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Abstract: The CRISPR/Cas9 system is a powerful genome editing tool for the production of genetically 
modified animals. To produce mutant mice, chimeric single-guide RNA (sgRNA) is cloned in a plasmid 
vector and a mixture of sgRNA and Cas9 are microinjected into the fertilized eggs. An issue associated 
with gene manipulation using the CRISPR/Cas9 system is that there can be off-target effects. To 
simplify the production of mutant mice with low risks of off-target effects caused by the CRISPR/Cas9 
system, we demonstrated that genetically modified mice can be efficiently obtained using chemically 
synthesized CRISPR RNA (crRNA), trans-activating crRNA (tracrRNA), and modified Cas9s, such 
as the nickase version and FokI-fused catalytically inactive Cas9, by microinjection into fertilized 
eggs. Using this method, it is no longer necessary to clone sgRNA into a plasmid vector, and this 
enables high-throughput production of mutant mice.
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Introduction

Genetically modified animals that are carrying muta-
tions or inserted exogenous sequences are useful tools 
for understanding the functions of a gene of interest in 
vivo. Recent development of genome editing technolo-
gies using zinc-finger nucleases (ZFNs), transcription 
activator-like effector nucleases (TALENs), and clus-
tered regularly interspaced short palindromic repeat 
(CRISPR)/CRISPR-associated protein (Cas9) systems 
enables rapid gene manipulation in many model organ-
isms [2, 10, 12, 14, 17, 23]. DNA nucleases for genome 
editing introduce double-strand breaks (DSB) into spe-
cific target DNA sequences that induce non-homologous 
end-joining (NHEJ)-mediated insertions and deletions 

(indels) or homologous recombination (HR)-mediated 
insertions when an oligonucleotide or targeting vector 
containing exogenous DNA sequences with homologous 
arms is co-injected. The CRISPR/Cas9 system, which is 
currently the first choice among genome editing tools 
because of its efficiency and ease of use, consists of 
human codon-optimized RNA-guided Cas9 from Strep-
tococcus pyogenes and a 102-nt single-guide RNA 
(sgRNA), including the 20-nt sequence of a target ge-
nomic locus. Cas9 and sgRNA form a complex that 
hybridizes to a target genomic sequence with an NGG 
protospacer-adjacent motif (PAM), which allows Cas9 
to introduce the DSB [4].

The CRISPR/Cas9 system originated from an adaptive 
immune system in bacteria that required Cas DNA nucle-
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ase and two small RNAs, CRISPR RNA (crRNA), and 
trans-activating crRNA (tracrRNA) [5, 13]. At the 5′ end, 
crRNA contains a 20-nt sequence that recognizes a target 
DNA sequence. At its 3′ end, crRNA hybridizes to the 
5′ part of the tracrRNA sequence (crRNA/tracrRNA 
loop) and forms a complex with the Cas protein. To sim-
plify the crRNA/tracrRNA for genome editing applica-
tions, a chimeric hybrid of crRNA and tracrRNA that 
mimics the crRNA/tracrRNA loop has been developed, 
which was named sgRNA [4, 18]. So far, chimeric 
sgRNA has been widely used for genome editing of the 
CRISPR/Cas9 system by cloning a target sequence into 
an sgRNA expression vector.

There are two options to place an sgRNA in fertilized 
eggs to produce a mutant mouse by the CRISPR/Cas9 
system: microinjection of an sgRNA/Cas9 mRNA into 
the cytoplasm or injection of an expression vector of 
sgRNA and Cas9 into the pronucleus of zygotes [20, 23]. 
In the latter case, there is the possibility of integration 
of the plasmid sequence into the mouse genome. We 
therefore believe that the former method is safer; how-
ever, it requires RNA synthesis by in vitro transcription, 
since the chemical synthesis of more than 100 bp of RNA 
is still difficult. On the other hand, the lengths of the 
crRNA and tracrRNA are within the range of RNA 
chemical syntheses. It has recently been shown that mu-
tant mice can be produced by microinjection of crRNA, 
tracrRNA, and Cas9 into fertilized eggs [1].

An issue associated with gene manipulation using the 
CRISPR/Cas9 system is that there can be off-target ef-
fects, because the recognition sequence of Cas9 is 
smaller than 20 nt. To avoid off-target effects, various 
Cas9 mutants, such as Cas9 nickase (Cas9 D10A mutant; 
nCas9) and inactive Cas9 (dCas9) fused with the FokI 
DNA nuclease domain (FokI-dCas9; fCas9) have been 
developed, which lead to DSB only when two sgRNA 
pairs recognize sequences close to the opposite strands 
of genomic DNA [6, 21, 22]. We have recently reported 
that nCas9 and fCas9 can be useful for producing mutant 
mice by microinjection of in vitro-transcribed sgRNAs 
into zygotes [7]. To simplify the production of mutant 
mice with low risks of off-target effects by the CRISPR/
Cas9 system, we examined whether genetically modified 
mice could be obtained using Cas9 and chemically syn-
thesized crRNA and tracrRNA by microinjection into 
fertilized eggs.

Materials and Methods

Plasmids
Plasmids containing human codon-optimized wild 

type Cas9 (Cas9WT), nCas9, and fCas9 were obtained 
from Addgene (Plasmid #41815, #41816, and #52970, 
respectively).

RNAs
The target sequences of crRNA1, 2, 3, and 4 are the 

same as sgRNA B1, B2, A3, and A4 in a previous report 
[6]. The full sequences of crRNA1, 2, 3, and 4 and 
tracrRNA are listed in Supplementary Table 1. crRNA 
and tracrRNA were chemically synthesized and purified 
using HPLC by Fasmac (Atsugi, Kanagawa, Japan). 
mRNAs for Cas9WT, nCas9, and fCas9 were synthesized 
using an in vitro transcription reaction as described pre-
viously [7]. Briefly, for Cas9WT and nCas9 mRNA 
synthesis, the Cas9WT and nCas9 sequences were ampli-
fied from the coding plasmids by PCR using T7-Cas9 
primers (Supplementary Table 1) to add the T7 pro-
moter sequence. PCR products were used as a template 
for the mMESSAGE/mMACHINE T7 RNA synthesis 
kit (Ambion, Austin, TX, USA). RNAs were purified 
with a MegaClear kit (Ambion). For fCas9 mRNA syn-
thesis, coding plasmids linearized with AgeI (Wako, 
Osaka, Japan) were treated as a template for Cas9WT 
and nCas9 mRNA synthesis.

Microinjection
Fertilized eggs were collected from superovulated F1 

hybrid C57BL/6 and DBA/2 (B6D2F1) female mice 
crossed with B6D2F1 male mice. For the microinjection 
of the crRNA/tracrRNA/Cas9WT combination, the RNA 
concentrations were as follows: 155.3 ng/µl of crRNA, 
94.7 ng/µl of tracrRNA, and 250 ng/µl of Cas9 mRNA. 
For denaturation and renaturation treatments, the RNA 
mixture of crRNA/tracrRNA was incubated at 95°C for 
3 min and transferred to room temperature for 10 min, 
and then Cas9WT was added. For the microinjection of 
two crRNAs with tracrRNA and nCas9 or fCas9 mRNA, 
the RNA concentrations were as follows: 94.7 ng/µl of 
tracrRNA, 155.3 ng/µl of each crRNA, and 250 ng/µl of 
nCas9 or fCas9 mRNA. RNAs were injected into the 
cytoplasm of zygotes using FemtoJet (Eppendorf, West-
bury, NY, USA). These embryos were cultured in KSOM 
medium and transferred to pseudopregnant female mice 
at the two-cell stage. All mice were obtained from the 
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Sankyo Labo Service Corporation (Tokyo, Japan). The 
animal protocols were approved by the Animal Care and 
Use Committee of the National Research Institute for 
Child Health and Development. All experiments were 
conducted in accordance with these approved animal 
protocols.

Genotyping and off-target analysis
Genomic DNA was extracted from embryos at 9.5–

10.5 days postcoitum (dpc). The genomic regions around 
the crRNA/tracrRNA target sequences were amplified 
by PCR using primers for the Bcr or Abl1 region (Supple-
mentary Table 1). For direct sequencing, PCR products 
were treated with ExoSAP-IT (USB, Affymetrics Japan, 
Tokyo, Japan) and subjected to sequencing using the 
forward primers for Bcr and Abl1 loci, respectively. To 
determine the nucleotide sequence of mutated alleles, 
the PCR products were cloned into a pGEM-T Easy Vec-
tor (Promega Corp., Madison, WI, USA) and sequenced.

The genotypes were determined from the electrophe-
rograms. The criteria for identifying mutant and wild-
type embryos were adopted from those reported by Hara 
et al. [7]. Mutants were further classified as monoallelic, 
biallelic, and mosaic mutants based on the results of 
cloning and the sequencing analyses. When wild-type 
and single mutated alleles were observed or a single 
mutated allele was observed without a wild-type allele, 
the genotype of the embryos was considered to be mono-
allelic. In cases where wild-type alleles were not de-
tected and two or more mutant alleles were observed, 
the genotype was determined to be biallelic. When there 
were multiple mutated alleles with a wild-type allele, 
the genotype was considered to be mosaic. Each geno-
type was further confirmed by cloning of the PCR prod-
uct into pGEM-T Easy Vector (Promega) and sequencing 
of 5–10 clones. All statistical analyses of genome editing 
efficiencies were assessed by χ2 test.

Confirmation of germline transmission of mutated al-
leles was performed by mating F0 adult male and 
C57BL/6N female mice. Tail tips of F1 pups were sub-
jected to the genotyping analysis described above.

For the off-target analysis, possible off-target sites in 
each crRNA were searched by an online web tool (http://
genome-engineering.org/), and two or three putative off-
target sites with the highest scores were selected. The 
off-target sites for each crRNA were amplified by PCR 
with specific primers (Supplementary Table 1) and se-
quenced as described previously [7].

Results

Generation of mutant mice using crRNA/tracrRNA with 
Cas9WT mRNA

To verify the mutation efficiencies at target loci using 
crRNA/tracrRNA in mouse zygotes, we designed 
crRNA1, which targets the intronic region of the mouse 
Bcr locus as a model (Fig. 1A). The crRNA/tracrRNA 
were microinjected with Cas9WT mRNA into fertilized 
eggs. After embryo transfer at the two-cell stage, we 
obtained 36 embryos from 121 injected zygotes (29.8%) 
from two independent trials. The genotyping analyses 
performed by PCR-direct sequencing of the embryos 
showed that mutations around the crRNA target sequence 
were detected in 20 out of the 36 embryos (55.6%). We 
determined these genotypes by cloning and sequencing 
analyses, and the genotypes of embryos were classified 
into three groups: monoallelic, biallelic, and mosaic 
mutants (Fig. 1B). The results showed that there were 
five monoallelic mutants (25.0%) and four biallelic mu-
tants (20.0%) out of the 20 mutant embryos. The remain-
ing 11 mutated embryos (55.0%) contained two or more 
mutated alleles and a wild-type allele in each individual 
and were judged as mosaic mutants (Fig. 1C).

To examine whether precise annealing of the crRNA 
and tracrRNA results in higher mutation efficiencies in 
zygotes, the same mixture of crRNA/tracrRNA/Cas9WT 
RNA, but with denaturation and renaturation treatment, 
was microinjected into fertilized eggs. A total of 40 em-
bryos were obtained from 122 injected zygotes obtained 
using this strategy. PCR-direct sequencing showed that 
18 out of the 40 (45.0%) embryos were mutants, includ-
ing 27.8% (5/18) monoallelic, 55.6% (10/18) biallelic, 
and 16.7% (3/18) mosaic mutants (Table 1). The micro-
injection of the denatured and renatured RNA mix could 
not improve the efficiency of genome editing compared 
with the injection of the untreated RNA mixture (un-
treated vs. denatured; 55.6% vs. 45.0%, P=0.3581), sug-
gesting that the denaturation treatment is dispensable for 
the generation of mutant mice with the crRNA/tracrRNA 
mix. We therefore used the untreated crRNA/tracrRNA 
mixture for the subsequent experiments.

Generation of mutant mice using two crRNAs with 
modified Cas9s

To examine whether the crRNA/tracrRNA approach 
can be applied as a low off-target method using nCas9 
and fCas9, we designed another crRNA (crRNA2) spaced 
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16 bp apart from crRNA1 in the Bcr locus (Fig. 2A). The 
RNA mixture containing crRNA1/crRNA2/tracrRNA 
with nCas9 or fCas9 mRNA was microinjected into zy-
gotes. We obtained a total of 47 and 59 embryos from 

136 and 157 fertilized eggs injected with crRNA1/
crRNA2/tracrRNA/nCas9 and crRNA1/crRNA2/
tracrRNA/fCas9, respectively. The genotyping analysis 
of the crRNA1/crRNA2/tracrRNA/nCas9-injected em-

Fig. 1. Generation of mutant mice using crRNA/tracrRNA in the Bcr locus. (A) The design of the crRNA in the mouse 
Bcr locus. The genomic structure is indicated at the top. The black bars and boxes show introns and exons, re-
spectively. Blue letters and red lines show specific target sequences and common sequences of crRNA, respec-
tively. The letters with yellow boxes designate PAM sequences. The blue curved lines indicate tracrRNA. Lon-
gitudinal blue bars show hydrogen bonds. (B) Representative electropherograms obtained from the sequencing 
analysis of wild- type, monoallelic, biallelic, and mosaic mutant embryos injected with crRNA1/tracrRNA/
Cas9WT. The target sequence of crRNA1 is indicated with a black line. The PAM sequence is indicated with a 
yellow box. (C) The proportions of the genotypes of embryos obtained by crRNA1/tracrRNA/Cas9WT injection.

Table 1. A summary of the mutant mice produced using crRNA/tracrRNA

Denatured Trial Injected/2-cell Transferred Genotyped Mutated Monoallelic Biallelic Mosaic

untreated 1 58/38 36 16 11 2 3 6
2 63/26 26 20 9 3 1 5

total 121/64 62 36 20 (55.6) 5 (25.0) 4 (20.0) 11 (55.0)

denatured 1 51/48 36 22 9 3 4 2
2 71/33 32 18 9 2 6 1

total 122/81 68 40 18 (45.0) 5 (27.8) 10 (55.6) 3 (16.7)

The numbers in parentheses in the “Mutated” columns represent the percentages calculated from the number of mutants relative to 
the number of genotyped embryos. The numbers in parentheses in the “Monoallelic”, “Biallelic” and “Mosaic” columns represent the 
percentages calculated from the number of each type relative to the number of “Mutated”.
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Fig. 2. Generation of mutant mice by co-injection of two crRNAs with Cas9 mutants. (A) The designs of the crRNAs in the 
mouse Bcr locus. The genomic structure is indicated at the top. The black bars and boxes show introns and exons, respec-
tively. Blue and red lines show specific target sequences and common sequences of crRNA, respectively. The letters with 
yellow boxes designate PAM sequences. The blue curved lines indicate tracrRNA. Longitudinal blue bars show hydrogen 
bonds. (B) The proportions of the genotypes of embryos obtained by crRNA1/tracrRNA/Cas9WT (the same data set as 
shown in Fig. 1C), crRNA1, and 2/tracrRNA/nCas9, and by crRNA1 and 2/tracrRNA/fCas9 injection, respectively. The 
percentages calculated from the number of mutants relative to the number of analyzed embryos. (C) The designs of the 
crRNAs for the mouse Abl1 locus. The genomic structure is indicated at the top. The black bars and boxes show introns 
and exons, respectively. Blue and red lines show specific target sequences and common sequences of crRNAs, respec-
tively. The letters with yellow boxes designate PAM sequences. The blue curved lines indicate tracrRNA. Longitudinal 
blue bars show hydrogen bonds. (D) Representative electropherograms of embryos injected with crRNA3/crRNA4/
tracrRNA and with nCas9 and fCas9, respectively. Underlines indicate the target sequences of each crRNA.
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bryos showed that 12 out of the 47 embryos (25.5%) 
were mutated, including 50.0% (6/12) monoallelic, 
16.7% (2/12) biallelic, and 33.3% (4/12) mosaic mutant 
embryos, in a total of three trials. The same analysis of 
embryos injected with fCas9 with crRNA1/crRNA2/
tracrRNA showed that 17 out of 59 embryos (28.8%) 
were mutated, including 35.3% (6/17) monoallelic, 
23.5% (4/17) biallelic, and 41.2% (7/17) mosaic mutants 
(Fig. 2B and Table 2). χ2 testing of these mutation rates 
showed that the difference in efficiencies of genome 
editing between nCas9 and fCas9 with crRNAs/tracrRNA 
was not significant (P=0.7065), but that these efficiencies 
were significantly lower than that of Cas9WT with 
crRNA/tracrRNA (Cas9WT vs. nCas9; P=0.0053, Cas-
9WT vs. fCas9; P=0.0095, respectively).

In order to examine whether genome editing using 
crRNAs/tracrRNA and nCas9 or fCas9 is applicable for 
other genomic loci, crRNA pairs (crRNA3 and crRNA4) 
designed for the mouse Abl1 locus were microinjected 
with nCas9 or fCas9 mRNA into fertilized zygotes (Fig. 
2C). A genotyping analysis showed that 23.1% (9/39) of 
the embryos injected with nCas9 with crRNA3/crRNA4/
tracrRNA were mutated, including 22.2% (2/9) monoal-
lelic, 11.1% (1/9) biallelic, and 66.7% (6/9) mosaic 
mutant embryos (Fig. 2D). On the other hand, the geno-
types of the crRNA3/crRNA4/tracrRNA/fCas9-injected 
embryos showed that 38.5% (10/26) of the embryos were 
mutants, including 20.0% (2/10) monoallelic, 60.0% 
biallelic, and 20.0% mosaic mutant embryos (Table 2). 
These results suggest that microinjection of two crRNAs 
and tracrRNA with nCas9 or fCas9 can be useful for 

mutant mouse production via the microinjection of zy-
gotes.

Next, to examine germline transmission of the mu-
tated alleles to the F1 generation, we crossed F0 mutant 
mice with wild-type mice. We tested two biallelic mu-
tants and two monoallelic mutants at the Abl1 locus 
generated by microinjection of crRNA3/crRNA4/
tracrRNA with nCas9 (#8 and #11) and fCas9 (#5 and 
#9), respectively. As a result, the genotyping analysis 
indicated that all mutated alleles were successfully germ-
line transmitted to F1 pups (Supplementary Table 2). 
These results suggest that the small indels derived from 
co-injection of crRNA/tracrRNA with nCas9 or fCas9 
can be inherited in the F1 generation.

Off-target analysis of mutant embryos injected with 
crRNA/tracrRNA with Cas9

Finally, the off-target effects were evaluated in the 
mutated embryos. We analyzed the putative off-target 
sites of each crRNA. Possible off-target sites were 
searched using an online web tool, and three sites with 
the highest scores for each crRNA were selected. Puta-
tive off-target sites for crRNA1 were analyzed by PCR-
direct sequencing in 38 mutant embryos, of which 20 
and 18 were derived from microinjection of Cas9WT 
with untreated and denatured/renatured crRNA1/
tracrRNA, respectively. The results showed that no off-
target effects were detected in the 114 total loci. We also 
analyzed the mutants produced by the microinjection of 
crRNA1/crRNA2/tracrRNA/nCas9 and crRNA1/
crRNA2/tracrRNA/fCas9, and no off-target mutations 

Table 2. A summary of the mutant mice produced using crRNA/tracrRNA with Cas9 mutants

Locus Cas9 Trial Injected/2-cell Transferred Genotyped Mutated Monoallelic Biallelic Mosaic

Bcr nCas9 1 56/44 30 24 1 0 0 1
2 38/23 23 8 1 1 0 0
3 42/33 33 15 10 5 2 3

total 136/100 86 47 12 (25.5) 6 (50.0) 2 (16.7) 4 (33.3)

fCas9 1 36/26 26 21 0 0 0 0
2 43/24 24 13 7 1 3 3
3 39/26 26 11 1 0 0 1
4 39/30 30 14 9 5 1 3

total 157/106 106 59 17 (28.8) 6 (35.3) 4 (23.5) 7 (41.2)

Abl1 nCas9 1 134/118 60 39 8 (20.5) 2 (25.0) 1 (12.5) 5 (62.5)
fCas9 1 145/115 60 26 10 (38.5) 2 (20.0) 6 (60.0) 2 (20.0)

The numbers in parentheses in the “Mutated” columns represent the percentages calculated from the number of mutants relative to the 
number of genotyped embryos. The numbers in parentheses in the “Monoallelic”, “Biallelic” and “Mosaic” columns represent the per-
centages calculated from the number of each type relative to the number of “Mutated”.
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were observed. The same analyses were also carried out 
for crRNA3 and crRNA4 in the Abl1 locus in a total of 
19 mutants, including nine nCas9- and ten fCas9-inject-
ed embryos, respectively. Possible off-target sites of the 
two loci for crRNA3 and of the three loci for crRNA4 
were examined, which resulted in the identification of 
no off-target mutations in a total of 95 loci (Supplemen-
tary Table 3). Taken together, our results suggest that 
genome editing using crRNA/tracrRNA does not cause 
high levels of off-target mutations, and it seems likely 
that the efficiency of the mutations generated with this 
method is similar to that of genome editing using 
sgRNAs.

Discussion

In this study, we showed that crRNA/tracrRNA can 
be used instead of sgRNA for genome editing with wild-
type or modified Cas9s to produce genetically modified 
mice via microinjection into fertilized eggs. An advan-
tage of utilizing chemically synthesized crRNA/
tracrRNA instead of sgRNA is that the synthesis of 
crRNA/tracrRNA requires much less laboratory work 
compared to that of sgRNA. Although both crRNA/
tracrRNA and sgRNA production require oligonucleotide 
synthesis, cloning and sequencing are necessary only for 
sgRNA when an sgRNA coding plasmid itself is used 
for microinjection. In addition, in vitro transcription and 
purification are necessary when sgRNA is microinjected 
as RNA. The chemical synthesis of crRNA/tracrRNA 
enables the high-throughput production of mutant mice. 
However, there are several disadvantages of using chem-
ically synthesized crRNA/tracrRNA compared with in 
vitro transcribed sgRNA: the cost per experiment is 

higher, the amount of RNAs are limited, and sgRNA can 
be generated in a week while crRNA/tracrRNA synthe-
sis requires more than one week. In this respect, utiliza-
tion of sgRNA/Cas9 to produce genetically modified 
animals requires a shorter period with lower cost than 
use of crRNA/tracrRNA.

Previously, we reported that mutant mice were pro-
duced using Cas9WT, nCas9, and fCas9 with sgRNA, 
and we compared mutation efficiencies induced by Cas9 
variants [7]. In this study, we targeted the same sequenc-
es at the Bcr and Abl1 loci. When crRNA1/Cas9WT was 
used for microinjection, roughly half of the embryos 
contained mutated alleles. This efficiency is similar to 
our previous observation when we produced mutant mice 
using Cas9WT and sgRNA, suggesting that the efficien-
cies of genome editing are similar between crRNA/
tracrRNA and sgRNA. The efficiencies of genome edit-
ing at the Bcr locus using nCas9 were similar between 
crRNA/tracrRNA (27.7%) and sgRNA (33.3%), where-
as sgRNA induced a higher level of genome editing 
(61.7%) than crRNA/tracrRNA (28.8%) when fCas9 was 
used. at the Abl1 locus, the genome editing efficiency 
using fCas9 was similar between crRNA/tracrRNA 
(38.5%) and sgRNA (39.4%, Table 3). in addition, it has 
been reported that widely used sgRNA exhibits higher 
mutation efficiencies than that of crRNA in the surveyor 
assay [9]. A similar tendency was observed in the present 
study, while Aida et al. (2015) reported that using the 
crRNA/tracrRNA was more efficient than use of sgRNA 
with Cas9 protein [1]. There is the possibility that the 
mutation efficiencies of using sgRNA would be better 
for some sequences and the efficiencies of using crRNA/
tracrRNA would be better for other sequences, or that 
mutation efficiencies vary with the combination of Cas9 

Table 3. A summary of mutation efficiencies by microinjection of sgRNA and 
crRNA/tracrRNA with various Cas9s

Locus Guide rna Cas9 variants Mutation rate Reference

Bcr sgRNA WT 66.7% [7]
nCas9 33.3%
fCas9 61.7%

crRNA/tracrRNA WT 55.6% the present study
nCas9 27.7%
fCas9 28.8%

Abl1 sgRNA nCas9 N/A [7]
fCas9 36.0%

crRNA/tracrRNA nCas9 23.1% the present study
fCas9 38.5%
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mRNA/protein and sgRNA/crRNA. Direct comparison 
of the efficiencies of genome editing between the micro-
injection of Cas9 mRNA and protein with crRNA/
tracrRNA would clarify these points.

recently, Kotani et al. (2015) showed that the com-
bination of crRNA/tracrRNA/Cas9 protein is more use-
ful than that of crRNA/tracrRNA/Cas9 mRNA when 
mutations were induced in fertilized zebrafish eggs, 
possibly because it has immediate enzymatic activity 
without a translational delay [16]. Based on our analysis, 
microinjection of crRNA/tracrRNA/Cas9 mRNA into 
zygotes should be useful for producing mutant mice with 
small indels, possibly because the cell cycle at the cleav-
age stage in early mouse embryos is much slower than 
that of zebrafish. Also, the combination of crRNA/
tracrRNA with Cas9 protein may be also useful for pro-
ducing mutant mice with small indels [1]; however, there 
are some advantages associated with using Cas9 mRNA 
instead of Cas9 protein. First, since mRNA can be eas-
ily synthesized by an in vitro transcription reaction from 
plasmids, mRNA would be easier to apply for a variety 
of methods using modified Cas9, such as Cas9 with al-
tered PAM specificity [15], Cas9 fused with a transacti-
vator [3, 19] or the catalytic domain of epigenetic 
modification enzymes [8], for example. Second, the cost 
of mRNA synthesis is lower than that of purchasing Cas9 
protein from a commercial source.

The CRISPR/Cas9 system is known to carry the risk 
of off-target effects. However, several studies have re-
ported that off-target mutations were rarely detected 
when mutant mice were produced by microinjection of 
sgRNA with Cas9WT into fertilized eggs [7, 11, 20, 24]. 
This is consistent with results of our previous study, in 
which we generated mutant mice using sgRNAs at the 
Bcr or Abl1 loci [6]. In the current study, no off-target 
mutations were observed in any case. This suggests that 
the risk of DSB at off-target sites is similar between the 
methods using sgRNA and crRNA/tracrRNA. From this 
point of view, crRNA/tracrRNA may be a good substitute 
for sgRNA. However, it is better to use crRNA/tracrRNA 
together with nCas9 or fCas9 instead of Cas9WT when 
a high level of off-target mutations is predicted by ho-
mology searching of the crRNA sequence in a genome 
database.

In conclusion, our study demonstrated that mutant 
mice can be produced using a combination of crRNA/
tracrRNA/Cas9 mRNA with similar efficiency as the 
method using sgRNA/Cas9WT. Since it also seems 

likely that the crRNA/tracrRNA/Cas9 mRNA method 
does not increase off-target mutations compared with 
the sgRNA/Cas9WT method, we propose that the 
crRNA/tracrRNA/Cas9 mRNA method is a good substi-
tute for the sgRNA/Cas9WT method. The crRNA/
tracrRNA/Cas9 mRNA method can be applied for low 
off-target formats using nCas9 or fCas9, enabling the 
high-throughput production of mutant mice.
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