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Abstract The CRISPR RNA-guided Cas9 nuclease gene-

targeting system has been extensively used to edit the

genome of several organisms. However, most mutations

reported to date have been are indels, resulting in multiple

mutations and numerous alleles in targeted genes. In the

present study, a large deletion of 105 kb in the TYR (ty-

rosinase) gene was generated in rabbit via a dual sgRNA-

directed CRISPR/Cas9 system. The typical symptoms of

albinism accompanied significantly decreased expression

of TYR in the TYR knockout rabbits. Furthermore, the same

genotype and albinism phenotype were found in the F1

generation, suggesting that large-fragment deletions can be

efficiently transmitted to the germline and stably inherited

in offspring. Taken together, our data demonstrate that

mono and biallelic large deletions can be achieved using

the dual sgRNA-directed CRISPR/Cas9 system. This sys-

tem produces no mosaic mutations or off-target effects,

making it an efficient tool for large-fragment deletions in

rabbit and other organisms.

Keywords Rabbit � CRISPR/Cas9 � Tyrosinase �
Albinism

Introduction

Rabbits are classic model animals and have more similar-

ities to humans than mice and rats in terms of physiology,

anatomy, and genetics. They also require less maintenance

and have a shorter gestation period than pigs and monkeys.

Currently, rabbits are extensively used as an appropriate

animal model for cardiovascular/metabolic diseases and

ophthalmic studies [1].

The Cas9/gRNA system was developed to take advan-

tage of the RNA-guided Cas9 protein; when combined with

a short, guide RNA (sgRNA), it can be used to target and

cleave DNA sequences [1–5]. It has been successfully used

to create gene-targeted in Drosophila [6, 7], Caenorhab-

ditis elegans [8], rat [9, 10], monkey [11], zebrafish [12–

14], mouse [15] and rabbit [16] with high efficiency. All of

these genetically modified animals were generated via

double-strand break and non-homologous end joining

mediated repair, leading to the introduction of small

insertions or deletions in the open reading frame (ORF) of

the target locus. Further breeding and genetic testing of the

homozygous offspring were therefore necessary. Recently,

the use of a dual sgRNA-directed system to create large

gene deletions has provided an efficient tool for the dele-

tion of gene clusters, removal of long non-coding RNAs

(lncRNAs), and elimination of gene regulatory sequences

[17–19]. Co-injection of a dual sgRNA-directed CRISPR/

Cas9 system was able to induce the complete deletion of a

65-kb fragment including the entire Dip2a gene in a mouse

zygote [21]. However, there has been no report of large

deletions via the CRISPR/Cas9 system in rabbit.

Here, we aimed to investigate the feasibility of gener-

ating large-scale genomic deletions via the dual sgRNA

system with cytoplasm microinjection pronuclear-stage

embryos. In the present study, we targeted the tyrosinase
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gene TYR, a major gene linked to albinism [20, 21], and

generated a large-fragment genome deletion of TYR (105-

kb) in rabbit. We demonstrate that a dual sgRNA-guided

CRISPR/Cas9 system is an efficient method for large-

fragment gene deletions in rabbit.

Materials and methods

Ethics statement

The rabbits used in this study were New Zealand white and

Lianshan black rabbits. All animal studies were conducted

according to experimental practices and standards

approved by the Animal Welfare and Research Ethics

Committee at Jilin University.

DNA constructs and in vitro transcription

The Cas9 expression construct, 3xFLAG-NLS-SpCas9-

NLS, was synthesized and cloned into the pCS2? vector.

The construct was linearized with NotI and transcribed

in vitro using the mMessage mMachine SP6 Kit (Ambion,

USA) and the RNeasy Mini Kit (Qiagen).

To create a gRNA expression vector, the T7 promoter

followed by two BbsI sites was synthesized upstream of the

gRNA scaffold and cloned into the pUC57-Simple vector

(Addgene ID 51306). A pair of complementary oligonu-

cleotides encoding the 20-nt guide sequences were

annealed at 95 �C for 5 min and ramped down to 25 �C to

generate the dsDNA fragment, which was then cloned into

the BbsI-digested gRNA expression vector.

PCR products for in vitro transcription of gRNAs were

amplified using T7-F: (50-GAAATTAATACGACTCAC
TATA-30) and T7-R: (50-AAAAAAAGCACCGA CTCGG

TGCCAC-30) primers. The sgRNAs were transcribed using

the T7 RNA Synthesis Kit (Ambion) and purified by

miRNeasy Mini Kit (Qiagen) according to the manufac-

turer. The concentration and quality of synthesized mRNAs

were determined by Nanodrop 2000 and agarose gel elec-

trophoresis, respectively.

Microinjection and embryo transfer

The protocol for microinjection of pronuclear-stage

embryos has been described in detail by our published

protocols [22]. In brief, zygotes were collected from sex-

ually mature Lianshan black rabbits, that had undergone

superovulation by six times and a 12-h interval of intra-

venous injection of follicle-stimulating hormone (FSH).

The rabbits were mated 18 h after intravenous injection of

100 IU human chorionic gonadotrophin (hCG). The ovi-

ducts were then flushed with 5 mL DPBS-BSA for

collection of pronuclear-stage embryos, which were

transferred to embryo culture medium for microinjection.

Mixtures of in vitro-transcribed mRNA derived from the

gRNAs (25 ng/lL) and Cas9 (100 ng/lL) were injected

into the cytoplasm of pronuclear stage embryos. The

injected embryos were transferred to embryo culture

medium for 30–60 min, followed by transfer of approxi-

mately 30–50 injected embryos into the oviduct of the

recipient mother.

Mutation detection in embryos and pups by PCR

Each injected zygote was collected at the blastocyst stage

and incubated in embryo lysis buffer at 50 �C for 20 min

and 90 �C for 5 min in a BIO-RAD PCR machine. Geno-

mic DNA from TYR knockout and WT rabbits was isolated

using the TIANamp Genomic DNA Kit (TIANGEN, Bei-

jing, China) according to the manufacturer’s instructions.

PCR primers used for mutation detection are listed in

Supplementary Table S1. PCR products were gel purified

and cloned into pGM-T (Tiangen, Beijing, China). Ten

positive plasmid clones were sequenced and DNAMAN

was used for sequence analysis.

Off-target assay

Potential off-target sites (POTS) of the sgRNAs were

predicted using the CRISPR online design tool (http://tools.

genomeengineering.org). The top five POTS that were

most likely to produce off-target mutations were selected

and subjected to PCR and sequence analysis. Vector NTI

and DNAMAN were used for sequence analysis. Primers

are shown in Supplementary Table S3.

T7 endonuclease I (T7EI) assay

A T7 endonuclease I (T7EI) assay was performed as

described previously [23]. Briefly, the genomic DNA of

each Cas9/gRNA-injected blastocyst and its pups was

extracted as mentioned above. The regions containing the

off-target sites were amplified by PCR with gene-specific

primers (Supplementary Table S2), then the PCR products

were denatured and annealed under the following condi-

tions: 95 �C for 5 min, 95 �C for 5 min, 95–85 �C at

-2 �C/s, 85–25 �C at -0.1 �C/s, hold at 4 �C. The

annealed samples were digested with T7EI (NEB

M0302L), separated and measured on an ethidium bro-

mide-stained 10 % polyacrylamide TAE gel.

Histology and western blotting

Skin and eye tissues from TYR knockout and WT rabbits

were fixed with 4 % paraformaldehyde for 48 h, embedded
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in paraffin wax, and slide sectioned. Skin and eye sections

were stained with hematoxylin and eosin and analyzed by

microscope (Nikon ts100).

For western blotting, the eyes from TYR knockout and

WT rabbits were homogenized in 150 lL of lysis buffer

and protein concentrations were measured using the BCA

Protein Assay Kit (Beyotime). Anti-TYR polyclonal anti-

body (1:2000; abcam) was used as the primary antibody,

and anti-GAPDH monoclonal antibody (1:2000; Beyotime)

was used as an internal control. The image was quantified

using ImageJ software (NIH) and all the data are expressed

as mean ± SEM.

Real-time quantitative PCR (qRT-PCR)

Total RNA was isolated from skin tissue using TRNzol

reagent (TIANGEN, Beijing, China) according to the

manufacturer’s instructions. RNA was first treated with

DNase I (Fermentas) and reverse transcribed to cDNA

using the BioRT cDNA First-Strand Synthesis Kit (Bioer

Technology, Hangzhou, China). The primers used in this

study are listed in Supplementary Table S1. qRT-PCR was

performed using the BIO-RAD iQ5 Multicolor Real-Time

PCR Detection System with the BioEasy SYBR Green I

Real Time PCR Kit (Bioer Technology, Hangzhou, China).

The 2�DDCT formula was used to determine relative gene

expression, which was normalized to the amount of

GAPDH mRNA. All experiments were repeated three

times for each gene. All the data are expressed as

mean ± SEM.

Statistical analyses

Data from qRT-PCR and western blotting were analyzed

with t tests using Graphpad Prism software. A P value of

\0.05 was considered statistically significant.

Results

Dual sgRNA-directed large deletion of the TYR gene

in zygotes

For targeting the rabbit TYR gene, four sgRNAs were

designed based on the website tool. Two sgRNAs targeted

sites 43 and 83 bp upstream of the TYR locus (sgRNA1 and

sgRNA2, respectively), and the other two sites (sgRNA3

and sgRNA4) were located in the 30 UTR of the last exon

(Fig. 1a, c). Three pairs of primers were designed and used

for the detection of mutations via PCR (Fig. 1a). The

pCS2-3xFLAG-NLS-SpCas9- NLS vector and the pUC57-

Simple-gRNA backbone vector (Addgene ID 51306),

including the sgRNA sequences were transcribed in vitro

and used for cytoplasmic microinjection (Fig. 1b).

To determine the efficiency of dual sgRNA-directed

large deletion of the TYR gene in zygotes, in vitro-tran-

Fig. 1 Genome editing of TYR gene via the Cas9/gRNA system.

a Schematic diagram of the four sgRNA target sites at the tyrosinase

(TYR) gene locus. The CDS region is indicated by blue rectangles.

SgRNA target sites are indicated by black arrow. SgRNA1and

sgRNA2 are located upstream of the TYR locus. SgRNA3 and

sgRNA4 are located in the 30 UTR. 1/2/3 F and 1/2/3 R represent the

PCR primer pairs used for mutation detection. The scale bar

represents 10 kb. b Constructs and schematic illustration of the

Cas9/gRNA system used in this study. c Target sequence of the four

sgRNA used in this study

Efficient dual sgRNA-directed large gene deletion in rabbit with CRISPR/Cas9 system 2961

123



scribed mRNA of Cas9 and the four sgRNAs were mixed

and microinjected into the cytoplasm of pronuclear-stage

embryos at a concentration of 100 ng/lL (Cas9) and 25 ng/

lL (sgRNA). Out of 18 injected embryos, 14 developed to

the blastocyst stage; PCR products derived from 10 blas-

tocysts were then sequenced to determine mutation

efficiency in the zygotes. As shown in Fig. 2a and con-

firmed by sequence analysis, the desired large fragment

deletion of TYR was found in blastocyst #5, demonstrating

that a large deletion of 105 kb can be achieved via the dual

sgRNA system and cytoplasmic microinjection of pronu-

clear-stage embryos (Fig. 2c).

The mutation efficiency of the CRISPR/Cas9 system

for each sgRNA was also determined by T-cloning and

Sanger sequencing. PCR primers 2F and 2R were used for

detection of mutations with sgRNA1 and sgRNA2, while

3F and 3R were used for sgRNA3 and sgRNA4 (Fig. 1a).

As shown in Fig. 2b, the desired deletion of TYR was

found in samples #2, #4, #6, and #10. The T-cloning and

Sanger sequencing results demonstrate that the mutation

Fig. 2 Dual sgRNA-directed large deletion of TYR in zygotes.

a Determination of 105-kb deletions of TYR gene in rabbit embryos

by PCR. A clear band demonstrates the large-fragment deletion of

TYR in #5 embryos; primers 1F and 1R were used for large-fragment

determination. M DNA ladder. b Mutation detection for each sgRNA

in zygotes. Primers TYR-2F/2R were used for mutation determination

for sgRNA1 and sgRNA2, and TYR-3F/3R were used for sgRNA3 and

sgRNA 4.M DNA marker. c T-cloning sequencing of deletion of TYR

in #5 blastocyst. PAM sites are underlined and highlighted in red;

target sequences are green; deletions (-) and insertions (?) are

shown. WT wild-type control. d T-cloning sequencing of the target

site for each sgRNA in injected embryos. PAM sites are underlined

and highlighted in red; target sequences are green; deletions (-) and

insertions (?) are shown. WT wild-type control
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efficiency of the four sgRNAs was as high as 100 % in all

tested embryos, with mutation efficiencies of 82.6, 39.1,

52.1, and 43.5 % for sgRNA1, sgRNA2, sgRNA3, and

sgRNA4, respectively (Fig. 2d; Table S2). All these

results indicate that the CRISPR/Cas9 system is an effi-

cient tool for gene mutation and precise genomic deletion

of large fragments in zygotes.

Generation of the whole gene deletion of TYR

in rabbit by dual sgRNAs

To generate the whole gene deletions of TYR in rabbit, 169

injected embryos were transferred to 5 pseudo-pregnant

recipient rabbits. Three of these recipient mothers were

pregnant to term and gave birth to 17 live pups (Table 1).

Table 1 Generation of genetically targeted rabbits using CRISPR/Cas9

Recipients gRNA/Cas9

mRNA (ng/

uL)

Embryos

injected

Embryos

transferred (%

microinjected)

Pregnancy Pups obtained

(% transferred)

Pups with

mutations (%

pups)

Pups with large

fragment deletion (%

pups)

Pups with

color

change

1 25/100 40 30 (75 %) No

2 25/100 45 40 (89 %) Yes 8 (20 %) 6 (75 %) 1 (16.7 %) 1

3 25/100 40 34 (85 %) No

4 25/100 37 30 (81 %) Yes 5 (16.7 %) 5 (100 %) 1 (20 %) 1

5 25/100 40 35 (88 %) Yes 4 (11.4 %) 4 (100 %) 1 (25 %) 1

Fig. 3 Generation of large deletion of TYR in rabbits by dual

sgRNAs. a Phenotype of TYR mutant rabbit; #301 is the TYR biallelic

mutant (homozygote), which exhibited the typical albinism pheno-

type; #204 and #106 are the TYR monoalleic mutation (heterozygote)

and the wild-type rabbit. The box shows the light pink-tinted iris and

pupil of the #301 rabbit compared with the dark iris of wild-type

rabbits. WT wild-type control. b The mutation determination of

105 kb deletions of TYR gene in founder rabbits by PCR. Results

showed that three (#106, #204 and #301) of the 17 founders were

large deletion of TYR rabbit. Primers used were TYR-F1 and R1

(Table S1). M DNA marker. c T-cloning sequences of mutant alleles

in the large deletion of TYR rabbit (#106, #204 and #301). The PAM

sites are underlined and highlighted in red; the target sequences are

green; deletions (-) and insertions (?) are shown. WT wild-type

control. d Chimera analysis of different tissues from #204 by PCR-

sequencing. All detected tissues showed the same PCR band. Primers

used were F1 and R1 (Table S1). M DNA marker, WT wild-type

control. e T-cloning sequences of mutant alleles in different tissues

from #204. PAM sites are underlined and highlighted in red; target

sequences are green; deletions (-) and insertions (?) are shown. WT

wild-type control
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The TYR biallelic gene deletion rabbit (#301) showed the

typical albino phenotype, with a complete loss of dark

pigment in the skin and eyes, while the TYR monoallelic

gene deletion rabbits (#106 and #204) and WT littermates

had black skin and eyes (Fig. 3a). The T-cloning and PCR-

sequencing results showed that a large-fragment deletion of

TYR was detected in rabbits #106, #204 and #301 (Fig. 3b,

c), while the other rabbits carried other deletions or

mutations. In addition, TYR-E3-F/R primers were used for

heterozygous determination, revealing that samples #106

and #204 were heterozygous, with one allele carrying a

105-kb deletion and the other being the WT allele

(Fig. 3c). Of interest, although #106 and #204 carried a

large-fragment deletion of TYR, the typical symptoms of

albinism were not observed in these two rabbits. Sequence

analysis confirmed that the homozygous genotype (A/A)

was associated with a non-pigmented phenotype (Fig. S2),

as has been demonstrated in previous studies [10, 24].

To test if the rabbits were chimeras in different tissues

or not, the genomic DNA of the heart, liver, spleen, lung,

kidney, muscle, intestine, testis and skin from sample #204

was isolated for PCR and Sanger sequencing analysis. As

demonstrated in Fig. 3d, e, all tissues from #204 exhibited

the same mutations and cleavage bands in all tested tissues,

suggesting that no chimeric mutations were present in the

gene-targeted rabbits.

The mutation efficiency of each sgRNA was also

determined by PCR-sequencing and T-cloning analysis as

described above. As shown in Fig. 4, at least one TYR

target site was destroyed by CRISPR/Cas9 in the rabbits,

with indels in the founders ranging from 1 to 346 bp. The

results demonstrated the dual sgRNAs directed CRISPR/

Cas9 system is efficiently in mutations and large gene

deletions of the rabbit TYR gene in this study.

Phenotype identification of TYR gene deletion

in rabbits

We further examined whether the gene mutations caused a

reduction in gene expression or related phenotypes. As

shown in Fig. 5a, TYR mRNA was reduced significantly,

by about 50 %, in TYR?/- rabbits, with virtually no

expression in TYR-/- rabbits compared to WT rabbits.

These results were also confirmed by western blot and

gray-scale analysis at the protein level (Fig. 5b), indicating

that both TYR protein and mRNA were completely

Fig. 4 PCR and T-cloning sequencing of the target site for each

sgRNA in founder rabbit. a Mutation detection of sgRNA1 and

sgRNA2 in founder rabbit by PCR. Primers TYR-2F/2R were used for

mutation determination. M DNA marker, WT wild-type control.

b Mutation detection of sgRNA3 and sgRNA4 in founder rabbit by

PCR. Primers TYR-3F/3R were used for mutation determination.

M DNA marker, WT wild-type control. c T-cloning sequencing of the

target sites of sgRNA1 and sgRNA2 in founder rabbits. PAM sites are

underlined and highlighted in red; target sequences are green;

deletions (-) and insertions (?) are shown. WT wild-type control.

d T-cloning sequencing of the target sites of sgRNA3 and sgRNA4 in

founder rabbits. PAM sites are underlined and highlighted in red;

target sequences are green; deletions (-) and insertions (?) are

shown. WT wild-type control
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eliminated in TYR-/- rabbits and had decreased expression

in TYR?/- rabbits. In addition, histological HE staining

showed the absence of melanin in hair follicles and irises of

TYR-/- rabbits but not in the WT littermates (Fig. 5c).

These results indicate that typical symptoms of albinism,

such as white skin color and red eyes, were observed in

TYR-/- rabbits.

Off-target analysis in TYR knockout rabbits

To test whether off-target effects occurred in these genet-

ically modified rabbits, we screened the rabbit genome and

predicted five POTS for each sgRNA, Primers and mis-

match sites are listed in Table S3. Genomic DNA from the

modified mutant rabbits was amplified by PCR and T7E1

analysis (Fig. S1). The sequence results showed that none

of the sequencing reads exhibited mutation, suggesting that

no off-target effects occurred at the 20 POTS in the rabbits

derived from the dual sgRNA system with cytoplasmic

microinjection in pronuclear-stage embryos.

Heritability of large fragment deletions

To study whether the large fragment deletions were heri-

table or not, the female founder #106 was mated with New

Zealand white (NW) rabbits (Fig. 6a). Rabbit #106 was a

heterozygote with a large-fragment deletion of TYR, though

the typical symptom of albinism was not observed.

Sequence analysis demonstrated that the NW rabbits are

homozygous (A/A) at nucleotide 1118, while the Lianshan

black rabbit has a common C/C or A/C, indicating the

homozygous A/A genotype is associated with a non-pig-

mented phenotype (Fig. S2; Fig. 6a). Results demonstrated

that four of eight F1 rabbits showed the typical albino

Fig. 5 Phenotype identification of TYR mutated rabbits. a Expression

of TYR gene was determined by qRT-PCR. WT wild-type control, NW

New Zealand white rabbit. The data were analyzed by t tests using

Graphpad Prism software. A probability of P\ 0.05 was considered

statistically significant. *P\ 0.05; **P\ 0.01; ***P\ 0.005. ns not

significant, WT wild-type control. b Western blot and gray-scale

analysis of the expression of TYR protein. The image was quantified

using ImageJ software (NIH) and all the data are expressed as the

mean ± SEM. *P\ 0.05; **P\ 0.01; ***P\ 0.005. WT wild-type

control. c H&E staining of the irides and skin from the WT and TYR

mutated rabbits. The arrows indicate the melanin in the iris and the

basal layer of the epidermis. WT wild-type control
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phenotype, with a complete loss of dark pigment in the skin

and eyes. Furthermore, T-cloning and PCR sequencing

results confirmed that a large-fragment deletion of TYR was

detected in pups of rabbits #401, #402, #403, and #404, but

not in those of rabbits #405, #406, #407, and #408,

demonstrating that large-fragment deletions are herita-

ble and that genome modifications induced by CRISPR/

Cas9 are transmitted to the germ-line (Fig. 6c, d).

Discussion

In recent studies, CRISPR/Cas9-directed gene insertions or

deletions have been successfully introduced to create

genetic modification in many organisms [5–16, 25].

Mutations to the gene TYR mediated by the CRISPR/Cas9

system have been reported in mice, resulting in the typical

albino phenotype [26, 27]. In this report, we described the

feasibility of applying the Cas9/gRNA system to produce a

large deletion (105 kb)of the TYR gene in rabbits. To our

knowledge, this is the first description of a large biallelic

gene deletion in rabbit by the dual sgRNA system and

cytoplasmic microinjection, demonstrating that this system

can be used efficiently not only in cells and mice, but also

in rabbit.

Large-fragment gene deletions were first reported using

TALENs, which produced deletions of approximately

1 Mb in zebrafish, but the efficiency was very low [28].

Zhang et al. showed that the efficiency of a 65-kb deletion

was about 6.0 % in injected mouse embryos and about

21.4 % in live pups using the CRISPR/Cas9 system [29].

According to a previous study, the use of multiple sgRNAs

increased the targeting efficiency of a 23-kb deletion in the

Rian locus from 16 to 33.3 % in human cells [30].

Therefore, for improving efficiency of gene targeting, four

sgRNAs and Cas9 mRNA were mixed together and used

for cytoplasm microinjection in this study. Our data

showed that the efficiency of the large 105-kb deletion was

10 and 17.67 % in rabbit embryos and live pups, respec-

tively. These results are consistent with previous studies,

suggesting that the CRISPR/Cas9 system is better than

TALENs, ZFNs, and other traditional gene editing tools

[30–32]. In addition, we found that the mutation efficiency

of a single sgRNA was as high as 100 % in both injected

embryos and pups, and the efficiency for large-fragment

gene deletions was approximately 70 % (Table S2). We

hypothesize that the efficiency of large gene deletions is

dependent on gene length, though more research on the

mechanisms of CRISPR/Cas9-directed deletions is needed

in future studies.

In this study, we found that a TYR-/- rabbit (#301)

exhibited the typical symptoms of albinism, while TYR?/-

rabbits (#106 and #204) did not. Furthermore sequencing

demonstrated that there is a common C nucleotide at

Fig. 6 Generation of F1s carrying large deletions of TYR. a Sequence
analysis of rabbit containing a large deletion of TYR (#106) and New

Zealand white rabbit. SNP is indicated by the blue arrows. Deletions

(-) and insertions (?) are shown. WT wild-type allele, NW New

Zealand white rabbit. b Picture of the F1 TYR mutant rabbit; four of

the F1 rabbits exhibited the typical albinism phenotype; others are

wild-type rabbits. c Determination of large deletions of TYR in F1

rabbits by PCR. A clear band demonstrates a large-fragment deletion

of TYR is present in #401, #402, #403, and #404. Primers 1F and 1R

were used for mutant determination. M DNA ladder. d T-cloning

sequence analysis of the F1 rabbits. SNP is indicated by the blue

arrows. Deletions (-) and insertions (?) are shown. WT wild-type

allele
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position 1118 in the TYR WT allele of rabbit #106. This is

consistent with a previous study showed that a C to A

mutation at position 1118 resulted in an amino acid

replacement (Thr373 to Lys373) in the last N-glycosylation

site, which was associated with a non-pigmented pheno-

type [33]. In addition, the results of qRT-PCR and western

blotting showed that the expression of TYR was completely

eliminated by the large-fragment deletion in the TYR-/-

rabbit, suggesting that it is possible to knock out whole

gene fragments when constructing gene knockout models

with the CRISPR/Cas9 system.

Off-target effects are a major concern in the Cas9-me-

diated gene editing system [7, 15]. However, such effects

were not found in the present study. We suspected that a

low concentration of sgRNA and Cas9 mRNA would

reduce off-target effects, as they would immediately

degrade after targeting the aimed gene. Furthermore, it is

particularly important to avoid mismatches in the seed

sequences (8–12 bases closest to PAM), which are critical

for site-specific cleavage in the CRISPR/Cas9 system. In

all, the protocol for mRNA injection into zygotes used in

this study should be a valuable and efficient strategy for

gene targeting, not only in rabbit but also in other mam-

malian species.

In summary, this the first report of a large-fragment gene

deletion in rabbit, indicating that the dual sgRNA-directed

CAS9/gRNA system may provide a simple and fast method

for the large deletion of genes in mammalian genomes.

This may also contribute to the functional study of gene

clusters, lncRNAs, and regulatory sequences in the future.
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