Chapter 11
Genome Editing in Mice Using TALENSs

Tomomi Aida

Abstract Genetically modified animals such as knockout mice are essential for
elucidating in vivo gene functions and identifying genetic contributions to the
molecular pathophysiology of human diseases. For the past two decades, knockout
mice have been created via embryonic stem (ES) cell-based gene targeting, a time-
consuming, laborious, inefficient, and expensive process. The rapid emergence of
targeted genome editing technologies is drastically revolutionizing this situation.
Genome editing mediated by transcription activator-like effector (TALE) nucleases
(TALEN:S), one of the popular genome editing tools, is a simple and powerful gene-
targeting technology. With its extremely high efficiency, the mouse genome can be
manipulated directly in fertilized eggs without any targeting vector or selection
steps by a process called in vivo genome editing. TALEN-mediated in vivo genome
editing provides an exciting opportunity for simple, convenient, and ultra-rapid pro-
duction of precisely targeted knockout and knockin mice. Using this technology,
researchers can freely and routinely manipulate mouse genomes and accelerate
in vivo functional genomic research.

Keywords Glaucoma ¢ Glutamate transporter ¢ In vivo * Knockin ¢ Knockout *
Mouse * TALEN

11.1 Introduction

Historically, the development of genetic manipulation technologies has opened a
new era for life sciences and drastically improved our understanding of, in particular,
the in vivo gene functions of living organisms. Overexpression and knock-down
of genes with transgenic and RNA interference (RNAi) technologies permits the
control of specific gene dosage in vivo in many species from bacteria to animals to
plants. However, these technologies are relatively coarse-grained with respect to
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control of gene expression. In transgenic animals, the expression state of a transgene
differs from that under physiological conditions. The expression level of a transgene
is much higher than that in the wild type, and it is constitutively active. The expres-
sion pattern is controlled by a tissue- or cell-specific or general promoter, but the
expression pattern is strongly affected by the genetic locus where the transgene is
inserted; this phenomenon is known as the positional effect. Thus, transgenic ani-
mals are useful tools, but often unrepresentative of physiological and pathophysio-
logical conditions (Saito et al. 2014). RNAi-mediated knock-down technologies can
be applied to living organisms by direct delivery of small interfering RNA (siRNA),
aplasmid expressing short hairpin RNA (shRNA), or as a transgenic animal express-
ing shRNA. RNAi provides a method for specifically downregulating the expression
of a target gene. The major problems of this technology are off-target effects and
incompleteness of protein depletion (Echeverri et al. 2006).

In contrast to these transgenic and RNAi technologies, ES cell-based gene targeting
allows specific and precise manipulation of the genome. The mouse is the most com-
monly used animal model in basic research because of the unexampled availability
of homologous recombination in ES cells, an essential and core step in gene-targeting
technology for precise replacement of a target gene with a selectable marker that can
contribute to the organism and germ cells. Owing to the first success of gene target-
ing in the mouse, thousands of knockout and knockin mice have been created, reveal-
ing the in vivo functions of genes. Moving ahead, The International knockout Mouse
Consortium (IKMC) has comprehensively constructed knockout mice for all protein-
coding genes (Sung et al. 2012; Menke 2013). IKMC has produced targeted ES cell
lines, including conventional knockout, conditional knockout, and gene-trapped
alleles, for more than 18,000 mouse genes in addition to mice targeted for over 2,600
loci (Skarnes et al. 2011). These genome wide and large-scale knockout mouse
resources are now publicly available and researchers can obtain chimeric mice by
injection of targeted ES cells of interest derived from IKMC. This allows the
researchers to focus their efforts on the functional analysis of target genes, rather
than on the construction of targeted ES cells and mouse lines.

Recent advances in genome-wide association studies (GWAS) and high-
throughput sequencing technologies have revealed the landscape of human genetic
diversity, which is comprised of tens of millions of common and rare variants,
known as single nucleotide variants (SNVs), associated with health and disease
(1000 Genomes Project Consortium et al. 2012; Raychaudhuri 2011). Of these,
loss-of-functional SNVs including that of nonsense, splice site, or frameshift, are
easy to interpret those functional consequences because patients carrying loss-of-
functional SN'Vs are comparable to knockout mice (Veltman and Brunner 2012). In
contrast, a large proportion of SNVs are misssense, silent, intronic, or intergenic
SNVs, thus, functional consequences of these SNVs are hard to estimate. Thus,
further efforts are required to investigate the biological consequences of these
SNVs. A powerful approach to address the biological function of these SNVs is the
knockin mouse carrying precisely modified human SNVs (Veltman and Brunner
2012). The knockin mouse can be used to test whether these SN'Vs are causal for the
human phenotype of interest, thus providing unique and direct opportunities for the
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investigation of the functional consequence of SNVs in vivo to the complex human
traits in health and disease. Siidhof and colleagues showed a good example of this
approach. They generated knockin mouse carrying a neuroligin-3 R451C SNV
found in a subset of patients with autism, a major neurodevelopmental disorder.
The neuroligin-3 R451C knockin mice showed abnormal behaviors that resembled
those of human patients and abnormal synaptic transmission (Tabuchi et al. 2007).
Importantly, these behavioral and electrophysiological abnormalities were not
observed in neuroligin-3 knockout mouse, suggesting that the R451C SNV repre-
sents a gain-of-function mutation. Thus, knockin mouse provides a powerful
approach for functional interpretation of SNVs. Although the demand for precisely
modified knockin mouse is growing, Menke (2013) showed that just only 600 such
mice could be found in the mutant mouse database. This situation is partially due to
the several difficulties in generating such mice by conventional gene-targeting tech-
nology (Capecchi 2005).

In the conventional gene-targeting method in ES cells, generation of homozygous
knockout mice generally takes more than a year and involves many processes: (1)
construction of a targeting vector with long homology arms to replace a target gene
with a drug selection marker, (2) electroporation of the targeting vector into ES cells
and screening to isolate correctly targeted cells, (3) transplantation of correctly tar-
geted ES cells into blastocysts, (4) obtaining and crossing F, chimeric mice with wild-
type mice to identify germline-competent mutant lines, (5) crossing heterozygous
mutants with each other, and (6) obtaining a homozygous mutant (Aida et al. 2014).
Further, because ES cell lines derived from the 129/Sv mouse strain are generally
used in conventional gene targeting, mutant mice must be crossed with the commonly
used C57BL/6 strain mice many times to analyze the mutant in a C57BL/6 genetic
background; these steps known as backcrossing generally take several years. Overall,
even today, gene targeting in mouse is time consuming, laborious, inefficient, and
expensive.

11.2 In Vivo Genome Editing in Mice

The recent emergence and drastic advances in targeted genome-editing technologies
have opened a new era in biology, medicine, agriculture, and biotechnology (Carroll
2014; Hsu et al. 2014). Genome editing technologies enable the modification of
almost any desired sequence from any living cell or organism. The technologies are
based on molecular tools, including zinc-finger nucleases (ZFNs), transcription
activator-like effector (TALE) nucleases (TALENS), and clustered, regularly inter-
spaced, short palindromic repeats (CRISPR) and CRISPR-associated endonuclease
9 (Cas9), known as the CRISPR/Cas9 system. The principle of genome editing is
generation of a DNA double-strand break (DSB) at a specific target locus by intro-
ducing genome editing tools into cells (Urnov et al. 2010; Joung and Sander 2013).
DSB is subsequently repaired by two major cellular endogenous DNA damage
repair pathways. These pathways are the error-prone, nonhomologous end-joining
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Fig. 11.1 Schematic diagram of TALEN-mediated in vivo genome editing in mouse. TALENs
(green, 1 week for preparation) are microinjected into one-cell fertilized eggs (circle in the middle)
derived from wildtype mice for knockout mouse production (upper). Donor DNA (ssOligo or tar-
geting vector) is co-injected for knockin mouse production (lower). Then, DSB (yellow knurl) and
subsequent NHEJ (red knurl) and/or HDR (red box) are induced within one-cell fertilized eggs,
three weeks later, resulting in biallelically-targeted homozygous knockout (upper) and knockin
(lower) mice at F,

(NHE]J) route, which results in small deletions or sequence insertions into the DSB
site, and the homology-directed repair (HDR) pathway, which relies on a donor
DNA template with homology to the DSB site to achieve precise homologous
recombination (Fig. 11.1). NHEJ occurs rapidly and preferentially, often leading to
frameshift mutations and loss of function of the targeted genes, resulting in a gene
knockout when a protein-coding sequence is targeted. HDR occurs infrequently
and also results in precise and specific genome modifications such as SNV substi-
tutions, insertions, deletions, or gene insertion, when a targeting vector or synthetic
single-strand oligonucleotide (ssOligo) is co-delivered, which in turn results in a
targeted knockin.

The selection steps for correctly targeted ES cells are required in conventional
gene targeting in the mouse, because the efficiency of spontaneous homologous
recombination is too low to perform the procedure directly in fertilized eggs
(Brinster et al. 1989). The remarkable advantage of genome editing is its extremely
high efficiency; NHEJ occurs in up to 50 % (or more) of cells in several primary and
immortalized cells without drug selection, and HDR is stimulated by DSB and tar-
geting efficiencies are enhanced at least 1,000-fold relative to the conventional
method in several cells (Urnov et al. 2010; Hauschild-Quintern et al. 2013). Thus, one
can easily imagine that by taking advantage of the highly efficient genome editing
technology, researchers can directly manipulate the mouse genome in fertilized
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eggs (perform in vivo genome editing) without any selection or use of ES cells.
The principle of in vivo genome editing involves targeting the genome by direct
microinjection of the mRNA that codes for genome-editing tools into the cytoplasm
or pronuclei of one-cell mouse embryos for gene knockout, and co-injection of ssOli-
gos or targeting vectors for gene knockin mice (Fig. 11.1). In vivo genome editing is
a groundbreaking technology for mutant mouse production, enabling simple and
daily experiments (Menke 2013; Aida et al. 2014). Here we review gene targeting in
the mouse with a focus on TALEN-mediated in vivo genome editing.

11.3 Knockout Mice

The first success of gene knockout by in vivo genome editing in mammals was
achieved in the rat with ZFNs (Geurts et al. 2009), and the technique was then
rapidly applied to the mouse (Carbery et al. 2010). At the same time, the simple
modular DNA recognition code of TALEN was cracked, and the technology was
then rapidly expanded and emerged at center stage of genome editing (Anonymous
2012). The first knockout mice created by TALEN-mediated in vivo genome editing
were reported in early 2013 (Sung et al. 2013). In this impressive work, two endog-
enous mouse genes were targeted with extremely high efficiencies (more than
50 %) in neonatal mice. When they used high doses of TALENs, a majority of
neonatal mice were biallelically targeted homozygous knockout mice. They found
no off-target effects and the targeted alleles were successfully transmitted to suc-
ceeding generations. This pioneering work showed the feasibility of highly efficient
TALEN-mediated in vivo genome editing in mice. Because of the ease of target-
specific TALEN construction, homozygous knockout mice can be obtained within
one month.

Since the first report, numerous knockout mice generated by TALEN-mediated
in vivo genome editing have been reported (Aida et al. 2014). Davies and colleagues
targeted the Zic2 gene with TALENS in three different mouse strains: CD1, C3H,
and C57BL/6J (Davies et al. 2013). The targeting efficiencies producing live new-
borns or blastocysts varied, with 10 %, 23 %, and 46 % for C57BL/6J, C3H, and
CDl1, respectively.

Li and colleagues generated a series of knockout mice for 10 genes, revealing the
utility, convenience, and robustness of TALEN-mediated in vivo genome editing
(Qiu et al. 2013). The targeting efficiencies varied from 13 to 67 %, with an average
of 40 %, of live newborns. In contrast to the report of Davies et al. (2013), using one
TALEN for the Lepr gene, which encodes the leptin receptor, they showed that the
targeting efficiency did not differ between two different mouse strains (C57BL/6N
and FVB/N). Among the F, founders, one had biallelic modifications with different
frame-shift deletions and exhibited an obese phenotype resembling the Lepr mutant
db/db mice phenotype. Moreover, there were no off-target effects, even at sites with
only one mismatch to each TALEN. All tested F, founders transmitted the mutant
alleles to F; mice with high efficiency. These results indicate that genome editing is
highly accurate and efficient.
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Han and colleagues generated knockout mice for the MIkl gene (which encodes
the mixed lineage kinase domain-like protein, essential for tumor necrosis factor-
induced necrosis) by TALEN-mediated in vivo genome editing (Wu et al. 2013).
They obtained 71 mutants from 390 newborns (18 % efficiency). Of these, four
were homozygous mutants.

Zhou and colleagues generated knockout mice for the Ttc36 gene (renal proximal
tubule protein) by TALEN-mediated in vivo genome editing (Liu et al. 2014b).
They compared the mutation efficiency between pronuclear and cytoplasmic
injection and found that cytoplasmic injection works much (more than twofold)
better than pronuclear injection; of these mice, a few were homozygous mutants.

Takada and colleagues applied in vivo genome editing to microRNAs (miRNAs)
that are often present in intergenic regions where regulatory sequences are located
(Takada et al. 2013). In this context, the advantage of in vivo genome editing is that
it can delete only a target sequence, in contrast to traditional gene targeting, which
leaves LoxP sequences in intergenic or intronic regions, potentially affecting tran-
scriptional regulation. They targeted three different miRNAs (mmu-mir-146a, mmu-
mir-10a, and mmu-mir-10b) and an intergenic region on chromosome 11, and
successfully obtained each mutant mouse.

Genome-editing technologies enable gene targeting in mice, which was previ-
ously considered impossible. First, these methods permit gene targeting at loci where
conventional homologous recombination cannot be applied, such as the Y chromo-
some. Because the Y chromosome has a unique structure containing many palin-
dromes, conventional gene targeting in ES cells has failed. Jaenisch and colleagues
targeted the Sry and Uty genes on the Y chromosome in mouse ES cells using
TALENSs and successfully obtained knockout mice lacking Sry or Uty (Wang et al.
2013). Takada and colleagues directly targeted the same Sry gene by TALEN-
mediated in vivo genome editing and obtained an Sry knockout mouse (Kato et al.
2013). Thus, the high sequence specificity of TALENSs provides a new approach for
the genetic manipulation of the Y chromosome. Because Sry knockout male mice
derived from either targeted ES cells or directly targeted fertilized eggs showed
similar phenotypes such as anatomical femaleness, in vivo genome editing offers a
great advantage in terms of time.

Second, in vivo genome editing allows multiple targeting of genes. Sherr and
colleagues simultaneously targeted two and three genes including Agouti, miR-205,
and Arf'tumor suppressor locus by in vivo genome editing with a mixture of TALEN
mRNAs against these targets. Both double and triple targeting worked well and
newborns carrying mutations in two or three genes were obtained (Li et al. 2014).
Previously, when researchers focused on two or more functionally redundant genes,
they needed to cross each single-mutant mouse, a time-consuming and laborious
process (Matsugami et al. 2006; Aida et al. 2012). Furthermore, when two genes are
located next to each other on the same chromosome, double knockout mice can
mostly not be obtained by crossing two single-knockout mice. Thus, researchers
have generated double-targeted ES cells by sequential targeting, which is much
more time consuming, laborious, and expensive than single-gene targeting (Kitajima
et al. 2000). In this context, in vivo genome editing offers a great advantage for
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simultaneous targeting of multiple genes and provides invaluable tools for studying
cooperative roles of functionally redundant or clustered genes.

Third, these methods enable gene targeting in diverse genetic backgrounds of
mouse strains. In conventional gene targeting, ES cells derived from 129 mouse
strains are most often used owing to the high efficiency of gene targeting. However,
subsequent analyses of targeted mice in a C57BL/6 genetic background are preferred.
Thus, time-consuming backcrossing, which takes at least one year, is essential. As
demonstrated previously (Davies et al. 2013; Qiu et al. 2013), in vivo genome edit-
ing can be applied to any mouse strain and provides the opportunity of analyzing the
targeted mice immediately without backcrossing.

11.4 Knockin Mice

Although the success of in vivo genome editing has enabled the rapid generation of
knockout mice, the development of this technique for producing knockin mouse
models would fully exploit its potential. As with knockout mice, earlier successes in
knockin mouse production by in vivo genome editing were achieved with ZFNs and
conventional targeting vectors (Meyer et al. 2010; Cui et al. 2011). The construction
of traditional targeting vector for the targeted integration of SNVs by HDR is dis-
proportionately laborious and time consuming because only one or a few nucleo-
tides substitutions are required. The use of ssOligos as donors for HDR allows
bypassing this process, because ssOligos can be chemically synthesized and pur-
chased from many companies within a few days. Davis and colleagues systemati-
cally investigated ssOligo-mediated targeted integration of point mutations by ZFN
in several human cell lines. They found that ssOligo works very well as donor tem-
plate for HDR, and surprisingly, its efficiencies were up to twice those achieved
using conventional targeting vectors (Chen et al. 2011). Kiihn and colleagues first
applied an ssOligo donor to produce knockin mice carrying SNVs (Meyer et al.
2012). They generated a knockin mouse carrying several SN'Vs including a missense
mutation in the Rab38 gene by co-injecting ZFN mRNAs with a 144-mer ssOligo
containing seven substitutions into one-cell mouse embryos. They obtained one par-
tially targeted mutant from 60 newborns, an efficiency of 1.7 %. This work clearly
reveals the enormous potential of ssOligos for the replacement of conventional
gene-targeting vectors in in vivo genome editing, a technology that should greatly
facilitate the rapid production of knockin mice.

The first knockin mouse by TALEN-mediated in vivo genome editing was also
achieved by Kiihn and colleagues in early 2013 (Wefers et al. 2013). They gener-
ated knockin mice carrying Rab38 missense SNV G19V by TALENs using an
ssOligo. They first prepared TALENS targeting the same region of the Rab38 gene
previously targeted by themselves using ZFNs; they found that the activity of the
TALENs was approximately twice that of ZFNs. They then co-injected TALENs
and an ssOligo into one-cell mouse embryos and obtained one founder mouse car-
rying a partially targeted G19V allele from 117 newborns (an efficiency of 0.9 %).
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Because TALENS are easier to construct as compared with ZFNs, knockin mice can
be rapidly generated using a combination of TALENSs and ssOligos. However, the
relatively low knockin efficiency of TALENSs is a bottleneck that limits the broad
application of the method. Recently, they reported improved knockin efficiencies of
up to 8 %, using TALEN mRNAs transcribed from plasmids containing a poly A tail,
which may increase mRINA stability and translation efficiency (Panda et al. 2013).

Jones and Meisler (2014) reported the production of knockin mice carrying a mis-
sense mutation in Scn8a, which encodes the neuronal sodium channel Nav1.6 (the
mutation causes human epilepsy), by TALEN-mediated in vivo genome editing.
They used a conventional targeting vector as a knockin donor and obtained correctly
targeted newborns with 7 % efficiency. Scn8a is a member of a sodium channel fam-
ily with nine paralogs sharing high DNA sequence identity. To investigate the speci-
ficity of their TALENS, the authors analyzed candidate regions of Scn5a and Scn4a,
with 3 and 4 mismatches with Scn8a TALEN binding sequences, respectively.
Although they found no off-target modifications in Scn5a or Scn4a in their 5 cor-
rectly targeted knockin mice, surprisingly, they found several off-target modifica-
tions in both genes in NHEJ-mediated knockout mice. This work suggests the
power of TALEN-mediated in vivo genome editing and the considerable problem
of off-target effects, a point to be discussed later.

Wiles and colleagues systematically investigated the optimal conditions for
TALEN-mediated in vivo genome editing with ssOligos (Low et al. 2014). They chose
as a model the mouse Crblrd8 gene mutation, which is present in many inbred labora-
tory strains derived from C57BL/6N and leads to retinal external limiting membrane
fragmentation and outer retinal dysplasia. They extensively compared TALEN mRNA
concentrations (10, 25, and 50 ng/pL), and ssODN length (200- or 52-mer), strand
orientation (sense or antisense), and concentration (0.3, 1, 2, 6 ng/pL). As results,
they showed that higher concentrations of TALEN mRNA and longer sense ssODNs
improved knockin efficiency. Under the best conditions (50 ng/uL. TALEN mRNA,
200-mer sense ssODN), the knockin efficiency was 27 % of newborns. This work
contributes useful fundamental information to the research community and acceler-
ates knockin mouse production by in vivo genome editing.

Although TALEN-mediated in vivo genome editing is improving rapidly, the
efficiency of knockin is still low compared to that of knockout mouse production. A
key step to improve knockin efficiency is TALEN activity. Recently, Yamamoto and
colleagues developed a novel TALEN platform, named Platinum TALEN, which
shows extremely high efficiency (Sakuma et al. 2013). We focused on Slcla3, a
glial glutamate transporter, in knockout mice has been reported as the first model for
normal tension glaucoma (Watase et al. 1998; Harada et al. 1998, 2007; Bai et al.
2013a, b; Namekata et al. 2013). We recently discovered deleterious rare missense
SNVs in SLCIA3, a human ortholog of Sicl/a3, in patients with glaucoma
(Yanagisawa and Aida et al. unpublished observation). To test whether the causality
of these rare SN'Vs for glaucoma pathophysiology in mice, we generated knockin
mice with these SNVs in the Slc/a3 gene. We co-injected highly active Platinum
TALENS targeting Slcla3 into one-cell mouse embryos with ssOligos carrying each
SNV. We obtained several germline-competent knockin founders with a targeting
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efficiency of approximately 20 % and there were no off-target effects (Aida et al.,
unpublished observation). Because a single microinjection is sufficient to produce
several knockin founders, Platinum TALEN technology provides a fast and efficient
approach for producing genetic mouse models that reproduce the disease-associated
SNVs of complex diseases. When the Platinum TALEN is used under the optimal
conditions reported by Low et al. (2014), it is expected that knockin efficiency will
be further improved.

Mice carrying a large functional gene cassette such as fluorescent reporter proteins,
Cre recombinase and Lox-flanked sequences are the fundamental tools for basic and
pathophysiological biology. In contrast to the situation with SNV, there are few reports
of the production of knockin mouse carrying a large cassette by in vivo genome edit-
ing. Beyer and colleagues reported the first knockin mice carrying a cassette for con-
ditional targeting consisting of EGFP, two pairs of Lox sequences known as FLEX,
and genomic fragments including two exons of the Sarbl gene (Sommer et al. 2014).
They identified a precisely targeted knockin mouse from 11 newborns under optimal
conditions and confirmed that the conditional targeting of the cassette derived from
the knockin mouse worked as expected. This work showed that knockin mouse
production by TALEN-mediated in vivo genome editing is not limited to the inser-
tion of SNVs with ssOligos to generate conditionally targeted alleles.

Thus, knockin mice carrying not only an SNV but also a large functional gene
cassette can now be created within a month using TALEN-mediated in vivo genome
editing with high efficiency. In summary, almost everything achieved by conven-
tional ES cell-based gene targeting can now be performed by TALEN-mediated
in vivo genome editing technologies. Further, this revolutionary technology allows
previously impossible achievements, such as ultra-rapid production, biallelic targeting
in F, mice, and multiplexing, making TALEN-mediated in vivo genome editing the
first choice for gene targeting (Fig. 11.1).

11.5 Off-Target Effects

Off-target effects, which involve nonspecific recognition and digestion in non-targeted
regions by ZFNs, TALENS, and the CRISPR/Cas9 system, is the foremost problem
of genome editing and has been extensively discussed in the field. Compared to ZFNs,
TALENSs produce only minimal off-target effects (in less than a tenth), even at highly
similar nonspecific target sites with only two mismatches in the TALEN recognition
sequence in human cells (Mussolino et al. 2011).

Researchers at Cellectis, a leading supplier of custom-made TALEN:S,
comprehensively analyzed the specificity of TALENs (Juillerat et al. 2014). By
computational off-target site analysis of more than 15,500 putative TALENSs against
the human genome, they found that nearly two-thirds of these TALENSs had poten-
tial off-target sites with more than 4 mismatches that strongly reduced the binding
capacity of TALENS. For the experimental confirmation of TALEN specificity, they
chose six TALENSs that had at least one potential off-target site containing one to
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four mismatches and investigated their DNA modification activities in human
cell lines. They analyzed potential off-target sites by deep sequencing and found
that off-target modifications were detected at only a few loci, with extremely low
modification efficiency.

Liu and colleagues performed unbiased prediction of potential off-target sequences
of two TALENS using in vitro selection and high-throughput sequencing (Guilinger
et al. 2014). They found 76 potential off-target sites in the human genome, 16 of
which, surprisingly, were modified by TALENs in human cells. However, when they
used engineered TALENS by substitution of several amino acids, off-target effects
were tenfold lower than those of standard TALENSs in human cells.

In contrast to the in vitro situation using human cell lines, off-target effects appear
to be much rarer in TALEN-mediated in vivo genome editing. I previously reviewed
off-target effects in mutant mice generated by TALEN-mediated in vivo genome
editing described in three reports, and found no off-target effects in 15 potential off-
target sites containing only one mismatch for four TALEN pairs (Aida et al. 2014;
Sung et al. 2013; Panda et al. 2013; Qiu et al. 2013). Lower off-target effects in
mutant mice produced by in vivo genome editing compared to those in human cell
lines have also been reported for CRISPR/Cas9 (Yang et al. 2013). One possible
explanation is differences in properties of fertilized eggs and transformed human cell
lines, which may consist of heterogeneous populations with different and increased
mutagenic possibility. Another is the means of delivery: short-lived RNA for fertil-
ized embryos, and stable plasmid DNA, which shows longer and higher expression,
for human cell lines. Thus, the specificity of in vivo genome editing in fertilized
mouse eggs is higher than that in human cell lines, and useful for mutant mouse
production. However, further extensive characterization of off-target effects in
TALEN-mediated in vivo genome editing should be performed.

11.6 Applications

The mouse is already in an impregnable position in the field of gene targeting in
mammals, and thousands of various knockout and knockin mice have been pro-
duced. However, the ease and speed of TALEN-mediated in vivo genome editing
further accelerates and expands the utility and application of genetically targeted
mice. In the conventional ES cell-based gene targeting method, it takes at least a
year to obtain a homozygous mutant at best (Aida et al. 2014). Also, it is common
to spend a year or more obtaining germline-competent chimeric founders. However,
TALEN-mediated in vivo genome editing is revolutionizing these complex and long
processes and enables the ultra-rapid production of precisely targeted homozygous
mice within a month (Fig. 11.1; Sung et al. 2013; Qiu et al. 2013; Wu et al. 2013;
Liu et al. 2014; Li et al. 2014). Thus, now researchers can freely and rapidly generate
gene-targeted mice as they handle cell lines.

One promising application of this groundbreaking technology is the functional
characterization of millions of common and rare human SNVs discovered in GWAS,
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and exome- and whole genome sequencing in vivo by generating “humanized”
knockin mice carrying equivalent variants. Because the vast majority of rare SNVs
are missense, synonymous, intronic, or intergenic, instead of gene-disrupting non-
sense, splice site, or frameshift variants, they are equivalent to “knockout” alleles
(Veltman and Brunner 2012), and the production of knockin mouse models carrying
such SNVs is a much better approach than the production of conventional knockout
mouse models. Jones and Meisler (2014) described a good example of this applica-
tion. By TALEN-mediated in vivo genome editing, they generated knockin mice
carrying a de novo missense mutation N1768D in Scn8a discovered by exome
sequencing of patients with epileptic encephalopathy or intellectual disability.
Interestingly, the authors noted that their N1768D/+heterozygous mice exhibited
the key clinical features of patients with epileptic encephalopathy: behavioral
abnormalities, seizures, and sudden, unexpected death. Thus, the ultra-rapid pro-
duction of precisely modified mouse models by TALEN-mediated in vivo genome
editing drastically accelerates the functional investigation of rare SNVs in human
genetic diseases.

TALEN-mediated genome editing technology also accelerates functional
research on common SNVs in regulatory noncoding regions catalogued by the
ENCODE (Encyclopedia of DNA Elements) project and GWAS studies (ENCODE
Project Consortium et al. 2012; Maurano et al. 2012). Orkin and colleagues found
common SNVs associated with fetal hemoglobin level identified by GWAS located
in the noncoding erythroid enhancer region of BCLIIA (Bauer et al. 2013). They
showed that the SNV disrupts a motif sequence for the binding of a transcription
factor, resulting in reduced BCL1 1A expression and elevated fetal hemoglobin level.
Further, they showed by generating a transgenic mouse carrying the human enhancer
that the noncoding sequence functions as a developmental stage—specific, lineage-
restricted enhancer in vivo. To investigate directly whether the enhancer regulates
BCLI1A expression, they identified a 10-kb orthologous enhancer signature in the
noncoding region of the mouse Bcllla and deleted the region using two pairs of
TALENS in a mouse erythroleukemia cell line. Surprisingly, biallelic excision of
the region by TALENs profoundly reduced Bcllla transcript and completely
removed BLCI1A protein. This excellent work suggests that TALEN-mediated
genome editing is an invaluable tool for functional genomics and potentially for
cell-specific gene therapy. Although they deleted enhancer regions from a mouse
cell line in this study, it is very interesting to generate, by using TALEN-mediated
in vivo genome editing, knockin mice carrying GWAS-associated human SNVs in the
orthologous enhancer, and investigate those phenotypes in vivo (Sur et al. 2012;
Kamberov et al. 2013).

Genome editing technology provides the potential for application of precise gene
targeting not only in mouse but also in higher species such as in nonhuman primates,
to model human development and disease and investigate higher brain function.
Recently, two teams applied TALEN-mediated in vivo genome editing to rhesus
and cynomolgus monkeys to target MeCP2, a causal gene for Rett syndrome (Liu
et al. 2014a, c). Male monkeys carrying MeCP2 mutations died at midgestation
(Liu et al. 2014a) or soon after birth (Liu et al. 2014c), consistent with male embryonic
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lethality in humans carrying MeCP2 mutations. In contrast, female newborn monkeys
carrying MeCP2 mutations were obtained, consistent with the observation that
patients with Rett syndrome are female, with no detectable off-target effects. These
works provide proof of concept for gene targeting in non-human primates and
opportunities to investigate higher brain function and develop novel therapeutics for
human diseases that are difficult to study in mice.

TALEN consists of a TALE domain for specific DNA binding and an effector
domain, which is a FokI nuclease domain for introducing a double-strand break into
target DNA. Thus, in addition to targeted genome editing, TALEs can be applied for
targeted genome regulation, and for visualization by exchanging the effector domain
with other functional domains such as transcriptional and epigenetic effector
domains or fluorescent proteins (Hsu and Zhang 2012). When a TALE is engineered
to fuse with a transcriptional activator domain, the specific target gene can be
specifically activated. Zhang and colleagues showed TALE-mediated specific tran-
scriptional and epigenetic control in the adult brain of freely moving mice in vivo
by a combination of genome editing with optogenetics, a high-precision spatiotem-
poral control of many cellular functions using light-responsive proteins (Konermann
et al. 2013). They engineered a TALE to fuse with CIB1 protein, which physically
binds, under blue light, with its interacting partner light-sensitive CRY2 protein
fused with a VP64 transcriptional activator domain, leading to transcription of a
target gene. They engineered TALE: to target the Grm2 gene, packaged these com-
ponents into viral vectors (adeno-associated viruses, AAVs), and delivered AAVs
into adult brains. By blue light stimulation through a fiber optic cannula system, the
expression level of endogenous Grm2 was increased by more than twice. Further,
they engineered the CRY?2 to fuse with histone deacetylases (HDACs), histone meth-
yltransferases (HMTs), histone deacetylases, histone acetyltransferase inhibitors,
HDAGCs, and HMT recruiting proteins. When they tested these epigenetic TALEs
with Grm2 in mouse neural cells, the expression levels of Grm2 were suppressed via
histone modifications.

TALE can also be engineered with fluorescent proteins and be used as fluores-
cent probes to visualize specific chromosomal configurations in mouse in vivo.
Torres-Padilla and colleagues reported TALE-mediated fluorescent genomic visual-
ization of endogenous repetitive mouse genome sequences and showed nuclear
positioning and chromatin dynamics in living mouse embryos (Miyanari et al.
2013). They engineered TALE to target mouse major satellite repeats, highly abun-
dant tandem repeats in pericentromeric regions, and fused it with monomeric GFP
mClover. Using this fluorescent TALE probe, they successfully visualized the repli-
cation and proliferation of major satellite repeats in living mouse embryos
throughout development.

These advanced approaches suggest that TALE is a highly generalizable, robust
and versatile platform for the manipulation of endogenous mammalian genomes
and has unlimited potential for broad application. Overall, TALE and TALEN-
mediated in vivo genome editing are revolutionary technologies and dramatically
facilitate our understanding of in vivo gene functions in health and disease.
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