containing GFP into exon 3 of 
the  CCR5  gene and observed up to ~5 % rates of targeted integration. Importantly, 
the cells maintained their pluripotency and ability to self-renew [ 42 ]. This study 
established a precedent for inserting genes of interest into a specifi ed spot in the 
ESC genome via HR. Hockemeyer et al. extended this to allow for placement of an 
inducible expression cassette at the so-called ‘safe harbor’ locus  AAVS1 . Using 
ZFNs for the fi rst exon of the  PPP1R12C  gene on chromosome 19, they introduced 
a ‘stand alone’ expression cassette containing a promoter, a puromycin gene, and a 
polyadenylation signal (or gene trap targeting vector) containing a splice acceptor- 
2A- puromycin gene that relied on proper targeting and splicing with the fi rst exon 
of the  PPP1R12C  gene [ 69 ]. As such, gene targeting at the AAV locus allows for 
placement of a gene with a promoter that drives the desired level of expression or is 
controlled by the native  PPP1R12C  promoter that is constitutively active [ 70 ]. 
Employing this strategy does not appear to alter the pluripotent nature of iPSCs or 
ESCs [ 69 – 71 ]. Lombardo and colleagues showed that iPSCs stably expressed the 
 AAVS1  localized GFP gene as well as the endogenous  TRA-1, Nanog, Sox2 , and 
 Oct4  markers of pluripotentiality [ 71 ]. Wang et al. utilized ZFNs to mediate 
HR-directed insertion of 2A-puromycin resistance gene designed to splice into exon 

  Fig. 4    Multi-species embryonic stem cell engineering. For livestock models, genome engineering 
can be performed in somatic cells followed by somatic cell nuclear transfer (SCNT) to an enucle-
ated oocyte. Small animal model gene editing can be initiated in primary ESCs or early stage 
embryos followed by implantation. Human stem cell gene editing occurs in primary cells in vitro. 
Genome engineering provides whole live birth animal models for discovery, and human ESCs (or 
iPSCs) serve as a platform for in vitro gene/drug discovery and lineage commitment studies. Image 
generated using software from Motifolio Inc. Sykesville, MD       
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1 of  PPP1R12C  followed by an ubiquitin promoter-driven tricistronic construct 
containing red fl uorescent protein, fi refl y luciferase, and  herpes simplex  virus thy-
midine kinase genes [ 72 ]. This strategy allowed for imaging using fl uorescence, 
bioluminescence, and positron emission tomography of ESCs, iPSCs, and endothe-
lial cells and cardiomyocytes derived from the stem cell progeny [ 72 ]. While the 
HR-directed integration of transgenes into the  AAVS1  site does not appear to disrupt 
the transcriptional profi le of the  PPP1R12CI  gene or those in the immediate vicin-
ity, there is still debate as to whether this locus is a true ‘ safe harbor  ’ [ 71 ,  73 ]. More 
gene-specifi c targeting is preferable, and possible, using ZFNs in stem cells. In the 
same study as their  AAVS1  targeting approach, Hockemeyer et al. also established 
that ZFNs designed for the  OCT4  ( POU5F1 ) locus could mediate insertion of a 
novel OCT4-EGFP reporter that allowed the pluripotent state of hESCs to be 
 monitored with real-time imaging [ 69 ]. Additionally, they showed that the  PITX3  
gene, normally silenced in ESCs and iPSCs, could be targeted, thus indicating 
that sequences could be targeted in ESCs/iPSCs regardless of their transcriptional 
status [ 69 ]. 

 The ability to modify genes in ESCs and  iPSCs   is important to disease modeling 
in vitro, which has become a new foundation for the acceleration of translational 
research. To establish ZFNs as a tool for gene alterations in order to imitate human 
disease, Zou et al. targeted the phosphatidylinositol N-acetylglucosaminyltransferase 
subunit A ( PIG-A ) gene in ESCs and iPSCs, which generated cells that phenotypi-
cally mimic cells of patients with the severe blood disorder paroxysmal nocturnal 
hemoglobinuria (PNH) [ 74 ]. Their strategy relied on NHEJ-mediated deletions in 
H1 ESCs as well as HR-induced mutagenesis. By disrupting exon 6 with ZFNs and 
a targeting donor construct, they were able to derive clonal isolates that maintained 
pluripotency in iPSCs and ESCs [ 74 ]. These studies established ZFN-mediated 
genome editing as a powerful tool for stem cell disease modeling. The promise of 
such an approach is inherently reliant on uniform tools for study that will recapitu-
late the disease phenotype, will not introduce confounding variables, and will 
account for the signifi cant differences that are present at multiple loci between any 
two individuals (or populations) that serve as the study materials. 

 A potentially signifi cant source of variability in stem cell engineering is the  cell 
generation/propagation   process. ESC lines approved for widespread study can 
exhibit variability in regards to their ability and susceptibility to differentiate, as 
well as in their epigenetic and genetic stability [ 75 ]. These factors contribute to 
genetic heterogeneity and can preclude accurate comparisons in vitro [ 75 ]. For 
 iPSCs  , there is an additional layer of complexity due to the method by which the 
cells are generated. Currently, chemical, protein, viral, and non-viral platforms exist 
for reprogramming cells into iPSCs [ 8 ,  76 – 78 ]. Variegation effects, ectopic trans-
gene expression when integrating vectors are used, and copy number variants that 
are present at the time of reprogramming all contribute to potentially confounding 
factors in disease modeling [ 79 ,  80 ]. As a solution to this, Soldner et al. used ZFNs 
to generate isogenic control and Parkinson’s disease (PD) cell lines [ 79 ]. This work 
centered on engineering the A53T or E46K PD mutations into disease-free ESCs or 
repairing the mutation  in   PD patient-derived iPSCs [ 79 ]. In this way they devised an 
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elegant solution to the numerous genetic differences and modifi ers that exist 
between individuals and ESC and iPSC clones. A recently described, straightfor-
ward, and uniform procedure for generating isogenic cell lines using established 
ZFNs will further facilitate the implementation of this strategy [ 81 ]. 

 Further work also showed the ability to revert a disease mutation back to wild- 
type status using genome engineering. Using ZFNs to correct the mutation that 
causes sickle cell anemia has been documented [ 82 – 84 ], with Zou et al. showing the 
ability of corrected iPSCs to differentiate into cells of the  erythroid lineage   [ 83 ]. 
Yusa et al. further expanded the ZFN correction repertoire to include the  Glu342Lys 
mutation   in the α 1 -antitrypsin gene that is responsible for α 1 -antitrypsin defi ciency, 
with corrected hepatocyte-like cells, showing proper enzymatic activity in vitro 
[ 85 ]. Rahman et al. employed ZFNs in fi broblasts and iPSCs to correct the DNA- 
dependent protein kinase defect that causes severe combined immunodefi ciency 
and successfully generate phenotypically rescued T-lymphocytes [ 86 ]. 

 ZFNs have also been used for whole  chromosomal gene editing   by Jiang et al., 
who employed a novel approach by reprogramming Down syndrome patient fi bro-
blasts into iPSCs and then using ZFNs for the  DYRK1A  locus on chromosome 21 for 
targeted insertion of an inducible X-inactivation ( XIST ) transgene [ 87 ]. The transac-
tivator for  XIST  was integrated into the  AAVS1  locus using ZFNs, and the cells were 
screened for a single chromosomal copy of  XIST  at the  DYRK1A  locus [ 87 ]. Six 
clones were tested. Induction of the system with doxycycline  XIST  transgene 
expression on chromosome 21 caused stable heterochromatin modifi cations and 
gene silencing to form a ‘chromosome 21 Barr body’ [ 87 ]. Genome-wide transcrip-
tional profi ling showed silencing of 95 % of the expressed genes on the targeted 
chromosome [ 87 ]. These studies have expanded the power of ZFNs to chromosomal 
gene therapy for trisomy 21, as well as allowed for  Down syndrome   modeling 
in vitro to identify trisomy 21-induced genome/transcriptome dysregulation [ 87 ]. 

 Despite numerous reports in the literature documenting the  ability and effi ciency   
of ZFN-mediated genome editing in multiple organisms, ZFN technology has sev-
eral limitations. The construction of highly active ZFNs is not effi cient enough to 
allow for widespread use. While the modularity of the platform has been improved 
upon, the most effi cient ways to generate ZFNs that take into consideration the 
context dependency of adjacent fi ngers still require industry affi liations or the 
acquisition of specialized and lengthy procedures [ 88 ,  89 ]. These drawbacks, com-
bined with the advent of the TALEN platform, which can be constructed from freely 
available modules, have caused a shift in the landscape of stem cell and genome 
engineering.   

    TALEN 

 The TAL effector proteins are derived from plant pathogenic bacteria of the genus 
 Xanthomonas . DNA recognition is conferred by a central repeat region comprised 
of 14–24 tandem 34 amino acid repeats and is governed by a simple code allowing 
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for rapid assembly [ 90 – 92 ]. Similar to ZFNs, TALENs function as  heterodimers   
(Fig.  5a ). In contrast to ZFNs, however, each TALEN monomer can be engineered 
to recognize between 12 and 32 bp of DNA. The TALEN sequence specifi city is 
therefore expected to be exquisite, as the chances of this length of sequence being 
repeated in a given genome is low. TALENs have been employed in a similar fash-
ion as ZFNs in multiple models, except for HSCs.

      Rodents 

 In 2011 Tesson et al. employed TALENs to target the rat  IgM  locus in order to elimi-
nate   IgM  function   [ 93 ]. They observed higher rates of editing with DNA-encoding 
TALENs but no bi-allelic modifi cations. In contrast, mRNA delivery, while lower in 
overall frequency of cutting, resulted in 50 % bi-allelic modifi cation with higher 
doses of mRNA [ 93 ]. TALENs were also applied to rats for the knockout of the  TLR4  
gene that is involved in ethanol-induced behavioral effects. Ferguson et al. introduced 

  Fig. 5    TALEN nuclease and transcriptional activator architecture. (A) TALE nuclease. A 
TAL is comprised of an N-terminal deletion of 152 residues and 63 wild-type TAL sequences at 
the C-terminus and repeat regions containing two repeat variable di-residues (colored boxes) that 
show a simple recognition code for each of the 4 DNA bases. This code can be utilized to make a 
user-defi ned TALEN that is fused to the nuclease domain of the FokI enzyme (pink and tan ovals). 
TALE nucleases are heterodimeric and contain a left and right array that co-localize at the target 
site to mediate a double-stranded break that can be resolved by NHEJ or HR. (B) TALE activator. 
The FokI nuclease domain is replaced by multiple copies of the VP16 domain derived from the 
herpes simplex virus encoded (or other component derived) transcriptional activator(s). TALEN 
monomers fused to activators can be targeted to target sequences for transcriptional upregulation. 
Image generated using software from Motifolio Inc. Sykesville, MD       
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TALENs designed for exon 1 of the  TLR4  gene and injected them into one-cell 
embryos [ 21 ]. One rat out of 13 that had the mutation was successfully bred to 
homozygosity [ 21 ]. Further advances in rates of editing were reported by Mashimo 
et al., who co-delivered TALENs for the  Tyr  gene with mRNA for the  Exonuclease 
1   ( Exo1 ) gene that possesses 5′–3′exonuclease activity and observed a substantial 
increase in the number of knockout rats [ 94 ]. Importantly, the tandem delivery of 
TAL and  Exo1  mRNA did not result in toxicity, which showed that genome edit-
ing with ectopic manipulation of the DNA repair pathways can further improve 
effi cacy [ 95 ]. 

 In 2013 Sung et al. described the fi rst application of TALENs in  mouse embryos   
[ 96 ]. They targeted the  Pibf1  and  Sepw1  genes, and observed that higher doses of 
TALEN mRNA resulted in more bi-allelic modifi cations, while lower doses resulted 
in a greater number of founder animals. This latter effect was associated with 
off- target toxicity for the  Pibf1  TALEN and, in contrast to  other   studies that sug-
gested higher doses of nucleases mediated higher rates of editing, in their study they 
observed higher rates of editing at lower doses of TALENs [ 96 ]. 

 In studies showing the  versatility and applicability   of TALENs in generating dif-
ferent mouse strain knockout models, Davies et al. employed TALENs in oocytes 
from three different strains to inactivate the  Zic2  gene in order to create a murine 
model of holoprosencephaly, one of the most common human congenital anomalies 
[ 97 ,  98 ]. By injecting TALEN mRNA, they observed editing rates of 25 % on the 
C3H/HeH background and 10 % in C57BL/6J animals [ 92 ]. In similar studies, 
Qiu et al. showed equivalent editing rates in both C57BL/6 and FVB/N zygotes 
[ 99 ]. Collectively these studies allow for greater fl exibility and purity in introducing 
desired mutations in various strains of mice. It is thus conceivable that the differen-
tial genetic backgrounds of mice could be employed to mimic similar scenarios 
observed in human population studies where constitutional genetic modifi ers can 
infl uence physiological responses [ 100 ]. 

 Wang et al. targeted the   Sry  and  Uty  genes   on the Y chromosome [ 101 ] in a study 
that represents a further advance in mouse genetics afforded by gene editing and 
TALENs in particular. Previously, there was a near-complete lack of knockout mice 
with deletions of genes on the Y chromosome due to the diffi culty in targeting it by 
conventional methods [ 101 ]. The use of TALENs allowed for both  Sry  and  Uty  tar-
geting with high effi ciency [ 101 ]. This will allow for more detailed studies of 
Y-chromosome gene function to be performed. MiRNA gene targeting of miR-10a 
and miR- 10b   has also been reported by Takada et al. This versatility, ease of genera-
tion, and effi ciency of use will facilitate strain-specifi c gene discovery studies [ 102 ]. 

 Targeted knock-ins have also allowed for the generation of humanized mouse 
mutation models of disease. Wefers et al. modeled  Hermansky–Pudlak syndrome   
by introducing TALEN mRNA and a single-stranded oligonucleotide donor (ODN) 
containing a missense mutation in the  RAB38  gene [ 103 ]. In a second set of studies, 
this group further optimized the procedure by utilizing a novel TALEN scaffold that 
included a plasmid-coded poly(A) tail, thereby removing the in vitro polyadenylation 
step [ 104 ]. In their fi rst study they had observed <2 % rates of ODN-mediated HR, but 
the optimized TALEN mRNA species mediated the introduction of amyotrophic 
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lateral sclerosis ODN-derived mutations into the  Fus  gene at a rate of 6.8 % [ 104 ]. 
They also observed that multiple founders showed a mixture of HR and 
NHEJ. Similar fi ndings were also observed in the Low et al. study using TALENs 
and ODN donors to correct the  Crb1rd8  mutation, which is present in many mouse 
strains and complicates studies of retinal disease [ 105 ]. The use of ODN donors is 
highly appealing as they are easily synthesized and can be delivered at high concen-
tration in a low volume. These reports and others show their ability to be integrated 
into the genome for the generation of novel disease polymorphisms [ 106 ,  107 ]. 
However, the mix of  truncated   ODN NHEJ and HR events may make them subop-
timal and ineffi cient in conditions where it is necessary to screen numerous clones 
without the benefi t of a drug resistance marker. 

 Classic gene targeting has relied on the use of  double-stranded DNA donors  , 
typically borne on a plasmid to the targeted locus, that contain arms of homology of 
variable lengths and commonly carry a drug resistance gene to allow for selection. 
The disadvantage of this approach is that the size of the plasmid can limit the dose 
that can be delivered. The advantages are that the lengthiness of the donor arms 
mitigates truncations due to incomplete or short crossover events, and the presence 
of a selectable marker (e.g., drug resistance gene) can greatly aid in the recovery of 
properly targeted genes. A landmark study, using a donor such as this, established a 
precedent for one of the most desirable aspects of genome engineering: ex vivo gene 
correction of pluripotent stem cells in a clinically relevant model. In 2007, Hanna 
et al. derived a fi broblast cell line from a humanized mouse model of sickle cell 
anemia, reprogrammed these cells into iPSCs, performed gene correction using a 
plasmid donor, differentiated the cells into hematopoietic progenitor cells, and 
transplanted them into sickle cell mice to reconstitute normal erythropoiesis [ 108 ]. 
The ability to employ this approach without using engineered nucleases but still 
with suffi cient effi ciency provides an even greater rationale for combining gene 
targeting with designer nucleases to make such an approach possible in humans.   

     Swine   

  TALENs have been used for modifi cation of the porcine genome for knocking out 
genes for large animal disease models. Carlson et al. used TALENs to generate a 
live model of hypercholesterolemia by TALEN-mediated indels at the low-density 
lipoprotein receptor locus in fi broblasts that were then utilized for SCNT [ 107 ]. 
This group has also used a similar approach to generate porcine models of infertility 
and colon cancer. TALEN-edited fi broblasts were used for SCNT and production of 
founder animals containing knockout alleles in the  DAZL  and  APC  genes [ 109 ]. 

 Injection of TALEN mRNA targeting the  GGTA1  locus into porcine embryos 
resulted in rates of editing of >70 % [ 110 ]. Follow-up studies to disrupt the gene in 
fi broblasts using a donor containing neomycin revealed >85 % targeting following 
drug selection, with >25 % of the cells containing homozygous gene editing events 
[ 110 ]. A corresponding study using ZFNs observed ~1 % bi-allelic disruption [ 31 ]. 
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This latter study did not use a drug selection procedure, so a direct comparison is 
diffi cult; however, the ability to recover higher rates of edited cells is an important 
consideration for genome modifi cation .  

     Cattle   

  In 2012, the ability of TALENs to function effi ciently in large animal model embryos 
was documented. These studies showed modifi cation of the  ACAN11  or  ACAN12  
genes using an early generation TALEN scaffold that contained more native bacte-
rial sequences [ 91 ,  111 ]. The injections that produced the highest indel frequency 
were associated with developmental delay, prompting them to reformulate TALENs 
using the N- and C-terminal truncations that appear to be optimal for TALEN activ-
ity with minimal toxicity in mammalian cells [ 112 ,  113 ]. When using this architec-
ture with TALENs designed for the  GT-GDF83.1  gene, they saw greater frequency 
of indels without a signifi cant impact on development rate in vitro  [ 107 ].  

    Non-Human Primates ( NHP     ) 

 In 2014, Liu et al. employed TALENs for genome modifi cation in rhesus and cyno-
molgus monkey cells and tissue [ 114 ]. By injecting TALEN plasmids targeting the 
 MECP2  gene along with a third plasmid encoding  RAD51 , included to promote 
NHEJ, they observed miscarriages of male fetuses in accordance with Rett 
syndrome- associated male lethality. With this procedure they were able to bring to 
term a single female with  MECP2  indels showing the ability to edit the genome of 
NHPs and showed that plasmid DNA mediated higher rates of modifi cation than did 
mRNA [ 114 ].  

    Humans 

 In 2011, Hockemeyer et al. generated TALENs, tested them for the same gene tar-
gets that they had previously described for ZFNs, and observed a comparable effi -
ciency [ 69 ,  115 ]. On-target donor integration was observed at all of the fi ve  target 
sites  :  OCT4  (5′ and 3′ prime targets),  AAVS1 , and  PITX3  (start and stop codon tar-
gets) in human ESCs and iPSCs, each of which retained their pluripotent properties 
[ 65 ]. These key fi ndings—combined with the  drastic improvements   in availability 
of TALEN modules, how quickly they can be generated, the enhanced targeting 
repertoire, and effi ciency with which they operate—allow for unparalleled access 
and opportunities to the stem cell and gene editing fi elds. Multiple investigators 
have capitalized on this by using stem cell engineering for disease modeling or 
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correction. Ding et al. demonstrated the synergistic power of stem cells and TALENs 
by targeting and creating mutations in 15 genes [ 116 ]. They went on to phenotype 
three disease genes in stem cells:  SORT1 ,  AKT2 , and  PLIN1  [ 116 ].   SORT1    has a 
role in the regulation of blood insulin, cholesterol levels, and neuronal viability. 
They used TALENs to disrupt exon 2 or 3 of  SORT1  in two different ESC lines. 
Differentiation into hepatocyte like-cells revealed that  SORT1  reduces apoB-levels 
in the blood, thereby lowering cholesterol and suggesting protection from athero-
sclerosis [ 116 ]. Furthermore, these studies showed that   SORT1    appears to be essen-
tial for insulin-responsive glucose uptake, suggesting a role for  SORT1  in human 
insulin sensitivity [ 116 ]. Lastly, neuronal differentiation of  SORT1  null cells vali-
dated previous data showing the necessity of  SORT1  for brain-derived neurotrophic 
factor (proBDNF)-mediated apoptosis in neurons [ 116 ]. These data agree with the 
reported requirement of  SORT1  for proBDNF-induced programmed cell death in 
human motor neurons [ 116 ]. These authors also performed in vitro disease model-
ing in  AKT2  and  PLIN1  TALEN-edited cells. The E17K missense mutation in the 
  AKT2  gene   has been associated with insulin resistance and increased body fat; how-
ever, protein studies of this variant were lacking due to an inability to perform stud-
ies in physiologically relevant cell types [ 116 ,  117 ]. To address this, TALENs were 
employed to knockout exon 2 of  AKT2  in HUES 9 cells with a frequency of 17/192 
clones possessing indels, followed by a second round of gene targeting to obtain 
2/96 clones possessing a compound heterozygote mutation [ 116 ]. To more precisely 
model the E17K mutation, TALENs and a 67  nucleotide   ODN were introduced into 
HUES 9 cells to derive an  AKT2  E17K  heterozygous cell line for study [ 116 ]. 
Differentiation of each cell population into hepatocyte-like cells and adipocytes 
revealed a dominant function for the E17K mutation that causes diabetic-like symp-
toms in patients [ 116 ,  117 ]. Using a similar strategy, these authors used TALENs to 
generate frameshift mutations in exon 8 of the  PLIN1  gene in HUES 9 cells. They 
obtained 70/293 clones with indels, one of which closely mimicked a natural, elon-
gated variant (Val398fs mutation) and a second resulted in a truncated form of 
  PLIN1    [ 116 ]. By differentiating the cells into adipocytes, they observed that the 
elongated variant protein altered storage and droplet formation in adipocytes in a 
fashion similar to lipodystrophy patients [ 116 ]. 

 These studies highlight the power of gene targeting in stem cells for  in vitro dis-
ease modeling   and  discovery  . By performing their analyses in a single cell line, they 
mitigated patient-to-patient or clonal variations that might impact disease gene 
manifestation similar to a previous study of isogenic disease modeling [ 79 ]. Further, 
although their results were consistent with a previous human study [ 118 ], they were 
different from a murine knockout model [ 118 ], highlighting the value of species- 
specifi c disease modeling [ 116 ]. Moreover, the relative ease with which TALENs 
can be generated greatly expands their broad applicability, as evidenced by the 15 
gene targeting strategy with multiple lineage differentiation and phenotypic disease 
modeling performed on three of the genes in this study [ 116 ]. 

 The ability of maintaining consistency for disease gene modeling and discovery 
in stem cells was further enhanced by the  DICE   (dual integrase cassette exchange) 
system [ 119 ]. This system relies on the insertion of a ‘landing pad’ cassette containing 
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phiC31 and Bxb1 attP sites at the  H11  locus in ESCs or iPSCs [ 119 ]. These attP 
sites are non-overlapping in regards to recognition by the  phiC31 and Bxb1 integrases  , 
and result in the highly precise placement of a desired transgene, in a single copy, in 
the same orientation. This eliminates copy number and expression variation as a 
result of random genomic integration sites with differential epigenetic landscapes 
[ 119 ]. Utilizing the landing pad sequence insertion using TALENs resulted in a 
~8-fold increase in effi ciency in ESCs, two iPSC lines, and the 1754 iPSC line 
derived from an individual with Parkinson’s disease [ 119 ]. A similar approach rely-
ing on loxp-Cre transgene exchange at the  AAVS1  locus has also been described 
[ 120 ]. As such, disease-causing or therapeutic genes can be introduced into multiple 
stem cell platforms and in various loci (e.g.,  AAVS1 ,  H11 ), in a manner that reduces 
the unpredictability associated with classical transgenesis. 

 TALEN gene  discovery   has also extended to miRNA genes. TALENs designed 
to delete the miR-302/367 cluster in human fi broblasts showed that these miRNA 
are required for reprogramming to iPSCs [ 121 ]. This study also expanded the 
TALEN functionality to modifi cations to the epigenome by fusing TALEN arrays to 
a  Kruppel-associated box   (KRAB) transcriptional repressor [ 121 ]. Utilizing the 
TAL-KRAB repressor fusion, these authors observed a ~4-fold decrease in repro-
gramming effi ciency when knocking down this miR cluster. TALEN transcriptional 
activators have also been described with TAL DNA binding domains fused to the 
activation domain of  VP16   (Fig.  5b ). This complex could be targeted to the  Oct4  
locus and moderately upregulated transcription in ESCs [ 122 ]. Fusion of TALE 
repeats to the TET1 hydroxylase catalytic domain has also allowed for modifi cation 
of methylated CpG residues with concomitant gene expression upregulation [ 123 ]. 
As such, the application of TALENs as genome editing nucleases that result in per-
manent modifi cations, as well as genome ‘rheostats’ that can temporarily activate or 
repress gene function, will allow for greater application of this technology. 

 TALEN gene correction has also been documented directly in  iPSCs  . Using a 
plasmid donor with alpha-1 antitrypsin ( AAT ) gene arms of homology fl anking a 
fusion-resistance gene comprised of a puromycin gene fused to a truncated thymi-
dine kinase gene, Choi et al. achieved correction of the  AAT  gene [ 124 ]. Using 
puromycin selection, they recovered 66/66 properly targeted iPSCs with 25–33 % 
demonstrating bi-allelic correction [ 124 ]. Finally, using a  piggyBac  transposon system, 
they subsequently removed the resistance genes, leaving behind only donor- derived 
sequences and showing functional correction of iPSC-derived hepatocyte-like cells 
[ 124 ]. Sun et al. used a similar donor strategy for the correction of the E6V mutation 
in the hemoglobin beta ( HBB ) gene that causes sickle cell disease [ 125 ]. More than 
60 % of their puromycin-resistant clones showed on-target gene correction, and the 
 iPSCs   remained karyotypically normal and retained pluripotency [ 125 ]. Osborn 
et al. applied TALENs for gene correction in primary fi broblasts derived from a 
patient with a severe blistering disorder, recessive dystrophic epidermolysis bullosa 
(RDEB) [ 56 ]. The cells were subsequently reprogrammed into  iPSCs   that, when 
injected into immune-defi cient mice, formed teratomas with skin organoids show-
ing the proper deposition of the type VII collagen protein that is missing in RDEB 
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patients [ 56 ]. Collectively, these studies form the basis for future ex vivo therapies 
where patient cells are corrected either pre- or post- reprogramming and provide 
individualized genomics-based therapeutic and regenerative medicine. 

 TALENs targeting capacity surpasses that of ZFNs, and they are easier to 
generate [ 111 ,  126 ]. TALENs can also be fused to differential domains (e.g., tran-
scriptional activator and repressor) to confer new activities in a site-specifi c manner. 
Despite the great enthusiasm for TALENs, the technology is still relatively new and 
some issues remain unresolved. First, the  ability   to effi ciently deliver TALENs is 
compromised by their size, making adenoviral vectors well suited for delivery while 
other delivery platforms (retro-, lenti-, and adeno-associated viral vehicles) can 
be refractory to this technology [ 127 ]. Second, the ability to multiplex TALENs 
currently requires generating and introducing multiple site-specifi c proteins that 
have to be generated individually and then delivered effi ciently to achieve the 
desired events. For these reasons, there is currently great interest in the CRISPR/
Cas9 system, which affords the user an even greater ease and fl exibility for stem cell 
engineering.   

    CRISPR/Cas9 

 CRISPR/Cas9 exists naturally in archaea and bacteria as part of an adaptive immu-
nity mechanism for bacteriophage defense [ 128 ]. The system is comprised of the 
Cas9 nuclease and of a  guide RNA   (gRNA) species (Fig.  6 ) that possesses sequence 
specifi city in relation to a protospacer adjacent motif (PAM) that can differ between 
different Cas9 orthologs [ 129 ,  130 ]. The system has been adapted for mammalian 
use in multiple platforms and is highly user friendly.

       Rodents   

  Mashiko et al. were able to target either the murine  Cetn1  or  Prm1  genes by using a 
simplifi ed delivery method where the Cas9 nuclease and gRNA were contained on 
a single plasmid injected into mouse zygotes [ 131 ]. Higher doses of plasmid were 
associated with more effi cient knockout rates, and only 2/46 modifi ed animals 
contained a random integrant of the Cas9 expression cassette [ 131 ]. This relatively 
low integration rate simplifi es the delivery/injection of this platform as it obviates 
the need for RNA generation. However, RNA delivery has been associated with 
higher overall rates of editing. Li et al. were unable to modify the  Th  gene with low 
doses of DNA in FVB/N mice, and the rate of editing only increased to 0.3 % when 
using 2.5 times more DNA [ 132 ]. In contrast, the use of RNA Cas9 and gRNA 
increased gene targeting in C57Bl/6 mice at the  Th  locus to 6.7 % [ 132 ]. Fujii et al. 
showed that CRISPR/Cas9 with two independently targetable gRNAs of 80 
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  Fig. 6    CRISPR nuclease and nickase. The CRISPR/Cas9 system is comprised of a guide RNA 
(purple sequence) that possesses secondary structure that interacts with the Cas9 nuclease. The com-
plex binds a target sequence and two domains in Cas9 mediate sense and antisense DNA cutting: 
HNH cleaves the complementary strand and RuvC cleaves the noncomplementary strand. (A) 
CRISPR/Cas9 nuclease. The gRNA and Cas9 co-localize at the target site, and both strands of DNA 
are cut promoting NHEJ but allowing for HR. (B) CRISPR/Cas9 nickase. The D10A mutation inac-
tivates the RuvC domain (indicated by red) and results in only one strand of the DNA helix being 
cleaved with preferential promotion of HR over NHEJ. (C) CRISPR/Cas9 activator and (D) CRISPR/
Cas9 repressor. Inactivation of the HNH and RuvC domains removes the nuclease activity of Cas9. 
Fusing Cas9 with transcriptional activating (e.g., VP16) or repressive domains (e.g., Krueppel-
associated box (KRAB)) converts the complex into a gene expression modulatory platform       
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nucleotides (compared to the typical ~40 nucleotide length) could cause large scale 
deletions (∼10 kb) that were transmittable to progeny mice [ 133 ]. These data 
showed the ability of multiple gRNAs to function simultaneously in murine zygotes. 
Expanding this to different genes, Zhou et al. attempted to target the murine  B2m, 
IL2rg, Prf1, Prkdc , and  Rag1  genes in order to generate immunodefi cient animals 
[ 134 ]. While the Cas9 and gRNAs were delivered as RNA species, the researchers 
observed a dose-dependent associated increase in effi ciency similar to the Mashiko 
study. This study, in one step, recapitulated three different immunodefi cient mouse 
models ( IL2rg  and  Prkdc -defi cient NSG model;  Rag1  and  IL2rg  null BRG model; 
and NSG B2m−/− with  B2m, IL2rg , and  Prkdc ) [ 134 ]. Furthermore, they docu-
mented three animals that showed disruption of all fi ve target genes [ 134 ]. Wang 
et al. also targeted 5 genes ( Tet1, 2, 3, Uty,  and  Sry ), and 10 % of the ES clones 
screened showed mutations in all eight alleles of the fi ve genes [ 135 ]. In this and a 
second report authored by the group, they also demonstrated the ability to introduce 
double- or single-stranded donor templates to insert small alterations into the tar-
geted sequence [ 135 ,  136 ]. These alterations included point mutations, the insertion 
of a loxP site, or a V5 epitope tag [ 135 ,  136 ]. In this way the one-step generation of 
mice carrying designed point mutations, fl oxed alleles for conditional mutations, 
and fl uorescent marker- or V5 epitope-tagged genes was effi ciently achieved. These 
strategies offer a path forward for gene discovery, as well as a method for protein-
based studies using candidates tagged with a sequence (e.g., V5 epitope) where 
protein-specifi c antibodies may not exist. 

 The immense power of the CRISPR/Cas9 system multiplexing ability is being 
fully realized in genome-wide gene discovery studies [ 137 ]. Koike-Yusa and col-
leagues introduced 87,897 guide RNAs targeting 19,150 mouse protein-coding 
genes into murine ESCs that constitutively expressed Cas9 [ 137 ]. They then 
screened them for resistance to 6-thioguanine or  Clostridium septicum  alpha-toxin 
and identifi ed 31 genes involved in these phenotypes [ 137 ]. 

 Higher order mammalian embryonic stem cells have also been targeted with 
CRISPR gene editing. Rat zygotes injected with Cas9 and gRNA RNA species 
 targeting the  Mc3r  or  Mc4r  genes showed disruption frequencies, with germline 
transmission, of 0.8 % and 10.6 %, respectively [ 132 ]. Conditional gene targeting 
has also been utilized in rats with CRISPR/Cas9, allowing for temporal and tissue- 
specifi c control of gene inactivation. Ma et al., using a single circular donor, tar-
geted three genes― Dnmt1, Dnmt3a , and  Dnmt3b ―and generated offspring 
with  fl oxed  alleles [ 138 ]. An especially powerful tool is the generation of haploid rat 
ESCs that can be effi ciently targeted with CRISPR/Cas9 to achieve homozygous 
gene disruption or insertion that produces fertilized oocytes and generates fertile 
offspring [ 139 ]. Thus, the effi cient ability to modulate the rat genome opens new 
avenues of investigation due to its superiority to the murine model, particularly for 
toxicology and pharmacology studies  [ 138 ,  140 ].  
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     Non-Human Primates (NHP)   

   As a model system the  NHP   is closer to humans than any other organism. Generating 
suitable disease models has been hampered; however, by the lengthy time to repro-
ductive maturation and gestation period that produces few offspring [ 141 ]. As a 
solution to this, Wan and colleagues employed CRISPR/Cas9 to achieve biallelic 
 p53  gene knockout animals. Their study found that high doses of gRNA and Cas9 
negatively impacted development to the morula/blastocyst stage [ 141 ]. However, 
when a lower dose of Cas9 and gRNA was injected into 108 zygotes, 62 morpho-
logically normal embryos developed that were implanted into 13 surrogates, four of 
whom became pregnant [ 141 ]. Two pregnancies were carried to term with three 
offspring, two of which carried  p53  gene modifi cation events [ 141 ]. This study also 
showed that CRISPR/Cas9-mediated HDR was possible in embryos, opening a new 
avenue of approach for generating NHP models that closely mimic human 
disorders.    

    Humans 

 The fi rst two reports describing the CRISPR/Cas9 system for use in mammalian 
cells revealed important considerations and opportunities for use in human stem 
cells [ 129 ,  130 ]. Mali et al. fi rst showed the ability of CRISPR/Cas9 to mediate 
NHEJ-induced indels at the  AAVS1  locus on chromosome 19 in the  PGP1 iPSC line   
[ 129 ]. The Zhang laboratory fi rst showed the multiplexing ability of this system 
[ 130 ] and maximized this potential in the  HUES62 ESC line   by targeting 18,080 
genes with 64,751 unique gRNAs to enable both negative and positive selection 
screening of genes involved in viability [ 142 ]. This approach represents an advance 
over  RNA interference   (RNAi)-based approaches that can only target the transcrip-
tome, whereas the CRISPR technology allows for targeting of the entire genetic 
landscape (e.g., promoters and enhancers) [ 142 ]. 

 Despite being able to design  gRNAs   for over 50 % of the genome, the wild-type 
 Streptococcus pyogenes  Cas9 can only target sequences possessing a G(N 20 )GG 
motif [ 129 ,  130 ]. Differential Cas9 variants may enhance targeting and represent an 
opportunity to simultaneously and independently target sequences using orthogonal 
variants. The Cas9/gRNA platform from  Neisseria meningitidis  recognizes a 
5′-NNNNGATT-3′ PAM, thus giving it a different targeting profi le from  S. pyo-
genes  [ 143 ,  144 ]. Using   Neisseria   , Hou et al. were able to disrupt a reporter gene 
knocked into the DNMT3b locus in H9 human ESCs [ 143 ]. Further, they were able 
to increase rates of gene targeting in the H1 and H9 ESCs and the iPS005 [ 145 ] cell 
lines using a puromycin selection strategy that showed ∼60 % were correctly 
targeted with single insertion events [ 143 ]. Cas9 from   Staphylococcus aureus    can 
target sequences containing NNAGAAW, and its main benefi t is that it is ~1 kb 
smaller than other described Cas9 cDNAs, thus making it able to be packaged in 
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AAV virions to facilitate robust in vitro and in vivo gene editing in a highly specifi c 
manner [ 146 ].  Rational engineering   has also facilitated the expansion of the target-
ing capacity of Cas9. Kleinstiver et al. utilized combinatorial design, structural data, 
and a bacterial selection-based evolutionary system to modify  S. pyogenes ,  S. ther-
mophilis , and  S. aureus  Cas9 proteins to facilitate new PAM recognition variants 
that showed functionality in zebrafi sh and human cells [ 147 ]. Thus, the directed 
evolution of existing and application of new Cas9 variants will further facilitate 
enhanced applications for this platform. 

 To that end, direct CRISPR gene repair has also been achieved in murine and 
human stem cells. Schwank et al. described CRISPR/Cas9 effi cacy in small and 
large intestine stem cells derived from cystic fi brosis patients with a homozygous 
F508 deletion in exon 11 of the  CFTR  gene [ 148 ]. The clonally expanded organoids 
displayed full functionality and provided proof of principle for use of CRISPR/
Cas9 in human disease correction [ 148 ]. In mice with a mutation in the cataract- 
causing  Crygc  gene, Wu et al. showed that gRNA/Cas9 RNA injection into zygotes 
could result in correction using an  exogenous donor oligonucleotide   or the endog-
enous normal allele [ 149 ]. Human iPSC disease correction has been reported by 
multiple investigators for several disorders (beta-thalassemia, muscular dystrophy, 
chronic granulomatous disease) [ 150 – 155 ] many of which rely on the introduction 
of selectable markers to force preferential outgrowth of modifi ed cells. Often this 
necessitates a second step using cre-lox or a transposable element to remove the 
selectable marker. Grobarczyk et al. described a manner in which selection-free 
procedures used mechanical picking and enzymatic dissociation of cells to obtain 
~2 % of cells with HDR or ~15 % with NHEJ [ 156 ]. Miyaoka et al. detail a strategy 
whereby pools of  iPSCs   treated with a nuclease and an oligonucleotide donor can 
be screened  en masse  with droplet digital PCR to detect the events followed by 
fractionation and subcloning of the pools to isolate corrected clones [ 157 ]. As such, 
the pairing of nuclease mediated modifi cation with selection- free techniques will 
foster the generation of minimally invasive procedures to create stem cells for 
downstream applications. Further, because the Cas9 protein contains  RuvC and 
HNH domains  , each responsible for generating single-strand DNA breaks (‘nicks’) 
on opposite strands of the DNA helix, inactivation of one of these domains converts 
Cas9 into a DNA nickase capable of cutting only one strand (Fig.  6b ) [ 129 ,  130 ,  158 ]. 
A nick to a single strand has been shown to preferentially promote error- free HDR, 
while nucleases often have competing HDR and NHEJ events [ 159 ,  160 ]. 
Furthermore, paired nickases have been shown to promote greater specifi city 
[ 161 – 163 ]. As such, the extensive engineering of Cas9 allows for maximal effi cien-
cies for differential purposes (e.g., HDR vs. NHEJ). As an extension of this, Cas9 is 
capable of functioning as a fusion protein that allows for subtler, transient gene 
regulatory alterations. Inactivation of each of the  RuvC and HNH domains   results 
in a catalytically inactive protein that retains binding ability to the gRNA and can 
acquire new functions by fusing it with other domains. This strategy has been used 
in stem cells by fusing Cas9 to the VP48 (three copies of a minimal VP16 sequence) 
activation domain (Fig.  6c ) [ 164 ]. The   SOX2 ,  OCT4 , and  IL1RN  genes   were able to 
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be simultaneously activated in a highly specifi c manner that was documented by 
genome- wide microarray expression analysis [ 164 ]. 

 The modulation of genes in human stem cells employed a  SOX17  gene Cas9-VP16 
activator or a  OCT4A  Cas9-KRAB repressor to interrogate the regulatory governors 
of differentiation and show the expansive ability of CRISPRs to mediate differential 
effects (Fig.  6d ) [ 165 ]. This system provides a platform for the interrogation of the 
underlying regulators governing specifi c differentiation decisions, which can then 
be employed to direct cellular differentiation down desired pathways. This approach 
has been further expanded upon to achieve higher levels of transcriptional activation 
in iPSCs using a ‘ tripartite activator’   comprised of VP64-p65-Rta fused to inactive 
Cas9 [ 166 ]. The gRNA itself can also be modifi ed, resulting in enhanced effi cacy as 
shown by Konermann et al., who included aptamer sequences to the  gRNA   that 
facilitated recruitment of non-Cas9 bound effector domains [ 167 ]. Larger scale 
epigenome modifi cations by targeting enhancers (proximal and distal) provide a 
further layer of targeting capability [ 168 ]. 

 The high degree to which the CRISPR/Cas9 system can accommodate both itera-
tive and directed design alterations that confer new functionality represents an 
incredibly agile platform. Its application in stem cells for disease modeling, genera-
tion, and correction, as well as its ability operate as an  epigenetic modulator,    makes 
it a tool capable of permanent and transient effects in a dynamic manner.   

    Summary 

 The future of genome editing and stem cell biology is bright, having been founded 
on molecular and cellular studies that have changed the manner in which biomedi-
cal research is performed. The fi rst description of iPSCs [ 8 ] has primary impor-
tance, as it represents a powerful tool for multiple areas of study including 
developmental and stem cell biology. In addition, iPSCs represent a platform for in 
vitro disease modeling and drug discovery, and are potential sources of autologous 
cells for transplantation and regenerative medicine. The fact that they are derived 
from postnatal cells essentially removes the ethical hurdles that limit ESC applica-
tions. Further investigations into variations that exist in iPSCs and ESCs are required 
in order to identify the best platform for the next generation of therapies. Major 
applications of ESCs in the future will be for livestock manipulations and in creat-
ing rodent models of human disease. 

 A second transformative tool has been gene-specifi c nucleases and their applica-
tion in stem cells. Within the past decade the fi eld has expanded at a high rate of 
speed, from ZFNs that were available in few laboratories to TALENs and CRISPRs 
that are available to any researcher with basic molecular biology skills. Importantly, 
each iteration of nuclease platform is additive to the fi eld and does not resign the 
previous versions to obscurity. The design and application of each class is mutually 
reinforcing to the entire fi eld. ZFNs, TALENs, and CRISPRs are all being actively 
pursued in stem cells, and whether one will dominate is unknown. Driving factors 
in this decision are presented in Table  1 .
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   Both nucleases and pluripotent stem cells have potentially deleterious aspects 
that could limit their effectiveness. For pluripotent stem cells this relates to the pres-
ence or accumulation of genetic and epigenetic modifi cations prior to or during 
reprogramming. Both ESCs and iPSCs are subject to these modifi cations in vitro, 
which may manifest in the same line or even within the same culture vessel during 
propagation [ 9 ]. Aneuploidy has been reported in iPSCs, their parental cellular pre-
cursors, and ESCs. Studies by the International Stem Cell Initiative suggest that 
karyotypic abnormalities may occur in as many as one out of every three cell lines 
[ 169 ]. Trisomy 12 is the most common abnormality in human ESCs and iPSCs, and 
chromosome 17 trisomy occurs frequently in murine ESCs [ 169 ,  170 ]. Interestingly, 
the  NANOG  gene, the master regulator of induced pluripotency, resides on chromo-
some 12, so the gene dosage advantage of cells trisomic for chromosome 12 may 
represent a positive selection in vitro [ 171 ,  172 ]. Copy number and single nucleo-
tide variations appear to be derived primarily from the source cell and do not appear 
to play a role in preferential reprogramming or amplifi cation of deleterious 
sequences [ 173 ]. These fi ndings suggest that rigorous screening of template cells 
could minimize downstream adverse events, and that reprogramming by the addi-
tion of transcriptional activators is not likely to be mutagenic [ 9 ]. 

 However, reprogramming itself results in signifi cant alterations to the epigenetic 
landscape. During this process there is a global resetting of the epigenetic profi le on 
the X chromosome as well as at multiple discrete loci [ 174 ]. For example, in human 
female cells a copy of the X chromosome is inactivated at random and this pattern 
is retained in daughter cells both prior to and, apparently, during reprogramming 
[ 175 ]. Prolonged culture, however, is associated with erosion of X inactivation in 
both ESCs and iPSCs, and appears to amplify and can even take over the culture 
population [ 176 ,  177 ]. Local epigenetic modifi cations may occur as well. Moreover, 
maintenance of the methylation profi le of the parental cell type (such as epidermal 
or hematopoietic cell) may persist through reprogramming (‘epigenetic memory’). 
In support of this, cell line-specifi c DNA methylation patterns have been reported 
that may signifi cantly impact cellular phenotype when they are differentiated into 
the desired lineage [ 173 ,  178 ,  179 ]. 

 Lineage plasticity is the hallmark of pluripotent cells. The most common assay 
to establish this plasticity is the teratoma assay in immune-defi cient animals. The 
propensity for teratoma formation of undifferentiated cells is a concern for clinical 
application. Methods for removing contaminating iPSCs from the pool of induced 
lineage-committed cells have been described and may lower or even remove this 
signifi cant hurdle to clinical use [ 180 ,  181 ]. Aberrant methylation status and subtle 
genetic changes may also impact clinical use of iPSC-derived cells by compromis-
ing their physiological function or by causing immunogenicity [ 182 ]. Rigorous 
quality assurance and control must therefore be performed before, during, and after 
reprogramming to insure safety and effi cacy. As costs for whole genome, exome, 
and epigenome sequencing continue to decrease, these methodologies may allow 
for tandem quality assessments of stem cell manipulation and nuclease-induced 
deleterious genetic changes. 
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 The choice and effi cacy of a particular class of engineered nuclease depends on 
many factors: cost, ability to be designed by individual users (i.e., availability) for 
desired genomic targets, broad applicability, functionality (e.g., nuclease, nick-
ases etc.), and ability to be delivered effi ciently (factors shown in Table  1 ). Perhaps 
the most critical parameter is the consideration of safety. By defi nition, engi-
neered nucleases are designed to recognize a specifi c DNA sequence; however, 
they may also exhibit off-target (OT) effects due to overlapping or low-complex-
ity sequence recognition between the primary target and the OT site. Current 
methods for predicting and identifying OT sites include in vitro modeling, sys-
tematic evolution of ligands by exponential enrichment (SELEX), and unbiased 
genome-wide screens. SELEX has been performed with both ZFNs [ 183 ] and 
TALENs [ 115 ], but the correlation to actual in vitro or in vivo target sites has not 
been fully validated [ 184 ]. A newer methodology has shown better predictability 
for ZFNs [ 185 ], and a database for predicting CRISPR OT sites is also available 
[ 186 ,  187 ]. 

 The unbiased approaches include integrase-defi cient lentiviral gene trapping 
(IDLV) and mapping using linear amplifi cation mediated (LAM) PCR [ 55 ,  188 ], 
GUIDE-seq [ 189 ], Digenome-seq [ 190 ], LAM PCR high-throughput, genome- 
wide, translocation sequencing (HTGTS) [ 191 ], and direct in situ breaks labeling, 
enrichment on streptavidin and next generation sequencing (BLESS) [ 146 ,  192 ]. 
These highly sensitive methodologies are effective at discovering and mapping OT 
sites; however, OT effects are not unprecedented and do not necessarily preclude 
clinical application [ 55 ,  193 ]. Moreover, there does not appear to be an emergent 
and dominant nuclease class that is devoid of OT potential, and each target site and 
nuclease candidate must be considered individually. At present, the overriding fac-
tor dictating specifi city appears to be related primarily to the sequence being tar-
geted and its heterogeneity/complexity. Toward achieving maximal effi ciency, 
direct reengineering of the nuclease to an obligate heterodimer [ 194 ] or nickase/
paired nickase versions [ 162 ,  163 ] can greatly reduce OT effects. Further, truncation 
of the gRNA target sequence appears to increase specifi city [ 195 ]. The ability to 
assess OT effects at the genome level, target sequences of suffi cient complexity 
(i.e., minimal overlap to secondary/OT loci), and engineer components of the 
 nuclease architecture to achieve more stringency will allow for the safest reagents 
for clinical use. 

 Together stem cells and nucleases have made a tremendous impact in mamma-
lian models of genetic disease modeling, gene discovery, and functional gene analy-
sis. Translational applications hold great promise as well by virtue of precision 
nuclease-mediated modifi cations in pluripotent stem cells and their subsequent 
directed differentiation into terminal effector cells. As proof of principle, non- 
genome edited iPSCs have, for the fi rst time, have been employed in a patient with 
age-related macular degeneration [ 196 ]. This foundational study provides a path 
forward for gene-edited stem cells. However, to fully realize this potential, safety 
concerns must be rigorously assessed at the stages surrounding reprogramming and 
after nuclease delivery. Further advances in high throughput sequencing technologies 
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at the genome, exome, and epigenome levels and assessment of large data sets uti-
lizing bioinformatics analysis [ 197 ] will facilitate the entrance of nuclease- modifi ed 
cells for clinical use. 

 These analytical parameters must be considered in the context of societal and 
ethical issues that will guide the very choice of stem cell that is acceptable for use. 
 Primum non nocere  (First, do no harm) [ 196 ] is the core tenant of medical interven-
tion and ethics and iPSCs, due to their derivation from adult tissues, are largely 
accepted in this context while ESCs may not be. The ability to modify genomes 
adds a layer of complexity to the ethical debate and, despite the call for a morato-
rium on germ line genome modifi cation [ 198 ], a 2015 report by Liang et al. utilized 
CRISPR/Cas9 to modify the hemoglobin B locus in human zygotes at a frequency 
that was highly ineffi cient [ 199 ]. Therefore, the complicated biological develop-
ment, optimization, assessment, and use of stem cell and gene editing models and 
technologies must exist and evolve in the complex societal and organismal arenas 
that themselves may have signifi cant potential for ‘off-target’ effects.     
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