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Efficient replacement of long DNA fragments via
non-homologous end joining at non-coding

regions

Targeted double-strand breaks (DSBs)
in genomes can be introduced efficiently
by endonucleases (Urnov et al., 2010;
Jinek et al.,, 2012; Joung and Sander,
2013), including zinc-finger nucleases,
transcription  activator-like  effector
nucleases, and clustered regularly inter-
spaced palindromic repeats (CRISPR)/
Cas9. After DSBs, DNA repair is mainly
via homology-directed repair (HDR) and/
or non-homologous end joining (NHE))
(Hustedt and Durocher, 2016). It was
reported that genomic DNA replacement
can be achieved via HDR at the site of
DSBs in multiple organisms (Dickinson
et al., 2013; Yang et al., 2013; Zu et al.,
2013), but the efficiency is still not
enough for general application, in partic-
ular for replacing long DNA fragment that
is more than hundreds of base pairs
(bps). As NHEJ is 10-fold more active
than HDR at DSB sites (Mao et al.,
2008), we speculated that NHEJ can be
utilized to implement long genomic DNA
replacement with high efficiency.

To develop NHEJ-mediated DNA re-
placement method, we first tried to
make a conditional allele of the zebra-
fish tyrosine hydroxylase (th) gene. Two
single guide RNAs (sgRNAs) were
designed to specifically target two differ-
ent non-coding sites in the 7th (for
sgRNA1) and 8th (for sgRNA2) introns of
the th gene with a cleavage efficiency of
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59% and 68%, respectively (Figure 1A;
Supplementary Figure S1A). We con-
structed a th conditional donor th-loxP-
exon8-loxP (Figure 1A, middle), and then
co-injected it with the zebrafish opti-
mized Cas9 mRNA (zCas9 mRNA) and
the two sgRNAs into one-cell-stage em-
bryos of the knockin zebrafish line Ki(th-
P2A-EGFP), in which th-expressing cells
are labeled by EGFP (Li et al., 2015).
Successful DNA replacement in proge-
nies of FO was verified by polymerase
chain reaction (PCR) using th locus-
specific (F1 and R1) and donor-specific
(F2 and R2) primers (Supplementary
Figure S1B), and sequencing of PCR prod-
ucts amplified across the entire edited re-
gion with th locus-specific primers
(Supplementary Figure S1C). In a total of
41 FO screened, we identified three re-
placement founders [Ki(th™P2A-EGFP)]
with an 18% + 9% F1 progeny carrying the
replacement event (Supplementary Figure
S2 and Tables S1 and S2). The indels at
both 5’ and 3’ junctions indicate that the
DNA replacement occurred through NHEJ
(Figure 1B; Supplementary Figure S1C).

To examine the excision by Cre, we per-
formed PCR in larvae generated by cross-
ing conditional allele Ki(th"-P2A-EGFP)
with Tg(dat:mRFP-Cre), in which Cre and
the monomer red fluorescent protein
(mRFP) are specifically expressed in dopa-
minergic neurons. We found that there
was a band with ~0.9 kb smaller than
control (Figure 1C, red arrow), suggesting
correct excision by Cre. Furthermore, in
embryos of Ki(th"-P2A-EGFP) zebrafish
crossed with Tg(dat:mRFP-Cre), EGFP ex-
pression was not observed in mRFP-
positive cells in the Pre and OB (Figure 1E,
E1 and E2), which was different from the

control (Figure 1D, D1 and D2), confirming
the occurrence of the frame-shift mutation
induced by excising the 8th exon (136
bps in length) between the two loxP sites
in the th locus. As a control, EGFP expres-
sion was not affected in noradrenergic
neurons in the locus coeruleus (LC) where
mRFP-Cre did not express (Figure 1D, D3
and E, E3).

Similarly, we also successfully generated
two other zebrafish conditional alleles, kdrl
(Figure 1F and G; Supplementary Figures
S3-S5) and tcf3a (Figure 1H and I;
Supplementary Figures S6 and S7), and
two EGFP reporter lines, th (Supplementary
Figures S8 and S9) and gfap
(Supplementary Figures S10 and S11).

To compare the efficiency of NHEJ- and
HDR-mediated DNA replacement
approaches, we modified the gfap re-
porter donor by adding a negative selec-
tive marker (SM; Supplementary Figure
S12A). The negative SM consisted of an
internal ribozyme entry site (IRES),
tdTomato (tdT) coding sequence, and
SV40 polyA signal (IRES-tdT), which was
linked to the 3’ side of the right arm (gfap-
P2A-EGFP-IRES-tdT). We validated the do-
nor vector by co-injecting with sgRNA1
and zCas9, and found that most of EGFP-
expressing cells (197/219 from 16 larvae)
also expressed tdT, indicating the inser-
tion of full-length donor vector at the
sgRNA1 target site (Supplementary Figure
S12B; see also Li et al.,, 2015). We also
constructed two HDR-mediated donors, in
which both sgRNA1 and sgRNA2 targets
were mutated at protospacer adjacent
motifs (Supplementary Figure S12D and E,
left). One HDR-mediated donor had the
same homology arms with the NHEJ-
mediated donor (Supplementary Figure
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Figure 1 NHEJ-mediated replacement approach for efficient generation of conditional alleles in zebrafish. (A) Schematic of the strategy for
NHEJ-mediated DNA replacement at the th locus of Ki(th-P2A-EGFP) zebrafish. The sgRNA1 and sgRNA?2 targets are indicated by red and
blue arrows, respectively. E7, E8, and E13 represent the 7th, 8th, and 13th exons, respectively. The primers (F1, R1, F2, R2) for verification
are indicated by short black arrows. (B) 5’ and 3’ junction sequences of F1 progenies of three founders carrying DNA replacement in com-
parison with the sequences of wild-type (WT) zebrafish and the donor vector. The indel mutations are highlighted in yellow, and the proto-
spacer adjacent motif (PAM) and sgRNA target sequences are shown in green and red, respectively. The indels at the 5" and 3’ junctions
are shown in the brackets at right. (C) PCR verification of conditional knockout, showing an additional product at ~2.3 kb (red arrow), in



S12C and D), while the other had both
longer left and right homology arms
(Supplementary Figure S12C and E). By
comparing the ratio of the larvae contain-
ing EGFP-only-expressing glial cells and
the average number of EGFP-only-
expressing glial cells in each embryo, we
found that both values in embryos
injected with the NHEJ donor were ~5.5
and 8.0 times as large as those with HDR
donors with long homology arms, respec-
tively (Figure 1) and K). As multiple-
fragment integration rarely occurs (Auer
et al, 2014), EGFP-only expression in
NHE] donor-injected embryos can also be
due to NHEJ-mediated insertion of the
P2A-EGFP fragment at the sgRNA1 target
site. Considering the fact that we identi-
fied 10 founders carrying DNA replace-
ment and 5 founders carrying insertion in
all of our experiments (Supplementary
Table S2), we roughly estimated that the
DNA replacement efficiency of NHEJ-
mediated approach in the gfap locus is
~3.7-5.3 times as much as that of HDR-
mediated approach.

In this study, we developed an effi-
cient long DNA fragment replacement
method by introducing two DSB sites at
non-coding genomic regions via the
CRISPR/Cas9 system. Interestingly, we
found that homology arms extended out
of both target sites are important for in-
creasing NHEJ-mediated knockin effi-
ciency (Supplementary Table S3),
suggesting that the homology arms are
helpful to increase the probability of cor-
rect integration when concurrent cleav-
age happens in both the donor and

Efficient replacement of long DNA fragments via NHE)

genome. Taken together, the high effi-
ciency and simplicity make our strategy
an applicable DNA replacement method
for zebrafish and even other organisms.
[Supplementary material is available at
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principle excised from the original 3.2-kb fragment by Cre. (D and E) Projected in vivo confocal images (dorsal view) of [Tg(dat:mRFP-
Cre);Ki(th-P2A-EGFP)] (D) and [Tg(dat:mRFP-Cre);Ki(th™-P2A-EGFP)] (E) larvae at 5 days post-fertilization (dpf), showing that in the condi-
tional knockout embryo, mRFP-Cre-expressing cells (in red) do not express EGFP. The enlarged views of the areas outlined by the rectangles
in D and E are shown in D1-D3 and E1-E3, respectively. HI, intermediate hypothalamus; LC, locus coeruleus; OB, olfactory bulb; Pre, pre-
tectum; PT, posterior tubercular. (F and G) Generation of the kdrl conditional allele. /n vivo bright-filed (top) and projected confocal (bot-
tom) images of 3-dpf [Tg(kdrl:EGFP);Ki(kdrl™)] intercross larvae with (F) or without (G) Cre mRNA injection at one-cell stage, showing that
Cre mRNA injection causes the loss of DsRed expression in the heart (inset in F1) and the defects of blood vessels in the trunk (F2) and
brain (F3). (H and I) Generation of the tcf3a conditional allele. Bright-filed image of 2.5-dpf Ki(tcf3a") intercross larvae with Cre mRNA injec-
tion showing the defects of gross morphology (H). (J and K) Comparison of the efficiencies of NHEJ- and HDR-mediated DNA replacement at
the gfap locus. (J) Percentage of larvae with EGFP-only-expressing glial cells. (K) Average number of EGFP-only-expressing glial cells per
larva. n=170, 277, and 245. *P < 0.05; **P < 0.01. Data shown are mean + SEM. Scale bar, 20 um (D1-D3, E1-E3), 100 um (D, E, F2, F3,

G2, G3), 250 um (F1, G1, H, I).
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