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Abstract Molecular scissors (MS), incl. Zinc Finger
Nucleases (ZFN), Transcription-activator like endonc-
leases (TALENS) and meganucleases possess long
recognition sites and are thus capable of cutting DNA in
a very specific manner. These molecular scissors
mediate targeted genetic alterations by enhancing the
DNA mutation rate via induction of double-strand
breaks at a predetermined genomic site. Compared to
conventional homologous recombination based gene
targeting, MS can increase the targeting rate 10,000-
fold, and gene disruption via mutagenic DNA repair is
stimulated at a similar frequency. The successful
application of different MS has been shown in different
organisms, including insects, amphibians, plants, nem-
atodes, and mammals, including humans. Recently,
another novel class of molecular scissors was described
that uses RNAs to target a specific genomic site. The
CRISPR/Cas9 system is capable of targeting even
multiple genomic sites in one shot and thus could be
superior to ZFNs or TALEN, especially by its easy
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design. MS can be successfully employed for improv-
ing the understanding of complex physiological sys-
tems, producing transgenic animals, incl. creating large
animal models for human diseases, creating specific
cell lines, and plants, and even for treating human
genetic diseases. This review provides an update on
molecular scissors, their underlying mechanism and
focuses on new opportunities for generating genetically
modified farm animals.
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Introduction

With the exception of active transgenesis by vectors
such as transposons and viral vectors, genetic modi-
fication starts with the creation of a double-strand
break (DSB) in the DNA. The efficiency of a targeted
genetic modification can be significantly enhanced by
creation of a site-specific DSB (Rouet et al. 1994a).
Molecular scissors normally consist of the cleavage
domain and a DNA binding domain, which can be
designed to bind to nearly any DNA sequence. By
selecting for different outcomes of DNA repair, either
gene knockout or targeted transgene insertion can be
obtained. Here, we review the state of the art on
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different molecular scissors, highlight their underlying
biological mechanism and provide milestone results
that have been achieved by using the different MS
categories. We start with the history of molecular
scissors, then outline the strategies to modify a
genome via MS, and finally survey the growing
literature on the utility of MS for targeted genome
modification.

Causing double-strand breaks stimulates targeted
genetic modifications

Homologous recombination (HR) is a rare cellular
event that has numerous applications, such as for
studying basic mechanisms in mammalian develop-
ment and physiology, and for producing transgenic
farm animals that could play an important role in
xenotransplantation, or will be used as human disease
models, or for gene pharming or simply to increase
breeding performance. In ES-cells, HR can be
achieved using a positive—negative selection approach
based on the presence of an antibiotic selection
cassette within the homologous region which will
confer resistance against an antibiotic drug. With a
promoterless approach, the resistance cassette is
driven by an endogenous active promoter, which
significantly reduces the amount of false positive cell
clones. This can be combined with a selection cassette
localized outside of the homologous region. The
combined approach reduces the amount of false
positive selected cell clones. Using the yeast I-Scel
meganuclease, it was shown that the DSB within the
targeted region of the host genome is compatible with
efficient HR by taking advantage of the cellular DNA
repair mechanisms (Rouet et al. 1994b). Several
studies have reported 1-18 % HR events per mam-
malian cell when the targeted DSB was introduced by
natural or artificial endonucleases compared to 107°
HR events without the use of endonucleases (Choulika
et al. 1995; Donoho et al. 1998; Epinat et al. 2003;
Vasquez et al. 2001; Szczepek et al. 2007; Urnov et al.
2005). Meganucleases were the first molecular scis-
sors that were discovered and used to cut target DNA
within the host genome. In the past few years, new
molecular scissors were discovered that cut DNA in a
very precise manner, with unprecedented efficiency
and in a straightforward manner. These new molecular
scissors include Zinc-Finger nucleases (ZFNs),
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Transcription-activator like endonucleases (TALEN)
and the recently described RNA-programmable gen-
ome editors (CRISPR/CAS9). Synthetic endonuclease
enzymes such as ZFNs, transcription activator-like
effector nucleases (TALEN) and the emerged
CRISPR/Cas9 are applicable to both direct (microin-
jection) and cell-mediated transgenesis and enable
both gene inactivation by mutagenesis and precise
sequence deletion, replacement or insertion by gene
targeting and introduction of single nucleotide poly-
morphisms into the genome of species. A combination
of several molecular scissors can also be used to delete
large regions of genes and chromosomes. By using
these precise and highly efficient technologies,
researchers have now entered an era of “genome
editing”.

Meganucleases
Structure of meganucleases

Meganucleases, also called homing endonucleases,
can be divided into five families based on sequence
and structure motifs: LAGLIDADG, GIY-YIG, HNH,
His-Cys box and PD-(D/E)XK (Arnould et al. 2011;
Silva et al. 2011; Orlowski et al. 2007). Meganuc-
leases are generally encoded within introns or inteins
although freestanding members also exist (Chevalier
and Stoddard 2001). Meganucleases target long DNA
sequences (14—40 bp) that are recognized and cleaved
with high specificity in vitro and in vivo. By using
such a large recognition sequence, meganucleases
tolerate some target-site polymorphisms with little or
no loss in binding and cleavage activity. Such long
target sequences are rarely found in the genome, e.g.
only one I-Scel target site can be found in the entire
yeast genome. The best studied family of meganuc-
leases are the LAGLIDADG proteins. The defining
sequence motif, LAGLIDADG, represents the essen-
tial element for enzymatic activity. Some of the
proteins contain only one of these motifs (I-Crel),
others contain two motifs (PI-Scel). The defining
sequence motif, LAGLIDADG, is essential for enzy-
matic activity. In single and double motif endonucle-
ases, the domain adopted a similar o oo fold, with
the LAGLIDADG motif comprising the terminal
region of the first helix, not only contributing to a
bipartite catalytic center but also forming the core
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subunit/subunit interaction. Two such o/f} domains
must assemble to form the functional protein, with the
resulting [B-strands creating a saddle-shaped DNA
binding interface.

By mutating individual protein residues close to the
DNA, the specificity of meganucleases can be altered
without disturbing the catalytic efficiency (Rosen et al.
2006; Sussman et al. 2004; Seligman et al. 2002;
Doyon et al. 2006). Different laboratories tested the
concept of subunit inter-changeability by fusing both
similar and disparate o/f domains, giving rise to
hybrid proteins with specificity derived from each of
the parental protein targets. These experiments
revealed the feasibility of a “mix and match”
approach, and confirmed the evolutionary concept
that the double-motif LAGLIDADG proteins arose
from a gene duplication event. Strategies for engi-
neering meganucleases involve a semi-rational
approach in which specific residues are mutated on
the basis of prior structural or functional knowledge to
create libraries with limited diversity. An automated
high-throughput screening method was used for the
I-Crel scaffold, resulting in the identification of
hundreds of mutants with altered specificities (Ar-
nould et al. 2006; Smith et al. 2006). Nevertheless,
bona fide engineering of the specificity of meganuc-
leases turned out to be more complex. Comprehensive
computational studies gave rise not only to specificity
re-engineering but also addressed dimerization via
targeting protein—protein interactions of the subunits.

Gene targeting using meganucleases

DNA damage occurs naturally and frequently is
associated with chromosomal aberrations. Normally,
the cell activates its repair mechanisms to ensure
genomic integrity. This repair mechanism can either
be error-prone non-homologous end joining (NHEJ)
or conservative (HR) depending on the mechanism
involved.

I-Scel is the prototype of a meganuclease used for
genome engineering. In nature, I-Scel stimulates HR
by creating site-specific DSB in a process called
homing. Discovery of this function in the yeast
Saccharomyces cerevisiae paved the way into a new
era in gene targeting (Jacquier and Dujon 1985).
Pioneering experiments showing the usefulness of
meganucleases for gene targeting were performed in
the 1990s in which a chromosomal neomycin resistant

gene interrupted by an I-Scel recognition site was used
as a reporter to monitor gene correction events in
mouse cell lines. Gene correction could be achieved at
frequencies of 3 x 107> in ES cells and 4 x 10~*in
NIH3TS3 cells, and up to 10 % recombination in HEK-
293 cells using I-Scel (Smih et al. 1995; Rouet et al.
1994a); (Szczepek et al. 2007). Studies with the I-Scel
system to decipher the cellular mechanisms of DSB
repair have laid the foundation for the main strategies
envisioned today for genome engineering. As cleav-
age sites for naturally occurring meganucleases do not
exist in mammalian genomes, a cleavage site has to be
introduced by transfection into the region of interest
prior to use, which is an obvious drawback of natural
meganucleases. Nevertheless, it has been successfully
employed to induce various genetic modifications,
incl. point mutations, recombination between repeats
or gene targeting in bacteria (Horzempa et al. 2010;
Yu et al. 2008; Flannagan et al. 2008; Posfai et al.
1999), mosquitos (Windbichler et al. 2007), flies
(Maggert et al. 2008), and plants (Siebert and Puchta
2002; Puchta 2002, 1999). I-Scel was also used to
improve efficiency of genetic modification in multiple
organisms incl. frogs (Loeber et al. 2009), flies
(Takeuchi et al. 2007), fish (Grabher and Wittbrodt
2008), and sea anemone (Renfer et al. 2010). The
company Cellectis Bioresearch (Paris, France) dis-
tributes products and protocols for transgene integra-
tion into several types of cell lines, e.g. CHO-KI,
CHO-S, NIH3T3 or HEK-293.

Re-engineered meganucleases have overcome the
limitations of natural meganucleases and have been
employed for targeting the RAG1 gene in 293 cells and
resulted in a 6 % increase of targeted modifications
(Grizot et al. 2009). Recently, an engineered I-Crel
meganuclease was used for the first time to demon-
strate the feasibility to generate knockout animals.
Menoret et al. applied an engineered I-Crel meganuc-
lease targeting the mouse and rat recombination
activating gene 1 (RAGI) and injected the encoding
plasmid into pronuclei of mouse and rat zygotes
(Menoret et al. 2013). RAG! is mainly expressed in T-
and B-lymphocyte precursors and cleaves V(D)J T cell
receptor and immunoglobulin DNA coding sequences
to yield the large diversity of the immune -cell
repertoire (De and Rodgers 2004; de Villartay et al.
2003). Deficiency of the RAGI gene results in severe
combined immunodeficiency (SCID). Microinjection
of the RAGI-meganuclease into mouse 1-cell embryos
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yielded high survival rates (67 %), similar to micro-
injection of conventional DNA. A mutation was
detected in ~25 % of the fetuses (3.4 % of the
microinjected embryos). In all five mouse fetuses with
mutations, deletions ranged from 6 to 46 nt, three
animals showed mutations in both alleles. Some
pregnancies were allowed to go to term and one
mutated founder animal was obtained among the
newborn (4 % of newborn, 0.6 % of microinjected
embryos). The mutated founder animal showed a 5-bp
deletion due to the deletion of 8 bp of genomic DNA
and insertion of 3 bp. The founder was bred to a wild-
type animal and the mutation was transmitted to the
offspring. Thereby, after the second round of breeding
homozygous animals were obtained. These homozy-
gous RAGI-KO rats showed reduced spleen, thymus
and lymph node size compared to WT-controls.
Additionally, the total number of cells from the
primary lymphoid organs, the thymus and bone
marrow were significantly reduced by 98.4 and
33.4 %. The number of cells in the secondary lymphoid
organs, the spleen and lymph nodes were significantly
reduced by 86 and 77 %, respectively. Overall, the
animals showed a reduced number of TCR* CD4™ and
CDS8™ cells in spleen and thymus. B-cell differentiation
in the bone marrow revealed a significantly reduced
percentage of pre-B and B-cells. Other immuno-active
cells such as NK-cells were also reduced. Graft
survival was significantly prolonged in RAG/-KO rats.
These experiments showed for the first time the
applicability of engineered meganucleases for genetic
engineering of laboratory animals. This approach
could be extended to farm animals in the future.

Zinc finger nucleases
Structure of zinc finger nucleases

The first zinc-finger (ZF) protein has specific binding
affinity to DNA and was discovered as part of the
transcription factor Illa in Xenopus oocytes (Miller
etal. 1985). A typical zinc finger (Cys,His,) consists of
30 amino acids which form two anti-parallel B-sheets
opposing an o-helix (Pabo et al. 2001). The domain is
stabilized by two cysteine and two histidine residues
binding a zinc ion, thus forming a compact globular
domain. The zinc-finger motif uses residues in the
alpha helix to bind to approximately 3 specific base
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pairs in the major groove of the DNA (Pavletich and
Pabo 1991). ZFs can be designed for binding to almost
any triplet (Pabo et al. 2001). Multiple ZFs can be
combined to form a larger DNA-recognition domain
which in turn increases specificity and efficiency of
genetic modification. Specific binding of individual
zinc fingers is largely independent, with some contacts
between adjacent fingers altering base pair recognition.
While the zinc-finger motif was discovered in the
1980s (Miller et al. 1985), ZFNs have a shorter history.
The first specific ZFN was reported ~ 15 years after
the discovery of the zinc-finger domain (Kim et al.
1996). A ZFN consists of a site-specific zinc-finger
DNA binding domain fused to the nonspecific cleavage
domain of the Fokl endonuclease. At least, two ZFN-
molecules are required for genetic modification, since
the Fokl nuclease must dimerize to cut the DNA, which
doubles the number of specifically targeted base pairs
(Smith et al. 2000). The two ZFN molecules bind to the
targeted DNA in a tail-to-tail orientation separated by
5-7 bp, with double-stranded DNA cleavage occur-
ring in the spacer region (Fig. 1).

Modification of livestock genomes using zinc-finger
nucleases

To employ a specific ZFN for genetic engineering, the
plasmid DNA or mRNA encoding a specific ZFN is
introduced into cells or embryos via microinjection or
transfection [Fig. 4, see also (Hauschild-Quintern
et al. 2013a)]. After translation, the ZFN pair binds
to its specific target, the Fokl nucleases dimerize and
the DNA is cleaved. ZFN activity is enhanced by
incubating transfected cells at 30 °C for a few days
(Doyon et al. 2010). Cultivation at subphysiological

4
Fok1 )

TGGCGGTGGCTCAGCTACAGGCCTGGTGGTACAAGGCACAAA

ACCGCCACCGAGTCGATGTCCGGACCACCATGTTCCGTGTTT

Fok1

Fig. 1 Schematic drawing of a zinc-finger nuclease (ZFN)
which binds as juxtaposed pairs. Zinc-finger (ZF) molecules
bind to their specific DNA sequence. Each ZF molecule is
specific to a base triplet. To enhance specificity 3—-6 (or more)
ZF molecules are linked to each other to recognize a DNA
sequence of 9-18 bp. Dimerization of the Fokl endonuclease
causes a double strand break in the DNA
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temperatures slows down the cell cycle, giving the
ZFNs more time to bind and cut at the targeted locus.
A ZFN pair ideally induces a site-specific DSB only at
the genomic site for which the molecule had been
designed. Nevertheless, the possible threat of inducing
off-target cleavage requires a comprehensive profiling
of the putative off-target cleavage sites, which is
necessary in every use of any molecular scissor.
After ZFN-mediated DNA cleavage in eukaryotic
cells, DSB repair is initiated, either by NHEJ or HDR
(Fig. 2). NHEJ is error-prone and often creates
mutations of a few base pairs (average 10-20 bp) in
the repaired chromosome (Bibikova et al. 2002). Such
mutations can cause frame-shift or disruption of a
gene, which in turn leads to the genetic knockout.
Since the frequency of genetic modification is gener-
ally >1 %, isolation of knockout cells is readily
achieved by interrogation of cell clones generated by
limiting dilution. Fluorescence activated cell sorting
(FACS) or magnetic bead selection have been suc-
cessfully employed to enrich the targeted non-immor-
talized and other poorly clonable cells lines (Yu et al.
2011; Whyte et al. 2011; Hauschild et al. 2011).
Mitotic cells often repair a DSB using homology-
based DNA repair. In such a case, the cell normally uses

the sister chromosome as a template to repair the DSB.
When a donor DNA molecule containing homologous
arms to both sides of the DSB is co-transfected with the
ZFNs, the molecule can be used as template. The
exogenous DNA sequence placed between the two
regions of homology will be copied into the chromo-
some during the DNA repair process (Moehle et al.
2007). In the absence of a site-specific break, the donor
DNA must contain a large region (6—7 kb) homologous
to the targeted region for capturing one of the rare
spontaneous breaks (Deng and Capecchi 1992). In
contrast, ZFN-based targeting strategy is compatible
with a significantly shorter stretch of homologous DNA.
Typically, 500-1,500 bp are used and even 50 base pairs
on each side can be sufficient for site-specific integration
(Orlando et al. 2010).

Only the sequence between the homologous regions
is generally inserted into the genome, not the ZFN
plasmid DNA. Integration of the ZFN DNA could
result in constant transcription of the ZFN and would
likely lead to non-specific DNA cleavage. Usually,
ZFN plasmids are rapidly diluted and disappear from
the treated cells when a transient transfection protocol
is applied. This is a major advantage of ZFN mediated
targeting, as the lack of integration prevents negative

Fok1

Non- homologous
end-joining (NHEJ)

Fig. 2 Schematic drawing to demonstrate potential outcomes
of a double-strand break in DNA generated by a pair of ZFNs,
gene disruption or DNA insertion. If cells are treated with ZFNs
alone, the repair process called non-homologous end-joining
results in the rejoining of the broken ends of the DNA. As a
consequence, insertions or deletions (indels) result in the
generation of a shortened or non-functional protein (gene
disruption). In contrast, if cells are treated with ZFNs in the

Donor DNA

Homology-directed
repair (HDR)

presence of donor DNA that encodes for entire new gene or a
small mutation of the endogenous gene, the cell can use the
donor DNA as a template to repair the broken DNA. By using a
coding sequence that is flanked by short arms homologous to the
target sequence, a high frequency of targeted integration can be
obtained. This process is called homology-directed repair
(HDR)
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side effects such as insertional mutagenesis. Never-
theless, the transfection or microinjection of mRNA
encoding for ZFN is a reasonable solution to further
reduce the risk of integration and permanent expres-
sion of ZFNs (Watanabe et al. 2013). ZFNs have been
broadly applied in basic research, biotechnology and
medicine, but genome engineering with ZFNs is
limited by the random generation of unwanted indels
at homology sites (Liu et al. 2013). One additional
potential strategy to overcome this limitation is the
targeted introduction into DNA containing a single-
strand break (SSB) or nick. A nick can be equivalent to
a DSB and stimulate the HDR pathway (Meselson and
Radding 1975; Radding 1982). In contrast to a DSB, a
nick is not a bona fide substrate for repair by the NHEJ
pathway. Thus, a targeted nick has the potential to
restrict repair to the HDR pathway (Wang et al. 2012).

Pig

Transgenic farm animals, specifically the domestic
pig, increasingly serve as model for human diseases.
This is an important complementation to the labora-
tory mouse where it has been shown that the typical
disease manifestation often does not fully mimic the
human disease symptoms. Pigs share many genetic,
anatomical and physiological features with humans,
and have rapidly emerged as a suitable model for
specific diseases, incl. cystic fibrosis, diabetes, cancer
(Flisikowska et al. 2012; Luo et al. 2012) and several
neurological disorders (Rogers et al. 2008; van den
Heuvel et al. 2012; Mikkelsen et al. 1999). Pigs are
also considered as suitable organ donors for xeno-
transplantation to reduce or even eliminate the short-
age of suitable human organs (Cooper and Ayares
2011). This requires genetic modification of the donor
pigs to overcome the severe immunological rejection
responses after pig-to-primate xenotransplantation.
Conventional HR targeting is extremely inefficient
and normally does not lead to a bi allelic KO.
Moreover, true pluripotent cells are not yet available
from pigs and other domestic animals, preventing
selection for rare HR events as in laboratory mice. The
production of transgenic farm animals is significantly
facilitated by effective somatic cell nuclear transfer
(SCNT) protocols (Petersen et al. 2008). This cell-
mediated transgenesis is compatible with screening
for the genetic modification and analysis of the
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transgenic genotype in the laboratory rather than in
animals ‘on the farm’. These cells are then used to
produce the modified phenotype. While cell-mediated
transgenesis is more labour intensive than direct
transgenesis, in vitro genetic manipulation of cells
followed by detailed genome analysis bears significant
advantages. First, it reduces the total number of
animals required to generate a useful transgenic
offspring. Second, it increases dramatically the num-
ber of independent transgene integration events that
can be screened and investigated. Third, it facilitates
the engineering of precisely controlled genetic alter-
ations (gene targeting) by allowing selection and
isolation of rare integration events resulting from HR.

ZFN targeting of the transgenic eGFP (pCX-eGFP)
locus in the domestic pig, with ~10 genomic
integration sites, decreased fluorescence intensity
due to mutation of some of the multiple ZFN targets.
After targeting, the rate of non-fluorescent cells
increased from 6 % (control) to 21 % (ZFN-targeted
cells), showing that in ~ 15 % of the cells nearly all
copies of the eGFP gene had been disrupted. Sequenc-
ing of several non-fluorescent cell clones revealed that
wild-type DNA (non-mutated eGFP) variants
remained, implying that at least one intact eGFP copy
was silenced (Watanabe et al. 2010).

The first live ZFN mediated KO pig carried a
hemizygous transgenic eGFP allele. Porcine fibro-
blasts were co-transfected with a pair of ZFN plasmids
and a red-fluorescent CAG-tomato plasmid (transient
selectable fluorophore). Two percent of the cells
showed red fluorescence and could be sorted by
FACS. A second round of selection for green cells by
FACS led to 5 % eGFP negative cells. Selected cells
used in SCNT led to the delivery of six out of seven
piglets without the specific eGFP fluorescence.
Sequencing revealed several deletions and insertions
(Whyte et al. 2011). A third litter with six piglets was
eGFP negative. One piglet had an unusual large
deletion of 700 base pairs with nearly the entire eGFP
coding sequence (Whyte and Prather 2011).

The first endogenous porcine gene successfully
targeted by ZFN was the peroxisome proliferator-
activated receptor-y (Ppar-y) locus. Ppar-y~'~ ani-
mals could be useful for studies on cardio-vascular
diseases. Male fibroblasts were co-transfected with a
Ppar-y-specific ZFN pair and a neomycin-resistance
gene. After selection with G418, 4 % of screened cell
clones carried a mutated Ppar-y gene and served as
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donors in SCNT. Two live piglets carried a mutation in
one of the Ppar-y alleles. Western blotting analysis
confirmed the successful production of heterozygous
Ppar-y KO animals (Yang et al. 2011).

The first live pigs with bi-allelic KO via ZFN
targeting of an endogenous gene were generated by
our laboratory (Hauschild et al. 2011). Transfection of
fetal fibroblasts with a pair of ZFN plasmids directed
against exon 9 of the ol,3-galactosyltransferase
(GGTAI, Gal) gene, induced —bi-allelic mutations
1 % of the cells. With the aid of magnetic beads, Gal-
negative cells could be successfully enriched and
>99 % of the cells were Gal-negative. After use of the
selected cells in SCNT, Gal-negative fetuses were
obtained 25 days after transfer of reconstructed
embryos to recipients. In total, nine liveGGTAI-
knockout piglets were produced from cloning with
fetal fibroblasts. Sequencing revealed five different
haplotypes with two homozygous and three heterozy-
gous (individual mutations on each allele) mutations.
The GGTAI gene showed deletions from 1 to 7 base
pairs in size and one large deletion of 96 bp. The
GGTAIl KO fibroblasts derived from the ZFN
approach were protected in against lysis in a comple-
ment in vitro assay to a similar extent as the existing
HR-Gal-KO cells. Results demonstrate that homozy-
gous GGTAI-KO pigs can be produced within
6 months which is significantly faster than with
conventional HR. In a follow-up study, it was shown
that the efficiency of the ZFNs is not influenced by the
gender of the cells (Hauschild-Quintern et al. 2013b),
thus allowing production of knockout pigs of both
sexes with similar efficiency.

Cattle

In cattle, ZFN-mediated gene targeting was conducted
to produce beta-lactoglobulin (BLG)-KO animals.
BLG is the major whey protein in bovine milk and is
the critical milk allergen. Bovine fetal fibroblasts were
transfected with mRNA coding for ZFNs designed
against the BLG gene. Sequencing revealed that
~15 % of the cells carried a mutated variant and
3 % of the single cell colonies showed a bi-allelic
BLG-gene knockout. Homozygous KO-cells were
used in SCNT and eight cloned animals were born;
one survived the postnatal period. The mutated BLG
gene was shorter (9 and 15 base pairs deletion, no

frame shift) than the wild-type version. Off-target site
mutations induced by the ZFN pair were also analyzed
for BLG. While a one base pair mismatch with the
targeting sequence led to 7 % gene targeting (single
nucleotide polymorphism in cattle), three and seven
base pair mismatches did not result in a mutated
phenotype in sheep and pigs. Results suggest that
ZFN-mediated targeting is promising for specific gene
editing in large domestic animals with little risk of off-
target site cleavage (Yu et al. 2011).

Transcription activator like effector endonucleases
(TALEN)

Structur of TALENSs

TALE:s (transcription activator like effector) are natu-
rally produced by plant pathogens such as Xanthomo-
nas, a gram-negative bacteria, that can infect a wide
variety of plant species including pepper, rice, citrus,
cotton, tomato and soybeans (Boch et al. 2009; Boch and
Bonas 2010). TALEs bind to their host DNA, act as
transcription factors and and activate the expression of
plant genes that aid bacterial infection. Plants have
developed a defense mechanism against type I1I effec-
tors that includes resistance-genes triggered by these
effectors. Some of these genes appear to have evolved to
contain TAL-effector binding sites similar to sites in the
intended target genes. This competition between path-
ogenic bacteria and the host plant has been hypothesized
to account for the malleability of the TAL effector DNA
binding domain (Voytas and Joung 2009). TALEs
consist of repeats, each consisting of 33-35 amino acids
with two polymorphisms at positions 12 and 13 within
the module, which are called the repeat variable di-
residue (RVD). One RVD binds specifically to one
nucleotide of genomic DNA (Moscou and Bogdanove
2009; Boch et al. 2009), hence establishing a 1:1 code
for protein-DNA interaction (Fig. 3).

Individual TALE repeats can be used to engineer
DNA binding domains capable of recognizing endog-
enous sequences in mammalian cells. By linking the
binding domain with the non-specific cleavage
domain from the type IIs restriction endonuclease
Fokl, TALENs can be used as tool for stimulating
NHEJ and HR (Cermak et al. 2011; Christian et al.
2010; Li et al. 2011a, b; Mahfouz et al. 2011; Miller
et al. 2011). Given the modular nature of this DNA
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Left Tale
TERRFEETERL ™ Fow
TGGCGGTGGCTCAGCTAC GGTGGTACAAGGCACAAA
ACCGCCACCGAGTCGAT CCACCATGTTCCGTGTTT

Right Tale

Fig. 3 A schematic representation of a transcription activator-
like effector nuclease (TALEN) pair is shown. Each TALEN is
composed of transcription activator-like effectors (TALEs) at
the amino terminus and the Fokl nuclease domain at the
carboxyl terminus. Each TALE repeat consists of 33-35 amino
acids and recognizes a single base pair through the amino acids
at positions 12 and 13, which is called the repeat variable residue
(RVD). Target sequences are typically 3040 bp in length

binding domain, RVDs with different specificities can
be assembled into arrays in order to target user-defined
DNA sequences.

TALENS can be successfully used to target endog-
enous genes and efficiently cleave DNA leading to
NHEJ (Hockemeyer et al. 2011). A comparative study
with human ES-cells and induced pluripotent stem
cells and three different target genes AAVSI, OCT4
and PITX3 revealed that TALENs and ZFNs had a
similar targeting efficiency (Hockemeyer et al. 2011).
TALENSs have been used to knockout genes in rats and
zebrafish (Tesson et al. 2011; Sander et al. 2011;
Huang et al. 2011) and in cattle, sheep and pigs, thus
demonstrating that TALENS are effective in inducing
genetic modifications in a broad range of different
species (Carlson et al. 2012; Proudfoot et al. 2015).

ZFNs and TALENSs differ in three main aspects: (1)
TALE repeats are 3—4 times larger than ZFNs, when
recognized per base pair of the targeted DNA. This
may interfere with viral delivery methods, particularly
adeno-associated virus; (2) the spacer length (the gap
between two binding sites) is variable and not
restricted to a specific length, which complicates
TALEN design and could lead to greater off-target
activity relative to an identical nuclease with a fixed
spacer length, (3) ZFNs assembly requires an archive
of high-quality, well characterized modules to achieve
specific gene targeting because cross-talk between the
individual fingers can lead to imperfect DNA recog-
nition (Defrancesco 2011). Context-dependent effects
between the repeat units, as reported for ZFNs
(Cathomen and Joung 2008), have not been reported
so far for TALENS.

Various assembly methods have indicated that
TALE repeats can be combined to recognize
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potentially any target sequence, the only limitation is
that TALE binding sites must start with thymidine
(Boch and Bonas 2010). This needs to be considered
when screening a locus for potential target sites.
TALENS appear to be superior to ZFNs in terms of
simplicity and straightforwardness in design and
assembly strategies. Manufacture of effective TA-
LENSs is cheaper and faster compared to ZFNs. The
relative simple TALE assembly is displayed in a
recent study reporting the construction of a library of
TALENSs targeting 18,740 different human protein-
coding genes (Kim et al. 2013). Active, custom-
designed TALENS have been reported to induce indel
frequencies between 2 and 55 % of targeted chromo-
somes (Carlson et al. 2012). TALENSs can be easily
designed and assembled using molecular biology
techniques available in most laboratories around the
world.

Modification of livestock genomes using TALENs
Cattle

Carlson et al. (2012) designed TALENS to target the
bovine ACAN and GDF8 genes in fibroblasts. ACAN,
also known as Aggrecan is thought to play an
important role in the formation of congenital achon-
droplasia, while GDF8 (growth differentiation factor
8, myostatin) is a regulator of muscle growth. A non-
functional myostatin gene is known to cause muscular
hypertrophy in Belgian Blue and Piedmontese cattle.
GDF8-targeted bovine fibroblasts showed a modifica-
tion of the gene in 7 out of 24 cell clones (29 %). None
of the cell clones carried a bi-allelic modification. The
ACAN gene was targeted in 27 out of 35 cell clones
(77 %). Two cell clones showed a bi-allelic modifi-
cation. Modified cells could be used as donor cells for
somatic cell nuclear transfer to produce live offspring
carrying the desired genetic modification (Carlson
et al. 2012).

Pig

The LDL receptor gene was targeted with the aid of
TALEN in pigs to create a model for familial
hypercholesterolemia (Carlson et al. 2012) and the
porcine DMD gene to create a model for Duchenne
Muscular Dystrophy. The most active TALEN pair
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targeting the DMD gene had a cleavage efficiency of
38 %. The DMD gene was successfully targeted in
41 % of analysed cell clones with ~30 % of these
carrying a bi-allelic mutation. The combined trans-
fection of TALEN pairs targeting exons six and seven
of the DMD locus resulted in deletion of 6.5 kb DNA
in 10.3 % of selected colonies. Mono- and bi-allelic
LDLR gene modified cell clones were pooled and used
as donors for somatic cell nuclear transfer. Pregnan-
cies were established after seven of nine transfers. Six
pregnancies were maintained to term, and yielded 18
live-born piglets of which eight contained mono-
allelic mutations and ten contained bi-allelic muta-
tions of the LDLR gene. To enhance disease resistance
in pigs, 20 ng/uL specific TALEN mRNA were
microinjected into porcine zygotes to target the
porcine RELA gene (p65) which is critically involved
in tolerance against African Swine Fever virus infec-
tion (Palgrave et al. 2011). Sixteen out of 56 success-
fully injected embryos revealed indels detected by
Surveyor assay and/or sequence analysis. One-third of
the mutants were either homozygous or heterozygous
mutants. RELA-mutated porcine embryos were not
transferred to assess in vivo development.

These results demonstrate the robustness and
reproducibility of TALEN to nearly any genomic
locus for which the genomic sequence is available.
These results clearly show that TALENs are compat-
ible not only with the deletion at a defined genomic
locus, but also allow precise allelic introgression and
large chromosomal deletions/inversions, rendering
TALEN a valuable tool for genetic modification of
farm animals.

Sheep

Proudfoot et al. (2015) recently described the gener-
ation of gene edited sheep. As the bovine and ovine
genomic sequence of the MSTN locus showed high
similarity between both species, they used the same
TALENS that successfully targeted the bovine MSTN
locus. Transient transfection of TALEN mRNA into
ovine cells and subsequent analysis by the Surveyor
nuclease assay showed similar levels of activity in
both species. To generate living offspring, they
microinjected TALEN mRNA in in vitro produced
ovine zygotes and transferred blastocysts to synchro-
nized recipient ewes. In total, 26 blastocysts were
transferred to 9 recipients resulting in 8 pregnancies

and 12 live births. One of the offspring carried a
heterozygous gene editing in the targeted locus. This
study further exemplifies the utility and ease with
which TALENS can be used to engineer the genome of
livestock (Proudfoot et al. 2015).

RNA guided genomic engineering (CRISPR/Cas9)
Structure of CRISPR/CAS9

The CRISPR/Cas9 system has recently emerged as
potentially facile and efficient alternative to ZFNs,
TALENs and other meganucleases for inducing
targeted genetic alterations, and has revolutionized
the field for targeted genomic engineering in the short
time since its appearance. In bacteria and archaea,
CRISPR (Clustered Regularly Interspaced Short Pal-
indromic Repeats)/Cas (CRISPR-associated) loci
encode RNA-guided adaptive immune systems that
can destroy foreign DNA (Bhaya et al. 2011; Terns
and Terns 2011; Wiedenheft et al. 2012). The Strep-
tococcus pyogenes SF370 type II CRISPR locus
consists of four genes, including the Cas9 nuclease
and two non-coding RNAs. TracrRNA and a pre-
crRNA array containing nuclease guided sequences
interspaced by identical direct repeats (Cong et al.
2013). In vitro reconstitution of the S. pyogenes
CRISPR system demonstrated that crRNA fused to a
normally trans-coded tracrRNA is sufficient to direct
Cas9 protein to highly specific cleavage of target DNA
sequences matching the crRNA (Mali et al. 2013).
This redesign as a single transcript [single-guide RNA
or guide RNA (gRNA)] encompasses the features
required for both Cas9 binding and DNA target site
recognition. Using sgRNA, Cas 9 can be programmed
to cleave double-stranded DNA at any genomic site
defined by the guide RNA sequence and a protospacer
adjacent motif (PAM). The PAM is an essential
targeting component that also serves as a self versus
non-self recognition system to prevent the CRISPR
locus itself from being targeted. Many type II systems
have different PAM requirements, which may affect
their usefulness and targeting efficiency. The most
commonly engineered system, from Streptococcus
pyogenes, requires a NGG protospacer adjacent motif
(PAM), where N can be any nucleotide. In bacterial
systems CRISPR/Cas can be used as it is, while in
humans it involves expression of a human-codon-
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optimized Cas9 protein with an appropriate nuclear
localization signal. Moreover, the crRNA and trac-
rRNA must be expressed either individually or as a
single chimera via a RNA polymerase III promoter
(Cong et al. 2013; Mali et al. 2013; Jinek et al. 2013).
The typical features of CRISPR/Cas9 suggest that is a
simple and versatile system for generating double-
stranded breaks that facilitate site-specific genome
editing. Moreover, CRISPR/Cas can target multiple
loci by the sgRNA, potentially allowing simultaneous
targeting of multiple genomic loci. CRISPR/Cas9
vectors are commercially available and can be used
after introducing the specific gRNA sequence, which
is a nucleotide of 20-30 bp (Fig. 4). The number of
reports since the first description of the successful use
of CRISPR/Cas for targeting a specific genomic locus
has dramatically increased. Current data suggest that
CRISPRs have similar specificity and efficiency as
ZFNs and TALENSs. In addition, CRISPRs have the
advantage of being simply to generate, easy to handle,
efficient and cost-effective. Open questions regarding
their specificity have further to be addressed in future
experiments. CRISPR-vectors with Nickase activity,
to avoid off-target events (Shen et al. 2014), or vectors
that have an inactivated version of the Cas-motif
connected to the Fokl endonuclease, which has to
dimerize before cutting and thereby increases the
specificity (Tsai et al. 2014; Guilinger et al. 2014), are
already available. The specificity can be further

CTACAGGCCTGGTGGTACA
(h PAM

TGGCGGTGGCTCAG
ACCGCCACCGAGTC

AGGCACAAA

Casy TCCGTGTTT

Y

GATGTCCGGACCACCATGT

5'- CTACAGGCCTGGTGGTACA
guide RNA &acr RNA
-3

Fig. 4 Schematic representation of RNA-guided engineered
nucleases are shown. In this example the molecule consists of
the CRISPR (clustered regularly interspaced short palindromic
repeat)—associated protein 9 (Cas9) and a single-chain guide
RNA (sgRNA). The guide sequence in the sgRNA (or short
gRNA) is complementary to a 20-bp target DNA known as
protospacer, which is next to a protospacer adjacent motif
(PAM). The PAM usually is a NGG sequence, where N
represents any nucleotide
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enhanced by the use of a truncated gRNA (Fu et al.
2014).

Application of CRISPR/Cas in domestic animals

Since the first description of the successful use of
CRISPR/Cas for targeting a specific genomic locus,
the number of reports has dramatically increased.
Current, still preliminary data suggest that CRISPRs
have similar specificity and efficiency as ZFNs and
TALENS. In addition, CRISPRs have the advantage of
being relatively simple to generate, easy to handle, and
efficient and cost-effective. Open questions regarding
their specificity have to be addressed in future
experiments. CRISPR-vectors with Nickase activity
to avoid off-target events are already available. First
reports to the use of CRISPRs to modify the genomes
of farm animals have been published (Hai et al. 2014;
Lietal. 2014; Whitworth et al. 2014b; Tan et al. 2013).
Hai et al. (2014) targeted Exon 5 of the vWF (von
Willebrand Factor) gene by injecting Cas 9 mRNA
and sgRNA into porcine zygotes (Hai et al. 2014).
In vitro development of the injected embryos did not
differ from that of the control embryos, indicating that
the Cas9 mRNA/sgRNA injection did not interfere
with early embryonic development. A total of 76
injected embryos were transferred into 5 surrogate
sows; 3 pregnancies were established, 16 piglets were
delivered, 10 of these contained indels in the targeted
site. Six piglets carried a bi-allelic knockout of the
vWEF gene. The survival rate of the piglets was 88 %,
indicating that the treatment did not interfere with pig
embryonic and fetal development in vivo. Expression
of vWF at the protein level was not detectable in bi-
allelic vWF-knockout pigs and the vVWF KO pigs
displayed a phenotype comparable to von Willebrand
disease. Off-target cleavage events were not found.
CRISPR/Cas9 was also successfully employed to
target the porcine p65-locus in fetal fibroblasts (Tan
et al. 2013). Despite efficient production of DSBs in
the target site, the frequency of CRISPR/Cas9 med-
iated HR was lower than with TALENs. Targeting the
porcine APC-gene, CRISPR/Cas9 worked more effi-
ciently, but still did not reach the level of HR induced
by TALENS at the same site (30 vs. 60 %). These first
reports on CRISPR/Cas suggest locus specific differ-
ences with regard to HR efficiency which may be
adjusted by modifying the conditions under which
CRISPR/Cas works best. There is still a controversial
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debate within the scientific community with regard to
efficiency and precision of cleavage of ZFNs, TA-
LENs and CRISPR/Cas. This may mainly be grounded
on the different expertise the labs have with one or the
other programmable endonuclease. The next genera-
tion of CRISPR/Cas systems is currently underway
and will likely include, CRISPR/Cas with Nickase
activity to further reduce the likelihood of off-target
cleavage events and to increase the frequency of HDR.
More studies are required in order to fully exploit the
potential of CRISPR/Cas9.

Concluding remarks and future directions

Molecular scissors such as ZFNs, TALENs, and RNA-
guided DNA endonucleases have emerged as valuable
molecular tools that have the potential to revolutionize
biological research with great benefits for personal-
ized medicine. These emerging technologies signifi-
cantly expand the ability to study model organisms,
including large animals, and will be instrumental for
correcting many genetic diseases. With the aid of these
tools, researchers are able to develop biomedical
models in species that are physiologically closer
related to humans than mice. The domestic pig is
particularly promising in this regard. The growing
number of human disease models in pigs, supports this
assumption (Flisikowska et al. 2014).

Due to the high degree of physiological similarity
with humans, porcine organs are considered to be
promising to combat the growing demand of human
organs for allotransplantation. To achieve this goal
and to avoid immune rejection responses, the pig
genome has to be modified to ensure long term
survival of porcine organs in patients after xenograft-
ing. ZFNs, TALENs and CRISPR/Cas can now be
used to elegantly knockout porcine genes or to
precisely knock-in transgenes at specific genomic
sites in the porcine genome to produce pigs specifi-
cally tailored as organ donors.

However, to exploit the full potential of these new
technologies, important questions and challenges must
be addressed. A high degree of specificity is a main
challenge and would be a critical prerequisite for
employing these technologies in human patients.
Comprehensive profiling of off-target cleavage sites
will provide insight into the stringency of target
recognition in each system, which in turn will help to
increasing the specificity of the systems and to develop

algorithms that calculate the most promising
sequences to be targeted within a specific locus.
Although CRISPR/Cas seems to show the greatest
promise and flexibility for genetic engineering,
sequence requirements within the PAM sequence
may constrain some applications. Therefore, evolution
of the Cas9 protein should pave the way towards PAM
independence, and may also provide means to gener-
ate an even more efficient Cas9 endonuclease. Addi-
tional studies will also be required to evaluate the
specificity and toxicity of RNA-guided DNA endonu-
cleases in vitro and in vivo. Recent developments, in
which an inactivated Cas element was conjugated to
the Fokl endonuclease, that requires dimer formation
is promising as thereby a higher specificity can be
achieved (Tsai et al. 2014; Guilinger et al. 2014).
Biophysical and biochemical studies on CRISPRs
could help to improve the design of next-generation
genome editing tools.

The different nuclease systems have all their indi-
vidual advantages and disadvantages (Table 1) and the
selection of a specific system seems more to depend on
the expertise of the individual researcher rather than on
the weaknesses of one of these technologies. Until
recently, somatic cell nuclear transfer (SCNT) was the
only method of achieving gene targeting in large
mammals. Nuclear transfer requires relatively few
experimental animals as oocytes are obtained from
animals slaughtered for other purposes. This is mainly
true for species in which embryos at the zygote stage
can not easily be obtained by flushing due to anatomical
characteristics (pig). Still, SCNT remains the method of
choice for many applications (Kurome et al. 2013),
however, application of SCNT requires a high-level of
technical expertise, reliable supply of oocytes and a
large recipient herd, features not available in many
areas where gene-editing might have the greatest
impact (Proudfoot et al. 2015). With the emerge of
the new highly efficient methods for transgenesis and
genome editing, which makes it now feasible to
generate genetically modified livestock by microinjec-
tion even in the absence of embryonic stem cells or true
induced pluripotent stem cells and without the need of
SCNT, we have now entered a new era, in which
researchers can choose which method is the best for
their purpose and to achieve their goals.

Gene knockout by the introduction of genome
editing tool mRNA directly into early embryos offers a
one-step method of gene inactivation without any cell

@ Springer



392

Transgenic Res (2015) 24:381-396

Table 1 Comparison of three classes of molecular scissors

ZFN TALEN CRISPR
Targeting domain Zinc-finger Transcription CRISPR RNA or single-chain guide RNA
proteins activator-like effector
Nuclease Fokl Fokl Cas9/Fokl
Biallelic knockout achieved Yes Yes Yes
Average mutation rate ++ +++ +++
Lenght of recognition domain (bp) 18-36 3040 20
Restriction in target site G-rich Start with T and end with A Protospacer adjacent motif (NGG
or NAG) at end of target sequence
Complexity to design vector +4++ + +
Off-target events Variable Low Variable, to be determined

Cytotoxicity Variable to high Low
Number of plasmids necessary 2 2

Costs +++ ++

Low
1 (2 in case of a CRISPR/FokI construct)
+

This table does not include the recent variants of CRISPR-molecules that were designed to improve CRISPR specificity. These
molecules consist of a CRISPR guide-RNA, an inactivated Cas9 and a FoklI conjugate. The need of two CRISPR-plasmids is then
necessary to induce cutting of the DNA by dimerization of the Fokl endonucleases. + low, ++ moderate, +++ high

intermediate, as shown for zebrafish (Doyon et al.
2008; Meng et al. 2008), rats (Geurts et al. 2009; Cui
et al. 2011); mice (Carbery et al. 2010; Meyer et al.
2010; Wang et al. 2013; Yang et al. 2013), rabbits
(Flisikowska et al. 2011), pigs (Hai et al. 2014;
Whitworth et al. 2014a; Lillico et al. 2013), sheep and
cattle (Tan et al. 2013; Proudfoot et al. 2015).

The advent of highly efficient genome editing tools
has led to a renaissance in livestock genetic modifi-
cation by embryo microinjection (Tan et al. 2013;
Lillico et al. 2013). In comparison to SCNT, cyto-
plasmic injection of zygotes with mRNA of molecular
scissors is both technically simple and efficient
(Geurts et al. 2009; Carlson et al. 2012). Genome
edited livestock differ from traditional genetically
modified (GM) animals in that no recombinant DNA is
integrated into the animal genome. Combined with the
ability to mimic desirable or preexisting mutations by
integration of a single nucleotide polymorphism
(SNP), genome editing overcomes many of the issues
associated with GM animals and can be seen as an
adjunct technology to current breeding strategies to
transfer desired traits into livestock. The ease and
efficiency of genome editing tools lead to the fact that
many laboratories worldwide can now contribute to
the generation of genetically modified livestock,
increasing the number of available animal models at
a dramatic speed.

@ Springer

In summary, meganucleases, ZFNs, TALENs and
CRISPRs are valuable tools, scientists 10 years ago
could only dream of. The new tools significantly
expand and revolutionize our ability to explore and
alter any genome and constitute a new and promising
paradigm to understand and treat genetic diseases and
develop agricultural applications.
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