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A B S T R A C T

The Streptococcus pyogenes CRISPR/Cas9 (SpCas9) system is now widely utilized to generate genome engineered
mice; however, some studies raised issues related to off-target mutations with this system. Herein, we utilized
the Campylobacter jejuni Cas9 (CjCas9) system to generate knockout mice. We designed sgRNAs targeting mouse
Tyr or Foxn1 and microinjected into zygotes along with CjCas9 mRNA. We obtained newborn mice from the
microinjected embryos and confirmed that 50% (Tyr) and 38.5% (Foxn1) of the newborn mice have biallelic
mutation on the intended target sequences, indicating efficient genome targeting by CjCas9. In addition, we
analyzed off-target mutations in founder mutant mice by targeted deep sequencing and whole genome se-
quencing. Both analyses revealed no off-target mutations at potential off-target sites predicted in silico and no
unexpected random mutations in analyzed founder animals. In conclusion, the CjCas9 system can be utilized to
generate genome edited mice in a precise manner.

The CRISPR/Cas9 system has opened a new era for the production
of genetically engineered mice (GEM). Simple microinjection [1] or
even electroporation [2] of the CRISPR/Cas9 system can produce
knockout and/or knockin mice easily and efficiently, instead of the
time- and labor-consuming gene targeting of embryonic stem cells fol-
lowed by chimeric mice generation. Potential limitation of the CRISPR/
Cas9 system in terms of GEM production are unintended off-target
mutations and that the target site should be determined by the proto-
spacer adjacent motif (PAM) sequence. Until now, most previous stu-
dies have used the Cas9 system derived from Streptococcus pyogenes
(SpCas9) for GEM production. For the SpCas9 system, target site should
contain 5′-NGG-3′ which is the PAM sequence for SpCas9. For more
precise genome editing, other Cas orthologs with different PAM se-
quences can be utilized for GEM production.

The Campylobacter jejuni Cas9 (CjCas9) system was reported re-
cently as a type II-C CRISPR/Cas9 orthologue [3,4]. The CjCas9 gene is
2.95 kb in size encoding 984 amino acids, allowing it to be packaged
into a single adeno-associated virus (AAV) vector with its sgRNA.

Therefore, CjCas9 holds potential to be utilized for AAV-mediated in
vivo gene editing [5]. The CjCas9 system uses 5′-NNNNACAC-3′ or
5′-NNNNRYAC-3′ as the PAM sequence [5,6], and can be utilized for
GEM generation targeting specific sequences that cannot be edited by
the SpCas9 system.

In the current study, we utilized the CjCas9 system for generating
knockout mice. We targeted 2 genes, Tyrosine (Tyr) and Forkhead box
protein N1 (Foxn1) for this study. We designed 2 sgRNAs for each gene
targeting coding region (Table S1, Fig. 1a and f). Dual sgRNAs, each
targeting either Tyr or Foxn1 along with the mRNA encoding CjCas9
were microinjected into mouse zygotes. After few days of in vitro cul-
ture, a T7E1 assay on genome DNA (gDNA) extracted from blastocysts
of microinjected embryos was performed to analyze the genome editing
efficiency of CjCas9 in murine embryos. The data revealed high on-
target gene editing efficiency of CjCas9 in embryos at 100% (8 out of 8)
and 81.8% (9 out of 11) for Tyr and Foxn1 genes, respectively (Fig.
S1a). Upon confirming the high on-target gene editing efficiency of
CjCas9, we transferred the microinjected embryos into surrogate dams
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Fig. 1. Generation and analysis of knockout mice using Campylobacter jejuni Cas9 system. Design of guide RNA sequence for targetting Tyr and Foxn1 genes (a, f).
Targetted mutagenesis were analysed by T7E1 assay (b, g) and targetted deep sequencing (c, h). Phenotype changes in Tyr knockout mice (d). Off-target anaysis of
the knockout mice (e, i).
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and obtained 4 and 13 founder mice for Tyr and Foxn1 targets, re-
spectively. The T7E1 assay of gDNA extracted from the founders re-
vealed that 2 out of 4 (50%) or 5 out of 13 (38.5%) founders showed
targeted mutation in the Tyr or Foxn1 gene, respectively (Fig. 1b and g).
Targeted deep sequencing showed mutations in both alleles (~100%
indel frequency; Fig. 1c and h, and Fig. S1b). We also observed func-
tional Tyr protein deficiency from the CjCas9-mediated gene knockout,
which was confirmed by detecting albino phenotypes in Tyr knockout
founders (Fig. 1d). In previous report [7], gene editing efficiency of
SpCas9 for generating Tyr knockout GEM was 26–77% when 1 or 2
sgRNA were used. Therefore, we conclude that gene editing efficiency
of CjCas9 for GEM production is comparable to the SpCas9 system.

Previously, Fuji et al. reported that GEM generation using CjCas9
system [8]. However, off-target analysis results from the report was
limited (only 3 potential off-target sites were analyzed). In the present
study, we analyze not only potential off-target sites but also mutations
in whole genome level and chromosomal changes. To determine the
potential off-target sites, we predicted off-target sites up to 3 bp mis-
matches in silico (Table S3). Targeted deep sequencing of these potential
off-target sites revealed high specificity of the CjCas9 system targeting
Tyr and Foxn1 genes in murine zygotes (Fig. 1e and i).

Having achieved knockout mouse colonies using CjCas9, we in-
vestigated the target specificities at the whole genome level. We se-
lected 2 samples from Tyr and Foxn1 mutated founders, respectively
(T2, T4, F2, and F9), and 2 sham control samples from CjCas9-treated
offspring that showed wild-type (WT) genotypes (S1 and S2). We fur-
ther utilized 2 WT control samples from WT mice obtained from same
vendor/colony from where we ordered male mice to perform micro-
injections (WT1, WT2). These WT controls supposedly “inbred” with
our founder mice, however, were produced from a different time/litter.
Thus, we selected these mice as controls to show accumulated sponta-
neous mutations at the whole genome level compared to our founder
mice. Our whole-genome sequencing (WGS) data revealed that SNP/
InDel differences among all the CjCas9 treated groups (including sham
controls) were less than 50; however, sequence differences between
CjCas9-treated groups and WT groups were much higher (1277–1603).
We also found no evidence of chromosomal changes such as translo-
cation after cjCas9 treatment (data not shown). To identify any po-
tential off-target indel or SNVs caused by CjCas9, WGS was performed

for these samples at sufficient depth ( × 20–30) to detect more than
95% of heterozygous variants. We searched for indels at potential off-
target sites (Table S6) from our WGS results and did not find any
(Fig. 2). Altogether, our data suggest that indel and SNV changes in
CjCas9-treated groups when compared to the WT group are more likely
to result from spontaneous mutations rather than being CjCas9-in-
duced.

Generation of GEM with CjCas9 has several advantages. First,
CjCas9 utilizes a unique PAM sequence compared to other orthologs
allowing more target gRNA sequences to be utilized for a more com-
prehensive target gRNA choices from different orthologs. Furthermore,
its long PAM sequence 5′-NNNNACAC-3′ or 5′-NNNNRYAC-3′ [5,6],
may results in relatively higher specificity when compared with
SpCas9. A recent elegant study showed that certain serotypes of AAV
can penetrate the zona-pellucida [9]. As CjCas9 can be packaged into a
single AAV vector with single or multi-sgRNAs and promoters, it is
possible to generate genome-edited animals without the need for tools
to manipulate zygotes such as microinjectors or electroporators. This
may have a particular advantage in certain animals where zygote
handling is difficult, such as in non-human primates.

In conclusion, we successfully produced 2 knock-out mouse lines
using the CjCas9 system with high efficiency. All the mice generated
with CjCas9 system has no off-target mutation and chromosomal
changes.
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