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The generation of genetically modified animals is important for both research and commercial purposes. The rat is an
important model organism that until recently lacked efficient genetic engineering tools. Sequence-specific nucleases, such
as ZFNs, TALE nucleases, and CRISPR/Cas9 have allowed the creation of rat knockout models. Genetic engineering by
homology-directed repair (HDR) is utilized to create animals expressing transgenes in a controlled way and to introduce
precise genetic modifications. We applied TALE nucleases and donor DNA microinjection into zygotes to generate
HDR-modified rats with large new sequences introduced into three different loci with high efficiency (0.62%–5.13% of
microinjected zygotes). Two of these loci (Rosa26 and Hprt1 ) are known to allow robust and reproducible transgene expression and were targeted for integration of a GFP expression cassette driven by the CAG promoter. GFP-expressing
embryos and four Rosa26 GFP rat lines analyzed showed strong and widespread GFP expression in most cells of all analyzed
tissues. The third targeted locus was Ighm, where we performed successful exon exchange of rat exon 2 for the human one.
At all three loci we observed HDR only when using linear and not circular donor DNA. Mild hypothermic (30°C) culture
of zygotes after microinjection increased HDR efficiency for some loci. Our study demonstrates that TALE nuclease and
donor DNA microinjection into rat zygotes results in efficient and reproducible targeted donor integration by HDR. This
allowed creation of genetically modified rats in a work-, cost-, and time-effective manner.
[Supplemental material is available for this article.]
Modifying the genome of animals is crucial for an in-depth understanding of physiological and pathophysiological processes as well
as for commercial development. Mouse models have traditionally
been used in genetics over the past decades, since researchers have
in hand all the tools (in particular, embryonic stem [ES] cells) to
perform homology-directed repair (HDR) in order to manipulate
precisely the genome of this organism (Capecchi 2005). Unfortunately, until recently, HDR-mediated gene targeting was not
possible in most other species, including the rat. The rat is a preferred species for studying physiology and certain human pathologies ( Jacob 1999, 2010; Jacob and Kwitek 2002). Thus, precise
gene targeting technologies would allow many important biomedical questions to be addressed. Despite the recent derivation of
rat ES cells (Buehr et al. 2008; Li et al. 2008) to generate knockout
(Tong et al. 2010; Yamamoto et al. 2012) and knock-in rats (Meek
et al. 2010), rat ES cells are still less robust than mouse ES cells
(Zheng et al. 2012). The emergence of engineered nucleases,
allowing the rapid and effective generation of genetically modified
animals, opens the door to gene targeting in rat but also in other
species for which ES cells are not yet available, and provides a faster
and more cost-effective strategy compared to the use of ES cells. We
and others have shown that zinc finger nucleases (ZFNs) (Geurts
et al. 2009; Mashimo et al. 2010), transcription activator-like
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effector (TALE) nucleases (Tesson et al. 2011; Tong et al. 2012;
Mashimo et al. 2013), meganucleases (Menoret et al. 2013), and
the clustered regularly interspaced short palindromic repeats
(CRISPR)-associated protein (Cas) system (Li et al. 2013a,b) are
highly and reproducibly effective at disrupting endogenous genes
in rat zygotes. Mutations introduced are typically small insertions
and/or deletions (indels) that result from imprecise repair of nuclease-induced DNA double-strand breaks by the nonhomologous
end joining (NHEJ) mechanism. In addition, the presence of donor
DNA allows either the insertion of exogenous genetic information
or the replacement of an endogenous sequence by the one of interest. Targeting transgene addition or sequence replacement at loci
in the mammalian genome by HDR has been demonstrated using
ZFNs in mouse (Meyer et al. 2010; Cui et al. 2011; Meyer et al. 2012),
rat (Cui et al. 2011), and rabbit (Flisikowska et al. 2011) zygotes.
Gene editing in zygotes using TALE nucleases aimed to introduce
point mutations (Wang et al. 2013; Wefers et al. 2013; Ponce de
Leon et al. 2014) and, only very recently for the first time, an
expression cassette in mice (Sommer et al. 2014).
Even if engineered nucleases stimulate HDR events, the frequency of these events remains rare. Finding methods which could
increase the cellular activity of these artificial nucleases may en-
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hance rates of HDR. It has been reported that accumulation of
nuclease proteins induced by a transient hypothermia enhanced
the frequency of gene disruption induced both by ZFNs (Doyon
et al. 2010) and by TALE nucleases (Miller et al. 2011) in cell lines,
suggesting that this strategy could have beneficial effects on the
frequency of HDR events in rat zygotes.
In our study, we applied TALE nucleases to achieve the insertion of a large expression cassette or exon exchange through
gene targeting by HDR in rat zygotes. For that purpose, we
microinjected TALE nuclease pairs designed to target three loci and
the corresponding targeting vectors with regions homologous to
the nuclease target site. Two targeted loci (Rosa26 and Hprt1) are
known to be permissive for transgene expression, and are therefore
ideal candidates to integrate a transgene of interest intended to
have stable and ubiquitous expression. Indeed, the Rosa26 locus
is commonly used in mice to achieve targeted insertions by HDR
using ES cells and has been targeted using ZFNs in mice (Meyer
et al. 2010; Hermann et al. 2012). The rat Rosa26 locus was targeted
using ES cells (Kobayashi et al. 2012) but not yet using nucleases.
Similarly, the Hprt locus is often chosen as a ‘‘permissive’’ locus for
targeted integration of transgenes in mouse ES cells (Bronson et al.
1996; Meek et al. 2010). These two loci were chosen to target insertion of a ubiquitous expression cassette encoding GFP, and to
assess the potentially beneficial effect of a mild hypothermia
treatment on TALE nuclease activity in HDR-mediated transgene
integration. The third locus tested was the Ighm locus, for which we
achieved efficient rat-to-human exon 2 replacement. The results
presented demonstrate that TALE nucleases are efficient tools to
insert exogenous genetic information or to replace an endogenous
sequence with the one of interest.

Results
Activity of Hprt1.1, Hprt1.2, and Rosa26 TALE nucleases
in cultured rat cells
We designed pairs of TALE nucleases targeting the rat Hprt1 gene at
two different sites (which we refer to as Hprt1.1 and Hprt1.2) within
intron 1, or the Rosa26 locus in intron 1, and examined their
cleavage activity in cultured rat C6 cells transfected with plasmid
DNA encoding individual TALE nucleases. The cleavage activity
of the different TALE nuclease pairs was assessed using the T7 endonuclease assay (Fig. 1). We observed 9%, 15%, and 13% of
chromosomes bearing nuclease-induced mutations in rat C6 cells
transfected with 2 3 0.75 µg Hprt1.1, Hprt1.2, or Rosa26 TALE
nuclease pairs, respectively. The frequency of cleavage events increased with higher concentrations (2 3 1.5 µg) of each TALE nuclease pair: 19% for Hprt1.1, 21% for Hprt1.2, and 17% for Rosa26.
These results show that all the tested nuclease pairs are active and
allowed us to proceed with confidence with experiments in onecell embryos to achieve targeted knock-in events.

Targeting integration into the rat Hprt1 and Rosa26 loci
In order to test whether TALE nucleases could stimulate targeted
transgene integration by HDR, we chose to introduce a ubiquitous
GFP expression cassette (CAG-GFP-BGHpA) of 3142 bp, flanked by
59 and 39 homology arms of 800 bp each contiguous to the TALE
nuclease cleavage point (Figs. 2A, 3A).
TALE nuclease mRNA and linear donor DNA were co-injected
into one-cell stage embryos at different concentrations for the TALE
nucleases and at 2 ng/µl for the linear donor DNA (excised ex-
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pression cassette and homology arms). As previously described
(Meyer et al. 2010), a two-step microinjection procedure was performed: The TALE nucleases mRNA and donor DNA mixture were
first injected into the male pronucleus and then into the cytoplasm during withdrawal of the injection pipette. We cultured
injected embryos at either 37°C for 3 h or 37°C for 1 h, followed by
30°C for 2 h or 30°C for 3 h to assess the effect of the temperature
on the rate of NHEJ and HDR events. Following this period of
culture, surviving zygotes were then transferred into recipient females and genotyping was performed on E15 fetuses or on newborns (Table 1).
When zygotes were injected with the three ratios of Hprt1.1
mRNA/DNA tested, we did not observe significant differences on
egg viability (73.5%, 78.5%, and 72.6%), while a mild decrease in
their embryonic development was observed at the highest concentration (13.3%, 10.7%, and 8.2%). Concerning the Hprt1.2
TALE nucleases, increasing concentrations did not significantly
affect zygote viability (85.8%, 72.1%, and 78.3%) but did impair
birth rate at the highest concentration (26.2% at 5 + 5/2, 20.3% at
10 + 10/2, and 0% at 20 + 20/2 ng/µl). Finally, for Rosa26 TALE
nucleases, we observed increased toxicity as assayed by zygote viability at higher concentrations (80.8%, 76.7%, and 52.2%); all
nuclease concentrations used resulted in similarly lower embryonic development (9.2%, 8.8%, and 10.6%).
The incubation of embryos at 37°C + 30°C or 30°C after microinjection of Hprt1.2 or Rosa26 TALE nuclease mRNA did not
significantly affect either embryo viability or newborn frequencies.
To identify GFP-expressing animals either due to random
integration (RI) and/or HDR, E15 fetuses and pups were first exposed to UV light to assay for GFP expression (Table 1). The positive animals were then confirmed by PCR using primers specific for
GFP (data not shown). The strategies used to analyze the donor
DNA integration into Hprt1 and Rosa26 targeted loci are illustrated
in Supplemental Figure S1 and Figures 2A and 3A. The animals
harboring HDR events were identified by PCR amplification of the
59 and 39 junctions between the donor sequence and the target
locus (Figs. 2B, 3B; Supplemental Fig. S1B; data not shown). The
integrity of the 59 and 39 junctions was confirmed by sequencing
(Figs. 2D, 3C; data not shown).
No GFP-expressing animals or animals with donor DNA integration were observed when high concentrations (20 + 20 or 50 +
50 ng/µl) of mRNA encoding Hprt1.1, Hprt1.2, or Rosa26 TALE
nucleases were injected, probably at least in part due to toxicity
(Table 1). With Hprt1.1, Hprt1.2, or Rosa26 TALE nucleases at a ratio
of 10 + 10/2 ng/µl mRNA/DNA (37°C condition), the frequency of
DNA integration reached 1.02%, 0.63%, and 3.30% of transferred
embryos, respectively (Table 1). In these conditions, junction PCR
analyses revealed that one Hprt1.1 (13.1) (Table 2), one Hprt1.2
(6.1) (Table 2), and two Rosa26 (2.1 and 3.1) (Fig. 3B) founders
harbored an HDR profile, whereas one Rosa26 was a RI (5.3) (Table
2). Lower concentrations (5 + 5/2 ng/µl) of Hprt1.2 and Rosa26
TALE nucleases were also very efficient at inducing donor DNA
integration (3.17% and 1.67% of transferred embryos GFP+, respectively) by HDR (three out of four founders for the Hprt1.2 locus, e.g., 9.6, 11.9, and 12.2, and two founders for the Rosa26 locus,
e.g., 10.2 and 12.5) (Tables 1, 2).
Interestingly, using Hprt1.2 TALE nucleases, the HDR frequency of embryos cultured at 37°C for 3 h (0.63 and 2.38% at the
dose of 10 + 10/2 and 5 + 5/2, respectively) was increased when
embryos were maintained either at 37°C for 1 h + 30°C for 2 h (2.73
and 2.7 at the dose of 10 + 10/2 and 5 + 5/2, respectively) or 30°C
for 3 h (2.54 and 5.13 at the dose of 10 + 10/2 and 5 + 5/2, re-
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Figure 1. Assay of TALE nucleases for rat Hprt1.1, Hprt1.2, and Rosa26 loci. The frequency of TALE nuclease cleavage was determined using T7
endonuclease assay in C6 cells transfected with the indicated amount of rat Hprt1.1, Hprt1.2, or Rosa26 TALE nuclease expression vectors. Expression
vectors without nucleases serve as negative controls. The expected sizes of undigested and digested fragments are indicated in italics. The efficiency of
cleavage is indicated below each gel.

spectively) (Table 1). Transient incubation at a lower temperature
also tended to increase the frequency of HDR events in the Rosa26
locus: 2.78 at 37°C for 1 h + 30°C for 2 h vs. 1.67% at 37°C but 0% for
30°C incubation (Table 1). The analyses of indel events due to NHEJ
at Hprt1.2 and Rosa26 loci showed that their frequency did not vary
significantly among the three temperature conditions (Table 1).
RI of the GFP expression cassette (scored as GFP expression
and positive PCRs for GFP but with negative 59 and 39 junction
PCRs) occurred at frequencies similar to those observed when
linearized DNA is microinjected for the generation of transgenic
rats (0.67%–2.54%) (Tesson et al. 2005) and without differences
among the different experimental conditions. These RI transgenic
animals did not contain HDR events, and for Hprt1.2 TALE
nucleases included animals 13.2, 3.2, 5.7, 6.4, 6.5, 7.5, 7.8, 5.1,
9.5, and 10.8 as well as for Rosa26, animals 5.3, 7.1, and 19.3
(Table 2).
To confirm targeted integration of donor DNA by HDR further, we performed Southern blot analyses. All of the 20 animals
with the GFP transgene integrated into the Hprt1.2 locus as identified using junction PCR analyses (Figs. 2B,D; Table 2; data not
shown), harbored a band of 7.6 kb, consistent with the expected
integration mediated by HDR (Fig. 2C; data not shown). The profile on the Southern analysis of some of the animals (animals 2.2
and 5.9 in Fig. 2C) showed a single copy of the expression cassette,
whereas that of others (animals 1.2 and 3.4 in Fig. 2C) showed the
presence of a band of 4.7 kb compatible with the presence of more
than one copy in concatemers. None of these embryos showed
additional bands, indicating that they did not harbor RI copies of
the expression cassette. PCR analyses were performed to determine
the configuration of these concatemers. For the embryos injected
with Hprt1.2 TALE nucleases, all the RI and some of the HDR animals bore integrated concatemers (Table 2) in a head-to-tail configuration (Supplemental Fig. S2B) but not in head-to-head or tailto-tail (data not shown).
At the Rosa26 locus, the seven animals for which amplified
fragments of expected size and sequence were observed both in 59
and 39 junction PCR analyses (Figs. 3B,C; Table 2; data not shown)
showed bands of the expected size (9.2 kb and 2.2 kb), consistent
with integration at the target locus by HDR (data not shown). Three
of these rats had integration of donor concatemers (Supplemental
Fig. S2B) in a head-to-tail configuration but not in head-to-head or
tail-to-tail (data not shown).

TALE nuclease-induced DNA cleavage was required for efficient targeted donor DNA integration since the microinjection of
2 ng/µl linear donor DNA alone did not result in any HDR positive
animals (Table 1), in accordance with a previous publication that
showed a very low level of efficacy (<0.1%) for spontaneous HDR
in mouse zygotes (Brinster et al. 1989).
We compared the excised linear form of donor DNA vs. the
supercoiled form of the plasmid for transgene integration by HDR.
As reported in Table 1, of the 25 embryos issued from microinjection of Hprt1.2 TALE nucleases and circular donor DNA, none integrated donor DNA by HDR, and one of them (circ-4.1) (Table 2)
integrated the donor DNA by RI. In comparison, in the same
conditions (5 + 5/2 and 30°C incubation), when donor DNA was
injected in a linear form we obtained eight GFP+ animals (six by
HDR, e.g., 1.2, 2.2, 5.9, 9.7, 10.2, and 10.4, and two by RI, e.g., 6.4
and 6.5) (Tables 1, 2).
In conclusion, targeted transgene integration could be efficiently achieved in all Hprt1.1, Hprt1.2, and Rosa26 TALE nuclease
injections when the concentration of the TALE nuclease was below
10 ng/µl. The frequency of mutated animals with indel mutations
was higher than that of targeted integration by HDR, consistent
with NHEJ being the prevalent mechanism for DNA double-strand
break repair. In all founders harboring an HDR-mediated transgene
insertion except one (Hprt1.2 1.1) (Table 2), we found a conserved
integrated donor DNA and intact 59 and 39 junctions. Transient
diminution of temperature and excised linear vs. circular donor
DNA tended to increase the frequency of HDR and thus represent
alternative methods for gene targeting HDR in rat zygotes that
might be superior for certain loci and nuclease pairs.

Efficient germline transmission and expression of donor
sequences targeted into the Rosa26 locus
Five different Rosa26 founders with HDR of the CAG-GFP expression cassette showed germline transmission of the donor sequence
with frequencies between 14% and 46% (Supplemental Table S1).
Figure 3D illustrates two 8-d-old GFP+ animals in the offspring of
the animal Rosa26 KI 8.4. Moreover, offspring of each of four
Rosa26 HDR+ founders analyzed presented a similar percentage
and mean fluorescence intensity of CD45+ GFP+ cells (Fig. 3E).
This expression was comparable in animals with one copy (8.4F1,
9.1F1, and 10.2 F1) or with concatemers (12.5F1) (Fig. 3E). Finally,
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expression of GFP was uniformly detected in most cells of all tissues analyzed, as shown for liver, kidney, and pancreas (Fig. 3D;
data not shown). Expression of GFP in embryos generated with
Hprt1.1 and Hprt1.2 TALE nucleases also showed strong and uniform expression upon in toto analysis (Fig. 2E; data not shown).
These data provide evidence that integration of the transgene into
the Rosa26 locus took place early in development, with low mosaicism and high frequency of transmission to the offspring. Additionally, the integrated transgene into the targeted Rosa26 locus
showed high and uniform expression in different lines of transgenic rats, indicating that integration of transgenes into this locus
using TALE nucleases is a robust strategy to express transgenes.

Targeted replacement of a rat exon with a human exon
at the Ighm locus
We aimed to replace an endogenous sequence with an exogenous
one since this would allow a wide range of genetic editing applications. As a proof-of-concept model, we applied TALE nucleases
targeting the rat Ighm locus used in a previous work (Tesson et al.
2011) to obtain an exon exchange directly in rat zygotes. In the
previous study, we showed the cleavage activity of this TALE nuclease pair to be 13% in rat S16 cells in vitro and 58% in injected rat
zygotes, when delivered as mRNA.
We microinjected sequentially into the pronuclei and cytoplasm of rat zygotes TALE nuclease mRNA directed to sequences in
exon 2 of the rat Ighm locus, together with donor DNA sequences
containing the exon 2 of human IGHM (71% homology vs. rat) and
homology arms (0.75 and 1.46 kb for 59 and 39 arms, respectively)
of rat genomic sequence (Fig. 4A). The homology arms were separated from the TALE nucleases cleavage site by ;150 bp. With this
transgene donor, successful exon replacement requires spontaneous cellular trimming of at least one of the 39 single-stranded ends
so that the 39 end terminates in a region of homology with the
donor. The microinjection statistics are summarized in Table 3.
Microinjection with the supercoiled donor plasmid (410 zygotes)
or linearized donor sequences (1063 zygotes) resulted in both cases
in normal embryo survival (75.1% and 72.7% of microinjected
embryos) and normal numbers of newborn animals (22.9% and
15.8% of transferred embryos). Microinjection of TALE nucleases
plus the supercoiled plasmid donor DNA did not result in any
donor integration by HDR, but two transgenic animals carrying RI
could be detected (Tables 3, 4). Microinjection of TALE nucleases
plus the linear donor DNA resulted in eight animals (Table 3) with

RI of linear donor DNA (8, 44, 49, 55, 56, 63, 68, and 69) (Table 4)
and in one embryo (E3) and two founders (53 and 54) with bona
fide targeted integration by HDR (0.62% of the transferred zygotes)
since they showed 59 and 39 flanking PCRs of the expected size and
with intact sequences (Figs. 4B,C) as well as the expected 3.2-kb
band on the Southern blot (Fig. 4D). Southern blot analysis
showed the presence of donor concatemers at the integration site
in one founder (53), whereas the other founder (54) had one copy
(Fig. 4D) and embryo E3 showed concatemers (data not shown).
PCR analysis of concatemers showed that they were orientated in
a head-to-tail orientation (Supplemental Fig. S2D).
Founder 54 was mated and transmitted the transgene to six
out of 17 pups (Supplemental Table S1). mRNA products containing rat and human sequences were detected in the offspring by
RT-PCRs of the expected size (Fig. 4E; data not shown) and contained intact rat and human sequences (data not shown). These F1
heterozygous animals were mated to obtain homozygous F2 animals which did not show the presence of wild-type rat CH2 sequences, having both alleles replaced with human sequences (data
not shown).
Thus, injection of TALE nucleases mRNAs and linear donor
DNA with human sequences resulted in the replacement of rat by
human IGHM sequences by HDR.

Discussion
ZFNs were used to obtain transgene targeted integration in previous studies in mice (Meyer et al. 2010, 2012; Cui et al. 2011), rats
(Cui et al. 2011), and rabbits (Flisikowska et al. 2011). Compared to
ZFNs, TALE nucleases can be designed with somewhat fewer
positional constraints (Miller et al. 2011), allowing targeting of
virtually any sequences, with high activities and very low off-target
effects (for review, see Segal and Meckler 2013). TALE nucleases
were applied to achieve targeted gene addition of point mutations
in rodents (Panda et al. 2013; Wang et al. 2013; Wefers et al. 2013;
Ponce de Leon et al. 2014) and (after the submission of this
manuscript) in mice using an expression cassette (Sommer et al.
2014).
Here, we used newly generated TALE nucleases for the Hprt1
and Rosa26 loci and the previously described TALE nucleases for
Ighm (Tesson et al. 2011). For the Hprt1 and Rosa26 TALE nucleases,
we observed that the correlations between in vitro and in vivo
efficiency activities are such that Hprt1.2 > Rosa26 > Hprt1.1. Direct
comparison of in vitro efficiencies between Hprt1 and Rosa26 TALE

Figure 2. Targeted integration of a GFP cassette into the Hprt1.2 locus. (A) (Upper) Diagram showing schematic representation of the rat Hprt1.2 locus,
with the site of TALE nuclease action (vertical arrows), and of the targeting vector with the expression cassette CAG-eGFP-BGHpA (3142 bp) and the 59 and
39 homology arms (800 bp each). The homology arms are contiguous to the TALE nucleases’ cleavage point. (Gray) The sequence overlap (433 bp)
between 39 HArHPRT1.1 (cf. Supplemental Fig. S1) and 59 HArHPRT1.2. BstEII restriction sites are indicated. (A) (Lower) Diagram showing schematic
representation of the GFP cassette integration. For flanking PCR analysis, genomic DNA was PCR-amplified with primers situated for the 59 side: upstream
of the 59 HA arm (HPRT1.2-5outFor) and in the CAG promoter (5CAGpRev); and for the 39 side: in the BGHpA (3BGHpA-Up2) and downstream from the 39
HA arm (HPRT1.2-3out Rev). The position of each primer and the corresponding expected size of PCR products are indicated on the schematic knock-in
Hprt1.2 locus. For Southern blot analysis, genomic DNA was digested with BamHI and was probed with a GFP probe. A unique band at 7.6 kb is predicted for
a correct HDR into the Hprt1.2 locus. (B) Flanking PCR analysis. Gels show the results of analyzing the 59 and the 39 extremities of GFP integration into the
Hprt1.2 locus. A representative panel of 16 animals is illustrated, showing the expected bands of 993 bp using the 59 pair of primers (HPRT1.2-5outFor +
5CAGpRev) and of 1257 bp using the 39 pair of primers (3BGHpA-Up2 + HPRT1.2-3outRev). The microinjection conditions in terms of mRNA and DNA
concentrations, as well as embryo incubation temperatures, are above each animal. (C ) Southern blot analysis following BamH1 DNA digestion for the
analysis of transgene site-specific integration into the Hprt1.2 locus using a GFP probe. Four Hprt1.2-GFP+ rats with positive junction PCRs showing a unique
band at 7.6 kb for a HDR with a single copy of the transgene, or 7.6 kb and 4.7 kb (the size of the transgene) bands when HDR involved transgene
concatemers. The diagram at the right explains the expected size of the concatemers once linearized. The absence of additional bands demonstrates that
there are no RI integration events in these animals. As a negative control, an offspring rat with no GFP expression and negative for GFP PCR (1.1) showed no
bands. (D) Sequence comparison at the 59 and 39 junctions, with wild-type genomic DNA and donor DNA sequences, of two representative embryos (2.2 and
5.9). In donor DNA, the presence of the BstEII site is indicated in 59 and 39 (underlined). The 59 and 39 ends of the expression cassette are colored in gray. (E )
Representative E15 Hprt1.2 HDR-GFP embryos using a Dark Reader Spot Lamp.

Genome Research
www.genome.org

1375

Figure 3.

1376

Genome Research
www.genome.org

(Legend on next page)

Genome editing in rats using TALE nucleases
nucleases with those of Ighm is difficult since they were transfected
in different cell lines.
The efficiency of TALE nuclease-mediated HDR seemed to
depend primarily on the efficiency of DNA cleavage by the nuclease and not on the type of locus targeted in terms of expression
and chromatin status, since Hprt1 and Rosa26 are expressed in the
injected zygote, whereas Ighm is not. This conclusion is also substantiated by experiments that we performed using a ZFN for the
Ighm locus with lower nuclease activity (2% in C6 cells and 1.5% of
NHEJ following mRNA microinjection) for the exchange of rat by
human exon 2 in the Ighm locus (same donor DNA as used for the
TALE nucleases) that did not result in HDR events (data not
shown).
The frequencies of HDR obtained in the present study were
between 0.62% and 5.13% of microinjected embryos for the best
conditions. Despite differences in the models that make direct
comparisons only relative, these frequencies are comparable to the
ones for targeted insertion using TALE nucleases and ssODN donors ranging from 1.8% to 6.8% in mouse embryos (Panda et al.
2013; Wefers et al. 2013) but higher than the ones obtained with
an expression cassette (2/900, 0.22%) (Sommer et al. 2014). The
frequencies obtained in our study are also comparable to the ones
observed using ZFN mRNA for HDR in rats (2.4% and 8.3% for
two different loci) (Cui et al. 2011) and mice (1.7% and 5% for
two different loci) (Meyer et al. 2010; Cui et al. 2011). In this
report, as well as in others using ZFNs, TALE nucleases, or
CRISPR/Cas (Meyer et al. 2010; Wefers et al. 2013; Auer et al.
2014; Sommer et al. 2014), the NHEJ repair mechanisms occurred always and for each condition at a higher rate than HDR.
A transient cold shock applied to cells lines enhances the
cleavage activity of ZFNs (Doyon et al. 2010) and TALE nucleases
(Miller et al. 2011), due, at least in part, to an increase in accumulation of nuclease proteins (Doyon et al. 2010), but the effect
on HDR was not analyzed. The assessment of this parameter
allowed us to show a positive effect of a short or longer incubation
at 30°C of injected embryos on the frequency of HDR events but
not in the rate of NHEJ, suggesting a preferential repair by the
former mechanism. This effect was more accentuated for the
Hprt1.2 locus than for Rosa26. Moreover, no or slight effects were
observed on viability and embryonic development of rat embryos. Although promising, additional experiments at other loci
and in other species are necessary to confirm the generality of
these observations.

In HDR strategies using ZFNs or TALE nucleases, donor DNA
sequences can be linearized or supercoiled plasmids. In our four
HDR insertions (Hprt1.1, Hprt1.2, Rosa26, and Ighm), HDR events
were observed when donor DNA was delivered under a linear form,
and when directly compared in the Hprt1.2 and Ighm loci, the
circular form did not generate HDR events. In other studies using
linear or circular DNA donors, the outcomes have been very variable. In the only previous study of HDR in rats using nucleases
(ZFNs), both circular and linear forms generated HDR events (Cui
et al. 2011; Brown et al. 2013). Using ZFNs in mice, two publications
showed that both linear and circular DNA generated HDR (Meyer
et al. 2010; Meyer et al. 2012), whereas another publication showed
that only the linear, but not the circular form, could result in HDR
(Hermann et al. 2012). In Drosophila, ZFNs or TALE nucleases induced HDR only using supercoiled plasmid donors (Beumer et al.
2008; Katsuyama et al. 2013). In rabbits, the linear form allowed
obtention of HDR when using ZFNs (Flisikowska et al. 2011).
Compared to circular DNA, linear DNA has the potential
disadvantage of being more prone to RI into the genome (Brinster
et al. 1985). Our results show RI of linearized donor DNA (both
the GFP expression cassette or human IGHM sequences) with
frequencies of 0.62% to 1.71% of transferred embryos, close to
the frequencies observed when linear DNA is microinjected to
generate transgenic rats (Tesson et al. 2005). RI of circular donor
DNA was also observed with frequencies of 0.95% and 0.72% for
embryos transferred after Hprt1.2 or Ighm TALE nuclease injection, respectively. Therefore, in terms of transgene RI, there is
not a significant disadvantage to the use of linear vs. circular
donor DNA. Undesirable RI events could be separated from the
desired modified allele by breeding (if unlinked to the target
locus).
We observed that several of the Hprt1.1, Hprt1.2, Rosa26, and
Ighm HDR-positive embryos or animals had concatemers. While
few studies have analyzed the mechanisms of transgene concatemer formation, one recent one identified NHEJ as the main
mechanism of concatamer formation (Dai et al. 2010). It is unclear
why concatemers were observed at higher frequencies in the Hprt1
locus versus the Rosa26 or Ighm loci. Although transgenic animals
with RI in concatemers are subject to gene silencing (Garrick et al.
1998), expression of GFP was equivalent in our rats harboring
a profile with and without concatemers in the Rosa26 locus. This
similar expression might be due to the insertion in a permissive
locus versus RI in sites more prone to methylation. At the same

Figure 3. Targeted integration of a GFP cassette into the Rosa26 locus. (A) (Upper) Diagram showing schematic representation of the rat Rosa26 locus,
with the site of TALE nuclease action (vertical arrows) and of the targeting vector with the expression cassette (3142 bp) and the 59 and 39 homology arms
(800 bp each). The homology arms are contiguous to the TALE nucleases’ cleavage point. BstEII restriction sites are indicated. (A) (Lower) Diagram showing
schematic representation of the GFP cassette integration. For PCR in/out analysis, genomic DNAs were PCR-amplified with primers situated for the 59 side:
upstream of the 59 HA arm (ROSA26-5outFor) and in the CAG promoter (5CAGpRev); and for the 39 side: in the BGHpA (3BGHpA-Up2) and downstream
from the 39 HA arm (ROSA26-3out Rev). The position of each primer and the corresponding expected size of PCR products are indicated on the schematic
knock-in Rosa26 locus. For Southern blot analysis, genomic DNA was digested with EcoRI and was probed with the homology arms’ probe for Rosa26. Two
bands at 9.2 kb and 2.2 kb are predicted for a correct HDR into the Rosa26 locus. (B) Flanking PCR analysis. Gels show the results analyzing the 59 and the 39
extremities of the expression cassette integration into the Rosa26 locus. A representative panel of nine founders is illustrated, showing expected bands of
1191 bp using the first pair of primers (ROSA26-5outFor + 5CAGpRev), and of 1367 bp using the second pair of primers (3BGHpA-Up2 +
ROSA26-3outRev). The microinjection conditions in terms of mRNA and DNA concentrations as well as embryo incubation temperatures are above each
animal. (C ) Sequence comparison at the 59 and 39 junctions with wild-type genomic DNA and donor DNA sequences of two representative founders (2.1
and 10.2) and one representative F1 (8.4.1: offspring of founder 8.4). In donor DNA, the presence of the BstEII site is indicated (underlined). The start and
the end of the expression cassette are colored in gray. (D) Two representative 8-d-old Rosa26 HDR rat pups (F1s of founder 8.4) and two wild-type
littermates. GFP expression in adult tissues (liver, kidney, pancreas) of a Rosa26 HDR rat. Insets show tissues obtained from littermates negative for GFP PCR
(wild type, WT). Magnification: 3100. (E) GFP expression in leukocytes from different lines of Rosa26 HDR rats. FACS analysis of GFP expression in CD45+
leukocytes isolated from peripheral blood from four different lines of Rosa26 HDR adult rats (F1generation) and a wild-type littermate. (Upper) FACS
patterns obtained from two F1 (an HDR GFP+ and a negative littermate) of founder 8.4. (Lower) Analysis of the level of GFP expression in the peripheral
blood of offspring of four Rosa26 HDR founders using the mean fluorescence intensity of leukocytes. Each point represents one animal and the horizontal
bars the mean and standard deviations.
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Microinjection statistics for the Hprt1.1, Hprt 1.2, and Rosa26 loci

Target
locus

Dose
mRNA/DNA
(ng/µl)

Hprt1.1

Temperature

No. injected
eggs (% viable
eggs)

No. E15 (e)
or pups (p)
(%)a

No. of
GFP+ animals
(%)a

50 + 50/2
20 + 20/2
10 + 10/2

37°C
37°C
37°C

113 (73.5)
209 (78.5)
164 (72.6)

8e (13.3)
17e (10.7)
8e (8.2)

0 (0)
0 (0)
1 (1.02)

Hprt1.2

20 + 20/2
10 + 10/2
10 + 10/2
10 + 10/2
5 + 5/2
5 + 5/2
5 + 5/2
5 + 5/2 b
0/2

37°C
37°C
37°C/30°C
30°C
37°C
37°C/30°C
30°C
30°C
30°C

69 (78.3)
258 (72.1)
151 (72.8)
163 (82.8)
148 (85.8)
158 (93.7)
173 (79.2)
159 (71.1)
110 (80)

0
32e
19e
22e
33e
42e
35e
25e
38e

(0)
(20.3)
(17.3)
(18.6)
(26.2)
(28.4)
(29.9)
(23.8)
(43.2)

Rosa26

20 + 20/2
10 + 10/2
5 + 5/2
5 + 5/2
5 + 5/2

37°C
37°C
37°C
37°C/30°C
30°C

134
180
161
158
197

5e
8e
11p
21p
47p

(10.6)
(8.8)
(9.2)
(19.4)
(31.5)

(52.2)
(76.7)
(80.8)
(68.4)
(75.6)

No. of
RI-positive
animals (%)a

No. of
HDR-positive
animals (%)a

No. of
indel-positive
animals (%)a

0 (0)
0 (0)
0 (0)

0 (0)
0 (0)
1 (1.02)

1 (1.67)
2 (1.26)
2 (2.04)

0 (0)
1 (0.63)
4 (3.64)
6 (5.08)
4 (3.17)
6 (4.05)
8 (6.84)
1 (0.95)
0 (0)

0 (0)
0 (0)
1 (0.91)
3 (2.54)
1 (0.79)
2 (1.35)
2 (1.71)
1 (0.95)
0 (0)

0 (0)
1 (0.63)
3 (2.73)
3 (2.54)
3 (2.38)
4 (2.70)
6 (5.13)
0 (0)
0 (0)

0 (0)
15 (9.49)
10 (9.09)
6 (5.08)
17 (13.5)
24 (16.2)
14 (12)
4 (3.81)
na

0 (0)
3 (3.30)
2 (1.67)
4 (3.70)
1 (0.67)

0 (0)
1 (1.10)
0 (0)
1 (0.92)
1 (0.67)

0 (0)
2 (2.20)
2 (1.67)
3 (2.78)
0 (0)

1
3
5
8
6

(2.13)
(3.30)
(4.17)
(7.41)
(4.03)

Rat Hprt1.1, Hprt1.2, or Rosa26 TALE nucleases, as mRNA, were injected at different concentrations each in combination with 2 ng/µl of donor DNA, both
into the cytoplasm and into the male pronucleus. Donor DNA was injected either in a linear form with each of the three TALE nuclease pairs or in a circular
form only with rat Hprt1.2 TALE nucleases (see footnote b, below). Injected eggs were maintained under 5% CO2 at 37°C for 3 h, 37°C for 1 h, followed by
30°C for 2 h, or 30°C for 3 h until reimplantation. Viability was evaluated after the culture period. Potential toxicity was also assessed by the number of day
15 embryos (E15) or of live pups obtained following the transfer of injected eggs. Percentage of the total transferred is indicated in parentheses. The
numbers of E15 or live pups which have integrated the donor DNA sequence either by random integration (RI) or HDR integration (PCR positive both at the
59 and 39 ends) or which have indel mutations ( T7 nuclease assay and sequencing) with no HDR are reported in the last four columns. (na) Not applicable.
a
Percentages indicated in parentheses correspond to the percentage of transferred embryos.
b
Donor DNA was injected in a circular form in this condition.

time, expression levels in animals with concatemers were not
higher compared to ones with one copy of the transgene, indicating that either some degree of gene silencing has occurred or
that some of these extra copies were not intact. In order to improve the efficiency of single-copy transgene integration, concatemer formation may potentially be limited by in situ excision
of donor sequences from plasmids. This could be achieved by
flanking donor sequences on the injected plasmid by nuclease
target sites. Such an approach has been tested in sea urchin and
was found to favor HDR in sea urchin embryos injected with ZFNs
(Ochiai et al. 2012). The use of a circular donor DNA with a nuclease site for in situ linearization but without any homology
arms has also been shown recently to result in high-efficiency homology-independent knock-in of in vitro-transfected cells (Cristea
et al. 2013; Maresca et al. 2013) and very recently in zebrafish (albeit
concatemers were also observed using this strategy) (Auer et al.
2014). Future studies should compare the efficiency of targeted
knock-in by HDR or NHEJ using this in vivo linearized donor DNA
approach.
A parameter that can influence HDR following DNA cleavage
by nucleases is the distance between the homology arms and the
DNA break point. It has been found that the efficiency of gene
conversion tracts after double-strand break repair by HDR in cells
in vitro rapidly decreases with distance (100 bp) from the nuclease
cleavage point (for review, see Johnson and Jasin 2001). In mice
microinjected with TALE nucleases, oligonucleotide exchange
preferentially occurred in proximity to the double-strand break
(Wefers et al. 2013). This is an important point since it may be an
obstacle to the exchange of endogenous sequences by new ones.
Our results show that the efficiency of HDR using homology arms
contiguous to the DNA break, such as in Hprt1.1, Hprt1.2, and
Rosa26 loci (1.02%, 0.63%, and 2.2%, respectively), were roughly
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comparable to that for the Ighm locus (0.62%) with homology at
;150 bp from the DNA break point.
Transgenes expression can be influenced by the local environment (position effects) that can lead to transgene silencing or
aberrant expression (Milot et al. 1996; Pedram et al. 2006; Gao et al.
2007; Williams et al. 2008). In contrast, targeted integration of
DNA sequences into permissive loci, such as Hprt/Hprt1 (Bronson
et al. 1996; Meek et al. 2010) or Rosa26 (Zambrowicz et al. 1997), by
HDR in ES cells is usually chosen for expressing exogenous transgenes. Different ubiquitous promoters have been compared for
levels of expression once inserted in the Rosa26 locus, and CAG
was the strongest (Chen et al. 2011). Targeted insertion using nucleases has only been reported in the Rosa26 locus in mice embryos
(Hermann et al. 2012). In accordance with these observations, all
Rosa26 HDR rats analyzed expressed GFP ubiquitously. Thus, integration of other transgenes into the Hprt1 or Rosa26 locus via
nuclease-stimulated HDR using the donor DNA constructs described in this study should avoid the phenomenon of positional
effects and result in transgene expression following the pattern of
expression of the promoter used.
This work was done with Sprague-Dawley rats, but other rat
strains should also be suitable for HDR-directed genome editing
using TALE nucleases, since others have generated knockout rats via
NHEJ using TALE nucleases in other strains (Mashimo et al. 2013).
In summary, this report demonstrates the feasibility of TALE
nucleases delivered into the zygote to generate rats with targeted,
complex, and large transgene insertions. In particular, we targeted
transgenes to high-value loci, such as Rosa26 or Hprt1, and replaced
DNA sequences in an endogenous locus. This technique is a faster,
cheaper, and easier alternative to ES cell manipulation (Dow and
Lowe 2012). TALE nucleases now join ZFNs as having effected targeted transgene integration in vivo. CRISPR/Cas9 are even easier to

Genome editing in rats using TALE nucleases
Table 2.

Genotype of all Hprt1.1-, Hprt1.2-, and Rosa26-targeted GFP-positive founders
Allele KI

Target

Donor DNA

ID/Sex

No. of alleles

59 insertion

39 insertion

Status 2nd allele

Hprt1.1
Hprt1.2
Hprt1.2
Hprt1.2
Hprt1.2
Hprt1.2
Hprt1.2
Hprt1.2
Hprt1.2
Hprt1.2
Hprt1.2
Hprt1.2
Hprt1.2
Hprt1.2
Hprt1.2
Hprt1.2
Hprt1.2
Hprt1.2
Hprt1.2
Hprt1.2
Hprt1.2
Hprt1.2
Hprt1.2
Hprt1.2
Hprt1.2
Hprt1.2
Hprt1.2
Hprt1.2
Hprt1.2
Hprt1.2
Hprt1.2
Hprt1.2
Hprt1.2
Rosa26
Rosa26
Rosa26
Rosa26
Rosa26
Rosa26
Rosa26
Rosa26
Rosa26
Rosa26

GFP
GFP
GFP
GFP
GFP
GFP
GFP
GFP
GFP
GFP
GFP
GFP
GFP
GFP
GFP
GFP
GFP
GFP
GFP
GFP
GFP
GFP
GFP
GFP
GFP
GFP
GFP
GFP
GFP
GFP
GFP
GFP
GFP
GFP
GFP
GFP
GFP
GFP
GFP
GFP
GFP
GFP
GFP

37°C-13.1/F
37°C-1.1/F
37°C-6.1/F
37°C-9.6/F
37°C-11.9/F
37°C-12.2/M
37°C-13.2/F
30°C-1.2/F
30°C-2.2/F
30°C-3.2/M
30°C-3.4/F
30°C-5.7/F
30°C-5.9/F
30°C-6.4/M
30°C-6.5/F
30°C-7.3/F
30°C-7.5/F
30°C-7.8/F
30°C-8.3/F
30°C-9.7/F
30°C-10.2/F
30°C-10.4/F
37-30°C-4.4/F
37-30°C-4.6/F
37-30°C-5.1/F
37-30°C-5.3/F
37-30°C-7.2/M
37-30°C-7.4/F
37-30°C-9.5/F
37-30°C-10.2/F
37-30°C-10.7/F
37-30°C-10.8/M
30°C circ-4.1/M
37°C-2.1/F
37°C-3.1/M
37°C-5.3/F
37-30°C-7.1/F
37-30°C-8.4/M
37-30°C-8.5/M
37-30°C-9.1/F
37°C-10.2/F
37°C-12.5/M
30°C-19.3/F

3
2
2
2
2
Mosaic
2
Mosaic
2
1
2
2
2
1
2
2
Mosaic
2
2
2
2
2
3
2
2
2
Mosaic
2
2
3
2
Mosaic
1
2
2
2
2
Mosaic
2
2
2
2
2

+
+
+
+
+
+

+

wt, D 2 bp
wt
D 110 bp
D 41 bp
D 25 bp
Mosaic
wt
Mosaic
D 9 + Ins 1 bp
Large D
D 16 bp
wt
Large D
Large D
D 16, D 22 + Ins 2 bp
Large D
Mosaic
Large D
D 19 bp
wt
D 29 bp
D 92 bp
D 19, D 12 + Ιns2 bp
D 15 bp
D 50 bp
Large D
Mosaic
D 10 bp
wt
wt, D 1 bp
D 6 bp
Mosaic
Large D
D 17 bp
D 11 bp
wt, D 1 bp
wt
Mosaic
D 16 bp
Large D
Large D
D 8 bp
wt

+
+
+
+

+
+

+
+

+

+

+

+

+

+

+
+
+
+
+
+

+
+
+
+
+
+

+
+
+

+
+
+

+
+

+
+

+
+
+
+
+
+
+

+
+
+
+
+
+
+

RI

Concatemers
+
+
+

+
+

+
+
+
+
+

+
+
+
+
+

+

+
+
+
+
+

+

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
nd

+
+

ID refers to each day 15 embryo (E15) or live pup carrying an insertion of the transgene by HDR or RI. The culture conditions after microinjection are
indicated for each Hprt1.1-, 1.2-, and Rosa26-positive animals. The Hprt1 locus is in the X chromosome. Some females with three X alleles or males with
two X alleles are explained by mosaicism. As examples, female Hprt1.1 GFP 37°C-13.1/F had one X chromosome with wild-type sequences, a second one
with a KI, and a third one with a 2-bp deletion that originated in NHEJ. Others such as Hprt1.2 GFP 37-30°C-4.4/F had one with a KI and two more with
NHEJ mutations. Large D refers to either fetuses carrying deletions >300 bp in the PCR used to perform the T7 and sequencing analysis―most of these
animals did not show amplification using primers amplifying a 700-bp sequence.
(Mosaic) Multiple undefined indels; (nd) not determined; (wt) wild-type allele.

generate and are an important new tool for genome editing, although
more work is needed to fully evaluate potential off-target effects.

Methods
Animals
Sprague-Dawley (SD/Crl) rats were the only strain used and were
sourced from the Charles River (L’Arbresle, France).

from Huang et al. (2011) and are described in detail in the Supplemental Material.

In vitro assay of TALE nucleases
Each subunit of TALE nuclease plasmid was nucleofected into C6
cells (Sigma) and DNA analyzed by PCR with specific primers
(Supplemental Table S2), followed by the T7 endonuclease I assay
(Menoret et al. 2014), as detailed in the Supplemental Material.

In vitro transcription of TALE nucleases mRNA
Design and production of TALE nucleases
TALE nucleases were produced as previously described (Piganeau
et al. 2013; Auer et al. 2014) by the unit assembly method adapted

TALE nuclease plasmids were in vitro transcribed, polyadenylated,
purified, and used as described in detail in the Supplemental
Material.
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Figure 4. Targeted exon exchange into the rat Ighm locus. (A) (Upper) Diagrams showing schematic representations of the rat Ighm locus with the site of
TALE nuclease action and of the targeting vector containing exon 2 of human IGHM flanked by 0.75-kb-long 59 and 1.46-kb-long 39 homology arms. (Lower)
Diagram showing the integration by homologous recombination of the donor DNA sequence in the targeted locus, and the position of primers used for
59 and 39 junction PCRs. Integration in the 59 and 39 sides should generate fragments of 1738 bp and 3188 bp, respectively. EcoRI is the restriction enzyme
used in Southern blot analyses due to the presence of the EcoRI site in the human but not in the rat Ighm sequence. The probe used in Southern blot analyses is
the targeting vector. In the case of homologous recombination events, a 3.2-kb band is expected. (B) The left and right gels show the results analyzing,
respectively, the 59 and 39 extremity of DNA integration, using the pair of primers indicated in A. Three animals (53, 54, and E3) showed a band of expected
size (1738 bp in 59 and 3188 bp in 39 ends). (NTC) No template control. (C ) Sequence comparison at the 59 and 39 junctions with wild-type genomic DNA
and donor DNA sequences of four representative F2s (54F2.3, 54F2.7, 54F2. 8, and 54F2.9: F2 generation from animal 54). Exon exchange was confirmed at
the BstEII site in 59 and 39 (underlined). (D) Southern blot analysis of founders for homologous recombination integration. Genomic DNA was digested with
EcoRI and 10 µg of DNA were loaded per lane. Blots were probed with the targeting sequence, as indicated in A. Arrows indicate bands of 10 kb and 3.2 kb
corresponding to wild-type sequences and HDR sequences, respectively. An asterisk marks the presence of concatemers showing a band at 2.64 kb (the size of
the transgene). The diagram at the right explains the expected size of the concatemers once linearized. Two animals (founders 53 and 54) harbor a HDR
insertion, whereas no HDR event is observed in the third (animal 52). More than one copy of the donor DNA sequence is observed in animal 53. (E ) (Upper)
Diagrams showing a schematic representation of the mRNA sequence in HDR animals and the position of primers used for RT-PCR. A band of 1214 bp is
expected. (Lower) Electrophoresis gel pictures show the presence of an amplified band of 1214 bp in three animals born from the mating of the founder 54
(HDR) with a wild-type rat. The amplification of rat HPRT serves as a control. (NTC) No template control.

Genome editing in rats using TALE nucleases
Table 3.
Donor
DNA form
Linearb
Circularc

Microinjection statistics for the Ighm locus
Dose
mRNA/DNA
(ng/µl)

Temperature

No. injected
eggs (% viable eggs)

5 + 5/10
5 + 5/10

37°C
37°C

1063 (72.7)
410 (75.1)

No. E15 (e)
or pups (p) (%)a
5e

72p (15.8)
64p (22.9)

No. of
RI-positive
animals (%)a

No. of
HDR-positive
animals (%)a

No. of
indel-positive
animals (%)a

8 (1.64)
2 (0.72)

3 (0.62)
0 (0)

54 (11.1)
35 (12.5)

Rat Ighm TALE nucleases, as mRNA, were injected at a concentration of 10 ng/µl in combination with 10 ng/µl of donor DNA, either in its linear form or in its
circular form, both into the cytoplasm and into the male pronucleus. Injected eggs were maintained under 5% CO2 at 37°C until reimplantation. Viability
was evaluated after the culture period. Potential toxicity was also assessed by the number of day 15 embryos (E15) or of live pups obtained following the
transfer of injected eggs. The numbers of E15 or live pups which have integrated the donor DNA sequence either by random integration (RI) or HDR
integration (PCR positive both at the 59 and 39 ends) or which have indel mutations, are reported in the last three columns.
a
Percentages indicated in parentheses correspond to the percentage of transferred embryos.
b
Excised form.
c
Supercoiled DNA.

Targeting vector construction

clease I assay (Menoret et al. 2013) and direct sequencing of PCR
products.

Plasmids donor sequences were based on the Brown Norway rat
genomic sequence (assembly RGSC_3.4). For the Hprt1.1, Hprt1.2,
and Rosa26 loci, donor sequences contained a CAG promotereGFP cDNA-BGHpA cassette flanked by two 800-bp homologous
arms.
For the replacement of rat Ighm exon 2, we generated a plasmid containing human IGHM exon 2 flanked by rat sequence 59
and 39 homology arms (0.75 kb and 1.46 kb, respectively).
The generation and use of these donor DNA sequences is
described in detail in the Supplemental Material.

Analysis of targeted and RI of DNA donor sequences
Donor DNA was amplified using the primer pairs for GFP. DNA
from GFP+ animals was PCR-amplified with primers situated outside and inside of each extremity of the homology arms as described in detail in the Supplemental Material (Supplemental Table
S2). Southern blots were done on genomic DNA digested by EcoRI
for Hprt1.1, BamHI for Hprt1.2, and EcoRI for Rosa26.

Analysis of GFP expression

Microinjection of rat one-cell embryos

GFP expression was analyzed as described in detail in the Supplemental Material.

Fertilized one-cell-stage embryos were sequentially microinjected
into the male pronucleus and into the cytoplasm. One-cell embryo
collection and manipulation are described in the Supplemental
Material.

Analysis of Ighm mRNA
Analysis was performed on total RNA, DNase-treated, and PCRamplified using primers (Supplemental Table S2) and techniques
described in the Supplemental Material section.

Analysis of NHEJ events
Briefly, DNA fragments including the TALE nuclease targeted
regions were PCR-amplified with a high-fidelity polymerase
(Herculase II fusion polymerase) using specific primers (Supplemental Table S2). Mutations were analyzed using the T7 endonu-

Table 4.
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Genotypes of all Ighm-positive founders analyzed at the target site
Allele KI

Target
Ighm
Ighm
Ighm
Ighm
Ighm
Ighm
Ighm
Ighm
Ighm
Ighm
Ighm
Ighm
Ighm

Donor DNA

ID/Sex

No. of alleles

59 insertion

39 insertion

Status 2nd allele

huCH1
huCH1
huCH1
huCH1
huCH1
huCH1
huCH1
huCH1
huCH1
huCH1
huCH1
huCH1
huCH1

E3F
8/F
44/F
49/M
53/M
54/M
55/F
56/F
63/F
68/M
69/M
Circ-81/F
Circ-85/M

2
Mosaic
2
2
2
2
2
2
2
Mosaic
2
2
2

+

+

D 6 bp
Mosaic
D 84 bp
D 27, D 6 bp
D 5 bp
D 12 bp
D 16, D 16 bp
D 1, D 1 bp
D 5, D 5 bp
Mosaic
nd
nd
wt

+
+

+
+

RI

Concatemers

+
+
+

+
nd
+

+
+
+
+
+
+
+

+
+
+
nd
nd

Circ-81/F and Circ-85/M are the two animals generated with the circular donor DNA whereas all the other animals were generated with the linear excised
form. (Mosaic) Multiple undefined indels; (nd) not determined.
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