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Abstract 

 CRISPR/Cas system has been a powerful tool for genome engineering which led to 

tremendous development in biological study. CRISPR/Cas Type  inter alia, 

Streptococcus pyogene Cas9 (SpCas9) was the first and widely used orthologue 

because it shows high cleavage efficiency of double strand DNA (dsDNA) and low 

off-target effect. Recently, novel orthologue campylobacter jejuni Cas9 (CjCas9) 

was reported as the smallest Cas9. Discovering novel orthologue is drawing 

attention because this doesnôt just stop on finding new type of CRISPR it gives 

prospects for various application such as disease animal modeling and gene therapy. 

In addition, ultimate goal for overall applications is to cure genetic disease in 

human. Therefore, as the research advances high cleavage efficiency as well as low 

off-targets are being emphasized for CRISPR system. So in this study I focused on 

testing overall efficacy of SpCas9 and CjCas9 through animal modeling.    

 Firstly, by using classical orthologue SpCas9, I targeted Hr gene to generate 

hairless mouse. With using 4 sgRNAs in exon 3, cleavage activity revealed 30% 

(3/10) in blastocyst and 20-28.5% (1/5-2/7) in pup. Among the mutant pups, #1-4 

mice (-3 and -34 amino acid deletion) and #2-4 mice (premature termination 

codon(PTC) and -50 amino acid deletion in genomic locus) were germline 

transmitted to observe phenotype. In #2-4 mice line, hairless phenotype was 

appeared about 2week postpartum whereas #1-4 mice line didnôt showed the hair 

loss. This study verified SpCas9 cleavage activity and in addition it suggests 

appropriate model for dermatological research and in vivo imaging. 

 During our study novel orthologue CjCas9, briefly stated above, was reported. 

However previous studies were conducted in in vitro and overall efficacy were not 

established. Albeit several opinions of cleavage ability about CjCas9, I investigated 

cleavage efficiency as well as off-target possibilities in in vivo. Totally, in zygote and 
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generated mice cleavage efficiency showed 38-100% which showed unexpected 

high rate. Besides off-target analysis showed Ö1.6% which indicates high 

specificity. In addition, most recent report related to off-target analysis using 

bioinformatics study conducted by Schaefer et al demonstrated high off-targets in 

SpCas9. However, on the line of our study with CjCas9 I found this was a 

misleading interpretation due to aligning SpCas9 mediated mutant mice sequence to 

wrong control mice sequence. Consequently, CjCas9 showed high cleavage 

efficiency as well as high specificity and this suggests safe gene targeting which can 

broaden biological development. 

 With our discovery of efficiency and accuracy in CjCas9, I applied it to multiple 

gene related pancreatic cancer modeling with in vivo gene targeting mediated by 

adeno-associated virus (AAV). In this study, 5 genes (Kras, Ink4a, Tp53, Smad4, 

Brca2) related to pancreatic cancer were selected and SpCas9 and CjCas9 were 

directly compared by targeting same genes. Cleavage rate were confirmed in zygote 

and it revealed similar rate between SpCas9 and CjCas9. Then, in vivo gene 

targeting in adult mice was proceeded by directly injecting AAV packaged molecule 

into pancreas common bile duct. After surgery monitoring were conducted every 

week and since cancer formation takes at least 9month post-surgery, this studies are 

ongoing.   

In conclusion, I demonstrate safe and stable ability in CjCas9 as well as SpCas9 

by generating animal model in various way. This suggest prospects for broad 

application.     

 

Key words: Animal model, Campylobacter jejuni, CRISPR, Hairless, in vivo gene 

targeting, Pancreatic cancer 

Student number: 2016-20018 
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Generation of Hairless mouse 

using CRISPR/Cas9 system
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1. Introduction  
 

Genome engineering has been gone through rapid improvement ever since site-

directed zinc finger nucleases (ZFNs) and TAL effector nucleases (TALENs) using 

the principles of DNA-protein recognition were developed. Recently, clustered 

regularly interspaced short palindromic repeat (CRISPR)/ CRISPR associated 

protein enabled simple, less time-consuming and high efficient gene targeting[1]. 

Briefly, CRISPR/Cas system is an RNA mediated adaptive immune defense system 

which exist in archaea and bacteria to degrades foreign genetic materials such as 

viruses and plasmids[2-7]. In prokaryote organism who uses this system integrates 

sequence information that previously encountered invading nucleic acid in CRISPR 

locus[8, 9]. This system is utilized for manipulating eukaryotic cells by recognizing 

specific sequence site and guides to direct cleavage of complementary DNA via the 

nuclease activity of CRISPR-Cas9 protein[10, 11].  

 

In many orthologues in CRISPR/Cas9 type  CRISPR Streptococcus pyogenes 

Cas9 (SpCas9) is widely used. SpCas9 has simple proto-spacer adjacent motif 

(PAM)[12] which is 5ô-NGG-3ô and shows high cleavage efficiency. Even preparing 

molecule is simple so it became convenient tool for generating either knockout or 

knock-in mouse model.  

 

  Hairless (Hr) gene is widely used target because of its accurate and easily 

detectable phenotype. Also, in many research fluorescence or luminescence 

molecules are commonly used in in vivo imaging for diagnostics. However, the hair 
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makes lights scatter, block, and absorb. Besides, black hair absorbs more light than 

other color hairs [13, 14]. So, it is necessary to remove the hair to detect signals with 

in vivo imaging system. So far, Hr knockout mouse was generated by spontaneous 

or chemically induced. Although there was a few knockout mouse generated by 

targeting, it was based on ES cells (Embryonic stem cells). 

 

To generate optimal animal model for in vivo imaging I decide to knockout Hr 

gene and induce hair loss in mice. Here I produce hairless mice with streptococcus 

pyogenes CRISPR/Cas9 without time-consuming endeavor. We used 4 sgRNAs to 

induce double strand break (DSB) and CRISPR/Cas9 molecules are injected into 

C57BL/6 embryos. To acquire homozygous, germline transmission was conducted. 

As a result, I observed clear phenotype in frameshifted mice whereas indel mice 

without frameshift didnôt show hair loss. 
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1. Materials and Method 

 
2.1 Animal 

C57BL/6 mice were obtained from Koatech (Pyeongtaek, Korea). All mice were 

maintained in individual ventilated cages and given access to food and water ad 

libitum. This study was approved by the Institutional Animal Care and Use 

Committees of Seoul National University (SNU-171115-9) and was conducted in 

accordance with approved guidelines. 

 

2.2 Preparation of Cas9 mRNA and sgRNA 

The p3s-Cas9HC plasmid was obtained from Addgene (Cambridge, MA, USA). 

Briefly, p3s-Cas9 was linearized by XbaI enzyme cutting and DNA was collected by 

purification kit (Qiagen, Hilden, Germany). In vitro capped transcription and 

polyadenylation tailing were conducted with mMESSAGE mMACHINE T7 ultra kit 

(Thermo Fisher Scientific, Waltham, MA, USA) according to instruction. Brief 

structure of p3s-Cas9HC is shown in Figure 1. sgRNAs were designed by 

chopchop[15] according to its PAM sequence(5ô-NGG-3ô). Then sgRNAs were 

synthesized using an in vitro RNA synthesis kit (Thermo Fisher Scientific, Waltham, 

MA, USA) following PCR amplification. Detail sgRNA sequences are listed in 

Table1. 
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Figure 1. Structure of p3s-Cas9. Plasmid includes CMV enhancer and promoter 

(584 bp), T7 promoter (19 bp), SpCas9 (4104 bp) and bovine growth hormone 

polyadenylation signal sequence (225 bp). XbaI enzyme site exist as unique cutter 

which used for linearization. 
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Table 1. sgRNA target region.  

 

sgRNA Target sequence Genomic location Exon GC content (%) 

Off-targets 

0 1 2 

1 AGAGTGACCCTGTGGCCTTCCGG  chr14:70556783 3 65 0 0 0 

2 GGAAAGGGCAGTGCAAGGGCCGG  chr14:70556802 3 70 0 0 0 

3 GCCAGTCATATGGACGCTCTGGG chr14:70556904 3 61 0 0 0 

4 GGCCTTTGGCCCCAAACCCATGG chr14:70556924 3 65 0 0 0 
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2.3 Microinjection into embryos 

C57BL/6 female mice were superovulated by injecting pregnant mareôs serum 

gonadotropin (Prospec Bio, East Brunswick, NJ, USA) and human chorionic 

gonadotropin (Prospec) for 46~48hour interval, and embryos were collected in M2 

medium (MTI-Global stem, Rockville, MD, USA) at next day. Then, embryos were 

incubated in KSOM medium (Merk Millipore, Billerica, MA, USA) for 3 hour and 

normal fertilized embryos with 2 pronucleus were selected and microinjection was 

conducted with micromanipulator (Eppendorf, Hamburg, Germany). Briefly, 

50ng/ɛL of Cas9 mRNA, 10 ng/ɛL for each sgRNAs were mixed, and microinjected 

into embryos. After embryos were cultured to 2-cell stage and transferred into 

pseudo-pregnant female or cultured until blastocyst stage for genotyping. 

   

2.4 Genotyping and sequencing 

DNA was extracted from blastocyst, and toe clip of pups. Single embryos were 

transferred to 250ÕL PCR tubes filled with 20ÕL distilled water by mouth pipette, 

and used as templates for PCR after 3 times freeze-thaw and denaturation in at 95ÜC 

for 15 min. DNA extraction from toe sample was conducted with using gRNA 

extraction kit (Intron Bio, Kyungki-Do, Korea). After PCR reaction, amplicons were 

used for T7E1 analysis (NEB, Ipswich, MA, USA) or used for TA cloning and 

Sanger sequencing (Cosmo Genetech, Seoul, Korea). Primers for genotyping are 

listed in Table 2. 
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Table 2. PCR Primer sets for genotyping.  

 

Target gene Primer Product size (bp) Annealing Tm (ÜC) 

Hr F: 5ô- CTTTTGGAGGGGTGTTCTG -3ô 491 56 

 R: 5ô- CCCACTGTATTTCGTCACT -3ô   
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2.5 Germline transmission 

The Founder mouse(F0) which has premature termination codon(PTC) was 

selected for germline transmission. Since F0 was heterozygous, mating was 

proceeded with wild type mouse. After genotyping offspring (F1) from F0, 

heterozygous mice were selected and mated each other once more to acquire 

homozygous mice (F2). I monitored every day for hair loss phenotype in 

homozygous mice. 
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2. Results 
 

3.1 sgRNA efficiency test in C57BL/6 embryos 

To induce large sized DSB in the Hairless (Hr) gene, 4 sgRNAs with 20 

nucleotide(nt) sized and 5ô-NGG-3ô PAM in exon 3 was selected. 4sgRNAs were 

paired into 2 part and distance between each pair was 74bp (Fig.1a). Next, I 

microinjected SpCas9 mRNA and sgRNAs into C57BL/6 embryos, and conducted 

PCR based genotyping. Of total 10 embryos, 10 embryos were successfully 

genotyped, and they showed 30% (3/10) of cleavage rate (Figure 2).  
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Figure 2. Evaluation of sgRNA efficacy. sgRNAs and cas9 mRNA were co-

injected into 1-cell embryos and DNA cleavage activity were evaluated in 

blastocyst. Blastocyst genotyping showed 3/10 (30%) of DNA cleavage efficiency. 

Black arrow indicates wild type target size (491 bp). Detail information about primer 

is in Table 2. 
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3.2 Generation of hairless mouse by CRISPR/Cas9 

After confirming targeting efficiency, 2 times of microinjection-embryo transfer 

was conducted. At 1st trial (Pups-#1), 55 microinjected embryos were transferred 

into surrogate dam and 5 pups were obtained and at 2nd trial (Pups-#2), 136 

microinjected embryos were transferred into surrogate dam and 7 pups were 

obtained (Table 3). PCR and T7 endonuclease (T7E1) based genotyping with pups-

#1 and pups-#2 result exhibited 20%(1/5) and 28.5% (2/7) of cleavage efficiency 

respectively (Figure 3b and Table 3) which was lower than in blastocysts level.  
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Table 3. Summary of Hairless KO mice generation 

 

Gene Type 
No of  

injected embryo 

No. of 2 cell stage  

embryo (%) 

No. of  

BL (%) 

No. of transferred  

embryos 

No. of  

offsprings (%) 

Targeting efficiency (%) 

(No. of mutant/total  

blastocysts or offsprings) 

Hr Embryo test 25 17 (68) 10 (58.8) NA NA 30 (3/10) 

 1st pup 70 56 (80) NA 55 5 (9) 20 (1/5) 

 2nd pup 254 212 (83) NA 136 7 (5.1) 28.5 (2/7) 
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Figure 3. Hr  KO mice generation with SpCas9. (a) Schematic represent target site for gene targeting. Four sgRNAs with 20 nucleotide sequence 

of binding site (black line) were used, and red line indicate PAM sequence (5ô-NGG-3ô). Gray box indicate exon. (b) Pup was generated twice (#1, 

#2) and PCR and T7 endonuclease (T7E1) based analysis was conducted. Totally, 25% (3/12) mutant pup were obtained. Red letters indicate DNA 

cleaved pup. M: size marker, WT: wild type control. (c) Results of sequencing (#1-4, #2-1 and #2-4 founder) in each sgRNA binding sites. All 

mutant pup showed indels in sequencing result. Red ñ-ñ and red letters indicate deleted and inserted nucleotides, respectively. (d) Result of 

translation in the Hr gene. #1-4 showed simple amino acid deletion whereas #2-1 and #2-4 showed premature termination codon caused by 

frameshift. Grey arrowheads indicate double strand break region by CRISPR/Cas9 and Red line indicate changed amino acid. A.A: amino acid 

PTC: Premature termination codon SNP: single nucleotide polymorphism (d) 2 homozygous offspring of Founder #2-4 showed hair loss in whole 

body on day 21 postpartum, and WT indicated wild type C57BL/6.  
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Sequencing was conducted for 3 expected founder mouse which were #1-4, #2-1 

and #2-4 mouse. In #1-4 mice, -9bp deletion and -104, +2bp indel was observed 

(Figure 3c) and by the translation result only -3 and -34 amino acids were removed 

respectively with no frameshift causing premature termination codon(PTC) (Figure 

3d). In #2-1 mice, 2bp from sgRNA#3 PAM site the single nucleotide 

polymorphism(SNP) was induced and -10bp deletion -11, +1bp indel and WT 

sequences were observed (Figure 3c). Translation result of #2-1 mice showed 174th 

glutamic acid changed to glycine and in indels allele PTC were induced with 23 

amino acid changed at the end of the PTC (Figure 3d). In #2-4 mice, -4bp deletion 

and -114, +2bp indel and -150bp deletion were observed (Figure 3c) and each of the 

alleles were translated as PTC with 26 amino acid changed, PTC with 25 amino acid 

changed and just 50 amino acid deleted without any frameshift of PTC respectively 

(Figure 3d). 

 

3.3 Germline transmission 

To confirm the hereditary and phenotype that express in homozygous, germline 

transmission was conducted. In order to compare functional knockout by phenotype, 

#1-4 mouse which 34 amino acid deleted without frameshift or PTC and #2-4 mouse 

which were induced as PTC were crossed with wild type respectively. In line #1-4, 4 

heterozygous mouse were obtained in F1 level and final cross breeding to obtain 

homozygous was conducted by heterozygous and heterozygous mating. Eventually, 

4 homozygous pups were obtained. In line #2-4, same cross breeding pathway was 

applied and 2 of homozygous was obtained. Gene inheritance was successfully 
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conducted according to the PCR, T7E1 and Sanger sequencing analysis. 

Homozygous that obtained from #2-4 Founder showed -112bp deletion, -4bp 

deletion and SNP allele and this appears to be different than #2-4 allele which were -

114, +2bp indel and -4bp deletion. Even though founder mouse possesses the type 

which was found in homozygous mouse (-112bp del, -4bp del with SNP, -4 del), the 

gene analysis was conducted only by sequencing with cloning not by the deep 

sequencing so various type of mutation were not detected in founder mouse (Figure 

4).  
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Figure 4. Analysis of gene expression in line Founder #2-4. (a) PCR and T7 endonuclease(T7E1) based analysis was conducted. Red letters 

indicate DNA cleaved pip. M: size marker, WT: wild type control. (b) Results of sequencing in each sgRNA binding sites. Sequences of 2 pups 

(#1 and #2) from #2-4 founder were compared. Red ñ-ñ and red letters indicate deleted and inserted nucleotides, respectively. 
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3.4 Hairless Phenotype 

From second germline transmission which is possible to gain homozygous mouse 

phenotype was monitored every-day. On the 6 day after birth, fuzz starting to appear 

in homozygous mouse. The hair loss period was different by the mice but mostly on 

day 14 postpartum, local part of the rostral hair began to fall. From rostral to caudal 

side the hair was eliminated gradually and on day 21 postpartum, whole body 

exhibit alopecia phenotype (Figure 3e). 
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3. Discussion 
 

CRISPR/Cas9 system is an efficient tool for developing DSB and consequential 

non-homologous end joining (NHEJ)-mediated KO. Using CRISPR/Cas9 system, 

generation of hairless mouse strain designated as Hr-/- mice was successfully 

conducted. Three different mutant form of founder mouse which are #1-4, #2-1, #2-

4 was obtained. #1-4 line which has -3 amino acid and -34 amino acid deletion type 

without any frameshift of PTC showed no hairless phenotype even though some part 

of amino acid was deleted. #2-4 line which has PTC and -50 amino acid deletion 

type showed hairless phenotype in homozygous level. This result indicates nonsense 

mutation affect severe to gene expression.  

 

Although the molecular mechanisms of hair loss is not completely understood[16], 

a number of Hr mutant mouse have been reported and Hr-/- mutant mouse exhibits 

hair loss after growth of the first hair coat and does not grow a second coat[17]. In 

#2-4 mice line which possesses homozygous nonsense mutation showed hairless 

phenotype pattern and this was identical as previous. These symptoms were different 

than barbering behavior (Dalila effect) which is an expression of dominance[18]. 

Barbering usually causes a local hair loss around muzzle or caudal side whereas Hr-/- 

hair loss extending from middle part of the forehead. Unlike body hair, vibrissae 

tend to exist until the late age and gradually pigment disappear and thickness 

becomes thin. On day 6 postpartum first hair comes up and on day 14 body hair 

begin to shed which completes on day 21. This complete hair loss mouse can be 
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utilized for in vivo imaging which is possible to detect clear fluorescence signal. 

Also, for dermatology research it reduces the effort for removing hair each time of 

experiment and which can cause scab formation due to bleeding.  

 

 There are many other genes related to hair functions. Particularly, Forkhead box 

protein N1 (Foxn1) gene is well known for alopecia phenotype. But Foxn1 gene act 

as a master regulator of the thymic epithelial cells lineage development, 

differentiation resulting in fully function of thymus[19]. Therefore, Foxn1-/+ 

expresses thymus enlargement and Foxn1-/- mutant mice expresses alopecia as well 

as athymia which could be premature lethal[20, 21]. Whereas also alopecia related 

gene Hr, mostly involved in hair growth and concomitantly participate in 

transcriptional corepressor of multiple nuclear receptors, including thyroid hormone 

receptor, the retinoic acid receptor-related orphan receptors and vitamin D 

receptors[22, 23]. Those immune related symptoms are useful for immune research 

but for research which simply needs hairless phenotype, it could affect the 

experiment result. Therefore, to utilize in various researches especially in in vivo 

imaging I selected less lethal gene to generate alopecia model. In a few studies, Hr 

mutant mouse were also reported as having abnormal immune system such as 

decrease in T cell number[24] and proliferation[25] as well as increase in 

macrophage cell number[26]. However, Hr-/- generated mouse in this study showed 

no severe immune abnormality externally.  

 

For more practical usage not only external appearance further experiment is 
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needed. Histopathological study about hair follicle and immune population analysis 

were not conducted in Hr-/-. Also, direct fluorescence protein delivery using such as 

viruses to Hr-/- can clearly present in vivo imaging possibilities.  

 

In conclusion, we generated hairless mouse in C57BL/6 strain using CRISPR/Cas9. 

These hairless mouse will enable not only dermatological research but also in vivo 

imaging without variable affecting factor.  
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1. Introduction  
 

Gene engineering is a valuable technology in generating animal models for human 

disease and elucidating molecular mechanism of genetic diseases. Traditionally, 

knock out animals, especially mice, are produced by germ-line transmission of 

chimeric animals created based on the genetically engineered embryonic stem 

cells[27]. Targeted gene inactivation, replacement, addition has been achieved by 

homologous recombination. However, low efficiency of homologous recombination 

in mammalian cells has limited the utility of this approach. Recently, programmable 

nuclease including Zinc finger nuclease, transcription activator-like effectors and 

clustered regularly interspaced short palindromic repeat (CRISPR)/CRISPR 

associated protein were dramatically improved the efficiency of mammalian genome 

editing[1]. 

 

The CRISPR/Cas9 is RNA mediated adaptive defense system for viruses and 

plasmids[28], and it is efficient system for gene manipulation in eukaryotic cells[29]. 

Especially, the Streptococcus pyogenes Cas9 (SpCas9) is widely used, and it mediated 

gene targeting with single guide RNA (sgRNA) or pair of crRNA and tracrRNA with 

adequate protospacer adjacent motif (PAM)[12]. CRISPR/Cas9 system shows high 

activity and recognition fidelity, so it used for many field of research such as seed 

development, animal model generation and therapeutic approach[30]. CRISPR/Cas9 

mediate double strand break (DSB) on target sites, and DSB induce repair process 

such as non-homologous end joining (NHEJ) or homologous direct repair (HDR). 
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NHEJ is error-prone repair and induce insertion and deletion (indel), thus it could be 

applicable for inducing targeted deletion or disruption of gene function. HDR is 

precise repair pathway, and is useful for inducing specific point mutation or 

exogenous DNA insertion exogenous by homologous recombination[31]. 

 

Even though, SpCas9 showed high efficiency of gene editing, there is still limitation 

of genome recognition with ñNGGò PAM sequence. Several CRISPR/Cas9 

orthologues such as Staphylococcus aureus Cas9 (SaCas9, PAM: 5ô-NNGRRT-3ô), 

Lachnospiraceae Cpf1 (LbCpf1, PAM: 5ô-TTTV-3ô) and Acidaminococcus Cpf1 

(AsCpf1, PAM: 5ô-TTTV-3ô) exhibit high efficiency of targeted mutant mice 

generation[32-34]. In addition, they presented several advantages in comparing 

SpCas9. SaCas9 is sized about 3.16 kb, and it could be packed in adeno-associated 

virus (AAV) for in vivo gene editing[35]. Cpf1 develop 5ô overhang DNA cleavage, 

and it could be helpful for HDR mediated gene editing[36].  

 

Recently, Campylobacter jejuni Cas9 (CjCas9) was reported as type II-C 

CRISPR/Cas9 orthologue[37, 38]. CjCas9 gene is sized 2.95 kb with 984 amino acid, 

allowing it to be packaged into a single AAV vector with its sgRNA. Thereby, CjCas9 

has potential to be utilized for in vivo gene editing[39]. Even though Fonfara et al.[37] 

suggested 5ô-NNNNACA-3ô as PAM sequence, but other group newly reported 5ô-

NNNVRYM-3ô, 5ô-NNNNACAC-3ô or 5ô-NNNNRYAC-3ô as specific PAM 

sequence[39, 40]. The targeting efficiency of CjCas9 was studied in cells and expected 

with low DNA cleavage activity[40, 41], but was analyzed only for NHEJ mediated 
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indel formation, not in zygote and HDR mediated precise editing. Additionally, there 

was recent report about off-target effect in SpCas9. Whole-genome sequencing 

(WGS)-based identification of off-target mutations showed unexpected mutations 

caused by CRISPR-Cas9 which were intended to correct mutation of Pde6b gene in 

blind rd1 mice through embryo genome editing[42]. On the other hand, the first 

human embryo gene correction study via CRISPR-Cas9 showed no off-target 

mutations[43]. Although these two results showed contrasting results, both utilized 

Cas9 derived from Streptococcuus Pyogene (SpCas9). Because of its simple 

protospacer adjacent motif (PAM) sequence, 5ô-NGG-3ô, genome editing with 

SpCas9 is robust. However, its simple PAM sequence can result in more unwanted 

off-target sites. On the other hand, CjCas9 has long PAM sequence 5ô-NNNNACAC-

3ô or 5ô-NNNNRYAC-3ô [39, 40], results in less robust target sites when compared to 

SpCas9, however this may also results in higher specificity. In this study, we generated 

knockout mice using CjCas9 and investigated gene editing efficiency and specificity 

of CjCas9. Next-generation sequencing (NGS)-based targeted deep sequencing 

revealed high efficiency of NHEJ- mediated gene targeting and whole-genome 

sequencing (WGS)-based unbiased off-target analysis revealed high specificity of 

CjCas9.  
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2. Materials and Method 

 
2.1 Animals 

C57BL/6 mice were obtained from Koatech (Pyeongtaek, Korea). All mice were 

maintained in individual ventilated cages and given access to food and water ad 

libitum. This study was approved by the Institutional Animal Care and Use 

Committees of Seoul National University (SNU-170308-13, SNU-170308-14 and 

SNU-170308-15) and was conducted in accordance with approved guidelines.  

 

2.2 Preparation of CjCas9 mRNA and sgRNA 

The CMV-CjCas9-pA plasmid was obtained from Toolgen Inc (Korea). Briefly, 

pCMV-CjCas9-pA was linearized by XbaI enzyme cutting and DNA was collected by 

centrifugation after -20 ÜC for 15 min incubation. In vitro capped transcription and 

polyadenylation tailing were conducted with mMESSAGE mMACHINE T7 ultra kit 

(Thermo Fisher Scientific, Waltham, MA, USA) according to introduction. Brief 

structure of pCMV-CjCas9-pA was shown in Figure 5. sgRNAs for each gene were 

designed according to its PAM sequence (NNNNRYAC or NNNNACAC)[39], and 

screened off-target sequence by the cas-offinder (http://www.rgenome.net/cas-

offinder). sgRNAs synthesized using an in vitro RNA-synthesis kit (Thermo Fisher 

Scientific, Waltham, MA, USA) following PCR amplification. sgRNA sequences 

were listed in Table 4. ssODNs were designed and synthesized with commercial 

service (IDT, San Jose, CA, USA). 

 

 

http://www.rgenome.net/cas-offinder
http://www.rgenome.net/cas-offinder
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Figure 5. Structure of pCMV-CjCas9-pA. Plasmid include CMV enhancer and 

promoter (584 bp), T7 promoter (19 bp), CjCas9 gene (2,961 bp) and bovine growth 

hormone polyadenylation signal sequence (225 bp). 
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Table 4. sgRNA sequences used in this study 

 
 

Target gene Exon sgRNA binding sequence PAM 

Tyr 1 AGCACTGGCAGGTCCTATTA TAAAACAC  

 1 AGCCCCCAAGCAGTGTGTCC CTTGACAC 

Foxn1 2 AGAGAGGACACCCTCACTGC CCCCACAC 

 2 CCAGACGGCCATGGCACTTG ATGGACAC 
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2.3 Embryo microinjection 

Superovulation was conducted by injection of pregnant mareôs serum gonadotropin 

(Prospec Bio, East Brunswick, NJ, USA) and human chorionic gonadotropin (Prospec) 

for 46~48 hours interval into C57BL/6 female mice, and they were mated with sperm 

donor C57BL/6 males. On following day, the embryos were collected in M2 medium 

(MTI-Global stem, Rockville, MD, USA), and incubated for 3 hours in KSOM 

medium (Merk Millipore, Billerica, MA, USA). Normal embryos with two pronuclei 

were selected, and microinjection was conducted with a micromanipulator (Eppendorf, 

Hamburg, Germany). Briefly, 50ng/ɛL of CjCas9 mRNA, 10 ng/ɛL of sgRNA, or 

20ng/ɛL of ssODN were mixed, and microinjected into pronucleus. Embryos were 

cultured to the 2-cell stage, and transferred to surrogated female or culturing until the 

blastocyst stage for genotyping. 

 

2.4 Genotyping and sequencing 

DNA was extracted from morula embryos or blastocysts and the tail of pups. Single 

embryos were transferred to 150-ÕL tubes filled with 20 ÕL distilled water by mouth 

pipette and subsequently used as templates for PCR analysis following three rounds 

of freezing/thawing and denaturation at 95ÜC for 15 min. DNA extraction from tails 

was conducted using a gDNA-extraction kit (Intron Bio, Kyungki-Do, Korea). After 

PCR reaction, amplicons were used for T7E1 analysis (NEB, Ipswich, MA, USA) or 

used for TA cloning and Sanger sequencing (Cosmo Genetech, Seoul, Korea). All 

primer for genotyping was listed in supplementary Table 5.  
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Table 5. Primer sequences for genotyping used in this study 
 

Target gene Primer Product size (bp) Annealing Tm (ÜC) 

Tyr F: 5ô-TGATGTAAGAAGGGGAGTGG-3ô 693 60 

 R: 5ô-AGGAGGAGAAGAAGGATGC-3ô   

Foxn1 F: 5ô-AGAAGGGCCAAGTCACAG-3ô 759 60 

 R: 5ô-AGGAGAGAGGAGGTGGAAG-3ô   
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2.5 In silico design of Off-target sites 

Potential off-target sites were designed in silico using on-line tool 

(www.rgenome.net). Up to 3 bp mismatches were considered as off-target sites. 

 

2.6 Targeted deep sequencing 

On-target and potential off-target sites were amplified from genomic DNA using 

Phusion polymerase taq (New England BioLabs). The PCR products were then deep 

sequenced using an Illumina MiSeq. A list of primers used can be found in Table 6. 

Indels around the site 3 bp upstream of the PAM sequence were counted as true 

mutations from Cas9 activity. 

http://www.rgenome.net/
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Table 6. List of primers used for targeted deep sequencing 
 

Target Forward (5' to 3')  Reverse (5' to 3') 

Foxn1 On 1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTAGATTCTCTATTCTGTCTGC GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTAGGATACTTTTCTGAAGGAG 

Foxn1 On 2 ACACTCTTTCCCTACACGACGCTCTTCCGATCTTGGCTTTGGCTTTGAGGAGG GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTGGGAAGCTAGGCAGGAAGG 

Foxn1 Off 1-1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTTGAATGACAGGAAGCTGCTC GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTTGCTATAGAATGACCAGCG 

Foxn1 Off 1-2 ACACTCTTTCCCTACACGACGCTCTTCCGATCTTTGGTGACCTTGATGGACAC GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCAAGTTGTCCTCTTTGAGTG 

Foxn1 Off 1-3 ACACTCTTTCCCTACACGACGCTCTTCCGATCTTGTGCATGTGTCCTTGTCTG GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTCTATGGCTTGCTTGCTTCC 

Foxn1 Off 1-4 ACACTCTTTCCCTACACGACGCTCTTCCGATCTTCCAGGCATTTCAGGTGAGG GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTGTGTTGGGAACCCTCTTGG 

Foxn1 Off 1-5 ACACTCTTTCCCTACACGACGCTCTTCCGATCTACCACCAGACACATCCTCCA GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTGCTGCCCACATTATTTCTGC 

Tyr On 1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTCAGGATATCCTTCTGTCCAG GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTAGACTGAGCTGATAGTATG 

Tyr On 2 ACACTCTTTCCCTACACGACGCTCTTCCGATCTATGAACAATGGGTCAACACC GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCAAGAAAAGTCTGTGCCAAG 

Tyr1 Off 1-1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTAATACCTACCCATCCATGT GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTGGAGCAGAGATTATAACCTT 

Tyr1 Off 2-1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTAAGCCACCTGGCTAAGACTG GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTAGCCAGTCTTGAGGAGTAAG 
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2.7 Whole genome sequencing 

Whole genome sequencing and bioinformatics analysis was conducted by 

theragenetex (Suwon-si, Gyeonggi-do, Republic of Korea). 
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3. Results 
 

3.1 High cleavage activity of CjCas9 in knock out mice generation 

To assess the gene targeting efficiency of CjCas9, we selected Tyrosine (Tyr) gene 

as target and designed 2 sgRNAs with 22 nucleotide (nt) sized and 5ô-NNNNACAC-

3ô PAM in exon 1. Distance between each sgRNA was 266 bps, and located in same 

anti-sense strand (Figure 6a). Next, I microinjected CjCas9 mRNA and sgRNAs into 

embryos, and conducted PCR and T7E1 based genotyping. Of total 9 embryos, 9 

embryos were successfully genotyped, and they showed high cleavage efficiency of 

100 % (8/8), and it was higher than our expectation (Figure 6b and Table 7). After 

confirming high targeting efficiency of CjCas9, I transferred 25 microinjected 

embryos into surrogate dam and obtained 4 pups, and all produced pups were found 

to be founder with albino phenotype (Figure 6c, 6e).  
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Table 7. Summary of CjCas9 mediated KO mice generation  

 
 

Gene Type 
No of  

injected embryo 

No. of 2 cell stage  

embryo (%) 

No. of  

BL (%) 

No. of transferred  

embryos 

No. of  

offsprings (%) 

Targeting efficiency (%) 

(No. of mutant/total  

blastocysts or offsprings) 

Tyr KO 34 NA 9(37.9) NA NA 100 (8/8) 

     25 4 (16%) 100 (4/4) 

Foxn1 KO 39 NA 13(50) NA NA 81.8 (9/11) 

     50 13 (26%) 38.4 (5/13) 
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Figure 6. Tyr KO mice generation with CjCas9. (a) Schematic represent target site for gene targeting. Two sgRNAs with 22 nucleotide sequence 

of binding site (black line) were used, and red line indicate PAM sequence (5ô-NNNNACAC-3ô). These two sgRNAs were located in exon 1 of 

Tyrosinase gene.Gray box indicate exon. (b) PCR and T7 endonuclease (T7E1) based analysis for blastocysts and produced pups was conducted. 

Both in Blastocyst and Pups showed 100% of DNA cleavage efficiency. Red letters indicate DNA cleaved blastocyst or pup. M: size marker, WT: 

wild type control. (c) Results of sequencing (#1 founder) and targeted deep sequencing assay (#2, 3, and #4 founders) in each sgRNA binding sites. 

Red ñ-ñ and red letters indicate deleted and inserted nucleotides, respectively. (d) Analysis of off-target effects of CjCas9 in the 2 sgRNA site of 

Tyr gene. Less than three base pair mismatch sites of each sgRNA were selected, and PCR based deep sequencing was conducted with DNAs from 

founder pups. Exist of indel around sgRNA target site or off-target site was considered as CjCas9 mediated mutation. Data was presented as mean 

 standard error in the mean (SEM). (d) All produced pups showed white hair in whole body, and WT indicated wild type C57BL/6. 
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To investigate the reproducibility of cleavage activity of CjCas9, I selected Forkhead 

box protein N1 (Foxn1) gene as target. Similar with Tyr targeting, dual sgRNAs with 

5ôNNNNACAC-3ô PAM were designed, and obtained blastocysts and pups after 

microinjection and embryo transfer (Figure 7a). PCR and T7E1 based genotyping 

with blastocysts results exhibited 81.8% (9/11) of cleavage efficiency, and it was 

similar with targeting rate in Tyr. In addition, 5 from 13 produced pups (38.4%) were 

found to be showing indel, and it was lower cleavage efficiency than showing in 

blastocysts (Figure 7b). In addition, founder pups did not exhibit alopecia phenotype. 
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