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Abstract
Background  The Cas9 nuclease is delivered in the form of either Cas9 protein or mRNA along with CRISPR guide RNA 
(gRNA: dual-crRNA:tracrRNA or chimeric single-guide RNA) or in a plasmid package encoding both Cas9 and the CRISPR 
gRNA.
Methods and results  We directly compared the efficiency of producing rat blastocysts with homozygous mutations of the 
Foxn1 locus by pronuclear injection of Cas9 in the form of protein, mRNA, or plasmid DNA. For highly efficient production 
of rat blastocysts with homozygous Foxn1 mutations, pronuclear injection of Cas9 protein at 60 ng/µl was likely optimal. 
While blastocyst harvest in the mRNA groups was higher than those in the protein and plasmid DNA groups, genotype 
analysis showed that 63.6%, 8.7–20.0%, and 25.0% of the analyzed blastocysts were homozygous mutants in the protein, 
mRNA, and plasmid DNA groups, respectively. The high efficiency of producing homozygous mutant blastocysts in the 
60 ng/µl protein group may be associated with primary genome editing being initiated before the first cleavage. In most 
cases, homozygous mutations at the target Foxn1 locus are triggered by deletion and repair via nonhomologous end joining 
or microhomology-mediated end joining. Deletion downstream of the Cas9 break site was more likely than deletion in the 
upstream direction.
Conclusions  The Cas9 nuclease in protein form, when coinjected with the CRISPR gRNA (ribonucleoprotein) into a rat 
zygote pronucleus, can access the target genome site and induce double-strand breaks promptly, resulting in the efficient 
production of homozygous mutants.
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Introduction

Homozygous knockout (KO) rodents, which can be used for 
investigating gene functions of interest, can be produced by a 
conventional approach using pluripotent stem cells (PSCs). 
However, the PSC-based technique is time-consuming and 

labor-intensive as it requires the construction of a targeting 
vector, selection of KO PSCs after homologous recombina-
tion, generation of germline-competent chimeras by blasto-
cyst injection, and establishment of homozygous KO ani-
mals by sib-mating of next generation offspring [1, 2]. The 
production of homozygous KO rodents has been efficiently 
facilitated by pronuclear injection of new genome editing 
tools, such as zinc-finger nucleases [3], transcription activa-
tor-like effector nucleases [4–6], and the clustered regularly 
interspaced short palindromic repeat (CRISPR)/CRISPR-
associated proteins (Cas) system [7–9]. These genome-
editing tools can generate targeted mutations by inducing 
DNA double-strand breaks (DSBs) and error-prone repair 
by nonhomologous end joining (NHEJ) or microhomology-
mediated end joining (MMEJ) [10].

The CRISPR/Cas system is the most cost-effective and 
reproducible among these new genome-editing tools. The 
Cas9 endonuclease from Streptococcus pyogenes type II, 
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coinjected with CRISPR RNA (crRNA) and trans-activating 
crRNA (tracrRNA), can form ribonucleoprotein (RNP) com-
plexes and induce DSBs at the target DNA [11, 12]. The 
Cas9 endonuclease can be programmed with guide RNA 
(gRNA), such as a dual-crRNA:tracrRNA or a chimeric sin-
gle-guide RNA (sgRNA) which fuses crRNA with tracrRNA 
[12]. The Cas9 endonuclease is delivered either as a recom-
binant protein [13–16] or mRNA [9, 17] along with CRISPR 
gRNA or in an all-in-one plasmid package that encodes both 
Cas9 and the CRISPR gRNA (mouse: [18, 19]; rat: [20]).

One of the problems in transgenic studies associated 
with pronuclear injection is the incidence of somatic mosai-
cism [21, 22], yet little is known about whether the form 
of CRISPR/Cas9 delivered via pronuclear injection has any 
effect on the rate of homozygous mutant production. In the 
present study, we directly compared the efficiency of produc-
ing rat blastocysts with homozygous mutations in the Fork-
head-Box N1 (Foxn1) locus by pronuclear injection of Cas9 
in one of three forms: protein, mRNA, and plasmid DNA. 
Foxn1, which regulates thymus epithelial lineage specifica-
tion during organogenesis [23], was used as a model gene.

Materials and methods

Materials

Recombinant Cas9 protein (CP01, PNA Bio, Newbury 
Park, CA, USA) and Cas9 mRNA (1EA, Sigma–Aldrich, 
St. Louis, MO, USA) were stored at − 80 °C until pronuclear 
injection. The gRNA (5′-GAC TGG AGG GCG AAC CCC 
AA-3′) and all-in-one CRISPR–Cas9 pX330 plasmids for 
the Foxn1 gene were designed and constructed as described 
previously [24]. Foxn1-sgRNA, Foxn1-crRNA and tracr-
RNA (Fasmac, Kanagawa, Japan) were chemically synthe-
sized, purified by polyacrylamide gel electrophoresis, diluted 
with nuclease-free 0.1 × TE buffer, and stored at − 80 °C 
until injection.

Animals

Specific pathogen-free Wistar rats (Crlj:WI) were purchased 
from Charles River Laboratories, Japan Inc. (Kanagawa, 
Japan). All rats were housed in an environmentally con-
trolled room with a 12-h dark/12-h light cycle at a tempera-
ture of 23 ± 2 °C and humidity of 55 ± 5% and given free 
access to a laboratory diet (CE-2; CLEA Japan Inc., Tokyo, 
Japan) and filtered water. All procedures for animal experi-
mentation were reviewed and approved by the Animal Care 
and Use Committee of the National Institutes of Natural Sci-
ences (Nos. 15A102 and P09-070-A).

Pronuclear injection

Female rats at 4  weeks old were superovulated with 
300 IU/kg equine chorionic gonadotropin (ASKA Phar-
maceutical, Tokyo, Japan) and 300  IU/kg human cho-
rionic gonadotropin (hCG; ASKA Pharmaceutical) at 
an interval of 46–50 h. Pronuclear stage zygotes were 
harvested from female rats that had been mated with a 
fertile male at 28–30 h after hCG administration. One of 
the following mixtures was injected into a male pronu-
cleus: [1] Cas9 protein (100 ng/µl) with crRNA (25 ng/
µl):tracrRNA (25 ng/µl), [2] Cas9 protein (60 ng/µl) with 
crRNA (15 ng/µl):tracrRNA (15 ng/µl), [3] Cas9 protein 
(30 ng/µl) with crRNA (12.5 ng/µl):tracrRNA (12.5 ng/
µl), [4] plasmid DNA pX330 (5 ng/µl), [5] Cas9 mRNA 
(100 ng/µl) with Foxn1 sgRNA (50 ng/µl), or [6] Cas9 
mRNA (100  ng/µl) with crRNA (25  ng/µl):tracrRNA 
(25 ng/µl). The injected zygotes were cultured for 16–19 h 
in modified Krebs–Ringer bicarbonate (mKRB) solution 
at 37 °C under 5% CO2 in air. The surviving zygotes were 
transferred into the oviductal ampullae of pseudopreg-
nant Crlj:WI recipient rats (≥ 10 weeks old) anesthetized 
with isoflurane 2–2.5% in oxygen at 0.5 days post-coitum 
(dpc) (< 80 embryos per recipient). The recipient rats were 
sedated by carbon dioxide inhalation and sacrificed by cer-
vical dislocation at 4.5 dpc. Blastocysts were harvested by 
oviduct-uterine flushing with the mKRB solution. In an 
additional experiment to determine the timing of genome 
editing, 1-cell stage embryos were collected at 3 or 6 h 
postinjection (hpi), and 2-cell stage embryos were col-
lected at 19 hpi.

Genotyping

Genomic DNA was isolated from embryos at the 1-cell 
(3–6 hpi), 2-cell (19 hpi) or blastocyst stage (4.5 dpc) 
according to a previously described protocol [25] with a 
few modifications. Briefly, 1 µl of PBS containing a sin-
gle embryo was placed on the wall near the bottom of a 
200-µl PCR tube using a glass micropipette under a ster-
eomicroscope. The samples were stored at − 80 °C until 
genotyping.

Whole-genome amplification of the DNA from a single 
blastocyst was performed using REPLI-g Single Cell Kit 
(QIAGEN, Hilden, Germany) according to the manufac-
turer’s manual. Briefly, 4 µl of crude DNA solution was 
mixed with 3 µl of Buffer D and incubated at 65 °C for 
10 min. The reaction was interrupted by adding 3 µl of stop 
solution. Finally, 40 µl of REPLI-g solution was added to 
the mixture and further incubated at 30 °C for 16 h and at 
60 °C for 3 min. For PCR using amplified genomic DNA, 
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2 µl of the genomic DNA solution was mixed with 0.4 µl 
each of 10 µM primers specific for the Foxn1 gene (Fwd: 
5′-CAG GAC TGG GTG ATG GTG TC-3′, Rev: 5′-ACG 
GGG TTC CAT ATC TTG CC-3′), 10 µl of 2× AmpliTaq 
Gold 360® master mix (Life Technologies Japan, Tokyo, 
Japan) and 7.2 µl of ultra-pure water. The mixture was 
subjected to PCR under the following conditions: 5 min at 
95 °C; 35 cycles of 30 s at 95 °C, 30 s at 60 °C, and 40 s 
at 68 °C; and 2 min at 68 °C.

To genotype the 1-cell and 2-cell stage embryos, nested 
PCR was performed using Tks Gflex™ DNA Polymerase 
Low DNA (Takara Bio Inc., Shiga, Japan). The sample in 
1 µl PBS was mixed with 2 µl of distilled water for Low 
DNA, spun-down and then boiled at 95 °C for 20 min. The 
resulting crude genomic DNA solution (3 µl) was mixed 
with 0.2 µl each of 10 µM primers specific for the Foxn1 
gene (Fwd: 5′-GTT GGC CAC ACC TAG ACG TT-3′, Rev: 
5′-ACG GGG TTC CAT ATC TTG CC-3′), 5 µl of 2 × Tks 
Gflex™ DNA Polymerase Low DNA and 1.6 µl of ultra-pure 
water. The mixture was subjected to PCR under the follow-
ing conditions: 1 min at 95 °C; 40 cycles of 10 s at 98 °C, 
15 s at 60 °C, and 1 min at 68 °C; and 5 min at 68 °C. The 
second round of PCR was conducted as described above, 
except for the use of a different primer set (Fwd: 5′-CAG 
GAC TGG GTG ATG GTG TC-3′, Rev: 5′-ACG GGG TTC 
CAT ATC TTG CC-3′) and 2 µl of 1/20-diluted first-round 
PCR solution as the DNA template.

The PCR products were purified by ethanol precipita-
tion and sequenced to screen for mutations using the primer 
(5′-ACG GGG TTC CAT ATC TTG CC-3′) by the Value 
Read sequence service (Eurofins Genomics, Tokyo, Japan). 
When this first screening was positive, the PCR products 
were cloned into the pCR2.1 vector using the TA Cloning® 
Kit (Invitrogen, CA, USA) and transformed into DH5α com-
petent Escherichia coli (TOYOBO, Osaka, Japan). Ten plas-
mid clones from each PCR product were sequenced using 

the M13 primer. An embryo in which all 10 genotyped 
clones had the same mutations was defined as a homozy-
gous mutant.

Pattern analysis of homozygous mutants

After induction of DSBs at the target Foxn1 site by the 
CRISPR/Cas9 system, a 1–3 bp deletion or 1 bp insertion 
is induced via the NHEJ repair pathway, or deletions using 
microhomologies of ≥ 2 bases are frequently induced via the 
MMEJ repair pathway [26]. Of 3/6 hpi 1-cell and 19 hpi 
2-cell stage embryos and 4.5 dpc blastocysts, the homozy-
gous induced mutations, in which all 10 of the clones have 
the same mutation as mentioned above, were first classified 
as deletion, insertion, or deletion plus insertion. Then, dele-
tion mutations were classified as either NHEJ or MMEJ. In 
addition, the preference of the deletion direction from the 
Cas9 break site occurring between the 3rd and 4th bases 
upstream of the NGG PAM sequence was investigated in 
in-del mutants. In this context, the microhomology arms 
were equally divided in both the 5′ and 3′ directions. The 
maximum detectable size of the total, 5′, and 3′ deletions 
were 306, 61, and 245 bp, respectively.

Statistics

Fisher’s exact test followed by Benjamini and Hochberg 
false discovery rate correction was used to determine the sig-
nificance of differences in the number of survived embryos, 
blastocysts, total mutant blastocysts, and homozygous blas-
tocysts among groups [1]–[3] and [2], [4]–[6] in Tables 1 
and 2, respectively. The same statistical test was used to 
determine the significance of differences in the number of 
total mutants and homozygous mutants in 3/6 hpi 1-cell 
and 19 hpi 2-cell stage embryos among groups [2], [4]–[6] 
in Table 3 (R version 4.1.3, https://​www.r-​proje​ct.​org). 

Table 1   Foxn1 genome editing in rat blastocysts after pronuclear injection of CRISPR crRNA:tracrRNA/Cas9 protein

*P < 0.05 vs groups [2] and [3]
a % calculated from the number of injected zygotes
b % calculated from the number of PCR-positive blastocysts
c Blastocysts were harvested 4 days after oviductal transfer of surviving zygotes

Group Delivered item [Conc. (ng/µl)] No. donors No. injected No. (%a) survived No. (%a) 
blastocystsc

Blastocysts

No. 
PCR-
positive

Mutants (%b)

Cas9 gRNA Total Homozygous

[1] Protein [100] crRNA [25]
:tracrRNA [25]

9 187 153 (81.8) 5 (2.7) 4 3 (75.0) 2 (50.0)

[2] Protein [60] crRNA [15]
:tracrRNA [15]

4 76 66 (86.8) 11 (14.5) 11 11 (100.0) 7 (63.6)

[3] Protein [30] ccrRNA [12.5]
:tracrRNA [12.5]

7 121 99 (81.8) 17 (14.0)* 13 9 (69.2) 4 (30.8)

https://www.r-project.org
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Differences were considered to be significant when the P 
value was less than 0.05.

Results

Homozygous mutations of the Foxn1 locus in rat 
blastocysts

We firstly investigated the efficiency of producing rat blas-
tocysts with homozygous mutations in the Foxn1 locus by 
pronuclear injection of Cas9 protein (group [1]–[3]: 30, 60, 
or 100 ng/µl) with crRNA:tracrRNA (Table 1). In this con-
text, the form of guide RNA was fixed to crRNA:tracrRNA, 
because it is well-known crRNA:tracrRNA is more efficient 
in the genome-editing than sgRNA when Cas9 protein is 
used for pronuclear injection [14, 27]. Postinjection zygote 
survival (81.8–86.8%) did not differ among 30–100 ng/µl 
protein concentrations, while blastocyst harvest in the inter-
mediate (60 ng/µl) and low (30 ng/µl) Cas9 protein concen-
tration groups (16.7–17.2%) was higher than that in the high 
(100 ng/µl) concentration group (3.3%). Of the PCR-positive 
blastocysts, 69.2–100.0% and 30.8–63.6% were mutants 
and homozygous mutants, respectively. Overall, pronuclear 
injection of RNP solution at an intermediate concentration 
(60 ng/µl Cas9 protein + 15 ng/µl crRNA + 15 ng/µl tracr-
RNA) was likely optimal for producing rat blastocysts with 
homozygous Foxn1 mutations at high efficiency.

Next, we compared the efficiency of producing rat 
blastocysts with homozygous mutations in the Foxn1 
locus by pronuclear injection of Cas9 protein (group [2]) 
with crRNA:tracrRNA, Cas9 mRNA with sgRNA or 
crRNA:tracrRNA (group [4] or [5]), or plasmid DNA pX330 

(group [6]) (Table 2). Postinjection zygote survival in the 
protein and mRNA groups (86.8–95.1%) was higher than 
that in the plasmid DNA group (62.5%), while blastocyst 
harvest in the mRNA groups (29.3–46.6%) was higher than 
those in the protein and plasmid DNA groups (5.0–14.5%). 
Genotype analysis showed that 100.0, 75.0, 13.0, and 
100.0% of the PCR-positive blastocysts were mutants in the 
protein, mRNA with sgRNA or crRNA:tracrRNA, and plas-
mid DNA groups, respectively. Of the PCR-positive blasto-
cysts, 63.6, 20.0, 8.7, and 25.0% were homozygous mutants 
in the protein, mRNA with sgRNA or crRNA:tracrRNA, 
and plasmid DNA groups, respectively. The efficiency of 
producing rat blastocysts with homozygous mutations in the 
Foxn1 locus by pronuclear injection of Cas9 protein with 
crRNA:tracrRNA (blastocyst harvest rate: 14.5% × homozy-
gous mutant blastocyst rate: 63.6% = 9.2%) and Cas9 mRNA 
with sgRNA (46.6% × 20.0% = 9.3%) was higher than Cas9 
mRNA with crRNA:tracrRNA (29.3% × 8.7% = 2.5%) and 
plasmid DNA pX330 (5.0% × 25.0% = 1.3%). Consider-
ing the time and cost of genotyping analysis, pronuclear 
injection of RNP solution at an intermediate Cas9 protein 
concentration (group [2]) was likely optimal for producing 
homozygous Foxn1 mutant blastocysts at high efficiency, 
followed by mRNA with sgRNA injection (group [4]).

Initiation of genome editing in 1‑cell/2‑cell stage 
embryos

Genome editing of early stage embryos (1-cell; 3 or 6 hpi, 
2-cell; 19 hpi) via plasmid DNA, mRNA (crRNA:tracrRNA 
and sgRNA), and protein injection was investigated 
(Table 3). The proportions of homozygous mutations in 
2-cell stage embryos seemed to be correlated with those in 

Table 2   Foxn1 genome editing in rat blastocysts after pronuclear injection of CRISPR gRNA/three different Cas9 forms

*P < 0.05 vs other groups
**P < 0.05 vs groups [4] and [5]
a % calculated from the number of injected zygotes
b % calculated from the number of PCR-positive blastocysts
c Blastocysts were harvested 4 days after oviductal transfer of surviving zygotes
d This dataset is the same in Table 1

Group Delivered item [Conc. (ng/µl)] No. donors No. injected No. (%a) sur-
vived

No. (%a) 
blastocystsc

Blastocysts

No. 
PCR-
positive

Mutants (%b)

Cas9 gRNA Total Homozygous

[2]d Protein [60] crRNA [15]
:tracrRNA [15]

4 76 66 (86.8) 11 (14.5) 11 11 (100.0) 7 (63.6)**

[4] mRNA [100] sgRNA [50] 5 103 98 (95.1) 48 (46.6)* 40 30 (75.0) 8 (20.0)
[5] mRNA [100] crRNA [25]

:tracrRNA [25]
7 147 129 (87.8) 43 (29.3)* 23 3 (13.0)* 2 (8.7)

[6] Plasmid DNA [5] 4 80 50 (62.5)* 4 (5.0) 4 4 (100.0) 1 (25.0)
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blastocysts, as shown in Table 2. Some 1-cell stage zygotes 
(2.6–0.3%) were found to be homozygous mutants as early 
as 3 or 6 h after protein + crRNA:tracrRNA injection, while 
no homozygous mutations were observed in 1-cell stage 
zygotes after plasmid DNA or mRNA + crRNA:tracrRNA/
sgRNA injection.

Pattern analysis of homozygous mutants 
in 1‑cell/2‑cell stage embryos and blastocysts

The homozygous induced mutations in 3/6 hpi 1-cell and 19 
hpi 2-cell stage embryos (1 + 3 + 18 = 22 in group [2] and 
0 + 0 + 7 = 7 in group [4], shown in Table 3) and 4.5 dpc blas-
tocysts (7 in group [2] and 8 in group [4], shown in Table 2) 
were first classified as deletion, insertion, or deletion plus 
insertion (Fig. 1A). Regardless of the Cas9 delivery format 
(mRNA + sgRNA or protein + crRNA:tracrRNA), homozy-
gous mutations were triggered by a deletion in most cases 
(Fig. 1B). The repair of DSBs at the target Foxn1 locus was 
induced dominantly via the NHEJ pathway in homozygous 
mutants in the mRNA + sgRNA group and to a lesser extent 
in those in the protein + crRNA:tracrRNA group (Fig. 1B). 
Based on the deletion length downstream versus upstream 
of the Cas9 break site, bias toward deletion in the 3' direc-
tion was detected in the deletion mutants, especially those 
with > 20 bp deletions (Fig. 1C). In the mRNA + sgRNA 
group and protein + crRNA:tracrRNA group, the deleted 
sequences in the 3' region occupied 73.0% and 85.1% of the 
total deletions (12.5/17.1 bp and 22.3/26.3 bp) on average, 
respectively.

Discussion

Our study demonstrates that homozygous Foxn1 mutation 
is effectively induced by delivering Cas9 endonuclease as 
a protein along with gRNA (assembled RNP complex) into 
pronuclear stage rat zygotes, and that RNP injection mainly 
induces homozygous in-del mutations via MMEJ before or 
during the first cleavage of injected zygotes. Some 1-cell 
zygotes are genome-edited shortly after pronuclear injec-
tion of the RNP, unlike the case for plasmid and mRNA 
injection (Table 3), suggesting the prompt availability of 
enzymatic activity of Cas9 protein when the transcription 
and translation processes can be bypassed. In previous stud-
ies, Cas9 protein evoked DNA cleavage in cultured human 
cells at 1 h posttransfection [28], and Cas9 protein coinjected 
with gRNA and single-stranded oligodeoxynucleotides 
(ssODN) was superior to plasmid plus ssODN in generat-
ing knock-in mice [16], both of which agree with our find-
ings. Interestingly, homozygous mutations were observed 
in approximately half of both the Foxn1-edited blastocysts 
(56.5%, 13/23; Table 1) and 2-cell embryos (50.0%, 18/36; Ta
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Table 3) that received Cas9 protein. On the other hand, the 
delivery of Cas9 mRNA resulted in low editing efficiencies 
in embryos at the 2-cell stage (13.3%, 10/75; Table 2) and 
a low proportion of homozygous mutant blastocysts among 
the total mutants (30.3%, 10/33; Table 1). This may sug-
gest that delayed activity of the introduced CRISPR/Cas9 

system leads to a higher frequency of monoallelic mutation 
or mosaicism. Moreover, it was reported that Cas9 protein/
sgRNA introduction into human, mouse, and zebrafish cells 
reduced off-target effects but not on-target digestion [13, 28].

Optimization of the RNP injection is likely to be required 
for different animal species and strains, as well as individual 
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target genes. Dose-dependent cytotoxicity of the injected 
RNP was observed in the blastocyst harvest of our study 
(Table 1). Ménoret et al. [15] reported that Cas9 protein 
(3 µM)/sgRNA (3 µM) injection into rat zygotes induced 
indel mutations at the Rosa26 locus more efficiently than 
Cas9 mRNA (50 ng/µl)/sgRNA (10 ng/µl) injection, but a 
higher concentration of Cas9 protein (6 µM)/sgRNA (6 µM) 
resulted in impaired fetal development after transfer. In the 
same study, Cas9 protein (1.5 µM)/sgRNA (3 µM) injection 
and Cas9 mRNA (20 ng/µl)/sgRNA (10 ng/µl) injection into 
mouse zygotes induced Rosa26 indel mutations at a similar 
efficiency, and genome-editing efficiency at the rat Foxp3 or 
Anks3 locus was comparable between the Cas9 protein and 
mRNA delivery groups [15]. Ma et al. [29] reported that the 
rat Dbndd1 locus was edited equally by pronuclear injection 
of Cas9 protein (30 ng/µl)/sgRNA (10 ng/µl) versus Cas9 
mRNA (25 ng/µl)/sgRNA (10 ng/µl).

The type of gRNA (crRNA:tracrRNA or sgRNA) deliv-
ered via pronuclear injection could impact the efficiency 
of genome editing. The coinjection of crRNA:tracrRNA 
with Cas9 mRNA had a negative impact on the efficiency 
of genome editing in both 2-cell stage embryos and blas-
tocysts (Tables 2, 3). Genome-editing efficiency in mouse 
offspring was influenced by the format of gRNA introduc-
tion in coinjection with Cas9 protein, as crRNA:tracrRNA 
resulted in higher genome-editing efficiency than sgRNA 
[14, 27], which is contradictory to our results when using 
Cas9 mRNA. No direct comparison of the gRNA format for 
rat genome editing was conducted by coinjection with Cas9 
protein in our study. Zygotic genome activation in rodents 
occurs around the time of the first embryonic cleavage, and 
the associated dramatic change in gene expression may 
affect the translation of Cas9 mRNA and RNP formation.

Mutation pattern analysis in our study revealed that pro-
nuclear RNP injection preferentially induced a homozy-
gous deletion via the MMEJ pathway when compared with 
mRNA/sgRNA injection (Fig. 1). The pronuclear stage of 
1-cell zygotes is morphologically classified as “PN3” [27, 
30]; that is, the MMEJ pathway is predominant in these 
cells [31]. MMEJ has been considered more appropri-
ate for precise genome editing to generate KO mutations 
than homology-directed repair or NHEJ [32, 33]. MMEJ 
has been used to generate high-throughput knock-in mice 
through precise integration into the target chromosome 
system, which is enhanced by a combination with exonu-
clease 1 [34]. The bias toward deletion in the 3′ direction 
from the Cas9 break site has been reported in the case of 
Cas9 mRNA and sgRNA injection into rat zygotes [35]. 
The current study adds to our knowledge, confirming the 
3′ deletion preference for Cas9 delivered as both mRNA 
and protein.

In conclusion, homozygous Foxn1-mutated rat blas-
tocysts can be produced efficiently by microinjection of 
CRISPR/Cas9 materials as RNPs (recombinant Cas9 pro-
tein + crRNA:tracrRNA) into pronuclear stage zygotes. 
Since the Cas9 protein becomes enzymatically active 
earlier than Cas9 mRNA or plasmid by bypassing the 
transcription and translation processes, DSB induction 
and editing at the Foxn1 locus before the first cleavage of 
injected zygotes may be facilitated. The optimal concen-
trations of the Cas9 protein and gRNA should be further 
investigated for different rodent species and target DNA 
loci.
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Sequence analysis of homozygous mutations in 1-/2-cell and blas-
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(60 ng/µl) + crRNA:tracrRNA groups. The 30 bases in a box indicate 
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microhomology-mediated end joining (MMEJ) or nonhomologous 
end joining (NHEJ) for deletion. Red and blue letters indicate micro-
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mutant is the upstream CAG​GCT​TC. B Upper panel; Ins and/or Del 
frequency in homozygous mutants. Lower panel; NHEJ and MMEJ 
ratio in homozygous mutants. C 5′ and 3′ deletion lengths of dele-
tion mutants. Closed symbols; Cas9 mRNA + sgRNA, open symbols; 
Cas9 protein (60 ng/ul) + crRNA:tracrRNA. Plots under the Y = X dot 
line represent the preferred deletion from the Cas9 break site in the 3′ 
direction rather than the 5′ direction. The maximum detectable size 
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