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Dear Editor,

The rat is a preferred animal model in many research 
applications, especially in physiological, behavioral and 
translational studies [1]. Although the rat embryonic 
stem (ES) cells were successfully isolated [2, 3], the 
rat ES cell-based gene-targeting approach has not been 
widely adopted due to the technical difficulties in ma-
nipulating these cells. The first knockout rat was gener-
ated via microinjection of zinc finger nuclease (ZFN) 
into the embryos [4]. In addition to ZFN, new genome-
editing tools such as transcription activator-like effector 
nuclease (TALEN) [5] and the clustered, regularly inter-
spaced, short palindromic repeats (CRISPR)/CRISPR-
associated protein (Cas) system [6] have offered a rapid 
and efficient means of genome modification in many spe-
cies. Technologies of ZFN and TALEN have made gene-
targeting in the rat genome more convenient and practi-
cal [7-9]. The CRISPR/Cas system is the most recently 
developed technology for targeted genome modification 
in mammalian cells, bacteria, zebrafish and mice [10-
12]. This system requires a locus-specific CRISPR RNA 
(crRNA), a transactivating crRNA (tracrRNA) and a nu-
clease Cas9. Previous studies have shown that a chimeric 
RNA, consisting of a crRNA that recognizes the target 
sequence and a tracrRNA that recruites Cas9, could ful-
fill the combined functions of crRNA and tracrRNA [11, 
12]. We previously reported highly efficient genome edit-
ing with the chimeric RNA-guided Cas9 system in mam-
malian cells and zebrafish [10]. Here, we successfully 
extended this simple and efficient gRNA/Cas9 system to 
modify the rat genome.

We designed 3 guide RNAs (gRNAs) to target exon 1 
of the rat Dusp6 gene (Supplementary information, Table 
S1). The gRNA molecules were all chimeric RNAs that 
fused tracrRNA with a Dusp6-specific crRNA sequence. 
To validate the targeting efficiency of these gRNAs, we 
constructed expression vectors in which a gRNA was 
driven by the U6 promoter and a Cas9 expression vector 
in which Cas9 was driven by the CMV promoter (Sup-
plementary information, Figure S1A). Both Cas9 and 
gRNA expression vectors were co-transfected into the rat 
embryonic fibroblast cells (REFCs). A GFP expression 

vector driven by the CMV promoter was also co-trans-
fected to monitor transfection efficiency. Three days after 
the transfection, REFCs were harvested and the genomic 
DNA was prepared.  Results of genotyping with T7 en-
donuclease I (T7EI) showed the expected sizes of DNA 
fragments, suggesting that all the 3 gRNAs efficiently 
guided Cas9 for genome editing, which led to non-ho-
mologous end-joining-mediated insertions and deletions 
(indels) in the Dusp6 locus (Supplementary information, 
Figure S1B). Sequencing results confirmed that the indels 
were introduced near the corresponding gRNA-targeting 
sites (Supplementary information, Figure S1C). Based on 
our previous study showing that a higher genome-editing 
efficiency was achieved by microinjecting Cas9 mRNA 
and gRNA into one-cell zebrafish embryos than by plas-
mid overexpression in cells [10], we chose to inject in 
vitro synthesized Cas9 mRNA (40 ng/μl) and gRNA 
D3 (20 ng/μl) into the one-cell Sprague-Dawley rat em-
bryos (Figure 1A). Out of the 165 injected embryos, 121 
healthy embryos were transferred into surrogate moth-
ers and 27 pups were born (Figure 1B). Out of these 27 
pups, 11 showed double peaks in the sequencing of PCR 
products amplified from genomic DNA (data not shown), 
suggesting a mixture of mutant and wild-type DNA tem-
plates in these rats. Among these 11 pups, we then cloned 
the PCR products of 5 rats and randomly sequenced sev-
eral clones from each rat. All these 5 rats had mutations 
near the targeting site in Dusp6 locus, and each rat only 
contained one type of mutation (Figure 1C). About half 
of the clones sequenced from each rat represented mutant 
alleles. These results suggest that gRNA/Cas9 can induce 
mutations in the rat genome with high efficiency. 

To determine whether the indels in the Dusp6 loci are 
heritable, we bred the mutants D3, D4 and D9 with wild-
type rats, and isolated day 10 F1 embryos of founder D4, 
day 14 F1 embryos of founder D3 and day 1 F1 neonatal 
pups of founder D9. PCR genotyping revealed that the 
mutations were present in the F1 of all 3 mutant rats 
(Supplementary information, Table S3) and the mutations 
of Dusp6 in F1 were the same as those in the correspond-
ing founders. These results suggest an efficient germline 
transmission of the gRNA/Cas9-induced mutations in 
rats.
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Figure 1 Generation of mutant rats with the gRNA/Cas9 system. (A) Constructs for in vitro synthesis of Cas9 mRNA and gRNAs. 
(B) Numbers of injected and transferred embryos, newborns and generated mutants during the establishment of knockout rats using 
gRNA/Cas9 system. (C) Sequencing results of the mutant Dusp6 alleles in the founder rats D1, D2, D3, D4 and D9. The gRNA-target-
ing sequences are in blue and the PAM is highlighted and underlined. The mutated sequences are in red. The number of nucleotides 
of point mutations (p), insertions (+) or deletions (–) are shown to the right of each allele. The fraction number represents number of 
mutant clones /number of clones sequenced. (D) Western blot of brain tissues of F1 embryos from founder D3 that was crossed with 
a wild-type female rat. Genotyping was performed to identify heterozygous and wild-type embryos. +/–, heterozygote; +/+, wild-type; 
pErk, phosphorylated Erk; tErk, total Erk. (E) Sequencing results of the mutant Gata5 alleles in the founder rats G2, G4 and G8 with 
only gRNA G3-guided mutations. (F) Sequencing results of rat G6 that contained a 350-bp deletion introduced by gRNAs G1 and G3.  
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To confirm that the Dusp6 gene was disrupted, we per-
formed western blot by using the brain tissues isolated 
from day 14 embryos of founder D3 that was crossed 
with a wild-type female rat. The heterozygotes showed 
about 50% decrease in the amounts of Dusp6 proteins 
(Figure 1D). Accordingly, the level of phosphorylated 
Erk (pErk), a substrate of Dusp6, was increased by about 
60% in the mutants as compared with that in the wild-
type littermates (Figure 1D). Thus, we have indeed 
achieved the disruption of Dusp6 gene by gRNA/Cas9, 
which caused a decrease in the Dusp6 phosphatase activ-
ity in the mutant rats.

One of the major advantages of the gRNA/Cas9 sys-
tem is the simple and flexible design of locus-specific 
gRNA [10-12]. We then tried to determine whether us-
ing a pair of gRNAs could cause predictable deletions 
between 2 targeted gRNA loci. A pair of gRNAs, G1 and 
G3, were designed to target the 5′ and 3′ regions of rat 
Gata5 exon 1, respectively (Supplementary information, 
Table S1), and co-transfected with Cas9 expression vec-
tor into REFCs. A PCR product of 894 bp was expected 
to be amplified from the wild-type Gata5 locus. The 
distance between the 2 targeting sites was about 320 bp. 
Interestingly, in addition to the 894-bp fragment, a PCR 
product of ~500 bp was amplified from the genomic 
DNA of gRNA-transfected REFCs (Supplementary in-
formation, Figure S1D; marked with an asterisk). Sub-
sequent sequencing of randomly-selected PCR clones 
showed that some mutations occurred at only one  target-
ing site, especially at the G3-targeting site (Supplemen-
tary information, Figure S1E), suggesting that the gRNA 
G1 was less effective than the gRNA G3. In addition, 
we found deletions of ~350 bp between the 2 gRNA-
targeting sites (Supplementary information, Figure 
S1E), suggesting that the simultaneous introduction of 2 
gRNAs causes predictable deletions in the targeted loci. 
We then tested this strategy in vivo by microinjecting 
Cas9 mRNA (40 ng/μl) together with the 2 gRNAs G1/
G3 (20 ng/μl each) into the fertilized Sprague-Dawley rat 
ova. Out of the 89 injected embryos, 80 healthy embryos 
were transferred into surrogate mothers and 13 pups were 
born (Figure 1B). Among the 13 pups, 4 showed double 
peaks in the sequencing of PCR products amplified from 
genomic DNA. The PCR products from these rats were 
subsequently cloned and sequenced. The rats G2 and G8 
had 5-nt and 13-nt deletions at the gRNA G3-targeting 
site, respectively (Figure 1E). The Rat G4 contained 3 
different kinds of mutations, but they were all introduced 
by gRNA G3 (Figure 1E). No wild-type allele was iden-
tified in the 8 randomly-selected clones from the Rat G4 
(Figure 1E), suggesting potential biallelic mutations in 
this rat. The rat G6 had a 350-bp deletion between the 

targeting sites of G1 and G3 (Figure 1F). Taken together, 
these results suggest that large DNA fragment deletions 
can be generated in the rat genome by using 2 gRNAs 
simultaneously. 

One major concern on genome editing with gRNA/
Cas9 is its potential off-target effects. Previous studies 
have shown that the 8-12 bp “seed sequence” at the im-
mediate 5′ side of the protospacer adjacent motif (PAM) 
is critical for the specificity of gRNA, while mismatches 
outside the “seed sequence” can be tolerated [12]. We 
thus examined the potential off-target sites of the 3 
gRNAs (D3, G1, G3) in the rat genome based on this 
rule. None of these potential sites contain more than 10 
nucleotides identical to the gRNA “seed sequence”. We 
then selected 6 potential off-target sites for each gRNA; 
each site contains a stretch of 9-10 nucleotides identical 
to the gRNA “seed sequence” (Supplementary informa-
tion, Table S4). No mutations were observed at these 
potential off-target sites in the 4 Gata5 mutant founders, 
and only 1 site showed an off-target effect in the Dusp6 
mutant founders. These results suggest that few off-target 
effects were induced by the gRNA/Cas9 system in this 
work.

In summary, we demonstrated that the gRNA/Cas9 
system is a simple and efficient genome-editing tool for 
generating heritable rat knockouts. While we were writ-
ing up this work, similar results were published by 2 in-
dependent groups [13, 14]. Our work shows that gRNA/
Cas9 efficiently induces indels in 2 gene loci, Dusp6 and 
Gata5, in rats, and the efficiency is comparable with oth-
ers [13, 14]. Importantly, we have demonstrated that the 
Dusp6 mutations can be transmitted to the next genera-
tion with high efficiency. Moreover, we are the first to 
show that a simultaneous microinjection of 2 gRNA mol-
ecules leads to large DNA fragment deletions in the rat 
genome as reported in zebrafish [15]. The latter enables 
genetic elimination of a whole exon or even an entire 
gene including genes for non-coding RNAs, which is 
particularly useful for studying the functions of non-cod-
ing RNAs. Introducing larger deletions will significantly 
reduce the workload for genotyping as wild-type and 
mutant alleles can be easily distinguished on regular aga-
rose gels. In addition, we chose to only further analyze 
the rats, from which the genomic DNA PCR products 
displayed double-peak sequencing profile. Although we 
might have overlooked those rats, in which the mutant 
alleles were not properly amplified by PCR, this double-
peak sequencing profile provides a simple and efficient 
means for identifying mutant rats. Together, the gene-
targeting with gRNA/Cas9 in rats described here adds 
another simple and efficient genetic tool for this impor-
tant model organism. 



www.cell-research.com | Cell Research

Xinli Hu et al.
1325

npg

Acknowledgments

We thank Dr Xiaoli Tian for his help on handling rat embryos, 
and Drs Iain C Bruce and Ran Yang for critical reading of the man-
uscript. This work was supported by grants from the National Ba-
sic Research Program of China (2012CB944501, 2013CB531200  
and 2010CB529503), and the Natural Science Foundation of 
China (31271549 and 31221002).

Xinli Hu1, Nannan Chang1, Xuelian Wang1, 
Fengyun Zhou1, Xiaohai Zhou1, Xiaojun Zhu1, 
Jing-Wei Xiong1

1Beijing Key Laboratory of Cardiometabolic Molecular Medicine, Institute 
of Molecular Medicine, Peking University, Beijing, China
Correspondence: Jing-Wei Xionga, Xinli Hub

a,bTel: 8610-62766239 
aE-mail: jingwei_xiong@pku.edu.cn
bE-mail: huxxx025@pku.edu.cn

References

1 Zheng S, Geghman K, Shenoy S, et al. J Genet Genomics 2012; 
39:261-268.

2 Buehr M, Meek S, Blair K, et al. Cell 2008; 135:1287-1298.
3 Li P, Tong C, Mehrian-Shai R, et al. Cell 2008; 135:1299-1310.
4 Geurts AM, Cost GJ, Freyvert Y, et al. Science 2009; 325:433.
5 Joung JK, Sander JD. Nat Rev Mol Cell Biol 2013; 14:49-55.
6 Pennisi E. Science 2013; 341:833-836.
7 Brown AJ, Fisher DA, Kouranova E, et al. Nat Meth 2013; 10:638-

640.
8 Cui X, Ji D, Fisher DA, et al. Nat Biotech 2010; 29:64-67.
9 Tesson L, Usal C, Menoret S, et al. Nat Biotech 2011; 29:695-696.
10 Chang N, Sun C, Gao L, et al. Cell Res 2013; 23:465-472.
11 Mali P, Yang L, Esvelt KM, et al. Science 2013; 339:823-826.
12 Cong L, Ran FA, Cox D, et al. Science 2013; 339:819-823.
13 Li D, Qiu Z, Shao Y, et al. Nat Biotech 2013; 31:681-683.
14 Li W, Teng F, Li T, et al. Nat Biotech 2013; 31:684-686.
15 Xiao A, Wang Z, Hu Y, et al. Nucleic Acids Res 2013; 41:e141.

(Supplementary information is linked to the online version of the paper 
on the Cell Research website.)




