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ABSTRACT

Custom-designed nucleases afford a powerful reverse genetic tool for
direct gene disruption and genome modification in vivo. Among
various applications of the nucleases, homologous recombination
(HR)-mediated genome editing is particularly useful for inserting
heterologous DNA fragments, such as GFP, into a specific genomic
locus in a sequence-specific fashion. However, precise HR-mediated
genome editing is still technically challenging in zebrafish. Here, we
establish a GFP reporter system for measuring the frequency of HR
events in live zebrafish embryos. By co-injecting a TALE nuclease
and GFP reporter targeting constructs with homology arms of
different size, we defined the length of homology arms that
increases the recombination efficiency. In addition, we found that
the configuration of the targeting construct can be a crucial parameter
in determining the efficiency of HR-mediated genome engineering.
Implementing these modifications improved the efficiency of
zebrafish knock-in generation, with over 10% of the injected FO
animals transmitting gene-targeting events through their germline.
We generated two HR-mediated insertion alleles of sox2 and gfap loci
that express either superfolder GFP (sfGFP) or tandem dimeric
Tomato (tdTomato) in a spatiotemporal pattern that mirrors the
endogenous loci. This efficient strategy provides new opportunities
not only to monitor expression of endogenous genes and proteins
and follow specific cell types in vivo, but it also paves the way for other
sophisticated genetic manipulations of the zebrafish genome.

KEY WORDS: TALEN, Genome engineering, Homologous
recombination, Knock-in, sox2, gfap

INTRODUCTION

Custom-designed nucleases are being used to overcome many
limitations of conventional genome engineering technologies for
mouse knockouts and knock-ins (Capecchi, 2005). So far, three
different types of nucleases, zinc-finger (ZF) (Kim et al., 1996),
transcription activator-like effector (TALE) (Boch et al.,, 2009;
Moscou and Bogdanove, 2009) and clustered regularly interspaced
short palindromic repeats/CRISPR associated (CRISPR/Cas9) (Jinek
et al., 2012), have been employed for genome-editing purposes. In
principle, these tools enable the induction of double-strand breaks
(DSBs) in target genomic sequences. Cells can repair these DSBs
through two major DNA repair systems, namely nonhomologous end
joining (NHEJ) or homology-directed repair (HDR), each of which
enables a different type of genomic modification. If the break is
repaired by NHEJ, which is an error-prone repair mechanism, such
repaired target sequences frequently harbor insertions or deletions
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(Bibikova et al., 2002; Cong et al., 2013; Mali et al., 2013; Miller
et al., 2011). Alternatively, it is possible to edit target sequences
precisely through a DSB-induced HDR mechanism by introducing
into cells both nucleases and a DNA template, such as single-
stranded oligonucleotides (Bedell et al., 2012; Cong et al., 2013;
Radecke et al., 2010; Wang et al., 2013) or longer dsSDNA donors
(Cong et al., 2013; Hockemeyer et al., 2011; Urnov et al., 2005).
Therefore, custom nucleases can theoretically be employed to modify
genomes of any genetic model organism.

The optical transparency of zebrafish embryos and adult casper
mutant fish (White et al., 2008) facilitate monitoring or visualizing a
gene product or a specific cell type labeled with fluorescent proteins
within an intact organism by time-lapse microscopy and at single
cell or subcellular resolution. Realization of the full potential of this
experimental strategy depends on the reliability and accuracy of
transgenic tools used to visualize gene expression. However, the
level and spatiotemporal pattern of expression of randomly
integrated transgenes often diverge from those of the endogenous
genes. Whereas, in some cases, engineered bacterial artificial
chromosomes can recapitulate endogenous gene expression (Jessen
et al., 1999; Shin et al., 2003), genome editing using nucleases
offers a new method for modifying endogenous loci. The challenge
is to make this method as successful as a regular transgenesis in
zebrafish (Kawakami, 2005). The feasibility of homologous
recombination (HR)-mediated gene replacement using TALEN in
zebrafish has been recently reported (Zu et al., 2013). However, the
relatively low efficiency of the reported HR-mediated genome
engineering method makes it difficult for systematic generation of
fluorescent protein-tagged or fluorescent protein-reporter knock-in
lines in zebrafish. Therefore, there is a need to develop advanced
methods to improve the efficiency of the HR-mediated genome
engineering technology. Here, we carry out a systematic evaluation
of a number of experimental parameters of HR-mediated genome
engineering and demonstrate that the homology arm size and the
configuration of the targeting vector, in particular the position of a
DSB in the targeting construct, are crucial efficiency determinants.
We report generation of sox2 and gfap fluorescent gene reporter
lines with high germline transmission rates, demonstrating that this
method can be standardized for targeting vector construction to
generate knock-in zebrafish.

RESULTS

Design of a GFP reporter system for measuring the frequency
of HR events in vivo

We reasoned that when DNA fragments encoding fluorescent proteins
flanked by sequences from a specific gene are injected into a zebrafish
zygote, they could be incorporated into the genome via TALEN-
induced DSB and HDR (Fig. 1A). To test the feasibility of this
approach, we chose two genes that are expressed early during
zebrafish neural development, sox2 (Cunliffe and Casaccia-Bonnefil,
2006) and gfap (Marcus and Easter, 1995). We first designed a
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Fig. 1. In vivo recombination analysis. (A) Overview of HR detection system by co-injection of TALEN RNAs and a GFP-inserted targeting construct in zebrafish
embryos. (B) TALEN target in the sox2 locus and a sox2-targeting construct. Black, gray and blue blocks represent ORF, 5 UTR and 3’ UTR, respectively
(sox2 has no introns). G (0 position, marked in red) just before the stop codon is duplicated in the targeting construct locus and the 2a-sfGFP fragment is
inserted in between the Gs. (C) sox2 TALEN RNAs were injected without any donor DNA and its mutagenic activity was measured by PCR and restriction enzyme
analysis. Each lane represents an Ndel-digested amplicon encompassing sox2 TALEN target sequence from genomic DNA isolated from five embryos. The
Ndel-digested wild-type PCR products are 78 and 75 bp. (D-F) Lateral (D) and anterior-dorsal (E,F) views of 2 dpf wild-type embryo. Box marks dorsal
diencephalon region. (F) Detection of sox2 transcripts by whole-mount in situ hybridization. Scale bar: 200 um. (G,H) Confocal microscope images of the brain
region that is similar to that shown in the boxed areas in D-F. (G) An embryo injected with a circular form of a sox2 reporter targeting construct. (H) An embryo
co-injected with circular form of the construct and sox2 TALEN RNAs. Groups of cells expressing sfGFP in the diencephalon region are indicated by arrows.

Scale bar: 20 ym.

TALEN pair targeting the stop codon in the sox2 gene, a region
containing an Ndel recognition site. Next, we designed a targeting
reporter construct in which sequences encoding superfolder GFP
(Pedelacq et al., 2006) were fused with the viral 2A peptide (Provost
et al.,, 2007) (2A-sfGFP) and inserted in the spacer of the sox2
TALEN target site, flanked by 1168 bp left homology arm (LA) and
3716 bp right homology arm (RA) of sox2 genomic DNA fragments
(Fig. 1B). Upon a precise integration of these sequences into the
endogenous sox2 locus through HR, sox2-expressing cells should
also express sfGFP in the cytoplasm. Therefore, we used sfGFP signal
in the neural tissues that normally express sox2 at 2 dpf as an indicator
of putative HR events. To test whether the designed TALENSs can
efficiently induce DSBs in the sox2 target sequences, we injected 35
and 70 pg of each synthetic RNA encoding a sox2 TALEN pair into
one-cell stage embryos. At 1day post fertilization (dpf), we
genotyped the injected embryos by Ndel digestion of PCR products
encompassing the target sequence. Whereas the PCR product from
the uninjected control embryos was digested completely by Ndel, the
enzyme failed to cut most of the product from the injected embryos
(Fig. 1C), indicating that Ndel recognition sequence within the sox2
TALEN target sequence was effectively mutated by sox2 TALENS.
To evaluate this in vivo HR reporter system, we injected the targeting
construct either alone or together with the synthetic sox2 TALEN
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RNA pair into one-cell stage embryos. After titrating the input
targeting construct (see Materials and Methods), we settled on
injecting 10 pg of a targeting vector with 35 pg of each TALEN RNA.
Using this dose, about 86% of injected embryos manifested normal
morphology at 2 dpf (supplementary material Fig. S1). Two days after
injection, the morphologically normal embryos were selected and
examined for sfGFP signal in the diencephalon, where sox2 is
strongly expressed (Fig. 1D-F) (Sprague et al., 2006). Whereas we did
not detect sfGFP expression in embryos injected with the targeting
construct alone (0%, n=10) (Fig. 1G and Fig. 2B), we frequently
observed sfGFP-positive cells in the embryos co-injected with the
targeting construct and TALEN RNA (80%, »=10) (Fig. 1H and
Fig. 2B). This suggested that in the sfGFP-positive cells, the DNA
sequences of the targeting construct encoding sfGFP were integrated
into a genomic lesion induced by the sox2 TALENS.

To understand the relationship between the homology arm length
and the frequency of recombination events, we performed co-
injection experiments with eight targeting reporter constructs
[designated Longl (L1), L2, L3, Mediuml (M1), M2, M3, Shortl
(S1) and S2] that differed in the length of LA and RA (Fig. 2A). We
co-injected the circular form of each targeting construct with sox2
TALEN RNAs and scored the embryos for sfGFP-positive cells in
the diencephalon, as described above. We observed a higher
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percentage of sfGFP-positive embryos in the L group, compared
with the M and S groups (Fig. 2B). However, when we co-injected
L1 sox2 targeting construct and TALENS targeting the stop codon of
the gfap locus to test whether a random integration of the targeting
construct might lead to sfGFP expression, we did not observe
sfGFP-positive cells in the diencephalon of the co-injected embryos
(0%, n=10) (Fig. 2B). These observations are consistent with the
notion that sfGFP expression reports a HR-mediated integration of
the construct into the targeted locus in somatic tissue. In addition,
we interpreted these results to mean that increasing the length of the
homology arm in a targeting construct can elevate the frequency of
the somatic recombination events. In particular, these data suggest

that a homology arm over 2 kb may be sufficient to achieve an
optimal frequency of recombination events.

According to a previous report, the frequency of somatic HR
events in zebrafish increases when a linear targeting DNA fragment
is used rather than a circular construct (Zu et al., 2013). This raises the
possibility that the structure of the targeting construct can influence
HR frequency. To test this, we repeated co-injection experiments
using different configurations of the targeting constructs that were
linearized with Nofl (or Nael) to cut the vector outside of the LA,
Ascl to cut the vector outside of the RA, or both Nof (or Nael) and
Ascl to separate the targeting DNA fragment from the vector region.
Interestingly, we observed a higher percentage of sfGFP-positive
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embryos in both Nofl- and Nofl+Ascl-digested M groups, compared
with the circular M group (Fig. 2B-E). However, the percentage of
sfGFP-positive embryos was either similar or lower in the Ascl-
digested M group or the Nofl-, Ascl- and Nofl+Ascl-digested
L groups when compared with the embryos injected with the circular
form of the same constructs (Fig. 2B-E).

Next, we tested whether an internal cut in the homology arm of
the targeting constructs could enhance the frequency of sfGFP
expression in our assays. Although we did not observe higher HR
frequency when injecting the constructs with an internal cut in the
RA (Sacl) (Fig. 2G), or internal cuts in both LA and RA (Fig. 2H),
all of the constructs with an internal cut in the LA (Ncol) produced
higher proportions of GFP-positive embryos than their circular
counterparts (Fig. 2F).

To verify in vivo HR assay using GFP detection, we repeated the co-
injections of sox2 TALEN and the various targeting constructs, and
analyzed the recombination frequency by PCR. For this, we randomly
chose 12 normal-looking FO embryos in each group, extracted the
genomic DNA individually and performed PCR to amplify
the recombinant genomic DNA fragment using a forward primer in
the sox2 gene just outside the LA region (sF2) with an sfGFP-specific
reverse primer (SR2") (supplementary material Fig. S2A). Overall, we
detected more recombination events by PCR than by using the GFP
detection method. When comparing the recombination frequencies
for different targeting constructs, we observed similar patterns, except
in the Ncol+Sacl-digested condition (Fig. 2B-H). To understand the
difference, we sequenced seven of the recombinant PCR products
from M1/Ncol and MI/Ncol+Sacl groups. Whereas we did not detect
any mutations within sox2 and sfGFP sequences in the M1/Ncol
group, four out of seven PCR products contained mutations in the
MI/Ncol+Sacl group (data not shown). These results imply that
that the PCR method can detect both HR-dependent and
-independent insertions of targeting construct. Interestingly, we
observed that a cut in the LA enhances the frequency of gene
targeting, but generating a cut in RA did not, as assayed using GFP
or a PCR detection method (Fig. 2F,G). Moreover, for targeting

constructs with a cut in the LA (Nael-digested condition), we
detected highly efficient recombination frequencies (83-92%,
n=12) (supplementary material Fig. S2I), further supporting the
notion that a specific configuration of targeting constructs (a cut in
the LA) is an important factor for efficient gene targeting.
However, because in our targeting constructs the LA was generally
shorter than the RA (Fig. 2), these results are also consistent
with an internal cut in the short homology arm, rather than the
orientation of the cut in the homology arms with respect to
the insert, being an important factor for HR-mediated genome
editing. To distinguish between these possibilities, we carried out
additional experiments that tested several targeting constructs that
had LA of 2.5kb and RA of 1kb, thus opposite to the
configurations shown in Fig. 2. With these targeting constructs,
we observed high recombination frequency for those that
contained an internal cut in the short RA, but not a cut in the
LA (data not shown). Therefore, these results support the view that
an internal cut in the short homology arm is an important factor for
HR-mediated genome editing, rather than the orientation of the cut
in the homology arms with respect to the insert. Based on these
results, we propose not only the length of homology arm, but also
the configuration of the targeting construct can influence the
frequency of HR events in somatic tissue.

Analysis of the germline transmission rates of sox2-2a-sfGFP
knock-in alleles

Based on our in vivo GFP reporter analysis, the constructs digested
with NofI (or Nael) or Ncol produced higher frequency of putative
HR events than other conditions. Thus, we decided to determine
the germline transmission rates of the seven construct types
described above that were digested with Notl (or Nael) or Ncol
(Fig. 2A,C,F). To do this, we raised unselected FO-injected
embryos from these 14 groups into adulthood, and outcrossed each
FO founder with a wild-type fish to obtain F1 progeny of the
individual founders. Using an epifluorescence stereomicroscope,
we found that 29 of 363 FO founders produced sfGFP-positive F1

Fig. 3. Germline transmission rates of sox2-2a-sfGFP knock-in

i i issi .. Found
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Table 1. Germline transmission of sox2-2a-sfGFP knock-in lines

FO founder ID F1 ID/sfGFP strength (PCR and Southern blot analysis ID)

Targeting construct Linearized by Germline transmission rate

16-14 16-14-W/weak
16-15 16-15-S/strong
14-6 14-6-S/strong
14-6 14-6-W/weak
14-8 14-8-W/weak
2-3 2-3-W/weak

10-2 10-2-S/strong (1)
10-3 10-3-S/strong (2)
12-14 12-14-S/strong (3)
12-14 12-14-W/weak (4)
12-17 12-17-S/strong (5)
-1 f-1-S/strong

-9 f-9-S/strong

f-2 f-2-S/strong

-3 f-3-S/strong

f-5% f-5%

6-1 6-1-S/strong

6-4* 6-4*

6-10* 6-10*

6-17* 6-17*

6-17* 6-18*

6-21* 6-21*

g-2 g-2-S/strong

a-3 a-3-S/strong (6)
a-5 a-5-S/strong (7)
a-6 a-6-W/weak (8)
a-15 a-15-W/weak (9)
b-2 b-2-W/weak

b-4 b-4-W/weak (10)
b-7 b-7-S/strong (11)
e-1 e-1-S/strong (12)

L1 Notl 10.1% (12/119)
L1 Notl 0.5% (1/207)
L2 Notl 1.2% (6/497)
L2 Notl 6.4% (32/497)
L2 Notl 12% (47/392)
L3 Nael 8.1% (10/123)
M1 Notl 6.9% (7/101)
M1 Notl 3.7% (6/162)
M2 Notl 3.3% (16/492)
M2 Notl 6.3% (15/492)
M2 Notl 3% (7/391)

L1 Ncol 0.3% (1/312)
L1 Ncol 1.6% (5/308)
L1 Ncol 15.3% (8/52)
L1 Ncol 61.3% (38/62)
L1 Ncol 11.8% (2/17)
L2 Ncol 0.5% (11/217)
L2 Neol 14.3% (1/7)
L2 Ncol 28.6% (10/35)
L2 Ncol 7.6% (8/105)
L2 Ncol 16.7% (15/90)
L2 Ncol 16.7% (4/24)
M1 Neol 4.3% (9/211)
M2 Ncol 6% (8/134)
M2 Ncol 7.1% (6/85)
M2 Ncol 1.1% (4/367)
M2 Ncol 1% (5/498)
M3 Ncol 2.7% (5/184)
M3 Ncol 1.9% (5/261)
M3 Ncol 8.6% (45/522)
S1 Ncol 35.5% (100/282)

*Failed to recover the alleles due to the developmental defects.

embryos (8%, Fig. 3A; Table 1). Germline mosaicism of
individual FO founders ranged from 0.3 to 61.3%, and the
average was 10.5% (Table 1). In the L3/Ncol founder group, we
screened only two FO founder fish because the remaining 16 were
sterile, and neither produced sfGFP-positive progeny (Fig. 3A). We
also failed to recover stable lines from one FO founder in the L1/Ncol
group and from five FO founders in the L2/Ncol group due to severe
developmental defects of sfGFP-positive F1 progeny. Interestingly,
we observed two different types of stGFP-positive F1 embryos based
on sfGFP signal intensity (Fig. 3B,C). All sfGFP-positive F1 progeny
from 14 founders exhibited strong sfGFP expression. The progeny of
another seven founders exhibited weak sfGFP expression, whereas
two additional founders produced F1 embryos that showed either
strong or weak sfGFP expression (Table 1). However, regardless of
sfGFP expression intensity, all F1 progeny showed the same
spatiotemporal sfGFP expression pattern.

To verify that the sfGFP-positive F1 progeny are knock-in
animals, we performed Southern blot analysis of genomic DNA
from adult F1 fish using probe sequences from the sox2 locus that
are just outside the LA homology region (685 bp) (Fig. 4A). For this
experiment, we chose 12 putative knock-in F1 animals obtained
from M1, M2, M3 and S1 founder groups. We confirmed that eight
F1 lines had a 6.5 kb wild-type band and a 7.3 kb knock-in band in
the sox2 locus (Fig. 4B). Interestingly, we also detected bigger sizes
ofinsertion bands in genomic DNA of the four F1 lines (arrowheads
in Fig. 4B; supplementary material Fig. S3).

To test molecularly whether the sfGFP-positive F1 progeny are
the result of HR, we performed PCR-based genotyping using several
primer sets with the same genomic DNA that was used for Southern
blot analysis as a template. An sfGFP-specific PCR product was

detected in all the analyzed sfGFP-positive F1 animals (Fig. 4C).
We were also able to amplify a fragment of the expected size from all
stGFP-positive F1 animals using a forward primer outside the LA
region (sF2) with an sfGFP-specific reverse primer (sR2) (Fig. 4D),
and an sfGFP-specific forward primer (sF3) with a reverse primer
outside of the RA region (sR3) (with the exception of allele 8)
(Fig. 4E). Using the forward primer outside the LA region (sF2) and
the reverse primer outside the RA region (sF2 and sR3), we detected
both the 3.5 kb PCR product for wild-type sox2 locus and the 4.3 kb
PCR product for the sftGFP-knock-in sox2 locus in eight different F1
knock-in lines (Fig. 4F). We sequenced all the products, including
the PCR product of unexpected size from F1 animal 8, and failed to
detect any NHEJ events, indicating that sfGFP sequences were
integrated into the sox2 locus via HR-mediated repair mechanism.
Remarkably, with vector-specific primers (F4 and R4), we detected
vector sequences incorporated into the genomic DNA of several F1
animals (4, 8, 9 and 10) that were correlated with weak sfGFP
expression (Fig. 4G; Table 1). Using various PCR and sequencing
analyses, we found that three F1 lines (4, 9 and 10) harbored
concatemers of the targeting construct that were likely generated via
double-crossover HR, whereas line 8 had a single copy of the
targeting construct, suggesting it was created as a result of a single-
crossover HR event (see Fig. 7E). This was confirmed by a copy
number analysis of sfGFP, showing three sftGFP copies in line 4, one
copy in line 8, about four copies in line 9 and two copies in line 10
(Fig. 4H).

To determine whether sfGFP expression recapitulates endogenous
sox2 expression, we chose the sox2-2a-sfGFP line #3 (sox2-2a-
SfGFP8%) for further analysis. Expression of both sox2 and sfGFP
were detected in neural tissues including brain, spinal cord, eyes and
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Fig. 4. Analysis of sox2-2a-sfGFP knock-in lines. (A) Schema of HR-mediated sfGFP insertion. Either Notl (or Nael) or Ncol-digested targeting constructs
(M1, M2, M3 and S1, see Fig. 2A) were co-injected with sox2 TALEN RNAs. Red bar indicates the probe sequences used for Southern blot. (B) Southern
blot analysis. Pstl/BamHI| double-digested genomic DNA from individual adult fish was hybridized with the probe (red bars in A). Expected fragment size: wild
type, 6.5 kb; targeted, 7.3 kb. Arrowheads indicate bands of unexpected size (lane 8, ~10 kb; lane 9, ~14 kb; lane 10, ~10 kb). (C-G) PCR genotyping analysis.
Primer pair locations are shown in A. WT, wild type; 1-12, sox2-2a-sfGFP F1 lines (see Table 1). (C) Detection of sfGFP (sF1+sR1 primers). (D) Amplicon
extended from 5’ of the LA to within the sfGFP sequences (sF2+sR2). (E) Amplicon spanned the entire RA sequences (sF3+sR3). Arrowhead indicates a
fragment of aberrant size (7.5 kb). (F) Amplicon extended from 5’ of the LA to 3’ of the RA sequences (sF2+sR3). Expected amplicon size: wild type, 3.5 kb;
targeted, 4.3 kb. (G) Amplicon for vector-specific sequences (F4+R4). (H) Quantitative PCR analysis of sfGFP relative copy numbers. Data are meants.e.m.
(1,J) Lateral views of 2 dpf embryos. (1) sox2 expression in wild type. (J) SfGFP expression in sox2-2a-sfGFP"®*. Arrows indicate neuromasts. Scale bars: 200 pm.
(K-N) Transverse spinal cord section of 7 dpf sox2-2a-sfGFP"®* |arva. (K) sSfGFP expression. (L) Anti-HuC/D antibody staining. (M) Anti-Sox10 antibody staining.
(N) Merged image of K-M. Brackets indicate sfGFP-positive cell clusters in posterior median sulcus (top) and posterior median septum (bottom). Arrows indicate
sfGFP-positive and Sox10-positive OPCs. Arrowheads indicate sfGFP-positive and HuC/D-positive neurons. Scale bar: 20 pm.

neuromasts at 2 dpf (Fig. 41,J). Owing to the lack of working Sox2  progenitor cells (OPCs). Sox2-positive cells are expected to be neural
antibodies (see Materials and Methods), we determined the identity ~ precursors. In the spinal cord of 7 dpf sfGFP-positive larvae, we
of sfGFP-positive cells in F1 animals indirectly, using anti-HuC/Dto  detected sfGFP-positive cells in the posterior median sulcus and
label neurons and anti-Sox10 antibodies to label oligodendrocyte septum (Fig. 4K). Although the majority of sfGFP-expressing
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cells appeared to be non-neuronal cells, we observed that a few
sfGFP-positive cells were also labeled by anti-HuC/D antibody
(Fig. 4K-N). Because it is known that Sox2 is expressed in neural
precursors but is downregulated in the differentiated neurons
(Lindsey et al., 2012), this suggests that sfGFP is more stable than
endogenous Sox2 and persists in newly born neurons. Some Sox10-
positive OPCs also expressed sfGFP (Fig. 4K-N), consistent with a
previous study showing that Sox2 is detected in OPCs (Snyder et al.,
2012). Moreover, we observed the majority of sfGFP-positive cells in
brain regions where Sox2-expressing cells are known to reside, such
as the ventricular zone of the brain, and in putative amacrine cells and
Miiller glia in the retina (supplementary material Fig. S4). Therefore,
we conclude that sfGFP expression in the F1 sox2 knock-in animals
mirrors endogenous sox2 gene expression.

A Left TALEN Target

Generation of a gfap-2a-tdTomato knock-in allele

To further validate the efficiency of our knock-in strategy, we
designed a TALEN pair targeting the gfap stop codon locus. For the
gfap targeting construct, we used 1155 and 2421 bp of genomic
DNA fragments as the LA and RA, respectively, and DNA
sequences encoding 2a-tdTomato (Shaner et al., 2004) were
inserted in frame with GFAP coding sequences prior to the stop
codon (Fig. 5A). We confirmed the target gene disruption activity of
the gfap TALEN by a PCR-based genotyping method described
above for the sox2 TALEN activity test (Fig. 5B). We co-injected
RNA encoding gfap TALEN pair (35 pg each) and the targeting
construct (10 pg) cut with BamHI within the LA, into one-cell-stage
embryos, which were raised to adulthood as FO founders. We crossed
44 FO founders individually with wild-type fish, and by screening
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Fig. 5. Analysis of gfap-2a-tdTomato knock-in lines. (A) The strategy for generating gfap-2a-tdTomato knock-in fish. gfap TALEN target sequences and stop
codon are highlighted in yellow and gray, respectively. In the targeting construct, LA and RA are marked with black and blue, respectively. Red indicates tdTomato
sequences linked to viral 2a peptide sequence. The targeting construct linearized with BamHI to generate an internal cut in LA. (B) Activity test of gfap TALEN
RNAs. Each lane represents a Bsll-digested amplicon encompassing gfap TALEN target sequence from genomic DNA isolated from individual embryo. The
Bsll-digested wild-type amplicon products are 112 and 50 bp. WT, uninjected control; 35 pg and 70 pg, injection of 35 or 70 pg of gfap TALEN RNA, respectively.
(C) Lateral view of 2 dpf gfap-2a-tdTomato®"®® knock-in F1 embryo. Scale bar: 200 ym. (D-F) Transverse spinal cord section of 7 dpf gfap-2a-tdTomato®'®°
larva. (D) tdTomato expression. (E) Anti-GFAP antibody staining. (F) Merged image of D and E. Asterisks indicate tdTomato-positive cell bodies. Scale bar:
20 um. (G-K) PCR genotyping analysis. Primer pair locations are shown in A. WT, wild type; 1-6, gfap-2a-tdTomato F1 lines from different founders except lines 3
and 4 (see Table 2). (G) Detection of tdTomato (gF1+gR1 primers). (H) Amplicon extended from 5’ of the LA to within the tdTomato sequences (gF2+gR2).
(I) Amplicon spanned the entire RA sequences (gF3+gR3). (J) Amplicon extended from 5’ of the LA to 3’ of the RA sequences (gF2+gR3). Expected amplicon
size: wild type, 4.1 kb; targeted, 5.6 kb. (K) Amplicon for vector-specific sequences (F4+R4).
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Table 2. Germline transmission of gfap-2a-tdTomato knock-in lines

FO founder F1 ID/tdTomato strength Germline

ID (PCR analysis ID) transmission rate
1-4 1-4-S/strong (1) 5.7% (6/105)
1-12 1-12-S/strong (2) 5.4% (5/93)

1-3 1-3-S/strong (3) 0.5% (2/418)

1-3 1-3-W/weak (4) 7.2% (30/418)
1-17 1-17-W/weak (5) 16.9% (41/242)
1-6 1-6-W/weak (6) 7.7% (34/439)

with a fluorescent microscope at 2 dpf we found tdTomato-positive
F1 progeny from five FO founders (11%, Fig. 5C; Table 2). Whereas
tdTomato-positive embryos from two FO founders expressed
tdTomato strongly, progeny from the other two founders expressed
tdTomato weakly, and the fifth FO founder produced both strong
and weak tdTomato-expressing embryos (supplementary material
Fig. S5). To confirm that GFAP was co-expressed in tdTomato-
positive cells, we performed immunofluorescence using an anti-
GFAP antibody (Zupanc et al., 2005). At 7 dpf, tdTomato-positive
processes of neural precursors were colocalized with GFAP-positive
processes in the gfap-2a-tdTomato®™®, indicating that tdTomato
expression recapitulated GFAP expression (Fig. SD-F).

Because we observed reduced expression of the reporter gene in
several sox2-2a-sfGFP knock-in lines that had vector sequences
incorporated in their genome (Fig. 3C and Fig. 4G; Table 1), we
genotyped the weak tdTomato-positive F1 embryos using vector-
specific primers (F4 and R4) and confirmed that the weakly
expressing alleles harbored vector sequences in their genomes
(Fig. 5K). To test further whether tdTomato sequences were
integrated via HR in the tdTomato-positive F1 fish, we performed
PCR genotyping using four primer sets [tdTomato-specific
forward and reverse primers (gFl+gR1); a forward primer
outside of the LA region with a tdTomato-specific reverse
primer (gF2+gR2); a tdTomato-specific forward primer with a
reverse primer outside of the RA region (gF3+gR3); and a forward

gfap-2a-tdTomato;sox2-2a-sfGFP

primer outside of the LA region with a reverse primer outside of
the RA region (gF2+gR3) sets] (Fig. 5G-J) and sequenced the
resulting amplicons from all lines except line 6. The analysis failed
to detect any NHEJ events in any of the lines. These data indicate
that our targeted insertion strategy was effectively working for
the gfap locus with similar germline transmission rates as
observed for the sox2 knock-in experiments described above. In
addition, integration outcomes of the gfap targeting construct were
similar to those of the sox2 knock-in lines, suggesting that the
method of TALEN/HR-mediated genome editing described here
is promising as a reliable method for obtaining HR-mediated
zebrafish knock-ins.

Knock-in reporter mirrors the expression of endogenous
target gene

To test whether the two knock-in reporter lines do faithfully reflect
the expression of the endogenous target genes, we applied CRISPR/
Cas9 system to induce somatic mutations in sox2 and gfap genes
in sox2-2a-sfGFP"*: afup-2a-tdTomato™> double homozygous
knock-in embryos. First, we designed each guide RNA for targeting
sox2 (sox2 gRNA) and gfap (gfap gRNA), and co-injected each
gRNA (10 pg) along with cas9 RNA (100 pg) into one-cell stage
embryos. Whereas sfGFP and tdTomato expression in cas9 RNA-
injected control embryos was similar to those of uninjected embryos
(Fig. 6A,D), 54% of embryos (n=48) showed a dramatic decrease of
sfGFP expression in the sox2 gRNA and cas9 RNA co-injected
embryos (Fig. 6B,E). Interestingly, tdTomato expression was
slightly decreased in these embryos, likely as a consequence of
sox2 mutations. Conversely, the expression of tdTomato was
significantly decreased in the gfap gRNA and cas9 RNA
co-injected embryos (76%, n=46) (Fig. 6C,F), whereas sfGFP
expression was not affected. To confirm whether the gRNA target
sites were mutated by CRISPR system, we performed genotyping
using the T7 endonuclease I (T7EI) assay. We detected the
mutations in sox2 and gfap (Fig. 6G,H) only in embryos injected
with sox2 gRNA or gfap gRNA, respectively. These results provide

Fig. 6. Transgene mirrors the endogenous expression
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of the target gene. (A-F) Lateral view of 2 dpf sox2-2a-
SFGFP"®*:gfap-2a-td Tomato"®® double homozygous
knock-in embryos. All images were taken with the same
exposure time. (A-C) sfGFP expression. (D-F) tdTomato
expression. (A,D) Control embryo injected with 100 pg of
cas9 RNA. (B,E) The embryo co-injected with 100 pg of
cas9 RNA and 10 pg of gRNA targeting sox2. (C,F) The
embryo co-injected with 100 pg of cas9 RNA and 10 pg of
gRNA targeting gfap. Scale bar: 200 um. (G,H) Detection of
target-specific mutations by T7EI assays. Control, embryo
injected with 100 pg of cas9 RNA; 1-5, individual embryos
co-injected with 100 pg of cas9 RNA and 10 pg of gRNA
targeting sox2 (G) or gfap (H). (G) The PCR products
contain guide RNA target site of sox2. (H) The PCR
products contain guide RNA target site of gfap.
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further support for the conclusion that the expression of knock-in
reporter mirrors that of endogenous target gene.

DISCUSSION
Application of custom nucleases has enabled new methods for
disruption and editing of specific genes; however, the low efficiency
of current HR-mediated genome editing methods has limited their
utility in zebrafish (Zu et al., 2013). Here, based on a systematic
survey of the targeting construct parameters and measuring
efficiency of HR events in live zebrafish embryos, we established
an efficient method for HR-mediated genome editing in zebrafish.
We employed an in vivo HR detection assay and germline
transmission analysis to determine the significance of the size of
homology arms and their configuration to the efficiency of HR. We
established a fluorescent reporter system, an approach similar to
those employed in gene and enhancer trap studies (Balciunas et al.,
2004; Kawakami et al., 2004). Owing to the limited sample size and
the potential experimental variation, we repeated the experiment and
determined HR frequency using a PCR method. Overall, we
detected more recombination events by PCR than by GFP detection
(Fig. 2). This difference between the two methods is likely due to the
following three possibilities: first, experimental variation; second, it
reflects the superior ability of the PCR method to detect
recombination events in any cell compared with the GFP
detection method, which should not detect the recombination
events in cells where the endogenous sox2 gene is not transcribed;
third, we found mutations in some of the recombinant PCR products,
suggesting that the PCR method detected both HR-dependent and
-independent insertions of the targeting construct. Indeed, a recent
study demonstrated an efficient CRISPR/Cas9-mediated knock-in
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method via HR-independent insertion mechanism (Auer et al.,
2014). However, we speculate that GFP detection assay specifically
reports HR events rather than HR-independent insertions because of
two lines of evidence. In FO embryos co-injected with sox2 TALEN
and S2 targeting construct, we rarely detected sfGFP expression,
although the recombination events were frequently detected by
PCR. This suggests that HR-independent insertions occur
frequently for targeting constructs with short homology arms, but
are not detected by the GFP expression assay. In addition, we did not
detect sfGFP signal in embryos co-injected with gfap TALEN RNA
and the sox2 targeting construct. In this second condition, sfGFP
expression could occur only if HR-independent insertion placed the
sfGFP in-frame with the gfap gene. Therefore, these observations
strongly suggest that sftGFP expression of our assay system reflects
HR rather than HR-independent insertions. However, as shown in
Fig. 7, the targeting construct can be inserted into the target locus by
asingle HR event involving one of the homology arms. Notably, the
reporter gene can be expressed in such a scenario, suggesting that
sfGFP signals reflect both single and double HR events in our in vivo
HR detection assay.

It was shown almost two decades ago that gene targeting can be
stimulated by a genomic DSB introduced by a restriction enzyme
(Smih et al., 1995). Currently, DSB in specific DNA target
sequences can be generated by custom-designed nucleases enabling
in vivo genome engineering. It is still unclear what additional factors
should be considered to achieve highly efficient HR in vivo. Here,
our zebrafish data provide evidence that the length of homology
arms and configuration of targeting construct are crucial parameters
in determining the efficiency of HR-mediated genome editing
technology.

Fig. 7. A schema of the reported strategy for
efficient HR-mediated genome editing in
zebrafish. Co-injection of target-specific TALEN
RNAs (A) and a targeting construct that harbors
DSB in the short homology arm (B) results in
highly efficient HR-mediated genome editing.
(C) The linearized targeting construct can exist as
a single molecule as well as concatemers via a
NHEJ repair mechanism in vivo. A DSB in the
genome induced by TALEN is the essential first
step in HR. A DSB within the short homology arm
of the targeting construct is not essential, but
appears to strongly enhance HR-mediated
knock-in. Three outcomes were observed in our
experiments (see Fig. 4B-H). (D) A single

— T — targeting construct can integrate into the genome
1 - precisely by double-crossover HR (67% of
DSB DSB

67%

sox2-2a-sfGFP lines). (E) A single-crossover HR
event can result in incorporation of the vector
into the genome (8% of sox2-2a-sfGFP lines).
(F) A concatemeric construct can form from the
targeting vector and integrate into the genome
with double-crossover HR event, resulting in
incorporation of multiple variants of the targeting
construct into the genome (25% of sox2-2a-
SfGFP lines).
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We found suitable sizes of homology arms (about 1 kb for one
arm and 2 kb for the other arm) for a targeting construct, which
ensured efficient HR and germline transmission exceeding 10%.
Interestingly, inserts of 0.7 or 1.5 kb could be knocked in with
similar germline transmission frequency (over 10%) when two
homology arms were at least 1 and 2 kb in length. This suggests that
the insert size over this range is not a crucial parameter for the
efficiency of HR-mediated knock-in if the target construct contains
1 kb and 2 kb of homology arms.

The most intriguing early finding here was that a DSB in the
shorter left homology arm, but not in the longer right arm, enhanced
HR-mediated knock-in. In subsequent experiments, in which we
inverted the positions of the short and long homology arms, we
observed an enhanced HR-mediated gene targeting only when a
DSB was introduced in the short RA, but not in the long LA (not
shown). Thus, we propose that it is the presence of a DSB in the
shorter homology arm that is crucial for HR-mediated genome
editing, rather than the left-right orientation of the cut with respect to
the insert. However, this hypothesis needs to be tested further in
multiple targets to be considered a general mechanism and an
important enhancing parameter for HR-mediated gene targeting.
Our work will inform development of other HR-mediated genome
editing methods. First, it will facilitate the construction of targeting
vectors, because 3 kb of homologous sequences, which are
necessary for effective HR, is a feasible size for PCR. Second,
this size of the homology region allows one to confirm knock-in
animals by fast and easy PCR-based genotyping methods. For
example, using outer primers for the sequences flanking the
homology arms, one can obtain an amplicon of the edited genome
and confirm the precise sequences by amplicon sequencing. In
addition, because most concatemeric knock-in alleles contain vector
sequences, simple genotyping using vector-specific primers can
easily distinguish single copy versus concatemeric alleles.

Two pioneering studies demonstrated that zebrafish genome could
be edited by co-injection of a TALEN and targeting DNA, such as
ssDNA and long dsDNA (Bedell et al., 2012; Zu et al., 2013). In
addition to TALEN, the CRISPR/Cas9 system has proven to be an
efficient customized nuclease in zebrafish (Hwang et al., 2013b).
Both TALEN and CRISPR/Cas9 can efficiently induce DSBs in
target sequences, suggesting that genome editing using CRISPR/
Cas9 should also be possible in zebrafish. Indeed, recent studies
showed that CRISPR/Cas9 system with ssDNA has the ability to edit
the zebrafish genome (Hruscha et al., 2013; Hwang et al., 2013a). In
addition, because several studies reported successful generation of
knock-in animals using CRISPR/Cas9 and dsDNA (Dickinson et al.,
2013; Gratz et al., 2013; Wang et al., 2013), zebrafish genome
editing with CRISPR/Cas9 will likely be achievable in the near
future. Therefore, our data should be applicable in any HR-mediated
genome editing using any customized nuclease systems.

MATERIALS AND METHODS

Zebrafish husbandry and lines

Zebrafish adults and embryos were maintained according to zebrafish facility
SOPs and Guide (http:/zebrafish.wustl.edu/sopsandguides.htm), approved by
the Animal Studies Committee at Washington University, St Louis, USA. The
AB strain was used to generate sox2 and gfap knock-in lines. The sox2 and gfap
knock-in lines are designated as sox2-2a-sfGFP*"* (#3, see Fig. 4B-H,J-N;
Table 1) and gfap-2a-tdTomato®™™’ (#1, see Fig. 5C-K; Table 2).

TALEN design and construction

We used ZiFit (http:/zifit.partners.org/ZiFiT/) (Sander et al., 201 1) to design
sox2 TALENS. For the assembly of RVD-containing repeats and subcloning
of TALE repeats into modified TALE nuclease expression vectors, we used
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REAL Assembly TALEN Kit (Addgene TALEN kit 1000000017) and
followed cloning steps as described previously (Sander et al., 2011).
Modified TALE nuclease expression vectors were generated by sequential
subcloning of Nhel/EcoRI-digested TALE13 fragments from pJDS70,
pJDS71, pJDS74 and pJSD78 in the TALEN Kit and EcoRI/Notl-digested
EL/KK heterodimeric Fokl nucleases from pCS2-EL/KK (Zhu et al., 2011)
with nos! 3’ UTR fragment from GFP-nosl 3’ UTR construct (Koprunner
et al., 2001) into pCS2. This strategy was used because nos/ 3" UTR can
induce a rapid degradation of RNA in somatic cells whereas nos/ 3' UTR
bearing TALEN RNA remains stable in germ cells (Koprunner et al., 2001).
To generate gfap TALENS, we used TALE-NT (https:/tale-nt.cac.cornell.
edu) (Doyle et al., 2012) for design and Golden Gate TALEN kit (Addgene
TALEN kit 1000000024) for assembly of RVD repeats (Cermak et al.,
2011). To generate TALE nuclease expression vectors, we modified
pCS2TAL3-DD (Addgene plasmid 37275) and pCS2TAL3-RR (Addgene
plasmid 37276) (Dahlem et al., 2012) by subcloning a BamHI/Notl-digested
Fokl nuclease fragment, which encodes either EL or KK Fokl nuclease, with
nosl 3" UTR from sox2 TALEN constructs into the expression vectors.

Targeting vector construction

For sox2 targeting constructs, we initially subcloned PCR-amplified 3245 bp
of sox2 genomic DNA fragment into pENTR-D/TOPO vector (designated as
preM1) (Invitrogen). To insert sfGFP sequences in a sox2 stop codon (UAA),
we synthesized sox2 genomic DNA-containing sfGFP sequences by the
overlapping extension PCR method (Geiser et al., 2001). The PCR product
was digested with Ncol and Sacl, and subcloned into preM1 to make the M1
targeting construct (Fig. 2A). The remaining seven different targeting
constructs were generated by a simple modification of M1 construct.

To construct gfap targeting vector, 3572 bp genomic DNA containing
gfap exon 9 was amplified by PCR and subcloned into pENTR-D/TOPO
plasmid. tdTomato sequences were introduced into the gfap genomic DNA-
containing construct by the method described above for sox2 targeting
vector. The sequences of targeting constructs are provided in supplementary
material Table S1.

CRISPR/Cas9 system

We used CRISPR Design Tool (http:/crispr.mit.edu) (Hsu et al., 2013) to
design sox2 gRNA and gfap gRNA. The sox2 gRNA target sequence is
GGAAACCGAGCTGAAGCCCC and the gfap gRNA target sequence
is GGTGACCAGCCGTCACAGCA. We used pT7-gRNA (Addgene
plasmid 46759) and nls-zCas9-nls (Addgene plasmid 47929) to establish
a CRISPR/Cas9 system and followed the protocols as described previously
(Jao et al., 2013).

Microinjection

sox2 and gfap TALEN RNAs were synthesized using SP6 mMessage
mMachine Kit (Ambion). The synthetic RNAs were purified by Micro Bio-
Spin P-30 Gel columns (Bio-Rad). Linearized targeting constructs were
purified by QIAquick PCR-purification kit (Qiagen). For co-injection, we
mixed a pair of TALEN RNAs, a targeting construct and 10x injection
buffer (1 M KCl, 0.03% Phenol Red) to achieve a final concentration of
35 ng/ul for each TALEN RNA, and 10 ng/ul for targeting construct in
1x injection buffer, and injected approximately 1 nl into the cytosol of early
one-cell zygotes.

In vivo recombination analysis

When we injected 35-70 pg of each TALEN RNA or 20-30 pg of targeting
construct alone, the embryos developed normally. However, the majority of
embryos co-injected with over 20 pg of targeting construct and 35-70 pg of
TALEN RNA showed severe malformations at 1 dpf (data not shown).
Hence, we carried out titration experiments to find a dose of the targeting
construct that did not cause developmental defects when co-injected with
TALEN RNA. We observed that the synergistic co-injection effects on
embryos were minimized when the dose of the targeting construct was 10 pg
or lower. Thus, in all the following experiments, one-cell stage embryos
were co-injected with 10 pg of a targeting vector and 35 pg of each TALEN
RNA. At 2 days after injection, 10 of the morphologically normal embryos
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were chosen at random, anesthetized using 0.01% ethyl 3-aminobenzoate
methanesulfonic acid (Sigma-Aldrich), and mounted in 0.5% low-melting
agarose (Lonza) in glass-bottomed 35 mm Petri dishes (MatTek). sfGFP
signal was acquired in a 50 um thick region of the diencephalon of
individual embryos using Quorum Spinning disc Confocal/IX81 inverted
microscope (Olympus) and Metamorph Acquisition software.

Targeted insertion screen

Each founder (FO) fish was outcrossed with wild-type fish to obtain F1
progeny from the individual founders. F1 progeny were screened, for sox2
knock-in lines at 1 dpf and for gfap knock-in lines at 2 dpf, using a Zeiss
epifluorescence stereomicroscope. Embryos were anesthetized as described
above and mounted in 1% methylcellulose (Sigma-Aldrich) for imaging
using DFC365 FX camera attached to M205 FA stereomicroscope (Leica).

Whole-mount in situ RNA hybridization and
immunohistochemistry

For whole-mount in situ RNA hybridization (WISH), we synthesized
antisense RNA probe from a sox2 cDNA clone, which was generated by RT-
PCR, using a digoxigenin RNA labeling kit (Roche). WISH was performed
as described previously (Hauptmann and Gerster, 2000). After staining, the
embryos were transferred into 100% glycerol (Sigma) for imaging with an
AxioCam MRc camera mounted on SteREO Discovery V12 microscope
(Zeiss). For immunohistochemistry, anesthetized 7 dpf larvae were fixed in
4% paraformaldehyde, embedded in 1.5% agarose and sectioned using a
Leica cryostat microtome. We used rabbit anti-Sox 10 [a gift from Dr Bruce
Appel (University of Colorado School of Medicine, Aurora, CO, USA);
1:3000] (Park et al., 2005), mouse anti-HuC/D (Invitrogen, 16A11; 1:200)
and mouse anti-GFAP (Sigma, G-A-5; 1:200) as primary antibodies,
and anti-rabbit and anti-mouse IgG antibodies conjugated with Alexa Fluor
488, 568 and 647 (Invitrogen, A11001, A11011, A21237; 1:200) as
secondary antibodies. Although we tried to test whether sfGFP-positive
cells express Sox2 by immunohistochemistry using two different Sox2
antibodies that were previously reported to detect Sox2 in zebrafish
(Germana et al., 2011; Hernandez et al., 2007), we failed to detect
endogenous Sox2. The fluorescence imaging was carried out using
Quorum Spinning disc Confocal/IX81-inverted microscope (Olympus)
and Metamorph Acquisition software.

Genotyping, T7 endonuclease | assay, quantitative PCR and
Southern blot analysis

For TALEN activity analysis and T7EI assay, genomic DNA from embryos
was isolated using lysis solution [10 mM Tris-HCI (pH 8), 50 mM KCl,
0.3% Tween, 0.3% NP40 and 1 mg/ml proteinase K]. For knock-in animal
genotyping, qPCR and Southern blot analysis, genomic DNA was purified
using DNeasy Blood & Tissue kit (Qiagen) from frozen tissues of adult
zebrafish.

Genotyping was performed using Taq DNA polymerase (NEB),
LongAmp Taq DNA polymerase (NEB) and Phusion Flash high-fidelity
polymerase (Thermo Scientific). For the T7EI assay, the gRNA target-
containing amplicon was directly digested with T7 endonuclease I (NEB)
for 2 h. For qPCR, sF1 and sR1 primers were used to amplify the sfGFP
region, and a pair of primers (qF1 and qR1) amplifying a region outside the
recombination site was used for normalization. PCR was performed in
triplicate using SsoAdvanced SYBR Green Supermix (Bio-Rad) and CFX
Connect Real time system (Bio-Rad). Relative sfGFP copy numbers were
calculated using the comparative Ct method. The primers used are listed in
supplementary material Table S2.

Southern blot analysis was performed using 10 pg of genomic DNA of
individual wild-type and sox2 knock-in F1 fish. Briefly, the genomic DNA
was digested overnight with Ps#l and BamHI, and precipitated with 3 M
sodium acetate and 100% ethanol. The digested DNA was separated on
0.8% seakem GTG gel in 1x TBE buffer and transferred to a nylon
membrane (PerkinElmer gene screen plus). The membrane was UV
crosslinked and hybridized overnight with *?P random prime-labeled
probe (Roche Random Prime Labeling kit). The probe sequence is provided
in supplementary material Table S1.
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