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The study of genetic disease mechanisms relies mostly on targeted
mouse mutants that are derived from engineered embryonic stem
(ES) cells. Nevertheless, the establishment of mutant ES cells is
laborious and time-consuming, restricting the study of the in-
creasing number of human disease mutations discovered by high-
throughput genomic analysis. Here, we present an advanced
approach for the production of mouse disease models by micro-
injection of transcription activator-like effector nucleases (TALENSs)
and synthetic oligodeoxynucleotides into one-cell embryos. Within
2 d of embryo injection, we created and corrected chocolate mis-
sense mutations in the small GTPase RAB38; a regulator of intra-
cellular vesicle trafficking and phenotypic model of Hermansky-
Pudlak syndrome. Because ES cell cultures and targeting vectors
are not required, this technology enables instant germline modi-
fications, making heterozygous mutants available within 18 wk.
The key features of direct mutagenesis by TALENs and oligodeoxy-
nucleotides, minimal effort and high speed, catalyze the genera-
tion of future in vivo models for the study of human disease
mechanisms and interventions.
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Gene targeting in embryonic stem (ES) cells is routinely ap-
plied to modify the mouse genome and establish the mouse
as the most commonly used genetic disease model (1). Never-
theless, the production of targeted mutants is a laborious and
time-consuming task that requires the construction of targeting
vectors with selection markers, the isolation of mutant ES cells,
and the generation of germ-line chimaeras. Moreover, advanced
allele design strategies, like the creation of missense mutations,
require an additional working step to eliminate selection marker
genes from targeted loci (2). Therefore, the establishment of
such mutants is presently a low-throughput and long-term pro-
cedure, restricting rapid advancements in disease modeling. In
contrast, a burst of nucleotide replacements, small deletions and
insertions in coding regions that underlie Mendelian or complex
human diseases are discovered by high-throughput genomic
analysis such as whole-exome sequencing (3-5). The faithful
reproduction of such mutations in mouse models will be in-
strumental in understanding disease mechanisms and to develop
therapeutic interventions. This demand is neither covered by
available mutagenesis technologies nor by large-scale mouse
mutagenesis programs that aim for complete gene inactivation in
classical or conditional knockout mice (6). To cope with this
challenge, we aimed to create mutations within the shortest time
directly in the genome of one-cell mouse embryos, avoiding the
time-consuming handling of ES cells, gene-targeting vectors,
selection markers, and chimaeras. Our approach is based on
transcription activator-like (TAL) effector nucleases (TALENS)
to create targeted double-strand breaks that are either sealed by
homologous recombination (HR) with mutant, synthetic oligo-
deoxynucleotides (ODNs) or closed by nonhomologous end-
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joining (NHEJ) repair that frequently elicits deletion and in-
sertion mutations. We previously demonstrated that zinc-finger
nucleases (ZFNs) can be used for direct gene editing in one-cell
mouse embryos (7, 8), but limitations of the zinc-finger DNA
recognition code precludes a wider application of this technology
to any genomic coding sequence (9, 10). In contrast to ZFNs, the
recognition code of the transcription activator-like (TAL) ef-
fector proteins enables the construction of new DNA-binding
domains with unprecedented freedom (11, 12). The TAL DNA
recognition code is based on four variants of 34-residue peptide
elements (TAL repeats) that each mediate the binding to one of
the four nucleotides of a DNA target sequence. As specified by
a selected target sequence, TAL repeats can be combined in the
appropriate order and function as sequence-specific TAL nuclea-
ses (TALENS) by fusion with the FokI nuclease domain. A typical,
complete TALEN target site includes binding sites for two TAL-
Fok fusion proteins of 14—18 bp that are each preceded by a T and
separated by a spacer region of 14-16 bp (13, 14). Upon expression
of TALENSs in mammalian cell lines, mouse, rat, and pig embryos
knockout alleles were obtained through NHEJ-mediated sequence
deletion (15-17).

Here, we apply TALENS for the expedited creation of mouse
disease models from one-cell embryos. We developed tools for
the genome-wide analysis of TALEN target sites, the modular
construction of TALEN coding vectors, and a nuclease reporter
assay for quality control. TALEN mRNAs are microinjected
together with synthetic, single-stranded ODNSs into one-cell
embryos that develop into heterozygous founder mutants. We
applied this technology to the Rab38 gene, a small GTPase that
regulates intracellular vesicle trafficking in melanocytes, retinal
pigment epithelial cells, alveolar pneumocytes, and platelets
(18, 19). Mutant chocolate mice (18) (Rab38°™) exhibit a mis-
sense, and ruby rats (20) exhibit a nonsense mutation within
Rab38 and are considered to be phenotypic models of Hermansky—
Pudlak syndrome (21, 23), a disease characterized by oculocuta-
neous albinism (OCA), progressive pulmonary fibrosis, and platelet
storage disease. For the human Rab38 gene, more than 50 mis-
sense, nonsense, and deletion mutations were identified by large-
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scale genomic analysis (24). By using a Rab38-specific TALEN and
a mutagenic ODN in one-cell embryos, we generated founders
harboring targeted nucleotide replacements or various deletion/
insertion mutations within a single microinjection experiment.
Individual founders enabled the establishment of heterozygous
progeny within 18 wk after microinjection. Using the same
TALEN and a repair template with wild-type sequence, we were
further able to correct the Rab38 G19V mutation in the genome
of chocolate mutants. These results demonstrate that TALENs
combined with ODNs in one-cell embryos provide a powerful
tool for the expedited creation and reversion of mutations, able
to boost the generation of future in vivo disease models.

Results

Genome-Wide Analysis for TALEN Target Sites. For the convenient
identification of TALEN target sequences, we developed a soft-
ware tool and a public Web page (www.talen-design.de; Fig. S1)
that provide genome-wide analyses of all mouse coding regions
and of user-specific sequences. The frequency and distribution of
TALEN target sites in the mouse genome was analyzed using
chromosome 18 as a representative example. Within the se-
quence of 87.5 Mb, our TALEN-Designer tool identifies 7.27
million target sites that occur at a mean frequency of one site per
12 bp. As analyzed in segments of 100 bp, 99.4% of segments
exhibit one or more TALEN target sites, the majority of seg-
ments shows five to nine target sites, and only 0.6% of segments
are free of a single site (Fig. 14). For targeting of the mouse
exome the TALEN-Designer offers 12.7 million predesigned
TALEN target sites within 176.2-Mb coding sequence of 416.230
exons. Because TALEN target sites are found at an average
spacing of 14 bp, the entire coding space of the mouse genome
can be addressed with TALENS at a resolution that is amenable
for targeted mutagenesis by synthetic ODNs. The distribution of
target sites within the first exon of the mouse Rab38 gene is
shown in Fig. S2.

TALEN Construction and Activity. Using the TALEN-Designer, we
constructed a TALEN pair against a target sequence within the
first exon of Rab38 (TALEN®"3; Fig_ 1C) and TALENS against
20 other genes by selection of bipartite 15-bp target sequences,
separated by spacer regions of 15 bp. For each target sequence, we
constructed TALEN coding regions using a pair of ligation reac-
tions that each combine seven TAL repeat coding DNA segments,
in the order specified by the variable 14-bp sequence that follow
the invariable T at the first position. Complete coding regions for
TALEN proteins are obtained by the insertion of both full-length
ligation products into the generic expression vector pCAG-
TALEN (Fig. 1B). Because the activity of TALENSs can vary by
one order of magnitude (25), we controlled the quality of our
nucleases, being able to use highly active TALENS for the appli-
cation in one-cell embryos. For this purpose, the TALEN target
regions were inserted into a nuclease reporter plasmid (pTALEN-
Rep) in between a partly duplicated, nonfunctional p-galactosi-
dase gene (Fig. 1C). Upon cotransfection of the reporter and
TALEN expression vectors into HEK293 cells, nuclease-induced
double-strand breaks (DSBs) stimulate the repair of the gene
segments into a functional reporter gene, the activity of which is
determined in cell lysates. As a positive control, we used
a ZFN (ZFNRa38) (8) recognizing a target sequence next to
TALENR®™® (Fig, 1C) that leads to an 8.4-fold increase of re-
porter activity in this assay (Fig. 1D). We found that all of our
TALENSs showed nuclease activity and that 70% of these TALENs
(14/20) were comparable or superior to the ZFNR®3 positive
control (Fig. S3). TALENR®3 recognizing a target sequence in
the first exon of the Rab38 gene showed a 17.2x increase of re-
porter activity (Fig. 1D) and was used for the application in one-
cell embryos to create targeted gene modifications.
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Fig. 1. Target-site analysis, TALEN construction, and nuclease activity. (A)

Frequency of TALEN target sites in 100-bp segments of mouse chromosome 18,
using bipartite 15-bp target sequences, separated by a spacer region of 15 bp.
(B) Construction of TALEN expression vectors. For targeting of a 15-bp se-
quence [here: TALENR#38 (] 3 pair of ligations, each combining seven TAL
repeat coding DNA segments, is assembled in the order specified by the var-
iable 14-bp sequence following the invariable T at the first position. Full-
length ligation products are inserted into the vector pCAG-TALEN, providing
a CAG promoter (CAG), a T7 promoter (T7), invariable N- and C-terminal TAL
sequences and a Fokl nuclease domain. (C) Outline of the nuclease reporter
assay. TALENR®3® (shown in red) and ZFNR®3® (shown in blue) target
sequences are cloned in between the p-galactosidase gene segments of the
PTALEN-Rep plasmid. Cotransfection of the reporter plasmid with TALENRab32
or ZFNR2P38 vectors into HEK293 cells leads to nuclease dependent gene repair
and f-galactosidase expression. (D) Reporter activity of TALEN®#38 with the
Rab38 reporter (c) compared with ZFNR?P38, values are expressed as nuclease
stimulated increase of B-galactosidase activity compared with background
levels without nuclease vectors. CMV, CMV promoter region.

Creation of a Rab38 Chocolate Mutation with TALENs and ODNs. The
workflow of TALEN-mediated, embryo-based gene targeting
(Fig. 24) starts with the microinjection of TALEN mRNA and
a targeting ODN into one-cell embryos. Upon translation, the
TALEN proteins are imported into the pronuclei and create
DSBs in the paternal and maternal target loci. In the paternal
genome, DSBs are sealed either by HR with the mutagenic ODN
or become processed in both genomes by error-prone NHEJ
repair. Mice derived from embryo injections are genotyped to
identify founders harboring the desired mutation. The mating of
founders produces heterozygous (1-mo-old) mutant progeny just
18 wk after embryo injection. By further breeding, first homo-
zygote mutants can be obtained within 25 wk. As proof of this
principle, we targeted the Rab38 gene to create a glycine-to-
valine missense mutation at codon 19 (G19V), as found in the
Rab38°™ allele of chocolate mutants (18). As targeting molecule,
we used a synthetic, single-stranded ODN (ODN'PS-CMt) of 144
nt that covers 47 bp of the lagging strand sequence upstream of
codon 19 and 94 bp of downstream sequence (Fig. 2B). ODN'PG-Cht
includes a G-to-T replacement at the second position of codon 19,
creating a valine triplet and a SexAl restriction site, and a silent T-
to-A exchange as an unique identifier of our targeted Rab38"P¢- Mt
allele (Fig. 2C). To map the proficiency of HR in rela-
tion to the distance between the DSB site and ODN coded
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founders and progeny (4-wk-old) heterozygous for
Rab38"PS Mt jlleles are obtained within 18 wk. (B)
Insertion of a G19V mutation into the first exon of
Rab38. The position of the targeting oligonucleotide
(ODN'PEMY); the structure of the Rab38 wild-type
(wt) locus and the targeted Rab38°S M allele; the
location of the TALEN-binding sites, the Rab38
5’-hybridization probe, PCR primers P-for and P-rev,
SexAl (S), and Apall (A) restriction sites; and the size
of genomic fragments are shown. (C) Comparison of
codons of Rab38"™, Rab38"™, and ODN'PECht,
Nucleotides and amino acids that deviate from wild
type are shown in red color. (D) Sequence compari-
son within the first exon of Rab38"* and ODN'PS-<ht
and PCR products amplified with primers P-for and P-
rev from tail DNA of founder Rc6, which includes the
G19V replacement in codon 19, and its pups Rc6-4,
Rc6-3, and Rc6-14; of founder Rc7, founder Rc1, and
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replacements, the TALENR®*3® spacer is located 40 bp down-
stream of codon 19 and 10 silent nucleotide replacements were
included into ODN'™S“" (Fig, 2D). One of these replacements
eliminates an ApaLl restriction site. ODN'PSM was micro-
injected together with TALEN®***® mRNAs into one-cell em-
bryos, and the resulting offspring were analyzed for gene-editing
events by PCR amplification of a 213-bp region covering the first
exon of Rab38 (Fig. 2B). Founder mice were identified by the
digestion of PCR products with ApaLl. Digestion-resistant PCR
products were recovered, cloned, and analyzed by sequencing. In
addition, founder mutants were analyzed by Southern blot
analysis of tail DNA using a hybridization probe located up-
stream of exon 1. Both NHEJ- and HR-mediated repair events
led to the loss of the ApalLl site within exon 1, as indicated by
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(F) Southern blot analysis of SexAl-digested tail DNA
of founder Rc6 and of 19 Rc6-derived pups. The pres-
ence of a Rab38P% ™ allele is indicated by a 2.1-kb
SexAl fragment. (G) Southern blot analysis of ApalLl-
digested tail DNA from founder Rc1 and its offspring
Rc1-3 to Rc1-11. (H) Southern blot analysis of ApaLl-
digested tail DNA from founders Rc2, Rc3, Rc4, Rc5,
and Rc7. Founders Rc3, Rc4, and Rc5 exhibit smaller
bands, as expected from the sequence analysis of exon
1 (D), indicating additional deletion events. WT con-
trol, C57BL/6 DNA; Rab38<""t DNA from a homozy-
gous (Apall resistant) Rab38°S ™ mouse generated
with ZFNs (8).

a 10.5-kb Apall band in addition to the 6.6-kb wild-type frag-
ment (Fig. 2B). HR events that include the G19V replacement
can be specifically recognized by the presence of a diagnostic 2.1-
kb SexAl band compared with the 6.0-kb wild-type fragment. In
addition, a second, invariable 10.5-kb fragment is detected by
the hybridization probe for both the Rab38 G19V and wild-
type alleles (Fig. 2B). Among 117 pups derived from embryo
injections of TALENR®3 and ODN!PS-Cht we identified 7
mutant founders (Rcl to Rc7) harboring 11 modified Rab38
alleles (Table S1). Founder Rc6 contained, as shown by se-
quencing of cloned PCR products, a recombined Rab38IDG Cht
allele that includes the G19V mutation and six additional nu-
cleotide replacements from ODN'™S“" (Fig, 2D). A Southern
blot analysis of Rc6 tail DNA showed the 2.1-kb SexAl fragment
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diagnostic for the Rab38"™S“" allele and the recombinant 10.5
kb ApaLl band, besides a wild-type locus (Fig. 2 E and F). Pups
derived from matings of founder Rc6 were genotyped by South-
ern blot analysis of SexAl- or ApaLIl-digested tail DNA and the
sequencing of PCR products. Five pups showed the 2.1-kb SexAl
band, demonstrating germ-line transmission of the Rab38™C-ht
allele. (Fig. 2F). Pup Rc6-4 was further characterized by PCR and
sequence analysis and confirmed the identity of its Rab38™S-Cht
allele to the founder Rc6 (Fig. 2D). Pup Rc6-4, carrying the
Rab38™ 5" allele, was mated with C57BL/6 wild-type mice, and
the derived heterozygous offspring were intercrossed to ob-
tain homozygous Rab38™9“™ mice. Compared with their
Rab38™™* littermates, homozygous Rabh3§™PC-Ch/IDG-Cht mice
exhibited the expected dark brown coat color characteristic of
chocolate mutants (18), confirming the functionality of the
Rab38"™S " (G19V) mutation (Fig. S4). Furthermore, seven
pups derived from founder Rc6 showed a 10.5-kb ApaLl, but no
2.1-kb SexAlI band (Fig. 2F), indicating the presence of addi-
tional, edited Rab38 alleles in the founder’s germ line. PCR and
sequence analysis of pup Rc6-3 revealed the presence of a tar-
geted Rab38 allele that includes all nucleotide replacements
within the TALENR®¥%.pinding region but excludes the
replacements in codon 19. In contrast, pup Rc6-14 harbored
a Rab38 allele exhibiting an in-frame deletion of 27 bp within the
TALENR*38._binding region (Fig. 2D). In conclusion, the germ
line of founder Rc6 constituted a mosaic of three mutant Rab38
loci, including two alleles that underwent HR with ODNPS-¢ht
and one allele processed by NHEJ. In founder Rc7, the PCR and
sequence analysis of tail DNA revealed a similar triple mu-
tant genotype including a partially recombined Rab38'° G-Cht
allele [Rc7(a); Fig. 2D], as found in pup Rc6-3, and two NHEJ-
processed loci that exhibit a 27-bp in-frame deletion in allele Rc7
(c) and the combined deletion and insertion of 10 and 3 bp,
leading to a frameshift mutation within exonl [Rc7(b); Fig. 2D].
Founders Rcl to Rc5 harbored additional Rab38 alleles pro-
cessed by NHEJ within the TALENR#**_binding region. Founder
Rcl exhibited an in-frame deletion of 60 bp that was germ line-
transmitted and confirmed in pup Rcl-6 (Fig. 2D). Founders Rc2
and Rc3 harbored an identical in-frame deletion of six Rab38
codons, whereas founders Rc4 and Rc5 showed frame-shift
mutations by the deletion/insertion of 10/3 bp [Rc4, identical to
Rc7(b)] or the deletion of 1 bp (Rc5; Fig. 2D). The integrity of the
modified Rab38 alleles in founders Rcl to Rc7 and the offspring
derived from Rc6 and Rcl was analyzed by Southern blotting of
SexAl- or ApaLl-digested tail DNA using the 5'-hybridization
probe. In founders Re6, Rc7, Rel, and Re2 and the Rc6- and Rc7-
derived progeny, the presence of the 10.5-kb ApaLlI and of the 2.1-
kb SexAl bands indicate the genomic integrity of the modified
Rab38 alleles (Fig. 2 E-H). In contrast, the NHEJ-processed
Rab38 loci of founders Rc3, Re4, and Rc5 exhibit a shortened, ~9-
kb Apall fragment, indicating the occurrence of additional se-
quence deletions. These results reveal four characteristic features
of TALEN and ODN mediated mutagenesis in one-cell embryos: (7)
HR is capable of transferring ODN encoded nucleotide replace-
ments into a TALEN target region; (i) nucleotide replacements
occur preferentially in proximity to the DSB site but are found over
a distance of up to 44 bp; (iii) a DSB site is either processed by HR
into a targeted allele or by NHEJ repair into a variety of alleles
containing undirected frame-shift or loss-of-codon mutations; and
(iv) multiple alleles of both types may occur in a single founder
and can be transmitted via the germ line. Taken together, these
results provide proof of principle that TALEN and ODNs pro-
vide a versatile tool for the directed mutagenesis of the mouse
germ line. The occurrence of seven loci processed by NHEJ is
equal to a mutagenesis rate of 6%, whereas the presence of three
homologous recombined alleles in two founders indicate an HR
rate in the range of 2%.
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Correction of the chocolate Mutation in Rab38“™ Mice. In a second
experiment, we used TALENR38 {6 correct the Rab38™ allele in
the genome of chocolate mutants (18) using a repair template with
a wild-type sequence. By this means, the phenotypic contribution
of a single missense mutation can be evaluated within a complex
genetic background. TALENR®3® mRNAs and the correction
targeting vector pRab38"PWT were microinjected into the male
pronucleus of one-cell embryos fertilized by Rab38"/" males
(Fig. 34). The resulting offspring were screened for founders
harboring a corrected paternal Rab38™SWT allele and further
mated to establish a colony of reverted mutants. The pRab38">¢WT.
targeting vector reverses the valine codon 19 of Rab38™ into
a wild-type glycine codon (V19G) and eliminates a SexAl re-
striction site (Fig. 3C). In addition, we introduced a neutral nu-
cleotide replacement into codon 18, serving as a unique identifier,
and included further silent exchanges within the TALENR"3.
binding region that also remove an ApaLl site (Fig. 3 B and C). A
fully corrected Rab38'™S™VT allele is characterized by the absence
of the SexAl and ApalLl restriction site within exon 1. Because
editing of Rab38 by HR or NHEJ will both lead to the loss of the
Apall site, the offspring derived from microinjections were first
genotyped by ApaLl digestion of PCR products covering exon 1.
Digestion-resistant PCR products were cloned and analyzed by
sequencing. Among 50 offspring derived from embryo injections
of TALENR®3® and pRab38™%WT we identified two mutant
founders harboring three modified Rab38 alleles (Table S1).
Founder Rw2 contained, as shown by sequencing of PCR prod-
ucts, a fully recombined Rab38™C VYT allele that includes the
V19G reversion and all neutral replacements within the TALEN-
binding region (Fig. 3D). A Southern blot analysis of Rw2 tail
DNA showed a weak, but diagnostic, 10.5-kb ApaLl band besides
a 6.6-kb fragment derived from the maternal wild-type locus. The
presence of an additional, unexpected 8.5-kb band indicates fur-
ther processing of the paternal Rab38°™ allele in a fraction of cells
(Fig. 3E). In founder Rw2, gene correction occurred by HR with
the paternal Rab38°™ allele, as shown by the absence of the di-
agnostic 2.1-kb SexAl fragment (Fig. 3F). To achieve germ-line
transmission of the corrected allele, 10 pups derived from matings
of founder Rw2 were genotyped by Southern blot analysis of
ApaLl- or SexAl-digested tail DNA. Two pups (Rw2-6, -9)
showed the 10.5-kb ABaLI band, demonstrating germ-line trans-
mission of the Rab38™ VT allele (Fig. 3E). Pup Rw2-6 was fur-
ther characterized by PCR and sequence analysis and confirmed
the identity of its Rab38"™PS"WT allele to the founder Rw2 (Fig.
3D). None of the pups derived from founder Rw2 showed a 2.1-kb
SexAl band characteristic for the Rab38™ allele (Fig. 3F). In
contrast, founder Rw1 harbored, as shown by PCR and sequence
analysis, two NHEJ-processed Rab38 alleles characterized by the
in-frame deletion of 27 bp [Rw1(a)] or the loss of 22 bp [Rw1(b)]
(Fig. 3D) within the TALEN®****.binding region. Both of these
alleles were derived from the paternal Rab38°™ allele, as shown by
the presence of the G19V mutation. Nevertheless, the Southern
blot analysis of tail DNA from founder Rw2 revealed the absence
of a wild-type 6.6-kb ApaLl band (Fig. 3G), indicating that also the
maternal Rab38" allele was processed by NHELJ, but this allele was
not detected by our PCR analysis. Mating of founder Rw1 showed
the germ-line transmission of NHEJ-processed Rab38 alleles to all
of 11 pups, as indicated by the presence of 10.5-kb ApaLl band
(Fig. 3G). Pup Rw1-8 was further characterized by PCR and se-
quence analysis and confirmed the presence of an Rwl(b) allele
(Fig. 3D). Taken together, we demonstrate the reversion of a
missense mutation in the paternal allele of an early embryo and
the establishment of gene corrected progeny. A single targeted
allele was identified, indicating a HR rate of ~2%, similar to the
introduction of replacement mutations.
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mouse generated with ZFNs (8).
Discussion indicating that embryonic TALEN expression does not interfere

Gene targeting in one-cell embryos by TALENs and ODNs
provides an advanced technology for the rapid and direct mod-
ification of the mouse genome. We show that the coinjection of
TALEN mRNAs and a targeting ODN leads to the coincident
generation of targeted alleles through HR and a variety of loss-
of-function alleles by error-prone NHEJ repair. Among the 167
pups derived from embryo microinjection of TALENS for editing
of Rab38, we obtained nine founders, eight of which harbored
NHEJ-mediated loss-of-function alleles (1/21 pups; 4.8%) and
three contained targeted alleles (1/56 pups; 1.8%). Because three of
these founders represented a mosaic of multiple, up to three HR-
or NHEJ-processed alleles, a total number of 14 edited Rab38
alleles were generated (Table S1). Within our settings, the injection
of 120 embryos within a single day results in ~30 live pups. Thus,
2 d of microinjection, resulting in 60 pups, are presently re-
quired to generate founders containing one targeted allele and
three loss-of-function mutations. These rates are comparable to
our previous results from embryo microinjection of ZFNs (7, 8).
Both TALEN- and ZFN-induced DSBs are preferentially
repaired by NHEJ, exceeding the rate of HR more than twofold
under the present settings. The current low rate of HR events
may be improved in the future by the inhibition of central
components of the NHEJ pathway, as demonstrated by the in-
activation of DNA ligase IV in Drosophila embryos (26). All of
the four founders we tested for germ-line contribution could
transmit one or more mutant alleles to 20-64% of their offspring,

3786 | www.pnas.org/cgi/doi/10.1073/pnas.1218721110

with fertility and that a fraction of founders were not fully het-
erozygous but mosaic for the individual modified alleles. As we
noticed earlier from embryo injections of ZFNs (7, 8), founders
can either represent fully heterozygous mutants, harboring a single
modified allele in all body cells or represent mosaic mutants that
bear one or more mutations only in a fraction of cells. Fully het-
erozygous founders are obtained if HR occurs in the pronucleus
before replication of the target gene, whereas after replication, the
processing at only one chromatid results in a mosaic founder that
contains the modified allele in half of its cells. ODNs were suc-
cessfully used together with ZFNs to achieve targeted gene
modifications in mammalian cell lines (27). Our result with
ODN'PS Mt demonstrates that ODNs, together with TALEN,
induced DSBs present a versatile tool to create targeted replace-
ments in the mouse genome. To evaluate the extent of HR-me-
diated sequence conversion we used an ODN of 144 residues that
includes 12 nucleotide exchanges over a distance of 62 nucleo-
tides. None of the three recombined alleles contained all muta-
tions, but replacements occurred over a distance of 44, 40, or 22
bp and transferred up to 10 exchanges into the genome, prefer-
entially in proximity to the DSB site. Therefore, we recom-
mend positioning TALENs such that their spacer region is
located close by the targeted nucleotides with an upper
working distance of 40 bp. Because ODNs were also shown
to mediate targeted sequence insertions and deletions in vitro,
it will be interesting to further explore these applications in
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one-cell embryos. Our TALEN-Designer tool identifies TALEN
target sites in genomic and coding sequences of the mouse at an
average distance of 13-14 bp. Therefore, the entire sequence
space of the mouse genome is accessible for targeted mutagenesis
by TALENSs together with synthetic ODNs. Compared with an
established ZFN, 70% of our TALENs showed an equal or higher
nuclease activity such that most target sites can be covered by the
construction of a single vector pair. Whether all nucleases that
meet this activity standard will lead to equally efficient re-
combination in vivo requires further experimentation to explore
the potential influence of the chromosomal context on target
accessibility. Using a TALEN against the Fus gene, we observed
a targeting rate comparable to TALENR®3 in mouse embryos,
and a variety of target sites were shown to be competent for
TALEN-induced NHEJ repair in mouse, rat, and pig embryos
(15, 17, 28). These findings suggest that a substantial number of
chromosomal target sites are accessible to nuclease-induced tar-
geting in embryos, but the potential fraction of resistant sites,
compromising the generation of mutants, remains to be defined.
In recent years, an increasing number of missense and nonsense
mutations are discovered, by high-throughput genomic analysis,
to cause or contribute to human Mendelian or complex diseases
(3-5). Genetic mouse models, which reproduce such disease
mutations, will be important to decipher disease mechanisms and
for development of therapeutic interventions. This demand can
be well matched by the TALEN and ODN technology that
requires only 1-2 wk of preparatory work for TALEN construc-
tion and ODN synthesis and 2 d of embryo injections and delivers
the first heterozygous mutants within 18 wk. In addition, the use
of one-cell embryos enables the creation and reversion of genetic
modifications in the genetic background of any wild-type or
mutant mouse strain. Vice versa, it is possible, as exemplified by
our Rab38™PSWT jllele, to reverse a mutation for evaluation of
its phenotypic contribution within a complex disease background
[e.g., in nonobese diabetic (NOD) mice]. Taken together, we
show that TALENSs, combined with ODNS, provide an advanced
tool for targeted mutagenesis directly in the mouse germ line.
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Materials and Methods
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