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 Nerve injury induced proteins (Ninjurin) are cell surface adhesion 

proteins that are firstly isolated in Schwann cells surrounding the 

distal segment of injured nerves. There are two types of proteins in 

Ninjurin family, Ninjurin1 and Ninjurin2, and they are known to 

promote neurite outgrowth from primary cultured dorsal root 

ganglion neurons. Ninjurin1 and Ninjurin2 share conserved 

hydrophobic regions in their transmembrane domains but the 

adhesion motifs in their N-terminal are different. In mammals, 

ninjurin1 is mainly expressed in tissues with epithelial origin but 

ninjurin2 is highly expressed in lymphatic and hematopoietic 
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organs. Most of previous studies revealed the functions of ninjurin 

in inflammatory responses, however, a role of ninjurin during 

developmental process is unknown. Therefore, I investigated 

expression patterns of ninjurin1/2 in developing zebrafish embryos 

and examined their functions using morpholino-based knockdown 

strategies. 

 Sequence alignment indicated that both zebrafish ninjurins show 

approximately 50-70% homologies when compared to human and 

mouse forms. RT-PCR analysis revealed the temporal mRNA 

expression patterns of ninjurins at different developmental stages. 

ninjurin1 transcripts were detected from 1 cell stage with gradual 

increase from shield period to 3 dpf, while ninjurin2 transcripts 

were constantly expressed during the development of zebrafish. To 

verify a spatial mRNA expression, in situ hybridization was 

performed. ninjurin1 was detected ubiquitously during gastrulation, 

later it localized to the somites and head region especially 

cerebellum and tectum. The expression of ninjurin2 was also 

observed ubiquitously in gastrulation period and restricted to the 

somites from segmentation period. In addition, ninjurin1/2 

morphants showed similar developmental abnormalities such as 

small head, curved trunk, and short body length. Interestingly, 

ninjurin1 morphants exhibited more severe defects than ninjurin2 

morphants, and the viability of ninjurin1 morphants was 

dramatically decreased in a dose dependent manner.

 To further confirm roles of Ninjurins in zebrafish development, I 

employed Clustered regularly interspaced short palindromic repeats 

(CRISPR)/ CRISPR-associated proteins (Cas) system which has 

already been successfully used to construct knockout models in 

many cell lines and organisms, including human, bacteria, mice, and 

zebrafish. ninjurin1-targeting sgRNA was constructed and 

CRISPR/Cas9-mediated mutation of ninjurin1 was confirmed by 

T7E1 assay. The homogeneous ninjurin1 knockout zebrafish is 

expected to be generated in F3 generation.  
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 Taken together, these data suggests that Ninjurin1 and Ninjurin2 

are possibly associated with development of brain and somites in 

zebrafish embryos. Also these studies can be used for preliminary 

data of development study.        

Key words: Ninjurin1, Ninjurin2, zebrafish, CRISPR/Cas9
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Introduction

 

1. Ninjurin (Nerve injury induced protein)

 

 Cell adhesion molecules (CAMs) are essential for cell interaction, 

cell division, cell movement, and cell death (Alter et al., 2003). In 

addition, CAMs are closely related to cell-cell and 

cell-extracellular matrix interaction during development, 

differentiation, and regeneration of peripheral nervous system (PNS) 

(Gordon, 1997, Araki et al., 2000). 

 Ninjurin family proteins (Ninjurins) are cell surface adhesion 

proteins caused by nerve injury. They are known to enhance cell 

adhesion and encourage axonal growth in Schwann cells and dorsal 

root ganglion neurons (Araki et al., 1996). In mammals, there are 

two types of Ninjurins, Ninjurin1 and Ninjurin2, which share 

conserved hydrophobic regions in their transmembrane domains, 

however they have disparate adhesion motifs in their N-terminal 

(Fig 1). The amino acid sequence of the human Ninjurin1 is 55% 

identical to human Ninjurin2 but has no substantial homology to any 

other known proteins (Araki et al., 1997). ninjurin1 is prominently 

expressed a number of tissues with epithelial origin but ninjurin2 is 

observed at hematopoietic and lymphatic tissues (Araki et al., 1996, 

1997, 2000). 

 In previous studies, there are several verified roles of Ninjurin1. 

Ninjurin1 is known to regulate the entry, adhesion, activation, and 

movement of leukocytes in inflammation (HJ Lee et al., 2010). As 

well as Ninjurin1 mediates immune responses inducing increase of 

macrophage motility and extravasation of immune cells through the 

control of protrusive membrane dynamics (BJ Ahn et al., 2014). 



- 9 -

 Like wise, most of previous studies revealed the functions of 

ninjurin in inflammatory responses, however, a role of ninjurin 

during developmental process is unknown. Therefore, I investigated 

expression patterns of ninjurin1/2 in developing zebrafish embryos 

and examined their functions using morpholino-based knockdown 

strategies.
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 Figure 1. Schematic representation of human Ninjurin1/2
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2. CRISPR(Clustered regularly interspaced short 

palindromic repeats)/ Cas9 (CRISPR-associated 

proteins) system 

 

 Clustered regularly interspaced short palindromic repeat (CRISPR) 

has a important role of adaptive immune system in bacteria and 

archaea (Wiedenheft et al., 2012). CRISPR-induced immune systems 

depend on small guide RNA complementary to specific target 

sequence of foreign nucleic acids as viruses and plasmids 

(Wiedenheft et al., 2012). The type Ⅱ CRISPR/Cas system consists 

of Cas9 protein and two RNAs, CRISPR RNA　 (crRNA) and 

trans-activating crRNA (tracrRNA) (SW Cho et al., 2013, WY Hwang 

et al., 2013). The dual tracrRNA:crRNA was manipulated as a single 

guide RNA (sgRNA) that matches the target sequences and Cas9 

endonuclease enable site-specific DNA cleavage in the genome 

(Doudna et al., 2014). 

 The Cas9 enzyme is guided to the target sequence by gRNA 

complementary to the targeted genome adjacent to a PAM (proto 

spacer adjacent motif). Site-specific RNA-guided Cas9 produce  

double-straned DNA breaks, which are then repaired by 

non-homologous end joining (NHEJ) as well as homologous 

recombination (HR). The donor DNA information is likely to add to 

the break site during homologous recombination (HR). 

Non-homologous end-joining (NHEJ) is able to lead to indel 

mutation (insertion/deletion) in the double strand break site 

(Charpentier et al., 2013, Doudna et al., 2014) (Fig 2). 

 Various articles recently reported that RNA-guided Cas9 system 

enable targeted genetic modifications in cultured cells (Cong et 

al.,2013, Mali et al., 2013) as well as in whole animals including 

zebrafish (Jao et al., 2013, Chang et al., 2013). 
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 In this study, to further confirm roles of Ninjurins in zebrafish 

development, I　designed ninjurin1 KO zebrafish using CRISPR/Cas9 

system. 
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Figure 2. Targeted genome editing using CRISPR/Cas9 system
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Material and Method

 

1. Zebrafish maintenance

Wild-type Zebrafish acquired from a commercial aquarium and were 

maintained at 28.5 ℃ on a 14-hour light/ 10-hour dark cycle. 

Embroys generated from the natural mating and raised in Danieau's 

solution. The embryos were treated with 1-Phenyl-2-thiourea 

(Sigma) to inhibit pigment formation. Other maintaining conditions 

of zebrafish were according to the Zebrafish book (Westerfield 

1995) 

 

2. Isolation of Zebrafish RNA and cDNA synthesis

Total RNA was isolated from the different stages of Zebrafish 

embryos using the TRIzol reagent (Ambion). To synthesize cDNA, 

two micrograms of RNA from each stages were used. The isolated 

RNA and 10 picomoles oligo-(dT) primer were incubated at 70 ℃ 

for 10 min and then 4 ℃ for 2 min. Additionally, reverse 

transcription was carried out at 42 ℃ for 60 min with the mixture 

of 5X M-MLV reverse transcription buffer, 10 mM dNTP mixture, 

and M-MLV reverse transcriptase (Promega).

3. Polymerase Chain Reaction (PCR)

 The synthesized cDNAs were utilized as a template for PCR 

reaction and specific primers were used; 

for ninjurin1, F1 (5'–TGGAGGTGTAAACCGAAGGG-3') and R1 

(5'-TCTTTGGACGCCAAAAGCTG-3'); 

for ninjurin2, F1 (5'–GGAGAGTATGCTGGACGTGG-3') and R1 

(5'–ACCCGTGGCCACATTATTCA-3'); 

for β-actin, F1 (5'–GCAGAAGGAGATCACATCCCTGGC-3') and R1 

(5'–CATTGCCGTCACCTTCACCGTTC–3'). 

PCR was conducted using 10 picomols of each primer in a T3000 

thermocycler (Biometra). The reaction conditions were as follows; 
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for ninjurin1, initial denaturation at 94 ℃ for 5 min, followed by 25 

cycles at 94 ℃ for 45 sec, annealing at 55 ℃ for 45 sec, elongation 

at 72 ℃ for 5 min; for ninjurin2, initial denaturation at 94 ℃ for 5 

min, followed by 30 cycles at 94 ℃ for 45 sec, annealing at 65 ℃ 

for 45 sec, elongation at 72 ℃ for 5 min; for β-actin, initial 

denaturation at 94 ℃ for 5 min, followed by 20 cycles at 94 ℃ for 

45 sec, annealing at 55 ℃ for 45 sec, elongation at 72 ℃ for 5 min, 

with 0.3 μl of Ex-Taq polymerase (TaKaRa) in a total volume of 

20 μl. 

 

4. Preparation of anti-sense probes

To create anti-sense probes, coding DNA sequence (CDS) of 

ninjurin1 and ninjurin2 were amplified by RT-PCR using specific 

primers; 

for ninjurin1, F1 (5'–ATGGCTTCAGAAGCGATGGA–3') and R1 

(5'–TTACGATGTCTTGTCGTCTG–3'); 

for ninjurin2, F1 (5'–ATGCCTGCAGCGACGGGACG–3') and R1 

(5'-TTACTGCTTAGGATAGAGAC–3'). 

Amplified 441 bp of ninjurin1 and 393 bp of ninjurin2 were cloned 

respectively in pGEM-T Easy Vector (Promega). They were 

sequenced on both strands to confirm specificity. Then the 

anti-sense ninjurin1 and ninjurin2 digoxigenin (DIG)–labeled probes 

were synthesized by in vitro transcription. Using digoxygenin RNA 

labeling kit (Roche) with SP6 polymerase, the anti-sense probes 

were obtained.  

5. Whole-mount in situ hybridization

The zebrafish embryos were fixed with 4% paraformaldehyde for 

overnight at 4 ℃ and dehydrated with methanol for several days at 

-20 ℃. Then proteinase K were treated for 1 min to 20 min at 

room temperature according to the developmental stages. Next, the 

embryos were transported to the pre-hybridization solution (50% 

formamide, 5X SSC, 5 mg/ml yeast tRNA, 50 μg/ml heparin, 0.1% 
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tween 20) and incubated for 3 hours at 70 ℃. After incubation step, 

the mixed solution which contains anti-sense digoxygenin 

(DIG)–labed RNA probes were added in substituted Pre-hybridization 

solution and the embryos were incubated at 70 ℃ overnight. A 

series of washing steps (50% formamide/ 2X SSCT, 2X SSCT, 0.2X 

SSCT, PBST) were carried out and the embryos were blocked with 

anti–DIG–Alkaline phosphatase fragment diluted 1:2000 in blocking 

solution (0.5% Roche blocking reagent, 5% goat serum, PBT). After 

washing 10 times with PBST for 10 min, the embryos were 

submerged in staining solution (0.1 M TrisCl, 50 mM MgCl2, 0.1 M 

NaCl, 0.1% tween 20, 1 mM levamisole) three times for 5 min. 

Nitrobuleterazolium (NBT)/ 5–bromo, 4–chloro, 3–indolyl phosphate 

(BCIP) were used for color reaction and stained embryos were 

mounted in glycerol. The mounted embryos were photographed with 

Zeiss Stemi 2000C using a AxioCam ICC–1 camera. 

6. Morpholino injection

Morpholino antisense oligos were produced from Gene Tools, LLC 

(Oregon, USA). 

ninjurin1 MO (5'–TTGAGGACGCTGAAAAGAAATACGA–3') targets 

the splice–donor site of exon 2 of ninjurin1.

ninjurin2 MO (5'–AGATCTGGCGTTTACCCATGTTGAC–3') also 

targets the site of exon 2 of ninjurin2. 

Standard control MO ((5'–CCTCTTACCTCAGTTACAATTTATA–3') 

was used. 

Injection was carried out at the 1-4 cell stage embryos. 

7. Construction of sgRNA

sgRNA were assembled by a method derived from Chen et al. 

(2013). The target sequence of ninjurin1 was designed by E-CRISP

F (5'-TAGGTCAATATCTCTCACCGCTCC-3'), 

R (5'-AGTTATAGAGAGTGGCGAGGCAAA-3') 

and annealed oligonucleotides corresponding to the target 
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sequence was produced from Bioneer Corp. The customized 

pT7-gRNA vector (Addgene ref 46759) was digested with BglⅡ and 

SalⅠ then annealed oligonucleotides were cloned into the 

pT7-gRNA vector using T4 DNA ligase (Promega). 

8. RNA synthesis

To produce gRNA, the template DNA was linearized by BamHⅠ 

degestion, and treated with mixture of 100 μl/ml Proteinase K and 

0.5% of SDS at 50 ℃ for 20 min. Then the linearized plasmid was 

synthesized by in vitro transcription using MEGAshortscript T7 kit 

(Invitrogen). The pT3TS-nCas9n vector (Addgene ref 47929) 

optimized for zebrafish expression was created by Chen et al. 

(2013). To generate Cas9 RNA, the template DNA was linearized by 

XbaⅠ digestion, and treated with mixture of 100 μl/ml Proteinase 

K and 0.5% of SDS at 50 ℃ for 20 min. Next, the linearized plsmid 

was synthesized by in vitro transcription using mMESSAGE 

mMACHINE T3 kit (Invitrogen).

9. mRNA microinjection

The mixture was composed of 150 ng/μl of Cas9 RNA and 100 

ng/μl of gRNA with appropriate phenol red and nuclease free water 

in accordance with a total volume. The mix of gRNA and Cas9 RNA 

was injected into 1-4 cell stage embryos and raised in Danieau's 

solution. 

10. T7 Endonuclease 1 Assay

After injection with mix of gRNA and Cas9 RNA, 10 embryos were 

randomly selected in 7 dpf and genomic DNA was isolated from 

whole embryos. The specific site including target sequence was 

amplified by PCR from the genomic DNA. Oligonucleotide primers 

for PCR were designed as follows. 

F (5'-GAAAGATCCGACTCTCAAAG-3') 
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R (5'-TATACAATCGGCCACACCAC-3')

 The reaction conditions were as follows; for ninjurin1, initial 

denaturation at 95 ℃ for 4 min, followed by 35 cycles at 95 ℃ for 

30 sec, 64 ℃ for 30 sec, 72 ℃ for 40 sec using mix of 150 ng of 

genomic DNA and 10 picomoles of each primers. The reannealing 

process consisted of initial denaturation at 95 ℃ for 4 min, followed 

by cooling to 85 ℃ at -2 ℃ per second and further to 25 ℃ at -0.1 

℃ per second. The half of reannealed amplicon was digested with 

the mix of 0.3 μl of T7 endonuclease 1 (BioLabs) and 10X NEB 

buffer (BioLabs) in a total volume of 20 μl at 37 ℃ for 30 min. 

The reaction products were resolved using 1% agarose gel 

electrophoresis.   
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Result 

 

1. Comparative analysis of Ninjurin in human, mouse, 

and zebrafish

 Zebrafish homologuous ninjurin gene has been reported at NCBI 

(Accession NO. : ninjurin1; LOC100150223, ninjurin2; LOC799267). 

Therefore, sequence similarity checked and compared with human 

and mouse using the CLUSTALX (Fig 3, 4). First, the nucleotide 

sequence of human ninjurin1 is 68% identical to zebrafish ninjurin1 

and that of mouse ninjurin1 is 67% identical to zebrafish ninjurin1 

(Fig 3A). As a result of protein alignment, zebrafish ninjurin1 

shows 60% identity with human, 55% identity with mouse (Fig 3B). 

Also all of them have greatly similar transmembrane sequence, 

thus, transmembrane domain is highly conserved (Fig 3B, 3C). In 

addition, the nucleotide sequence of zebrafish ninjurin2 is similar 

about 70% to that of human and about 67% to that of mouse (Fig 

4A). As a result of protein alignment, zebrafish ninjurin2 is 55% 

identical to human and 50% identical to mouse (Fig 4B). Also 

transmembrane domain sequence of zebrafish ninjurin2 shows high 

homologies when compared with human and mouse, then their 

transmembrane domains are greatly conserved (Fig 4B, 4C).   
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Figure 3. Sequence alignment of ninjurin1 using the CLUSTALX

(A) Nucleotide alignment of ninjurin1 shows 68% identity with 

human and 67% identity with mouse. (B) The amino acid sequence 

of zebrafish ninjurin1 is 60% identical to human and 55% identical 

to mouse. (C) Transmembrane(TM) domain is highly conserved and 

TM of human and mouse is marked a line and TM of zebrafish is 

boxed.   
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Figure 4. Sequence alignment of ninjurin2 using the CLUSTALX

(A) Nucleotide alignment of ninjurin2 shows 70% identity with 

human and 67% identity with mouse. (B) The amino acid sequence 

of zebrafish ninjurin2 is 55% identical to human and 50% identical 

to mouse. (C) Transmembrane(TM) domain is highly conserved and 

TM of human and mouse is marked a line and TM of zebrafish is 

boxed.   
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2. Expression of ninjurin1/2 during zebrafish 

development

 

 To identify the mRNA expression of ninjurins during development, 

I performed RT-PCR analysis using synthesized cDNA at different 

stages. The expression of ninjurin1 was initiated from 1 cell stage 

and gradually increased after shield period. And the expression of 

ninjurin2 was maintained as a constant expression level during 

development of zebrafish (Fig 5). 

 Next, I conducted whole-mount in situ hybridization to confirm the 

spatiotemporal expression of ninjurin1/2 mRNA in zebrafish (Fig 6, 

7). ninjurin1 was detected ubiquitously at the early stages and was 

localized to the head region and somites in 2 dpf. In particular, the 

signal was observed highly at the cerebellum and tectum (Fig 6). 

During gastrulation, the expression of ninjurin2 was ubiquitously 

detected. Then it was restricted to the somites and the signal of 

head region was weakly detected in 2 dpf (Fig 7).       
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Figure 5. ninjurin1/2 mRNA expression during development of 

zebrafish

Expression of ninjurin1/2 was detected by reverse transcription PCR 

(RT-PCR) from 1 cell to 3 dpf. Zebrafish ninjurin1/2 were 

constantly expressed during the development.  
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Figure 6. Whole-mount in situ hybridization analysis of zebrafish 

ninjurin1

Spatiotemporal expression of ninjurin1 during development of 

zebrafish. ninjurin1 was detected ubiquitously during gastrulation, 

later it became localized to the somites and head region especially 

cerebellum and tectum. 
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Figure 7. Whole-mount in situ hybridization analysis of zebrafish 

ninjurin2

Spatiotemporal expression of ninjurin2 during development of 

zebrafish. During gastrulation, the expression of ninjurin2 is 

ubiquitously observed and it is restricted to the somites during 

segmentation.    
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3. Identification of developmental abnormalities of 

ninjurin1/2 morphants

3.1 knockdown of ninjurin1 using ninjurin1 morpholino   

 

 To investigate effects of knockdown of ninjurin1 in zebrafish, we 

designed morpholino oligonucleotide (MO) targeting to the intron1 

exon2. Zebrafish ninjurin1 gene consists of three exons and two 

introns. ninjurin1 MO was designed to target the exon 2 (Fig 8A). 

Zebrafish embryos were injected with 4 ng of ninjurin1 MO, and 4 

ng of control MO respectively at 1-4 cell stage and the MO injected 

embryos were collected after 30 hpf. To confirm the effect of 

ninjurin1 knockdown, we conducted RT-PCR analysis and 

whole-mount in situ hybridization. As a result, the expression of 

ninjurin1 was significantly decreased then ninjurin1 morpholino 

effectively depleted the expression of ninjurin1 (Fig 8B, 8C). 

 Next, I checked developmental abnormalities of ninjurin1 

morphants. After microinjection of 2 ng morpholino into the 

embryos at 1-4 cell stage, I selected embryos after 32 hpf. Embroys 

injected with ninjurin1 morpholino showed several defects such as 

small head, curved trunk, and short body length. The phenotypes of 

ninjurin1 morphants were ramified into three types of prominent 

defects and the type 2 phenotype (small head, curved trunk, short 

body length) was mostly observed (Fig 9A, 9B). Also the viability of 

ninjurin1 morphants was decreased in a dose dependent manner (Fig 

9C).
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Figure 8. Identification of ninjurin1 knockdown using ninjurin1 

morpholino

(A) Organization of zebrafish ninjurin1 gene. ninjurin1-specific 

morpholino was designed to target the exon 2. (B, C) The 

efficiency of ninjurin1 knockdown was confirmed by RT-PCR (left)  

and whole-mount in situ hybridization (right).  
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Figure 9. Developmental defects of ninjurin1 morphants

(A) Three types of defects (normal-like, phenotype #1, phenotype 

#2) were induced by ninjurin1 morpholino in lateral views. 

Normal-like phenotype looked like control morphants. Phenotype 

#1 embryos showed curved trunk and short body length. Phenotype 

#2 embryos showed severe defects in head, trunk, and body length. 

(B) Graph of the percentage of embryos with three types of 

phenotypes in 32 hpf after ninjurin1 morphlino injection. (C) The 

graphic depiction of the viability of embryos injected with 6 ng 

control MO, 2 ng MO, 4 ng MO, and 6 ng MO respectively.  
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3.2 knockdown of ninjurin2 using ninjurin2 morpholino   

 In addition, to investigate the function of ninjurin2, I designed 

ninjurin2 morpholino. ninjurin2 gene consists of four exons and 

three introns, and ninjurin2 MO was designed to target the exon 2 

(Fig 10A). Zebrafish embryos were injected with 6 ng of ninjurin2 

MO , and 6 ng of control MO respectively at 1-4 cell stage and the 

MO injected embryos were collected after 30 hpf. To confirm the 

effect of ninjurin2 knockdown, we conducted RT-PCR analysis and 

whole-mount in situ hybridization. As a result, the expression of 

ninjurin2 was dramatically decreased then ninjurin2 morpholino 

effectively diminished the expression of ninjurin2 (Fig 10B, 10C). 

 Next, I checked developmental abnormalities of ninjurin2 

morphants. After microinjection of 6 ng morpholino into 1-4 cell 

stage embryos, I collected embryos in 32 hpf. ninjurin2 morphants 

showed similar defects as ninjurin1 morphants such as small head, 

curved trunk, and short body length. The phenotypes of ninjurin2 

morphants also were divided into three types of prominent defects. 

Interestingly, normal-like phenotypes were mainly observed in 

ninjurin2 morphants and phenotype #1 was followed (Fig 11A, 11B). 

Also the viability of ninjurin2 morphants was slightly lower than 

control (Fig 11C). Accordingly, ninjurin2 morphants showed similar 

abnormalities as ninjurin1 but less severe than that of ninjurin1 

morphants. 
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Figure 10. Identification of ninjurin2 knockdown using ninjurin2 

morpholino

(A) Organization of zebrafish ninjurin2 gene. ninjurin2 morpholino 

was designed to target the exon 2. (B, C) The efficiency of 

ninjurin2 knockdown was confirmed by RT-PCR (left) and 

whole-mount in situ hybridization (right).  
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Figure 11. Developmental defects of ninjurin2 morphants

(A) Three types of defects (normal-like, phenotype #1, phenotype 

#2) were induced by ninjurin2 morpholino in lateral views. 

Normal-like phenotype looked like control morphants. Phenotype 

#1 embryos showed curved trunk and short body length. Phenotype 

#2 embryos showed severe defects in head, trunk, and body length. 

(B) Graph of the percentage of embryos with three types of 

phenotypes in 32 hpf after ninjurin2 morphlino injection. (C) The 

graphic depiction of the viability of embryos injected with 6 ng 

control MO, 2 ng MO, 4 ng MO, and 6 ng MO respectively.  
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4. CRISPR/Cas9-mediated mutagenesis of ninjurin1 in 

zebrafish

 To further verify roles of Ninjurins in zebrafish development, 

CRISPR/Cas9 system was adopted to construct ninjurin1 KO　

zebrafish. The optimized gRNA vector (pT7-gRNA)　 and Cas9 

vector (pT3TS-nCas9n) for zebrafish genome editing were 

produced by Chen et al. (2013). 20 bp ninjurin1-targeted sequence 

adjacent to a PAM (Protospacer-adjacent motif) site were cloned 

into pT7-gRNA vector (Fig 12). The gRNA and Cas9 RNA were 

generated by in vitro transcription and coinjected into 1-4 cell 

stage embryos. After 7 dpf, I randomly selected 10 embryos and 

isolated the genomic DNA from whole embryos. Then I confirmed 

the mutagenesis using the T7 endonuclease 1 (T7E1) assay. As a 

result, cleaved band showed CRISPR/Cas9-mediated mutation of 

ninjurin1 in zebrafish (Fig 13) and the homogeneous ninjurin1 

knockout zebrafish is expected to be generated in F3 generation.   
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Figure 12. Construction of sgRNA complementary to ninjurin1

20 bp target sequence (blue) adjacent to a PAM (underlined purple) 

were cloned into pT7-gRNA vector. T7 promoter is located in the 

5' upstream of ninjurin1 target sequence (green). 
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Figure 13. CRISPR/Cas9-induced mutagenesis of ninjurin1 in 

zebrafish

T7E1 assay showed CRISPR/Cas9-mediated mutation of ninjurin1 in 

zebrafish. The expected T7E1 fragments are noted in arrowheads.
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Discussion

 

Ninjurins, Ninjurin1 and Ninjurin2, are cell surface adhesion 

molecules that upregulated in Schwann cells surrounding the distal 

segment of injured nerves (Araki et al., 1996). Ninjurin1 is widely 

expressed not only in injured nerves but also in epithelial cells. 

Ninjurin2 is highly expressed in hematopoietic and lymphatic 

tissues as well as in Schwann cells induced nerve injury. Several 

reports has shown the functions of Ninjurin1 in inflammation and 

tissue remodeling (BJ Ahn et al., 2014, HJ Lee et al., 2010) 

In this study, to know a role of ninjurin during developmental 

process, I　carried out the study of ninjurin using zebrafish which is 

beneficial to development and genetic analysis. First, I conducted 

sequence alignment of ninjurin1/2 in human, mouse, and zebrafish. 

Both zebrafish ninjurins show approximately 50-70% homologies 

when compared to human and mouse forms and transmembrane 

domains highly conserved (Fig 3, 4). Temporal mRNA expression 

patterns of ninjurins at different developmental stages was 

identified by RT-PCR. ninjurin1 transcripts were detected from 1 

cell stage with gradual increase from shield period to 3 dpf, while 

ninjurin2 transcripts were constantly expressed during the 

development of zebrafish (Fig 5). In addition, to uncover 

spatiotemporal expression of ninjurins, in situ hybridization was 

conducted. ninjurin1 was detected ubiquitously during gastrulation, 

later it became localized to the somites and head region especially 

cerebellum and tectum (Fig 6). I found that the results were 

consistent to those of RT-PCR analysis. Similarly, spatiotemporal 

expression of ninjurin2 was observed ubiquitously during 

gastrulation and it was restricted to somites during segmentation 

(Fig 7). I also recognized that this observation were consistent to 

those of RT-PCR analysis. Intriguingly, the expression of ninjurin2 

at head region in 2 dpf was highly decreased compared with 

expression of ninjurin1 at head region. To examine the function of 
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ninjurins, I　 used morpholino-based knockdown strategies. When I 

injected 2 ng ninjurin1 morpholino into 1-4 cell stage embryos, 

ninjurin1 morphants showed several defects such as small head, 

curved trunk, and short body length (Fig 9A, 9B). Also the viability 

of ninjurin1 morphants was decreased in a dose dependent manner 

(Fig 9C). Embryos injected with 6 ng of ninjurin2 morpholino 

showed similar defects as ninjurin1 morphants such as small head, 

curved trunk, and short body length (Fig 11). Interestingly, 

nevertheless ninjurin2 morpholino was treated in a high dose 

compared to treatment of ninjurin1 morphlino, defects of ninjurin2 

morphants was less severe than that of ninjurin1 morphants. Taken 

toghether, these data suggests that ninjurin1 and ninjurin2 are 

possibly associated with development of brain and somites in 

zebrafish but ninjurin1 is more influential than ninjurin2 during 

developmental process. 

The CRISPR-mediated genome editing technology is recently used 

for inducing site-specific genetic modifications at targeted genomic 

loci (Cong et al.,2013, Mali et al., 2013, H Kim et al., 2014). This 

system enable us to generate loss-of-function alleles by 

frameshift-mediated mutations by insertion or deletion in a variety 

of organisms, including zebrafish (WY Hwang et al., 2013, Mali et 

al., 2013, Gilbert et al., 2013, Kotani et al., 2015). To further 

investigate roles of Ninjurins in zebrafish development, 

CRISPR/Cas9 system was conducted for construction of ninjurin1 

KO　 zebrafish. The optimized CRISPR/Cas9 system for zebrafish 

genome editing were created by Chen et al. (Jao et al., 2013). 

At first, 20 bp ninjurin1-targeted sequence adjacent to a PAM site 

were cloned into pT7-gRNA vector (Fig 12). The gRNA and Cas9 

RNA were produced by in vitro transcription and coinjected into 

1-4 cell stage zebrafish embryos. 7 day after injection, to confirm 

mutagenesis of ninjurin1 in zebrafish, I carried out T7 endonuclease 

1 (T7E1) assay. As a result, cleaved band showed 

CRISPR/Cas9-mediated mutation of ninjurin1 in zebrafish (Fig 13). 
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The homogeneous ninjurin1 knockout zebrafish is expected to be 

generated in F3 generation. The homogeneous ninjurin1 knockout 

zebrafish will be valuable model for study of ninjurin during 

developmental process. Consequently, these data can be used for 

preliminary information for developmental study. 
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국문초록

 Nerve injury induced proteins (Ninjurin)은 세포 표면 부착 단백질로서 손

상된 신경 주위의 슈반세포에서 처음으로 분리되었다. Ninjurin family에는 

Ninjurin1과 Ninjurin2가 있으며 이들은 일차 배양된 척수 신경절 뉴런에서 신

경돌기 진전(neurite outgrowth)을 촉진한다고 알려져 있다. 또한 Ninjurin1과 

Ninjurin2는 모두 막관통 역에 보존된 소수성 부분을 가지고 있으나 부착 기능

을 담당하는 N-말단에 있는 부착 모티프(adhesion motif)는 다르다. 일반적으로 

포유류에서 ninjurin1은 주로 상피조직에서 발현이 되는 반면에 ninjurin2는 림

프조직과 조혈조직에서 높게 발현이 된다. 지금까지 밝혀진 ninjurin에 대한 자료

는 염증반응에서 ninjurin의 역할을 중심으로 연구가 되어있었는데, 발생과정 동

안에 ninjurin에 대한 연구는 아직 잘 이루어지지 않았다. 따라서 본 연구에서 제

브라피쉬 배아 발생과정 동안에 ninjurin1/2의 발현패턴을 분석하고 

morpholino를 이용한 ninjurin1/2 녹다운을 통해 그 기능을 조사하 다. 

우선 뉴클레오타이드와 아미노산 시퀀스 분석 결과, 제브라피쉬 ninjurin은 사람

과 쥐와 비교했을 때, 약 50-70% 상동성을 보 다. RT-PCR을 이용하여 발달

과정동안 시기별로 ninjurin의 mRNA 발현을 확인하 을 때, ninjurin1은 1 

cell에서부터 조금씩 발현이 되다가 shield 시기부터 수정 후 3일째까지 발현이 

서서히 증가하 으며, ninjurin2는 발생과정 동안 일정하게 발현되는 것을 확인하

다. in situ hybridizaion을 통해 ninjurin mRNA의 위치적 발현을 확인한 

결과, ninjurin1은 낭배형성기동안 세포 전반적으로 발현이 되다가 시기가 지날수

록 체절과 머리부분, 특히 소뇌와 중뇌개 부분으로 발현이 집중되는 것을 확인하

다. 또한 ninjurin2는 역시 낭배형성기동안에 세포 전반적으로 발현이 되다가 분

할기에서부터 체절을 중심으로 발현이 되는 것을 확인하 다. zebrafish에서 

ninjurin의 기능을 알아보기 위해 morpholino를 통해 유전자 녹다운을 시켰을 

때, ninjurin1/2 모두 작아진 머리, 휘어진 몸통, 짧아진 몸길이와 같은 발달 장

애를 보 다. 흥미롭게도, ninjurin1 morphants 경우에 ninjurin2 morphants

에 비해서 더 심한 결함을 보 고, 생존률을 조사하 을 때에도 ninjurin1 

morphants에서 농도 의존적으로 생존률이 현저히 감소하는 것을 확인하 다. 이

러한 현상을 통해, ninjurin1/2는 zebrafish 발생과정에서 머리 부분의 뇌와 체

절 형성에 관여할 것이라고 추측할 수 있었고, ninjurin1이 ninjurin2 보다 좀 

더 중요한 기능을 할 것이라 짐작하 다. 

 더 나아가 최근에 많이 쓰이는 유전자 조작 기술인 CRISPR/Cas9 시스템을 이
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용하여 ninjurin1 녹아웃 제브라피쉬를 구축하 다. CRISPR/Cas 시스템은 

Clustered regularly interspaced short palindromic repeats (CRISPR)/ 

CRISPR-associated proteins (Cas)의 약자로서, 이전에 많은 논문에서 다양

한 세포라인과 박테리아, 쥐, 제브라피쉬 등에서 효과적으로 녹아웃 모델을 만드는

데 쓰인다고 보고되었다. 본 연구에서는 ninjurin1을 표적으로 하는 작은 단일 

RNA(sgRNA)를 제작하 고 이 단일 RNA와 Cas9 핵산내부가수분해효소가 제

브라피쉬에서 ninjurin1을 선택적으로 돌연변이를 일으킨 것을 T7E1 assay를 

통해 확인하 다. 완전한 동종(homogeneous) ninjurin1 녹아웃 제브라피쉬는 

F3 세대에서 얻어질 것으로 기대된다. 

 이상의 결과를 통해 제브라피쉬의 발생단계에서 ninjurin1/2는 뇌와 체절 형성에 

관여할 것이라 가정할 수 있고, CRISPR/Cas9을 이용한 ninjurin1 녹아웃 제브

라피쉬는 앞으로의 ninjurin 연구에 유용하게 쓰일 수 있으며 위 데이터들은 앞으

로 진행될 발생연구의 기초자료로 이용될 수 있을 것이다.

주요어: Ninjurin1, Ninjurin2, 제브라피쉬, CRISPR/Cas9 시스템

학번: 2013-24036 
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