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Gene knock-in strategies, which can precisely insert a desired modification into any target site in a
genome, are extremely powerful to create specific mutant lines. However, current knock-in protocols are
unsatisfactory because they are inefficient and highly laborious. In this study, we developed simple
protocols for efficient gene knock-in, which can be applied to various model organisms using two
techniques: precise integration into target chromosome (PITCh) system based on
microhomology-mediated end joining repair, and a two-hit two-oligo (2H20P) system using
single-stranded oligonucleotides as ‘paste’. We optimized these two techniques to increase knock-in
efficiency and reduce mosaicism and off-target effects in three model animals, rat (Rattus norvegicus),
frog (Xenopus tropicalis), and zebrafish (Danio rerio). In X. tropicalis, we optimized the PITCh protocol for
precise gene knock-in using recombinant CRISPR-associated protein 9 (Cas9) to improve its efficiency.

We also developed a trap vector containing a red fluorescent protein reporter driven by the crystallin



promoter to easily screen knock-in founders. Using this protocol, we knocked in a human disease gene
cDNA. Precise knock-in of the new trap vector into a target site was confirmed by genotyping. Moreover,
mMRNA expression of this human cDNA was detected by RT-PCR. These results demonstrate that the
improved PITCh protocol is useful for gene knock-in in X. tropicalis. In R. norvegicus, although 2H20P
can knock-in a large DNA fragment such as a bacterial artificial chromosome vector requiring no
homology sequences in the donor vector, there is room for improvement including precision of the
junction sequence, mosaicism, and random integration. Therefore, we optimized 2H20P and PITCh in R.
norvegicus to address these issues. We examined the efficiency of recombinant Cas9 in these protocols
and analyzed off-target effects. Then, we generated human-disease model rats using these improved
protocols. In D. rerio, we developed a novel knock-in method that employed a reporter gene consisting of
the heat shock protein promoter (hsp) and enhanced green fluorescent protein (¢GFP) gene integrated
around the ATG codon of the targeted gene. pax2a (Paired box gene 2a) encodes a transcription factor
expressed in the midbrain-hindbrain boundary (MHB), and its disruption leads to loss of the MHB. We
found eGFP expression at the MHB, and that the MHB was formed normally in heterozygous embryos,
whereas loss of the MHB was observed in homozygous embryos. These results suggest that this method
is useful to investigate both gene expression profiles and loss-of-function phenotypes. We also found that
the hsp-eGFP reporter could be integrated at targeted sites by non-homologous and

microhomology-mediated end joinings.
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