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Abbreviations 

A-P anterior - posterior 

AVE anterior visceral endoderm 

BMP bone morphogenetic protein 

Cables1 Cdk5 and Abl enzyme substrate 1 

Cables2 Cdk5 and Abl enzyme substrate 2 

cDNA complementary deoxyribonucleic acid 

Co-IP co-immunoprecipitation 

Ctnnb1 catenin β 1 (β-catenin) 

DNA deoxyribonucleic acid 

E embryonic day 

EdU 5-ethynyl-2’-deoxyuridine 

EpiLCs epiblast-like-cells 

ESCs embryonic stem cells 

GFP green fluorescent protein 

ICM inner cell mass 

WISH whole-mount in situ hybridization 

KOMP Knockout Mouse Project 

Luc luciferase 

mRNA messenger ribonucleic acid 

P-D proximal - distal 

PCR polymerase chain reaction 

qPCR quantitative polymerase chain reaction 
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RNA ribonucleic acid 

RT-PCR reverse transcription polymerase chain reaction 

T Brachyury 

TGF-β transforming growth factor-β 

TUNEL terminal deoxynucleotidyl transferase (TdT)-dUTP nick 

end labeling 

VE visceral endoderm 
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Abstract 

CDK5 and Abl enzyme substrate 2 (Cables2), a member of the Cables family 

that has a C-terminal cyclin box-like domain, is widely expressed in adult mouse 

tissues. Forced expression of Cables2 has been shown to induce apoptotic cell death in 

vitro. However, the physiological role of Cables2 in vivo is unknown. Here, I showed 

that Cables2 plays an important role in Nodal/Smad2 and Wnt/β-catenin signalling 

pathways during early embryonic development in mice. In vivo analyses indicated that 

the Cables2 gene is ubiquitously expressed in early mouse embryos and Cables2-

deficient mice are embryonic lethal with defects of anterior visceral endoderm and 

primitive streak formation. In addition, I showed that Cables2 physically interacts 

with Smad2 and β-catenin, and enhances their transcriptional activities. Notably, 

Cables2-deficient embryos show abnormal expression of target genes of Smad2 

and/or β-catenin. These results suggest that Cables2 is a Smad2 and β-catenin 

regulatory factor and play an essential function for mouse gastrulation. My study is 

the first evidence for the functional role of Cables2 in vivo, and may contribute to the 

molecular understanding of the native functions of the Cables gene family. 

 

 



	 6	

Introduction 

At the blastocyst stage, the mouse embryo consists 2 layers: the outer 

trophectoderm, which will make extra-embryonic ectoderm and ectoplacental cone; 

and the inner cell mass (ICM), characterized as pluripotent stem cells, from which the 

epiblast and primitive endoderm derived. Epiblast cells will give rise to all cell types 

of the fetal tissues and future body, the primitive endoderm will produce the 

visceral endoderm (VE) lining the extraembryonic yolk sac while all 

extraembryonic tissues are critical to providing support for embryo development in 

utero. Following implantation, the extra- and embryonic tissues transform into the 

egg cylinder, a simple cylindrical structure that exhibits a molecular pattern along its 

proximal-distal (P-D) axis (Arnord and Robertson, 2009; Tam and Loebel, 2007). By 

embryonic day 5.5 (E5.5), the group of visceral endodermal cells have assembled at 

the distal tip of the egg cylinder, subsequently, expanded and migrated unilateral 

movement towards the proximal region of the egg cylinder to specify the site 

anterior visceral endoderm (AVE) (Beddington and Robertson, 1999; Morris et al., 

2012; Varlet et al., 1997). This movement is critical for correct positioning of the 

anterior-posterior (A-P) axis. The primitive streak is generated initially at E6.5 from 

the proximal-posterior region of the epiblast and extended anteriorly to the distal tip of 

the egg cylinder. In mice, the formation of the primitive streak at E6.5 marks the overt 

morphological initiation of gastrulation stage in which three germ layers form 

importantly: ectoderm, mesoderm and endoderm (Tam and Loebel, 2007). 

Nodal, bone morphogenetic protein (BMP), members of transforming growth 

factor TGF-β family, and Wnt signalling pathways are essential for early mouse 
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development. These signalling pathways coordinately control formation of the P-D 

and A-P axes during the egg cylinder stage (Shen et al., 2007; ten Berge et al., 2008; 

Wang et al., 2012; Winnier et al., 1995). Nodal/Smad2 signaling has the important 

function for establishing the AVE and hence A-P polarity of the embryo and 

controlling the stem cell differentiation (Brennan et al., 2001; Perea-Gomez et al., 

2002; Shen et al., 2007; Yamamoto et al., 2004; Waldrip et al. 1998). It is well known 

that AVE formation is the result of a combination of inductive signaling by Nodal 

and Activin and inhibitory signals by BMP pathway. In the epiblast, Wnt3 is 

critically required for maintenance high levels of Nodal via regulation of the proximal 

enhancer in Nodal locus (Ben-Haim et al., 2006; Vincent et al., 2003). For the 

gastrulation, the primitive streak formation is required and preceded by the 

regionalized expression of lineage-specific markers such as Brachyury (T) and Wnt3, 

which are regulated by Wnt/β-catenin pathway (Rivera-Perez and Magnuson, 2005; 

Tam et al., 2006). 

The cyclin-dependent kinase regulatory protein Cables family, abbreviated as 

Cables (Cdk5 and Abl enzyme substrate), has two members in mammals, designated 

as Cables1 and Cables2. Cables1 encodes 568 amino acid with approximate 64 kDa 

molecular weight and is the founding member of the Cables family. Cables1 was 

reported to bind to Cdk5 and c-Abl and stimulate tyrosine phosphorylation of Cdk5, 

which resulted in neurite outgrowth (Zukerberg et al., 2000). At the same time, 

Cables1 was also isolated from the interaction with Cdk3 using the yeast two-hybrid 

system and being the substrate of Cdk3-mediated phosphorylation (also known as ik3-

1) (Matsuoka et al., 2000; Yamochi et al., 2001). Of note, Cables1-deficient mice 
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showed increased cellular proliferation in endometrial hyperplasia, colon cancer, and 

oocyte development (Zukerberg et al., 2004; Kirley et al., 2005 and Lee et al., 2007). 

Furthermore, the function of Cables1 was further explored as a mediated regulator 

protein in the nervous system (Wu et al., 2001; Dong et al., 2003; DeBernado et al., 

2005). Indeed, it has also been demonstrated that Cable1 functions as a bridging factor 

linking Robo-associated Abl and N-cadherin-associated β-catenin complex in chick 

neural retina cells (Rhee et al., 2007). Recently, Cables1 was shown to be essential for 

neural differentiation in zebrafish embryos (Groeneweg et al., 2011). 

Cables2 was firstly cloned by cross-hybridization with Cables1. Analysis of 

amino acid sequence indicated that Cables2 has the C-terminal cyclin-box-like region 

highly homologous to that of Cables1 (Sato et al., 2002). The Cables gene family has 

been found since 2000, however, most of the studies exclusively focused on Cables1 

function in mouse and human tissues. Up to date, there are only two reports about 

Cables2 function in vitro which demonstrated Cables2 associates with Cdk3, Cdk5 

and Abl (Sato et al., 2002), and both p53-dependent and p53-independent apoptotic 

pathways are related with Cables2 by cyclin box domain activity in C-terminal 

(Matsuoka et al., 2003). 

Recently, our group found that Cables1 might contribute to the callosal 

formation in mouse brain. A mutated Cables1 allele was randomly generated by 

transgene insertion into the genomic region containing exon 4 of Cables1 and 

translated into a truncated Cables1 protein product. Notably, the Cables1-null mutant 

mice are alive with undetectable abnormal phenotype in mouse brain tissues. 

Generally, our study indicated that a dominant negative effect of truncated Cables1 
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causes the agenesis of the corpus callosum and wild-type Cables1 contributes to the 

callosal formation (Mizuno and Tra et al., 2014). The previous study also showed that 

the Cables2 gene was expressed in a variety of adult mouse tissues, including the 

brain (Sato et al., 2002), thus we hypothesized the interaction of Cables2 and Cables1 

in mouse brain. The effect of Cables1 dysfunction in null mutation may be masked by 

a redundant function of Cables2 in callosal development. In fact, no data have been 

reported regarding colocalization of Cables1 and Cables2 expression in the brain, 

neither in vivo function of Cables2, the role of Cables2 gene should be studied and 

clarified to broaden our understanding of Cables1, Cables2 and Cables gene family in 

general. 

From the lack of biological comprehension about Cables2 gene and mutual 

effect between Cables1 and Cables2, I aimed to analyse the role of Cables2 in vivo to 

investigate and understand the novel function of this cyclin-dependent kinase 

regulatory protein. To elucidate the role of Cables2 in vivo, I generated Cables2-

deficient mice and found that Cables2 deficiency caused early embryonic lethality. In 

addition, whole-mount in situ hybridization (WISH) revealed that distal visceral 

endoderm (DVE) and primitive streak formation were impaired in Cables2-deficient 

embryos. I further demonstrated the physical interaction of Cables2 with β-catenin 

and Smad2, and augmentation of their transcriptional activity by Cables2. These 

findings provide novel insights into the functional role of Cables2 in the regulation of 

Nodal/Smad2 and Wnt/β-catenin signalling during early mouse development.  
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Materials and Methods 

 

Animals and husbandry 

ICR mice were purchased from CLEA Japan Co. Ltd.; C57BL/6N mice were 

purchased from Charles River Laboratory Japan Co. Ltd. For production of staged 

embryos, the day of fertilization, as defined by the appearance of a vaginal plug, was 

considered to be embryonic day 0.5 (E0.5). Animals were kept in plastic cages (4 - 5 

mice per cage) under specific pathogen-free conditions in a room maintained at 

23.5°C ± 2.5°C and 52.5% ± 12.5% relative humidity under a 14-h light:10-h dark 

cycle. Mice had free access to commercial chow (MF; Oriental Yeast Co. Ltd.) and 

filtered water throughout the study. Animal experiments were carried out in a humane 

manner with approval from the Institutional Animal Experiment Committee of the 

University of Tsukuba in accordance with the Regulations for Animal Experiments of 

the University of Tsukuba and Fundamental Guidelines for Proper Conduct of Animal 

Experiment and Related Activities in Academic Research Institutions under the 

jurisdiction of the Ministry of Education, Culture, Sports, Science, and Technology of 

Japan. 

 

Generation of Cables2-deficient mouse 

The targeted embryonic stem cell (ESC) clone Cables2tm1(KOMP)Vlcg was 

purchased from KOMP (project ID VG1608, clone number: 16085A-D3).  
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To generate Cables2-deficient mice, ESCs were aggregated with the wild-type 

morula and transferred to pseudopregnant female mice. Male chimeras that 

transmitted the mutant allele to the germ line were mated with wild-type females to 

produce Cables2-deficient mice with the C57BL/6N background. Adult mice were 

genotyped using genomic DNA extracted from the tail. For whole-mount in situ 

hybridization, embryos were genotyped using a fragment of yolk sac and Reichert 

membrane. Samples were dispensed into lysis solution (50 mM Tris-HCl, pH 8.5, 1 

mM EDTA, 0.5% Tween 20) and digested with proteinase K (1 mg/mL) at 55°C for 2 

hours, inactivated at 95 °C for 5 minutes, and then subjected to PCR. For paraffin 

slides, embryos were genotyped using tissue picked from sections and digested 

directly with proteinase K (2 mg/mL) in PBS. For others experiments, after collecting 

data, the whole embryos were used for genotyping. Genotyping PCR was performed 

with AmpliTag Gold 360 Master Mix (Thermo Fisher Scientific) using the following 

primers: 

 Cables2 D3-1:  5'-ACTGCAGAAGCTGGAGGAAA-3' 

 Cables2 D3-2:  5'-TCAAGGTGTCTGCCCTATCC-3' 

 Cables2 D3-3:  5'-AGGGGATCCGCTGTAAGTCT-3'  

 

Nanog-GFP reporter mice 

Nanog-GFP transgenic mice were obtained from Riken BioResource Center 

(BRC) (RBRC02290). Animals were kept and maintained under the same conditions 

as described above.  



	 12	

To produce the Nanog-GFP reporter in the homozygous Cables2 background, 

Cables2 heterozygotes were first crossed with NanogGFP/+ to obtain Cables2+/-

:NanogGFP/+. Subsequently, to obtain Cables2-/-:NanogGFP/+ embryos, Cables2 

heterozygotes were mated with Cables2+/-:NanogGFP/+ mice and the embryos were 

collected at E6.5 or E5.5. All embryos were then genotyped using both Cables2 

genotyping primers and the GFP following primers:  

GFP F:  5'- ACGTAAACGGCCACAAGTTC-3' 

GFP R:  5'- TGCTCAGGTAGTGGTTGTCG-3' 

 

Cell culture 

293FT (Thermo Fisher Scientific) cells were cultured in Dulbecco’s modified 

Eagle’s medium (DMEM) supplemented with 10% heat-inactivated fetal bovine 

serum. Mouse ESCs were maintained on 0.1% gelatine-coated dishes in medium 

consisting of DMEM containing 20% knockout serum replacement (KSR; Thermo 

Fisher Scientific), 1% non-essential amino acids (Thermo Fisher Scientific), 1% 

GlutaMAX (Thermo Fisher Scientific), 0.1 mM 2-mercaptoethanol (Thermo Fisher 

Scientific), and leukemia inhibitory factor (LIF)-containing conditioned medium, 

supplemented with two chemical inhibitors (2i), i.e., 3 µM CHIR99021 (Stemgent) 

and 1 µM PD0325901 (Stemgent). The epiblast-like cells (EpiLCs) were induced by 

plating 2.0 × 105 ESCs on human fibronectin (Corning)-coated 6-well plates in 

N2B27-containing NDiff 227 medium (Takara) supplemented with 20 ng/mL activin 

A, 12 ng/mL bFGF, and 1% KSR. All cells were cultured in an atmosphere of 5% 
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CO2 at 37°C. 

 

RT-PCR and RT-qPCR 

Cultured ES cells, about 130 blastocysts, and 21 embryos at E7.5 were 

collected. Total RNAs from blastocysts and embryos were extracted using Isogen 

(Nippon Gene). RNA from ESCs was collected using an RNeasy Mini Kit (Qiagen). 

The cDNA was synthesized using Oligo-dT primer (Thermo Fisher Scientific) and 

SuperScript III Reverse Transcriptase (Thermo Fisher Scientific) in a 20-µL reaction 

mixture. The PCR reactions were performed with AmpliTag Gold 360 Master Mix 

(Thermo Fisher Scientific), Gapdh was used as an internal control. The primers were:  

Cables1 F: 5'-CATCTTTGGAGACCCTGGAA-3' 

Cables1 R: 5'-GGAAGGTCAGAACTCGCTTG-3' 

Cables2 F: 5'-CACCAGCTGGCACAGAACTA-3' 

Cables2 R: 5'-GCTTGAGGATCAAGTGTGGTTCAAAGTC-3' 

Gapdh F: 5'-ACCACAGTCGATGCCATCAC-3' 

Gapdh R: 5'-TCCACCACCCTGTTGCTGTA-3' 

RT-qPCR was performed using SYBR Premix Ex Taq II (Takara) and the 

Thermal Cycler Dice Real Time System (Takara) according to the manufacturer’s 

instructions. The Nanog gene expression level was normalized to the endogenous 

Gapdh expression level. The primers used were:  

Nanog F: 5'-CCTGAGCTATAAGCAGGTTAAG-3' 
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Nanog R: 5'-GTGCTGAGCCCTTCTGAATC-3' 

Gapdh qPCR F: 5'-TGGAGAAACCTGCCAAGTATG-3' 

Gapdh qPCR R: 5'-GGAGACAACCTGGTCCTCAG-3' 

  

Vector construction 

Part of Cables2 cDNA containing exons 1 and 2 was cloned in-frame into 

pBlueScript KS+ at the BamHI site, and the fragment containing exons 3-10 was 

cloned into the pcDNA3 vector at the BamHI site. These fragments were obtained and 

amplified from a mouse embryo E7.5 cDNA library and sequenced. The part covering 

Cables2 exons 1 and 2 was cut at the AfeI site and ligated into the pcDNA3 vector 

containing exons 3-10. Finally, the full-length cDNA and FLAG-Cables2 vectors 

were constructed. The full-length Smad2 cDNA was amplified by PCR from mouse 

ESC cDNA template, cloned into the pcx-CAG vector, and sequenced.  

A 1.5-kb Cables2 riboprobe was prepared by amplification from the full-length 

cDNA template with the pcDNA3 backbone, synthesized with Sp6 polymerase, and 

labelled with digoxigenin as a riboprobe.  

 

Whole-mount in situ hybridization (WISH)  

All embryos were dissected from the decidua in PBS with 10% fetal bovine 

serum and staged using morphological criteria (Downs and Davies, 1993) or described 

as the number of days of development. WISH was carried out following standard 

procedures, as described previously (Rosen and Beddington, 1994). Briefly, embryos 
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were fixed overnight at 4°C in 4% paraformaldehyde in PBS, dehydrated, and 

rehydrated through a graded series of 25% - 50% - 75% methanol/PBS. After 

proteinase K (10 µg/mL) treatment for 15 minutes, embryos were fixed again in 0.1% 

glutaraldehyde/4% paraformaldehyde in PBS. Pre-hybridization at 70°C for at least 1 

hour was conducted before hybridization with 1 – 2 µg/mL digoxigenin-labelled 

riboprobes at 70°C overnight. Pre-hybridization solution included 50% formamide, 

4×SSC, 1% Tween-20, heparin (50 µg/mL) (Sigma-Aldrich) and hybridization was 

added more yeast RNA (100 µg/mL) and Salmon Sperm DNA (100 µg/mL) (Thermo 

Fisher Scientific). For post-hybridization, embryos were washed with hot solutions at 

70°C including 50% formamide, 4×SSC, 1% SDS, and treated with 100 µg/mL RNase 

A at 37°C for 1 hour. After additional stringent hot washes at 65°C including 50% 

formamide, 4×SSC, samples were washed with TBST, pre-absorbed with embryo 

powder, and blocked in blocking solution (10% sheep serum in TBST) for 2 – 5 hours 

at room temperature. The embryo samples were subsequently incubated with anti-

digoxigenin antibody conjugated with alkaline phosphatase anti-digoxigenin-AP, Fab 

fragments (Roche) overnight at 4°C. Extensive washing in TBST was followed by 

washing in NTMT and incubation in NBT/BCIP (Roche) at room temperature (RT) 

until colour development. After completion of in situ hybridization (ISH), embryos 

were de-stained in PBST for 24 – 48 hours and post-fixed in 4% paraformaldehyde in 

PBS. Embryos were processed for photography through a 50%, 80%, and 100% 

glycerol series. Before embedding for cryosectioning, embryos were returned to PBS 

and again post-fixed in 4% paraformaldehyde in PBS. The specimens were placed into 

OCT cryoembedding solution, flash-frozen in liquid nitrogen, and cut into sections 14 
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µm thick using a cryostat (HM525 NX; Thermo Fisher Scientific). The following 

probes were used for WISH: Bmp4 (Jones et al., 1991), Brachyury (T) (Herrmann et 

al., 1991), Cer1 (Belo et al., 1997), Lim1 (Shawlot and Behringer, 1995), Nanog 

(Chambers et al., 2003) and Wnt3 (Roelink et al., 1990).  

 

Co-immunoprecipitation (Co-IP) 

At 1 day before transfection, aliquots of 4 × 104 293FT cells were seeded onto 

poly-L-lysine (PLL)-coated 6-cm dishes and co-transfected with 2 µg of each pCAG-

based expression vector using Lipofectamine 3000 (Thermo Fisher Scientific). After 

48 hours, the cells were washed once with PBS, resuspended in RIPA buffer (50 mM 

Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% deoxycholic acid, and 1% 

Nonidet P-40) containing protease inhibitor cocktail (Roche Diagnostics) and placed 

on ice for 30 minutes. The supernatant was collected after centrifugation and 

incubated with Dynabeads Protein G (Veritas) and mouse anti-DYKDDDDK 

(FLAG)-tag antibody (KO602-S; Transgenic) overnight at 4°C. The beads were 

washed four times with PBS, resuspended in Laemmli sample buffer, and boiled. The 

precipitated proteins were analysed by SDS-polyacrylamide gel electrophoresis (SDS-

PAGE) and western blotting using the ECL Select Western Blotting Detection System 

(GE Healthcare) and a LAS-3000 imaging system (GE Healthcare). The FLAG 

antibody was then washed out and the membrane was re-stained with anti-β-catenin 

antibody (RCAB0001P; ReproCELL) or anti-HA High Affinity antibody (3F10; 

Roche). 



	 17	

Luciferase reporter assay 

293FT cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) 

(Thermo Fisher Scientific) containing 10% fetal bovine serum (Nichirei Biosciences) 

and 1% penicillin-streptomycin (10000 units of penicillin and 10 mg/mL of 

streptomycin; Thermo Fisher Scientific) at 37°C in an atmosphere of 95% air and 5% 

CO2. A total of 50,000 cells were plated in PLL-coated 96-well tissue culture plates. 

After overnight culture, the cells were transfected with a specific promoter-driven 

firefly reporter plasmid and Renilla luciferase control plasmid, pRL-TK, using 

Lipofectamine 3000 (Thermo Fisher Scientific) and opti-MEM (Thermo Fisher 

Scientific). Luciferase activity was analysed using a luminometer and a Dual-Glo 

Luciferase assay kit according to the manufacturer’s instructions (Promega). The 

firefly luciferase values were normalized to those of Renilla luciferase. To evaluate β-

catenin activity, cells were transiently transfected with TOPflash (TOP) or FOPflash 

(FOP) reporter plasmids carrying multiple copies of a wild-type or mutated TCF-

binding site, respectively. Relative activity was calculated as normalized relative light 

units of TOPflash divided by normalized relative light units of FOPflash. To examine 

the SMAD2 activity, cells were transfected with ARE-luc reporter plasmid, which 

expresses firefly luciferase driven by a SMAD2- and FAST1-dependent promoter, 

pRL-TK, a FAST1 expression plasmid48, and a constitutive-active mutant form of 

ALK5 expression plasmid. Nanog promoter activity was evaluated using the 

Nanog5p-luc reporter plasmid, which contains 2.5 kb of 5' promoter region of the 

mouse Nanog gene (Addgene plasmid #16337). The experiment was performed in 

triplicate and repeated at least three times. 
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Histology, EdU, and TUNEL assay 

Mouse uteri including the decidua were collected and fixed in 4% 

paraformaldehyde in PBS. Subsequently, paraffin blocks were made by dehydration in 

ethanol, clearing in xylene, and embedding in paraffin. Embryo sections 5 µm thick 

were cut (Microm HM 335E; Thermo Fisher Scientific) and placed on glass slides 

(Matsunami). For haematoxylin-eosin (HE) staining, slides were deparaffinized and 

rehydrated through an ethanol series, and then stained with HE. 

To label the proliferating embryonic cells, pregnant mice at E6.5 were injected 

intraperitoneally with 5-ethynyl-2'-deoxyuridine (EdU) at 200 µL/mouse and 

sacrificed 4 hours later. Embryos were embedded in paraffin blocks, and sections 

were refixed in 4% paraformaldehyde and permeabilized in 0.5% Triton X-100/PBS. 

EdU assay was performed with a Click-iT Plus EdU Imaging Kit (Thermo Fisher 

Scientific) and TUNEL assay was performed with a Click-iT Plus TUNEL Assay for 

In situ Apoptosis Detection kit (Thermo Fisher Scientific) according to the 

manufacturer’s protocol. As the final step, embryo sections were co-stained with 

Hoechst 33342, observed under a microscope (BZ-X700; Keyence), and cell number 

was counted using ImageJ software. 
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Results 

 

Expression of Cables gene family during early mouse development 

Most of the previous studies exclusively investigated the function of Cables1 

gene in tissues and cells. Northern blotting analysis indicated that Cables2 is widely 

expressed at equivalent levels in mouse tissues, including the brain, heart, muscle, 

thymus, spleen, kidney, liver, stomach, testis, skin, and lung (Sato et al., 2002). I first 

investigated the expression of Cables gene family in mouse embryonic stem cells 

(ESCs), blastocysts and embryos at day E7.5 by reverse transcription polymerase 

chain reaction (RT-PCR). The results indicated that both Cables1 and Cables2 were 

expressed in all three stages of development (Fig. 1A). 

To confirm Cables2 gene expression in mouse embryogenesis, localization of 

Cables2 mRNA expression was examined in embryos by WISH (Fig. 1B-F). The data 

for the whole embryo and transverse section showed that Cables2 was expressed 

ubiquitously at E6.5 (Fig. 1B, C). Cables2 was detected in both extra- and embryonic 

parts at E7.5 (Fig. 1D) and was strongly expressed in the allantois and heart-field at 

E8.5 (Fig. 1E). At E9.5, the whole embryo and extraembryonic tissues, including the 

yolk sac, expressed Cables2 (Fig. 1F). Overall, the expression of Cables2 is 

consistent with RT-PCR data, and indicates that Cables2 is expressed ubiquitously 

during early development, particularly at the gastrulation stage in mouse embryo. 
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Early embryonic lethality of Cables2-deficiency 

Cables2 heterozygous mice with C57BL/6N genetic background were 

produced successfully using conventional aggregation with Cables2-targeted ES cell 

clones obtained from KOMP. After breeding several progenies, interestingly, while 

the heterozygotes were viable and fertile, no homozygous Cables2-deficient mice 

were generated by intercrossing heterozygous mice (Fig. 2A). In adult mice, from a 

total number of 90 mice, 24 were genotyped as wild-type and 66 as heterozygotes 

(Table 1). To identify the critical point in development at which Cables2 is essential 

for survival, I collected embryos at various time points during embryonic 

development as shown in Table 1, and the Mendelian ratios of Cables2 mutant mice 

were determined. Homozygous Cables2 mutant mice were detected at E6.5 – E9.5 and 

no homozygous embryos were found after E12.5. The genotyping PCR data showed 

that homozygotes were detected in embryonic stage but not in adult mice (Fig. 2A). 

To confirm the Cables2 deficiency, I performed WISH using both wild-type 

and Cables2-deficient embryos at E6.5. WISH-positive staining appeared only in 

wild-type but not in homozygous Cables2 mutants (Fig. 2B), indicating the depletion 

of Cables2 in our mouse model. The expression timeline, survival rate, and Mendelian 

ratio of Cables2-deficient embryos indicate that embryonic lethality is due to loss of 

Cables2.  

 

Defective morphology and histology of Cables2-deficient embryos at the 

gastrulation stage 



	 21	

I demonstrated that in comparison with wild-type embryos, Cables2-deficient 

embryos were smaller in size and did not show the proper morphology and 

development at the relevant stages after E6.5. At E8.5, Cables2-deficient embryos 

were markedly smaller and showed poor development (Fig. 3C, D). Wild-type 

embryo at E7.5 showed a well-organized structure at the neural plate stage with the 

allantois bud and embryonic cavities (Fig. 3A). The node, headfold, and distal 

extension of mesoderm were observed by histological analysis (Fig. 3G). However, 

both the extra- and embryonic regions were smaller in Cables2-deficiency, which 

could be clearly distinguished from other embryos in the same litter at E7.5 (Fig. 3B, 

H).  

The Cables2-deficient embryos at E6.5 showed the unclear abnormal 

phenotype histologically compared with the others (Fig. 3E, F). These data suggest 

that homozygous Cables2 mutants have disrupted development for gastrulation.  

 

Normal cell proliferation and death status in Cables2-deficient embryos 

Cell proliferation and apoptotic cell death are key events during development. 

To clarify the cell growth status, I performed EdU assay and measured the percentage 

of EdU-positive cells. The numbers of cells were counted in at least 2 slides per 

sample. There was no significant difference in the number of proliferation cells 

between wild-type and Cables2-deficient embryos at E6.5 (Fig. 4A, B, G). 

Furthermore, TUNEL assay was performed simultaneously to determine 

whether the embryonic lethality observed in Cables2-deficient embryos was related to 
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programmed cell death. Although apoptotic cells were detected in both epiblast and 

embryo visceral endoderm, the average percentage of dead cells in Cables2-deficient 

embryos was similar to that in wild-type embryos (Fig. 4C-F, H). Those results 

suggested that cell proliferation and apoptotic cell death are not the main causes of 

Cables2 embryo lethality. 

 

Impaired A-P axis specification and primitive streak formation in Cables2-

deficiency 

To understand the mechanisms underlying the defects in Cables2-deficient 

embryos, I first analysed the expression of several markers of gastrulation and 

primitive streak formation. Brachyury (T) is expressed in the posterior–distal axis of 

the streak and is a commonly used marker of gastrulation (Wilkinson et al., 1990). As 

the result, T was expressed in the primitive streak and node of wild-type embryos at 

E7.5 (Fig. 5E). At this stage, Cables2-deficient embryo had just formed the primitive 

streak and mesodermal cells started migrating toward the distal (Fig. 5F). At E6.5, 

Cables2-deficient embryos exhibited spatial and quantitative impairment of T 

expression compared with wild-type embryos (Fig. 5C, D). Wnt3, a critical marker for 

gastrulation and Wnt/β-catenin signalling in the embryo, also showed impaired 

expression throughout the proximal epiblast in Cables2 mutants (Fig. 5A, B). These 

results suggest that Cables2 is required for the proper formation of primitive streak. 

The P-D and A-P axes are primary and critical developmental steps to initiate 

gastrulation and achieve correct embryo patterning. Bmp4, a P-D axis marker, showed 

similar expression in the extraembryonic tissues of both wild-type and Cables2-
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deficiency (Fig. 5G, H), suggesting that P-D specification is normal in E6.5 embryos 

lacking Cables2. Prior to gastrulation, the DVE migrates to the prospective anterior 

side for correct positioning of the anterior visceral endoderm (AVE). The A–P 

polarity is formed from this process and mostly regulated by Nodal signalling 

(Takaoka and Hamada, 2012). Therefore, I next examined the AVE and A-P axis 

formation in embryos. Lim1, which is normally expressed in the lateral mesoderm and 

anterior endoderm of wild-type embryos (Shawlot and Behringer, 1995), was 

accumulated in the distal part of Cables2-deficient E6.5 embryos (Fig. 5I, J). Cer1, an 

antagonist of Nodal signaling, is expressed distally and anteriorly in the visceral 

endoderm and restricted to the anterior end at E6.0 (Belo et al., 1997). My data 

showed that Cer1 was mislocalized and expressed at lower levels in Cables2-deficient 

embryos compared to the wild-type at E6.5 (Fig. 5K, L). Taken together, the results 

of WISH analyses indicate that Cables2 depletion impairs the correct AVE 

localization and leads to defective primitive streak formation at the gastrulation stage. 

 

Activation and interaction of Cables2 with β-catenin in vitro 

Wnt signalling is a fundamental pathway to maintain and specify patterning 

during embryogenesis (Tam PP and Loebel DA, 2007). As the Wnt/β-catenin markers, 

T and Wnt3, showed impaired expression in Cables2-null mutant embryos (Fig. 5A-F), 

I examined whether Cables2 facilitates β-catenin activity in vitro by TOP/FOP 

reporter assay. 293FT cells were transfected with Wnt reporter plasmids and assayed 

for the β-catenin/TCF-mediated luciferase activity. The results indicated that Cables2 

activated β-catenin/TCF-mediated transcription in 293FT cells, with an almost two-
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fold increase in relative TOP/FOP activity (Fig. 6A). This result suggests that Cables2 

activates Wnt/β-catenin signaling. 

To further investigate the interaction of Cables2 and β-catenin, I perform the 

Co-IP using FLAG-Cables2 and β-catenin transfected 293FT cell lysates. After 

washing out the FLAG antibody, β-catenin was present in the precipitated complexes 

with Cables2 (Fig. 6B). These data suggest that Cables2 activated and was physically 

associated with β-catenin in vitro. 

 

Activation and interaction of Cables2 with Smad2 in vitro 

Nodal/Smad2 signalling is one of the essential factors for primitive streak 

formation. Previous studies have shown that Smad2/3 and Oct4 function together with 

β-catenin in inducing primitive streak genes including T (Funa et al., 2015). Therefore, 

I investigated the functional relations between Cables2 and Smad2. Luciferase 

reporter assay with the ARE-luc vector, which expresses firefly luciferase in a Smad2- 

and FAST1-dependent manner, indicated that forced expression of Cables2 facilitated 

Smad2 activity in 293FT cells (Fig. 7A). In addition, I found that Cables2 physically 

interacted with Smad2 (Fig. 7B). These results suggest that Cables2 is a positive 

regulatory factor of Smad2. 

 

Facilitation of Nanog expression and its promoter activity by Cables2  

Loss of Cables2 caused disruption of mouse gastrulation. Therefore, I 

established Cables2-deficient ESCs from homozygous embryos at E3.5 and induced 
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their differentiation into epiblast-like cells (EpiLCs) to further investigate the function 

of Cables2 in vitro. The morphology, proliferation, and expression of pluripotency 

genes were almost identical between wild-type and Cables2-deficient ESCs. Both 

types of ESCs exhibited similar morphological changes after EpiLC induction with 

activin and bFGF.  

Nanog plays a crucial role in early mouse embryonic development. The 

expression of Nanog has been observed in the cells of the inner cell mass (ICM) of the 

E3.5 blastocyst and the epiblast in the egg cylinder into the primitive streak stage 

(Chambers et al., 2003, Hatano et al., 2005). The cytokine dependency of Nanog 

expression is known to switch from LIF/Stat in ICM to Nodal/Smad2 in the epiblast. 

Next, I analysed the expression level and promoter activity of Nanog in EpiLCs 

lacking Cables2 to verify whether Cables2 regulates Nanog expression in epiblasts. 

Interestingly, quantitative RT-PCR showed that Nanog mRNA level was decreased by 

approximately 40% in Cables2-deficient EpiLCs (Fig. 8A). Moreover, luciferase 

assay demonstrated that Cables2 deficit reduced Nanog promoter activity in EpiLCs 

(Fig. 8B). 

Previous studies have addressed Nanog expression in mouse embryos at early 

embryonic stages by immunostaining and WISH. The data indicated that Nanog is 

expressed in the whole region of E5.5 epiblasts, but only in the posterior region of 

E6.5 and E7.5 epiblasts (Hart et al., 2004; Hatano et al., 2005). Consistent with these 

previous reports, my WISH data showed that Nanog was expressed in the posterior 

region of wild-type embryos at E6.5 (Fig. 9E). In contrast, Cables2-deficient embryos 

showed only a low level of Nanog gene expression over the whole epiblast region at 
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E6.5 (Fig. 9F). To confirm the expression pattern of Nanog in the E6.5 embryo, I 

utilized Nanog-GFP transgenic mice (Okita et al., 2007). Mice carrying the Nanog-

GFP reporter were crossed with Cables2-deficient heterozygotes to obtain Cables2 

homozygous reporter embryos. At E6.5, Cables2-deficient embryos carrying Nanog-

GFP showed even expression of Nanog in the whole epiblast and reduced GFP 

expression (Fig. 9C, D). Nevertheless, there was no difference in GFP expression 

between embryos of the same litter at E5.5 (Fig. 9A, B), suggesting no detectable 

phenotype of Nanog before primitive streak formation. Overall, loss of Cables2 leads 

to downregulated expression of Nanog at the gastrulation stage.  
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Discussion 

In this study, I demonstrated that Cables2 was expressed ubiquitously during 

early embryonic development and that disruption of the Cables2 gene caused 

embryonic lethality in mice. The resulting impaired A-P axis specification led to 

defective primitive streak formation at E6.5. Interestingly, Wnt3 and T, targets of 

Wnt/β-catenin signalling in gastrulation, showed impaired expression in Cables2-

deficient embryos. Moreover, Cables2 interacted with β-catenin and stimulated β-

catenin/TCF-mediated transcription in vitro. My data further indicated that Cables2 

was associated with Smad2 and activated the Smad2 reporter signal in 293T cells. In 

transgenic Nanog-GFP reporter mice, Nanog-positive cells appeared evenly in the 

epiblast and were expressed weakly in the proximal–posterior region from 

gastrulation. These results strongly suggested that both Wnt/β-catenin and 

Nodal/Smad2 signalling pathways are positively mediated by Cables2 during 

gastrulation (Fig. 10). Taken together, the lethality in mouse embryos at the 

gastrulation stage associated with Cables2 deficit indicates an essential function of 

Cables2 in early mouse development. 

 

Wnt/β-catenin-dependent pathway involving Cables2 

Wnt3, Nodal, and BMP4 are key signalling molecules that control temporal 

and spatial development in the early stages, as well as primitive streak formation 

(Tam and Loebel, 2007). My data indicated that Cables2-deficiency caused no 

detectable dysfunction of BMP4, as Bmp4 expression pattern and level were normal 

on WISH analysis in Cables2-deficient embryos. Nevertheless, it is possible that the 



	 28	

dysfunction of Wnt3, β-catenin, or T, downstream molecules of BMP4, occurred in 

Cables2-null mutant mice. Wnt3 knockout embryos fail to form the primitive streak 

and gastrulation (Liu et al., 1999). However, AVE markers were localized correctly in 

Wnt3-deficient embryos, suggesting the dispensable or downstream function of Wnt3 

to the earlier A–P specification signals. T-deficient mice show morphological 

abnormalities in PS, notochord, neural tube, and allantois, and die at about E10.5  

(Gluecksohn-Schoenheimer, 1944; Wilkinson et al., 1990). The phenotypes of Wnt3 

and T depletion, therefore, are different from the Cables2 knockout model in which A-

P formation was impaired. It seems that the developmental disruption of Cables2-

deficient mice occurred at an early stage, prior to the completion of AVE migration. 

β-catenin is required for differentiation of germ layers and axis formation. Disruption 

of Ctnnb1 (β-catenin) led to embryonic lethality; germ layers were not formed and the 

prospective AVE was mislocalized, as T was not detectable and Cer1 and Lim1 

markers were expressed in the distal tip but not in the AVE (Huelsken et al., 2000). 

This AVE defect was similar to that seen in Cables2 mutant embryos, but Ctnnb1-

deficient embryos showed more severe abnormality as there were no signs of gastrula 

formation. 

Generally, components of the Wnt signalling pathway act as the key factors for 

at least two processes during early development, i.e., establishment of the A-P axis 

and formation of the PS, the initial step in gastrulation. Several recent studies 

indicated that Wnt ligands play roles mostly from the stage of gastrulation, while axis 

specification prior to gastrula formation is mediated by β-catenin independent of Wnt 

(Muñoz-Descalzo et al., 2015). The phenotype of embryos lacking Cables2 mimicked 
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the delayed initiation of gastrulation of the conditional inactivation of Wnt3 in the 

epiblast or visceral endoderm, which showed the weak expression of T in the epiblast 

and extraembryonic ectoderm (Tortelote et al., 2013; Yoon et al., 2015). Meanwhile, 

the mislocalization of anterior markers is similar to Ctnnb1-null mutation, even 

though gastrulation occurred in Cables2-deficient embryos. My data demonstrated the 

novel interaction of Cables2 with β-catenin and increased β-catenin activity in 293FT 

cells, suggesting that Cables2 disruption leads to β-catenin hypofunction. Thus, 

Cables2-deficiency appears to cause the primitive streak defect by dysfunction of 

Wnt3 and β-catenin. In fact, T and Wnt3, direct targets of β-catenin, were repressed 

and markedly decreased in the epiblast during gastrulation in Cables2-deficient 

embryos, respectively, but they were not completely disrupted, suggesting that β-

catenin activity remained at low levels. Thus, both processes driven by β-catenin and 

the Wnt pathway at gastrulation stage may be affected by the lack of Cables2. 

However, the downregulated expression of the pluripotency marker, Nanog, in 

Cables2 mutant cannot be fully explained by Wnt/β-catenin activity. It seems that 

additional signalling is involved in the gastrulation defect leading to embryonic 

lethality in Cables2-deficient mice. 

 

Nodal/Smad2-dependent pathway involving Cables2 

Nodal/Smad2 signalling and Oct4 have been shown to be required for Nanog 

expression, and Smad2 is an upstream regulator of Nanog transcription in the epiblast 

and primitive streak (Xu et al., 2008; Sun et al., 2014). Notably, I found that Cables2 
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physically interacted with Smad2 and enhanced its activity in 293FT cells. Moreover, 

the results of the present study clearly indicated that Nanog expression was 

dysregulated in EpiLCs and epiblasts lacking Cables2. These data strongly supported 

the possible involvement of Cables2 in Nodal/Smad2 signalling during early 

embryonic development. Taken together, these observations suggest that Cables2 

positively regulates the Nodal/Smad2 signalling pathway in mouse embryogenesis.  

Previous studies indicated that either Smad2- or Nodal-deficient embryos failed 

to form the proper egg cylinder and germ layers. Nodal plays an important role first in 

specification of the P-D axis by promoting the posterior cell fates and maintaining the 

molecular pattern in the adjacent extraembryonic ectoderm (Conlon et al., 1994; 

Nomura and Li, 1998, Waldrip et al., 1998; Weinstein et al., 1998). Subsequently, 

Smad2 is involved in the Nodal signalling cascade to regulate and pattern the visceral 

endoderm AVE cell migration (Brennan et al., 2001). Nodal-depleted embryos lack 

the AVE markers, Cer1 and Lim1, as well as indicators of gastrulation stage, Wnt3 

and T. Interestingly, two of these Nodal target genes (Cer1 and Lim1) were also not 

present, but other markers, T and Wnt3, showed high levels of ectopic expression 

throughout the epiblast in Smad2-deficient mouse embryos because of the lack of 

Nodal and Wnt antagonists in the anterior region. In the case of Cables2 depletion, 

WISH indicated that the levels of the Nodal antagonists, Cer1, and the AVE marker, 

Lim1, were decreased in the anterior region. However, Wnt3 and T were also 

repressed, probably by downregulation of Wnt/β-catenin signalling activity. 

Therefore, the phenotype of Cables2-deficiency probably resulted from dysregulation 

of both Nodal/Smad2 and Wnt3/β-catenin signalling. The functional role of Cables2 



	 31	

during gastrulation may be to cooperatively induce target gene expression via physical 

interactions with two key molecules, β-catenin and Smad2 (Fig. 10). The abnormal 

development of Cables2-deficient embryos may be caused by the insufficient 

activation of both Smad2 and β-catenin, which are necessary to control AVE cell 

migration and both Nanog and T expression in the posterior region of the epiblast at 

E6.5. Consistent with this hypothesis, β-catenin and Smad2 showed collaborative 

interactions and specific functions for inducing primitive streak cell lineages (Funa et 

al., 2015). Taken together, I propose that Cables2 may function as a cofactor required 

for proper activation of Wnt3/β-catenin and Nodal/Smad2 signalling to maintain 

epiblast pluripotency, AVE formation, and primitive streak induction (Fig. 10). 

 

Requirement of Cables2 function for gastrula formation 

My current data demonstrated that β-catenin activity is positively regulated by 

Cables2 in the epiblast of gastrula. Similarly, Cables1 and β-catenin were found 

having direct and essential interaction in neuronal chicken cells. Rhee and colleagues 

reported that Cables1 is involved in activation of β-catenin activity as a linker protein 

between Slit/Robo-associated Abl and N-cadherin-associated β-catenin (Rhee et al., 

2007). Importantly and recently, Cables1 was explored as a tumor suppressor gene 

and demonstrated that in colon cancer cells, human CABLES1 deficiency increased β-

catenin-dependent transcription (Arnason et al, 2013). The discrepancy implies that 

effect of Cables1 on β-catenin activity is dependent on cell types. 
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Cables1 was already expressed in mouse embryos at the blastocysts stage, but 

its localization was not investigated in this study. By Northern blots analysis, Cables1 

was detected in various mouse tissues, heart, brain, spleen, lung, liver, muscle, kidney 

and testis with the highest expression in the brain (Zukerberg et al., 2000). Although 

the Cables1 expression was evident during early mouse embryo and ubiquitous 

manner same as Cables2, Cables1-knockout mice are viable. In this study, I showed 

that Cables2-deficient mouse embryos could not go through the gastrulation stage, 

despite the presence of Cables1. These results suggest that Cables2 has an essential or 

indispensable function in gastrula.  

The homology structures with 78% similarity between Cables1 and Cables2 is 

mainly the C-terminal which containing the cyclin domain. Their N-terminal and 

middle parts were reported to have six SH3 domain-binding motifs (PXXP) which 

regulate the Abl kinase activity (Sato et al., 2002). Besides, their N-terminal regions 

are non-homologous and have not been considered to maintain any important domain 

or effective site in amino acid sequences yet. Those parts of protein structure should 

be analyzed more to achieve the interaction with unknown molecules from which 

leading to different function between Cables1 and Cables2.  

In near future, the effect of Cables2/Cables1 on β-catenin and Smad2 activation 

in EpiLCs or epiblast stem cells should be investigated further. Moreover, the 

molecular mechanisms of how β-catenin and Smad2 molecules are positively 

regulated by Cables2 should be disclosed. 

In conclusion, Cables2 plays an essential role in mouse embryogenesis, and 

targeted disruption of Cables2 leads to embryo lethality. My results strongly suggest 
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that Cables2 has indispensable functions, and further investigations are required to 

gain a greater understanding of Cables2 and its molecular interactions. It is notable 

that Cables2 was related to Wnt3/β-catenin and Nodal/Smad2 signalling during 

development via its interactions with β-catenin and Smad2. This study represents the 

first evidence for a functional role of Cables2 in vivo, and may contribute to the 

molecular understanding of the native functions of the Cables gene family. 
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Table 1. Survival rate and Mendelian ratio of Cables2-mutant embryos 

 

  

 

 

 

 

 

 

Embryonic 
days (E) 

Total number 
of embryos 

Genotypes  

   +/+   +/- -/- 

E6.5 437 132 (30.2%)* 221 (50.6) 80 (18.3) 

E7.5 70 18 (25.7) 32 (45.7) 20** (28.6) 

E8.5 21 9 (42.9) 9 (42.9) 3** (14.3) 

E9.5 18 7 (38.9) 7 (38.9) 4** (22.2) 

E12.5 6 2 (33.3) 4 (66.7) 0 (0) 

Adult  90 24 (26.7) 66 (73.3) 0 (0) 

*:    Number of embryos (percentage) 

**:   Abnormal phenotype 
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Figure 1. Cables2 expression during early mouse embryo development 

A. Cables1 and Cables2 gene expression were examined by RT-PCR with ESC, 

blastocyst and E7.5 embryo samples. Gapdh was used as an internal-positive control. 

B-F. Wild-type embryos from E6.5 to E9.5 were examined by WISH with Cables2 

probe. Whole embryo was expressed Cables2 at E6.5 (B). The black arrow indicates 

the position of transverse section shown in (C). Scale bar, 20 µm. 
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Figure 2. Genotyping and expression of Cables2  

A. Adults and embryos were genotyped by PCR analysis from the mouse tail or 

whole embryo samples using three primers. Bands at 985 bp and 599 bp represent 

mutant and wild-type Cables2 alleles, respectively. B. At E6.5, Cables2 was 

expressed ubiquitously in both extra- and embryonic parts in wild-type (left), in 

comparison with homozygous mutant (right). Antisense Cables2 probe was used for 

WISH to confirm that Cables2-deficient embryos lacked expression. Scale bar, 100 

µm. 
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Figure 3. Morphological and histological analysis of Cables2-deficient 

embryos at early stages of development 
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Embryos were collected and genotyped at E7.5 (A, B) and E8.5 (C, D). 

Histological analysis was on HE-stained sections. Wild-type and Cables2 mutant 

embryos were embedded in paraffin and stained at E6.5 (E, F) and E7.5 (G, H). epc: 

extra-placenta cone, ps: primitive streak; pve: posterior viscera endoderm; ec: 

ectoderm; epi: epiblast. Scale bars, 100 µm (A-D), 50 µm (E-H). 
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Figure 4. Proliferating and apoptotic cells in E6.5 Cables2 mutant embryos  

A-B. The EdU-incorporating cells represented the proliferation of cells in both 

wild-type and Cables2-deficient embryos (n=4). C-F. Apoptotic cells were detected in 

both wild-type and Cables2-deficient embryos (n=3). G, H. Compared with wild-type, 

Cables2-deficient embryos showed similar average percentages of cell proliferation 

and apoptotic cells. The average percentage was calculated by number of counted 

cells normalized to total number of cells within the embryo. At least 2 slides were 

counted per embryo. Y error bars: Standard of deviation (SD). Statistical significance 

was determined using Student’s t test (P < 0.05). Scale bars, 50 µm. 
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Figure 5. Expression of gastrulation markers in Cables2-deficient embryos 

All embryos were collected, genotyped, and used for WISH at E6.5, except (E) 

and (F) were embryos at E7.5. Several key gastrulation markers were examined using 

both wild-type and Cables2-deficient embryos: Wnt3 (n=5/3, respectively), T (n=7/5 

at E6.5 and n=5/4 at E7.5), BMP4 (n=4/3), Lim1 (n=6/3), Cer1 (n=3/3). Scale bar, 100 

µm. 
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Figure 6. Enhancement of β-catenin activity by Cables2 

A. 293FT cells were transfected with either TOPflash or FOPflash reporter 

vectors. Luciferase activity was measured after overnight culture. Results are 

expressed as relative TOP/FOP activity. Cables2 was associated with significantly 

increased TOP/FOP reporter activity. Columns: Averages of at least three independent 

experiments performed in triplicate. Y error bars: Standard deviation (SD). Statistical 

significance was determined using Student’s t test (P < 0.05). B. Co-IP was performed 

0.0  

2.0  

4.0  

6.0  

8.0  

10.0  

12.0  

14.0  

16.0  

18.0  

Em
pt

y 
ve

ct
or

 

F-
C

A
B

LE
S2

 

Em
pt

y 
ve

ct
or

 

F-
C

A
B

LE
S2

 

Empty vector β-CATENIN 

R
el

at
iv

e 
TO

P/
FO

P 
ac

tii
vi

ty
 

*	
A 

   
 C

ab
le

s2
 

   
 C

ab
le

s2
 

WB: aFLAG

WB: ab-catenin

WB: aFLAG

WB: ab-catenin

IP
:

a
FL

AG
In

pu
t

Empty
F-CABLES2

b-catenin

+
-
+

-
+
+

B

Empty
F-Cables2
β-catenin



	 55	

with FLAG-Cables2 and β-catenin expression vectors. The results obtained using anti-

FLAG and anti-β-catenin antibodies showed the appearance of β-catenin in the 

precipitated complexes with Cables2.  
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Figure 7. Activation of Smad2 by Cables2 in vitro 

A. Cables2 and Smad2 interaction was examined using luciferase reporter 

vectors. Luciferase activity in 293FT cells was measured after overnight culture. 

Cables2 significantly increased ARE-luc reporter activity by about 4.5-fold compared 

to cells transfected with empty vector. Columns: Averages of at least three 

independent experiments performed in triplicate. Y error bars: Standard deviation 

(SD). Statistical significance was determined using Student’s t test (P < 0.05). B. 

FLAG-Cables2 and HA-Smad2 expression vectors in Co-IP showed the physical 

interaction of Smad2 with Cables2. 
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Figure 8. Downregulated Nanog expression and Nanog promoter activity 

in EpiLCs lacking Cables2  

EpiLCs were induced from homozygous Cables2 mutant ESCs. RT-qPCR (A) 

and Nanog-luc assay (B) consistently showed decreased expression of Nanog in 

Cables2-deficient cells compared with wild-type EpiLCs. Columns: Averages of at 

least three independent experiments performed in triplicate. Y error bars: Standard 

deviation (SD). Statistical significance was determined using Student’s t test (P < 

0.05). 
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Figure 9. Nanog expression in Cables2-deficient embryos carrying Nanog-

GFP 

A-B. There was no difference between wild-type and mutant embryos at E5.5. 

C-D. All embryos in the same litter were collected at E6.5, and those with GFP-

positive cells were compared. Cables2-deficient embryos showed faint and ectopic 

expression of the Nanog-GFP signal. E-F. Nanog expression in Cables2 mutant was 

weaker and located even in the epiblast compare with wild-type (n=4). Scale bars, 50 

µm (A, B), 100 µm (C-F). 
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Figure 10. Proposed model for functional role of Cables2 in gastrulation 

via interaction with β-catenin and Smad2 

 The data show that Cables2 acts to stimulate the activities of β-catenin and 

Smad2 pathways. Therefore, deletion of Cables2 results in downregulation of Wnt3/β-

catenin and Nodal/Smad2 signalling in A-P axis formation, and thus the gastrulation 

does not process to form germ layers in mouse embryos. 
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Truncated Cables1 causes agenesis of the corpus
callosum in mice
Seiya Mizuno1,6, Dinh TH Tra1,6, Atsushi Mizobuchi1, Hiroyoshi Iseki1,2, Saori Mizuno-Iijima1, Jun-Dal Kim3,
Junji Ishida3, Yoichi Matsuda4, Satoshi Kunita5, Akiyoshi Fukamizu3, Fumihiro Sugiyama1 and Ken-ichi Yagami1

Agenesis of the corpus callosum (ACC) is a congenital abnormality of the brain structure. More than 60 genes are known
to be involved in corpus callosum development. However, the molecular mechanisms underlying ACC are not fully
understood. Previously, we produced a novel transgenic mouse strain, TAS, carrying genes of the tetracycline-inducible
expression system that are not involved in brain development, and inherited ACC was observed in the brains of all
homozygous TAS mice. Although ACC was probably induced by transgene insertion mutation, the causative gene and
the molecular mechanism of its pathogenesis remain unclear. Here, we first performed interphase three-color fluores-
cence in situ hybridization (FISH) analysis to determine the genomic insertion site. Transgenes were inserted into
chromosome 18 B12.0 Mb from the centromere. Gene expression analysis and genomic PCR walking showed that the
genomic region containing exon 4 of Cables1 was deleted by transgene insertion and the other exons of Cables1 were
intact. The mutant allele was designated as Cables1TAS. Interestingly, Cables1TAS mRNA consisted of exons 1–3 of Cables1
and part of the transgene that encoded a novel truncated Cables1 protein. Homozygous TAS mice exhibited mRNA
expression of Cables1TAS in the fetal cerebrum, but not that of wild-type Cables1. To investigate whether a dominant
negative effect of Cables1TAS or complete loss of function of Cables1 gives rise to ACC, we produced Cables1-null mutant
mice. ACC was not observed in Cables1-null mutant mice, suggesting that a dominant negative effect of Cables1TAS

impairs callosal formation. Moreover, ACC frequency in Cables1þ /TAS mice was significantly lower than that in
Cables1� /TAS mice, indicating that wild-type Cables1 interfered with the dominant negative effect of Cables1TAS. This study
indicated that truncated Cables1 causes ACC and wild-type Cables1 contributes to callosal formation.
Laboratory Investigation advance online publication, 16 December 2013; doi:10.1038/labinvest.2013.146

KEYWORDS: ACC; Cables1-null mutant mice; TAS mouse; transgene insertion mutation; truncated Cables1

The corpus callosum is the largest fiber tract in the brain,
consisting of 200–350 million and 7 million fibers in humans
and mice, respectively,1,2 and serves as a bridge to transfer
information between the right and left cerebral hemispheres.
Agenesis of the corpus callosum (ACC), which is characte-
rized by absence of the corpus callosum,3 is a congenital brain
abnormality that may occur in isolation or in association
with other central nervous system or systemic malformations
in humans. Neonatal and prenatal imaging studies have
suggested that ACC occurs in at least 1:4000 live births in the
human population.4,5 In other studies, the estimated
incidence rates of ACC were reported as 3–5% of patients

with neurodevelopmental disorders and 2–3% of the popu-
lation with mental impairment.6–8

Reverse genetic analyses of mice identified more than 60
causative genes of ACC, and these genes are involved in
several processes in the formation of corpus callous.9 The
Sp8, Pax6, and Otx2 genes are essential for patterning of the
developing forebrain. Analyses of mouse strains with
mutations in these genes indicated their involvement in
ACC with multiple brain malformations and strong
craniofacial abnormalities.10–12 As both brain midline
fusion defects and ACC were observed in several inbred
mouse strains (eg, BALBc/Wah1 and 129/J),13 telencephalic
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midline fusion appears to be necessary for corpus callosum
development. Correct development of the cerebral cortex is
also important for formation of the corpus callosum because
callosal neurons, which extend axons across the corpus
callosum, are located in the cerebral cortex. Indeed, N-
cadherin gene-mutant mice showed ACC because of abnormal
development of the cerebral cortex.14 Furthermore, the
projection of callosal axons from the cortex is regulated by
various axon guidance molecules, including Slit/Robo, Netrin/
DCC, Ephs/Ephrins, and Semaphorins/Neuropilins. Indeed,
abnormal corpus callosum development has been reported in
mice with deficiencies in these genes.15–22

Occasionally, random integration of transgene DNA into
the host genome disrupts an endogenous gene and causes a
class of mutations called transgene insertion mutations.23

Approximately 5–15% of random DNA insertion events in
transgenic mice are associated with an abnormal phenotype
by transgene insertion mutation.24 The integrated transgene
may affect endogenous loci close to the transgene and result
in inactivation of the endogenous gene or creation of a fusion
with an endogenous gene. When transgene insertion
mutation results in unexpected phenotypic alterations in
mice, knowledge regarding the precise location of transgene
insertion within the genome could be useful to discover genes
responsible for defects.

Previously, we developed a transgenic mouse strain, TAS
(reverse tetracycline-controlled transactivator and tetra-
cycline-controlled transcriptional silencer), that showed ACC
accompanied with formation of Probst bundles, as seen in
human patients.25 The complete penetrance of ACC was
observed in homozygous TAS mice. Furthermore, axons of
the corpus callosum were not repelled by the midline
structures. TAS mice carry both the reverse tetracycline-
controlled transactivator (rtTA) gene and the tetracycline-
controlled transcriptional silencer gene (tTS) in the BALB/c
genetic background. As these transgene products do not
affect brain development and another founder line carrying
both rtTA and tTS did not exhibit ACC, we hypothesized that
ACC in TAS was caused by transgene insertion mutation.
In addition, we reported previously that rtTA and tTS were
located in the region between 9.3 and 16.9 Mb from the
centromere on chromosome 18 in TAS, and there is no
critical gene known to be involved in ACC in the candidate
genomic region.

Although ACC in TAS mice is probably induced by
transgene insertion mutation, the causative gene and its
pathological mechanism have not yet been clarified. Here,
we identified the genomic insertion site of the transgene
on chromosome 18 at B12 Mb from the centromere by
multicolor fluorescence in situ hybridization (FISH) analysis.
Furthermore, the insertional mutation was shown to generate
a novel mutant Cables1 allele. Analysis of Cables1-null
mutant mice indicated that complete loss of function of
Cables1 did not contribute to callosal malformation. Finally,
we demonstrated that the frequency of ACC in Cables1þ /TAS

mice was significantly lower than that in Cables1� /TAS mice.
These data suggest that ACC in TAS mice is caused by the
N-terminal half of Cables1, a molecule responsible for the
complex organization of the corpus callosum.

MATERIALS AND METHODS
Animals
The TAS mice used in this study have been described pre-
viously.25 BALB/cAJ, C57BL/6J, and ICR mice were purchased
from CLEA Japan. Animals were kept as described
previously.25 Animal experiments were carried out humanely
in accordance with the Regulations for Animal Experiments of
the University of Tsukuba and Fundamental Guidelines for
Proper Conduct of Animal Experiment and Related Activities
in Academic Research Institutions under the jurisdiction of
the Ministry of Education, Culture, Sports, Science, and
Technology of Japan and with approval from the Institutional
Animal Experiment Committee of our university.

KB Staining
The brains of adult mice were rapidly immersed in 10%
neutral buffered formalin for at least 1 week before embed-
ding. Subsequently, brains were dehydrated by passage
through an ascending series of alcohol concentrations,
cleared in xylene, and embedded in paraffin. Paraffin blocks
were cut into serial sections 6 mm thick on a microtome
and mounted on glass slides. Sections were stained with
Klüver–Barrera (KB) stain according to standard protocols.

Immunofluorescence
The neonatal brains were fixed in 4% paraformaldehyde in
PBS. After overnight fixation at 4 1C, the brains were cryo-
protected in 30% sucrose and frozen in OCT compound
(Sakura Finetek). Cryostat sections 30 mm thick were blocked
with 0.2% Triton X-100 in SuperBlocks Blocking Buffer
in TBS (Pierce). The sections were incubated with rat
anti-L1CAM antibody (1:100; Millipore). Subsequently, the
sections were washed in PBS and incubated with mouse
Cy3-GFAP antibody (1:200; Sigma) and Alexa Fluor 350 goat
anti-rat IgG (1:200; Life Technologies).

FISH
R-banded chromosome preparations were made from the
spleen lymphocytes of heterozygous TAS mice as previously
described.25 After hardening at 65 1C, the chromosome
spreads were denatured in 70% formamide/2� SSC for
2 min, then dehydrated in ethanol (70 and 100%) at 4 1C for
15 min. RP23-232N9 and RP23-101N14 bacterial artificial
chromosome (BAC) DNAs were purified by NucleoBond
BAC 100 (Macherey-Nagel). These BAC and tTS DNA probes
were labeled by nick translation (Roche) with biotin-dUTP
(Roche), Cy3-dUTP (GE Healthcare), and Cy-5-dUTP
(GE Healthcare), respectively. Repeat sequences in
BAC DNA probes were blocked with 10 mg Cot1 DNA (Life
Technologies). Aliquots of 1 mg of each BAC probe and
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500 ng of tTS DNA probe in formamide were denatured at
75 1C for 10 min and applied to slides with hybridization
buffer containing 200 mg/ml dextran sulfate sodium salt
(Sigma), 200 mg/ml bovine serum albumin (Roche), and
2� SSC. After overnight hybridization at 37 1C, the slides
were washed in 1� , 2� , and 4� SSC and incubated with
avidin-FITC (Roche) at 37 1C for 1 h.

RT-PCR
Total RNA was prepared from the brains of embryos using
ISOGEN (Nippon Gene). cDNA was synthesized as described
previously.25 PCR was performed with AmpliTaq Golds PCR
Master Mix (Life Technologies) and various primers
(Supplementary Table 1).

Sequencing
Genomic and cDNA sequencing analyses were performed
with a BigDyes Terminator v3.1 Cycle Sequencing Kit and
Applied Biosystems 3130 Genetic Analyzer (Life Technolo-
gies).

Northern Blotting
Aliquots of 10 mg of total mouse embryonic cerebral RNA
(E17.5 and E19.5) were denatured, fractionated, and trans-
ferred onto Hybond Nþ (GE Healthcare) according to
standard protocols. The 50- and 30-cDNA probes were derived
from mouse brain cDNA with specific primers
(Supplementary Table 2). Hybridization and detection were
performed using a DIG Northern Starter Kit (Roche).

Transfection and Western Blotting
cDNA fragments of Cables1 and Cables1TAS CDS, which were
derived from wild-type and TAS mice, were introduced into
the pc3 mammalian expression vector. These constructs were
transfected into HEK293T cells by LipofectAMINE LTX (Life
Technologies). Cables1 and Cables1TAS proteins from trans-
fected cells were detected with rabbit anti-N-terminal Cables1
antibody (M280; 1:100; Santa Cruz) and HRP-conjugated
donkey anti-rabbit IgG secondary antibody (1:4000; GE
Healthcare).

Gene Targeting
The Cables1null targeting vector contained the Neor cassette
(Figure 5a). The 3.8-kb 50-homology arm and 4.6-kb
30-homology arm were amplified from BALB/c mouse geno-
mic DNA with Cables1null specific primers (Supplementary
Table 3). The Cables1null targeting vector was introduced into
BALB/c embryonic stem cells by electroporation.26 Genomic
DNA from G418-resistant colonies were screened for
homologous recombination by Southern blotting.

RESULTS
Identification of Transgene Insertion Site in TAS Mice
We recently developed a novel transgenic mouse strain car-
rying rtTA and tTS, the components of the Tet-on/off gene

expression system. Unexpectedly, only one line of transgenic
mice showed ACC (Figure 1b), designated as TAS.25 As rtTA
and tTS have not been reported to affect cerebral
development, we hypothesized that ACC in TAS mice was
due to disruption of an endogenous gene by transgene
insertion. A recent study showed that both rtTA and tTS
transgenes are closely linked and inserted into the region
between 9.3 and 16.9 Mb from the centromere on
chromosome 18 in TAS mice.

To narrow down the insertion site, we performed three-
color FISH analyses. The DNA probes from BAC clones
RP23-232N9 (derived from chr.18: 11 108 363 to 11 290 545)
and RP23-101N14 (derived from chr.18: 12 743 636 to
12 933 531) were labeled with Cy3 and Cy5, respectively. A
transgenic DNA probe was labeled with FITC. Although these
three-color signals were detected on chromosome 18, the
signals were not separated on metaphase chromosome
spreads (Figure 2a). In contrast, the FITC signal was detected
between Cy3 and Cy5 signals on interphase chromosome
spreads (Figure 2b). These observations indicated transgene
insertion in the region between 11.3 and 12.7 Mb on chro-
mosome 18 (Figure 2c). We then examined the expression of
14 genes located around the region of transgene insertion
(Figure 2c). RT-PCR analyses indicated that only the Cables1
gene expression pattern was different between TAS and wild-
type mice (Figure 2d).

Exon 4 of Cables1 Is Disrupted by Transgene Insertion
The Cables1 gene is located 12 Mb from the centromere on
mouse chromosome 18. Cables1 consists of 10 exons, and
alternative splicing results in two transcripts. Exon 4 of
Cables1 isoform I is not included in isoform II (Figure 4c).
We performed genomic PCR walking in the Cables1 locus to
determine the transgene insertion site. Consistent with the
results of RT-PCR analyses, long-PCR (data not shown) and
sequence analyses (Figure 3a) showed that the genomic
region from 12 058 849 to 12 070 825 bp on chromosome 18,
including exon 4 of Cables1, was deleted by transgenes
insertion (Figure 3b). The novel mutant allele of Cables1 was
designated as Cables1TAS. As multiple copies of the transgenes
(rtTA and tTS) were inserted into the genome,25 no
amplification product was obtained from Cables1TAS by
genomic PCR analysis with a primer set derived from the 50

and 30 flanking regions of the deletion (data not shown).

De Novo Truncating Mutation in Cables1
No amplification of Cables1 cDNA was observed in TAS
homozygous mutant mice by RT-PCR analysis using primers
derived from exons 2 and 7 (Figure 2d). In addition, genomic
analysis revealed that only exon 4 of Cables1 was deleted
(Figure 3b). These results suggested that truncated Cables1
mRNA, including exons 1–3, may be expressed in TAS mice.
Next, we investigated Cables1 expression in the fetal
cerebrum at E17.5 and 19.5, because the corpus callosum
dramatically develops late in gestation. Northern blotting
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analysis with 5’-cDNA probe (derived from part of
exons 1–3) revealed that Cables1 mRNA was shorter in TAS
fetuses (Cables1TAS/TAS) than in wild-type fetuses. In contrast,
no band was detected in TAS fetuses (Cables1TAS/TAS) with
30-cDNA probe derived from exons 7–9 (Figure 4a). These
results suggested that exons 1–3 of Cables1 are included in
Cables1TAS mRNA and the other exons are not transcribed in
TAS (Cables1TAS/TAS). In addition, Cables1TAS mRNA more
than 2 kb in length was detected with 50-cDNA probe, even
though a 1425-bp fragment comprising exons 1–3 of Cables1.
Sequence analysis was then performed to investigate Cable-
s1TAS mRNA in detail. Interestingly, exons 1–3 of Cables1
mRNA were linked to the transgene in Cables1TAS

(Figure 4b). Furthermore, a frameshift mutation was detected
in the transgene following exon 3 of the Cables1TAS transcript,
resulting in a stop codon (TAG) 69 bp downstream from the
exon 1–3 boundary (Figure 4c).

To confirm whether a mutant small protein is translated
from Cables1TAS, HEK293T cells were transfected with
Cables1TAS or wild-type Cables1 expression vector. As
expected, western blotting analysis with an antibody to the
N-terminus of Cables1 (M-280) indicated that mutant
protein derived from Cables1TAS was smaller than the wild-
type protein (Figure 4d). Furthermore, the molecular weight
of the mutant protein product from Cables1TAS was similar to
the predicted size (33.5 kDa). These results suggested that the
abnormal truncated (N-terminal half) Cables1 protein could
be expressed in TAS mice. Western blotting analysis was then
performed to detect truncated Cables1 in the brain of these
mice. However, anti-Cables1 antibody (M-280) did not
specifically detect wild-type or truncated Cables1 protein in
brain lysate (data not shown).

Development of Normal Corpus Callosum in Cables1-
Null Mutant Mice
Although reverse genetics analyses indicated various
abnormalities in Cables1-deficient mice (eg, development of

endometrial hyperplasia, progression of colon cancer, and
poor oocyte quality),27–29 the effect of Cables1-null mutation
on the corpus callosum has not been reported. To determine
whether null or TAS mutation gives rise to ACC, it is
necessary to establish Cables1-deficient mice in the BALB/c
genetic background, because ACC in TAS was seen with the
BALB/c (not C57BL/6) genetic background.25 We successfully
produced Cables1-null mutant mice in the BALB/c genetic
background (Figures 5a–c). The targeting vector was
introduced into BALB/c embryonic stem cells by electro-
poration.26 Five distinct clones were obtained, one of which
(clone 10) was used to generate germline chimeras by
aggregation with tetraploid ICR mouse embryos. Cables1� /�

mice were obtained from intercrosses of Cables1� /þ mice at
Mendelian ratios. These mice were genotyped by genomic
Southern blotting (Figure 5b), and RT-PCR analysis with
primers derived from exons 2 and 7 revealed that Cables1 was
not expressed in Cables1� /� mice (Figure 5c). We then
confirmed that a normal corpus callosum was formed in the
brains of all Cables1� /� adult mice examined (n¼ 7;
Figure 5d). These data indicated that lack of Cables1 function
is not responsible for ACC in TAS mice.

Relationship between Cables1 Genotype and ACC
To understand the relationship between the Cables1 genotype
and ACC phenotype in more detail, Cables1þ /TAS mice
were crossed with Cables1� /� mice. As a result, we obtained
eight Cables1þ /TAS and 6 Cables1� /TAS mice and examined
gross callosum structures at 0 days of age by immuno-
fluorescence with L1-CAM and GFAP antibodies. Similar to
Cables1TAS/TAS, all of the Cables1� /TAS mice showed
ACC (Figure 6b). In our previous study, all Cables1TAS/TAS

(n¼ 12) and 62% of Cables1þ /TAS(n¼ 37) mice developed
ACC.25 The Cables1 genotypes and frequency of ACC are
summarized in Table 1. Taken together, these results in-
dicated that ACC occurred only in mice bearing the
Cables1TAS allele. These data indicated that ACC is caused not

Figure 1 Agenesis of the corpus callosum in TAS. Coronal sections through the rostral levels of the cerebrum in adult wild-type (a) and adult TAS (b)

mice were stained with Klüver–Barrera (KB). Arrow indicates the corpus callosum; scale bar¼ 1 mm (a, b).
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by loss of Cables1 function but by Cables1TAS mutation. In-
terestingly, as ACC frequency in Cables1þ /TAS mice was lower
than that in Cables1� /TAS mice, wild-type Cables1 interfered
with the dominant negative effect of Cables1TAS, suggesting
that wild-type Cables1 may be involved in corpus callosum
development.

DISCUSSION
TAS mice are a useful model in which to investigate genes
involved in regulation of corpus callosum development and to
gain new insights into the molecular genetics of ACC.25 Here
we showed that exon 4 of Cables1 was deleted by transgene
insertion mutation in TAS mice. We also showed that the

abnormal Cables1 mRNA, which is composed of exons 1–3 of
Cables1 and a short part of the transgene, was expressed in the
TAS mouse fetal brain. In addition, truncated Cables1 protein
was shown to be generated from CablesTAS transcript. The
callosal appearance in Cables1-null mutant mice supported
the conclusion that ACC in TAS mice is because of the
dominant negative effect of CablesTAS mutation on callosal
organization. Moreover, we showed the relationship between
Cables1 genotype and ACC, demonstrating the contribution
of wild-type Cables1 to callosal formation.

Three-color interphase FISH analyses revealed transgene
insertion in the region between 11.3 and 12.7 Mb from
the centromere of chromosome 18 in TAC mice (Figures 2b

Figure 2 Identification of transgene insertion site. (a) FISH to metaphase heterozygous TAS chromosome spreads. The arrow indicates transgene

(green) signals colocalized with RP23-232N9 (red) and RP23-101N14 (yellow). The white box shows an enlarged view of this chromosome and indicates

that the three-color signals are not separated. The arrowhead indicates red and yellow signals on the nontransgenic chromosome. (b) FISH to

interphase heterozygous TAS chromosome spreads. Transgene (green) signals were observed between RP23-232N9 (red) and RP23-101N14 (yellow)

signals. (c) The genomic region between RP23-232N9 (red box) and RP32-101N14 (yellow box) contains 14 known and predicted genes. (d) RT-PCR

analysis of the 14 genes showed that only the Cables1 gene expression pattern was different between TAS and wild-type mice. W, wild-type

mouse; T, TAS mouse.
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and c). A search in the UCSC genomic database (http://
genome.ucsc.edu/) indicated that there are 14 genes in this
genomic region. Figure 2d shows that there were no tran-

scriptional differences between wild-type and homozygous
TAS mice for any of these genes except Cables1. Further-
more, we confirmed that there were no differences in the

Figure 4 Mutated Cables1 mRNA in TAS. (a) Northern blot analysis of Cables1 in the fetal cerebrum of wild-type and TAS mice. Shorter mRNA derived

from TAS was detected only with the 50-cDNA probe. (b) cDNA sequencing analysis. The transgenic sequence (gray background) was directly

connected (arrow) to the 30-end of exon 3 (white background). (c) Three schematic diagrams indicating isoform I, isoform II, and TAS mutant Cables1

mRNA. Gray and white boxes indicate untranslated region and coding sequence, respectively. (d) Three variants of Cables1 protein were expressed in

HEK293T cells. These proteins were analyzed by western blotting. Cables1TAS protein was smaller than the wild type. UTR, untranslated region; CDS,

coding sequence.

Figure 3 Disruption of Cables1 gene caused by transgene insertion. (a) Results of genomic sequencing analysis. The transgenic sequence (red

background) was directly connected (arrowhead) to 5585 bp upstream of exon 4 of Cables1 (yellow background). The 30-end of the transgene

connected (arrow) to neither the genomic nor transgenic sequence (green background) and subsequently connected to 6314 bp downstream of exon 4

(red background). Dotted line indicates multiple copies of the transgene. (b) The schematic diagram shows a comparison of Cables1 genomic structure

between wild-type and TAS alleles.
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expression of 32 additional genes located in the vicinity
of the candidate region between wild-type mice and
homozygous TAS mice (data not shown). These results
indicate that only Cables1 is disrupted by transgene insertion,

suggesting that ACC is caused by Cables1 gene mutation in
TAS mice.

A complete CABLES1 is also present in the human
genome and is mapped to the long arm of chromosome 18 at

Figure 6 ACC in Cables1� /TAS. Coronal sections in P0 Cables1� /þ (a) and Cables1� /TAS (b). Staining with antibodies against L1CAM (blue) and GFAP

(red). Callosal axons did not cross the midline, and GFAP-expressing IGG and MZG were indistinguishable from Cables1� /TAS (b). GW, glial wedge; IGG,

indusium griseum glia; MZG, midline zipper glia; scale bar¼ 100 mm.

Figure 5 Cables1-null mutant mouse. (a) Schematic of the null allele in which exon 1 was deleted by homologous recombination in BALB/c ES cells.

X, XbaI site; Neo, neomycin resistance cassette; DT, diphtheria toxin cassette; white triangle, LoxP; gray triangle, FRT. (b) Southern blotting of genomic

DNA derived from Cables1þ /þ , Cables1� /þ , and Cables1� /� mice. (c) RT-PCR of Cables1 from exon 2 through exon 7 demonstrated the absence of

both isoform I and isoform II Cables1 products in Cables1� /� mice. Coronal sections through the rostral levels of the cerebrum in adult Cables1þ /þ

(d) and Cables1� /� (e) mice were stained with Klüver–Barrera (KB). Arrows indicate the corpus callosum; scale bar¼ 1 mm.
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20.71–20.84 Mb from the centromere (http://genome.ucsc.edu).
CABLES1, originally called iK3-1, has been isolated using the
yeast two-hybrid system with cyclin-dependent kinase 3
(CDK3) cDNA as bait to evaluate cdk3 function.30 In
addition to the interaction with CDK3, CABLES1 is
functionally connected to p53 and p73 in cell death,
suggesting that it is a molecule involved in harmoni-
zing cell cycle progression and cell death.31 Previous
studies showed that Cables1-null mutant mice displayed
increased cellular proliferation (eg, endometrial hyperplasia,
colon cancer, and oocyte development).27–29 In contrast
to Cables1 loss-of-function mutation, overexpression of
Cables1 in a colon cancer cell line showed tumor sup-
pressor activity, including inhibition of colony formation
and cell growth.32 However, there have been no reports that
aberrant expression of Cable1 is involved in neural defects
in vivo.

Zukerberg et al33 showed that Cables1 is expressed in the
brain, where it is present in postmitotic neurons of the
cerebral cortex, and interacts directly with Cdk5 and Abl1
(Abelson murine leukemia viral oncogene homolog 1) in the
brain lysate. Furthermore, Cables1 and Cdk5 were localized

at the tips of growing axons. They suggested that the
association of Cables1 and Cdk5 is part of the signaling
pathway that operates during brain development. Moreover,
Rhee et al34 demonstrated that Cables1 is the essential
molecule connecting Robo-associated Abl and N-cadherin-
associated b-catenin. Slit/Robo signaling is known to play a
crucial role in cortical axon guidance across the corpus
callosum by the midline glial population.35 This is the first
report regarding a Cables1 allele associated with an acallosal
phenotype. We also clearly showed that a novel Cables1
mutation in TAS mice generates a truncated Cables1 product.
These observations strongly suggest that Cables1 may be
involved in development of the carpus callosum.

We produced a unique Cables1-null mutant strain derived
from BALB/c ES cells to evaluate Cables1 function in BALB/c
mice, because it is known that the genetic background has a
strong influence on the development of ACC in mice.12

Unexpectedly, the complete loss-of-function Cables1 mutant
showed no alterations in callosal formation in mice, even with
the same genetic background as TAS mice. Although we
cannot as yet provide direct evidence for the lack of phenotype
in the loss-of-function Cables1 mutant, the discrepancy in
ACC frequency between Cablesþ /TAS mice (62%) and
Cables1� /TAS mice (100%) is suggestive of the possible
mechanism. In mice, expression of truncated Cables1
resulted in acallosal brain development and Cables1TAS gene
dosage was associated with the incidence of ACC, indicating a
dominant negative function of CablesTAS on callosal
formation. In contrast, the absence of Cables1 had no
negative influence on brain development, suggesting the
presence of a molecule(s) functionally redundant to Cables1.
Furthermore, the significantly lower frequency of ACC in
Cables1þ /TAS mice compared with Cables1� /TAS mice
indicated that the wild-type Cables1 serves to form the
corpus callosum. Therefore, one copy of Cable1TAS may be
sufficient to impair the function of the homozygous
redundant gene. This speculation is summarized in Figure 7.

Table 1 Frequency of ACC in Cables1-mutant mice

Genotype No. of mice examined No. of mice with ACC (%)a

Cables1þ /þ 59 0 (0%)b

Cables1þ /TAS 37 23 (62%)b

Cables1TAS/TAS 12 12 (100%)b

Cables1� /� 7 0 (0%)

Cables1� /TAS 6 6 (100%)

aNo. of mice with ACC/no. of mice examined.
bThese data were reported in our previous study.25

Figure 7 Model for gene interaction between Cables1, Cables1TAS, and redundant gene. Cables1 and its redundant gene play a role in the development

of corpus callosum, and Cables1TAS may impair redundant gene function. As the redundant gene functions in development of the corpus callosum, ACC

was not observed in Cables1-null mutant mice. In heterozygous TAS mice (Cables1þ /TAS), even though redundant gene function was impaired by

Cables1TAS, one copy of the Cables1 gene served to form the corpus callosum. In contrast, all Cables1TAS/TAS and Cables1� /TAS mice showed ACC

because Cables1 and its redundant gene were not expressed or were impaired by Cables1TAS, respectively.
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The Cables family has two members in mammals, designated
as Cables1 and Cables2, and the latter is a possible candidate
with functional redundancy. Cables2 was cloned by cross-
hybridization with Cables1 and RT-PCR.36 It has been reported
that Cdk5 and Abl1 associate with Cables2, similar to Cables1.
Furthermore, Cables2 is expressed in a variety of tissues,
including the brain. Although no data have been reported
regarding colocalization of Cables1 and Cables2 expression in
the brain, the effect of Cables1 dysfunction may be masked by a
redundant function of Cables2 in callosal development.

Integration of adhesive interactions with directional in-
formation from attractive and repulsive cues is essential for
the correct progression of callosal axons. Cables1 connects
Robo-associated Abl and N-cadherin-associated b-catenin.
Truncated Cable1 includes the N-terminal half (298 amino
acids) of the wild-type protein (568 amino acids). Cables1
lacking the N-terminal one-third of the protein shows
markedly decreased association with Abl1 compared with the
wild type.33 Although the precise localization of Abl1
interaction site(s) of Cables1 is unknown, five of the six
SH3 domain-binding motifs (PXXP) in Cables1 are located
in the N-terminal region. The SH3 domain regulates the
kinase activity by interacting with the kinase domain.37

Cables1TAS also contains PXXP domains. The function of
Abl1 may be affected by binding to the truncated Cables1.
The Abl family of nonreceptor tyrosine kinases consists of
Abl1 and its paralog Abl2. Although Abl1-deficient mice
show normal brain formation, mice lacking both Abl1 and
Abl2 kinases develop neurulation defects at 11 dpc,
suggesting that both kinases play fundamental roles in
central nervous system development and function.38

Therefore, truncated Cables1 may target both Abl1 and
Abl2. Further studies are required to determine whether both
Abl kinases contribute to the corpus callosum organization in
cerebral cells expressing Cables1 after 15 dpc and whether
truncated Cable1 impairs the functions of both Abl kinases.

In conclusion, the results presented here clearly indicated
that ACC in TAS mice is caused by a novel mutant gene
Cables1TAS. Although the molecular mechanisms underlying
the observed effects of truncated Cables1 and its related
proteins are unclear, these findings will contribute to our
understanding of corpus callosum development.

Supplementary Information accompanies the paper on the Laboratory

Investigation website (http://www.laboratoryinvestigation.org)
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Abstract Single nucleotide mutations (SNMs) are asso-

ciated with a variety of human diseases. The CRISPR/Cas9

genome-editing system is expected to be useful as a genetic

modification method for production of SNM-induced mice.

To investigate whether SNM-induced mice can be gener-

ated by zygote microinjection of CRISPR/Cas9 vector and

single-stranded DNA (ssDNA) donor, we attempted to

produce albino C57BL/6J mice carrying the Tyr gene SNM

(G291T) from pigmented C57BL/6J zygotes. We first

designed and constructed a CRISPR/Cas9 expression vec-

tor for the Tyr gene (px330-Tyr-M). DNA cleavage activity

of px330-Tyr-M at the target site of the Tyr gene was

confirmed by the EGxxFP system. We also designed an

ssDNA donor for homology-directed repair (HDR)-medi-

ated gene modification. The px330-Tyr-M vector and

ssDNA donor were co-microinjected into the pronuclei of

224 one-cell-stage embryos derived from C57BL/6J mice.

We obtained 60 neonates, 28 of which showed the ocular

albinism and absence of coat pigmentation. Genomic

sequencing analysis of the albino mice revealed that the

target of SNM, G291T in the Tyr gene, occurred in 11 mice

and one founder was homozygously mutated. The

remaining albino founders without Tyr G291T mutation

also possessed biallelic deletion and insertion mutants

adjacent to the target site in the Tyr locus. Simple pro-

duction of albino C57BL/6J mice was provided by C57BL/

6J zygote microinjection with px330-Tyr-M DNA vector

and mutant ssDNA (G291T in Tyr) donor. A combination

of CRISPR/Cas9 vector and optional mutant ssDNA could

be expected to efficiently produce novel SNM-induced

mouse models for investigating human diseases.

Introduction

Gene knockout (KO) mice produced by gene targeting

methods are essential tools for investigating endogenous

gene function. In such targeting methods, genetic muta-

tions are introduced by spontaneous homologous recom-

bination in mouse embryonic stem cells (mESc)

(Doetschman et al. 1987). Gene KO mice are generated by

the production of germline chimeras derived from specific

gene-mutated mESc (Capecchi 2005). Although reliable,

this method is laborious, costly, and time consuming. In

contrast, genome editing with engineered DNA nucleases

induces site-directed gene mutations by the direct injection

of DNA or RNA of site-specific engineered nucleases into

fertilized oocytes. It has been reported that 3 kinds of

engineered nucleases (ZFN, TALENs, and CRISPR/Cas)

are useful for producing knockout (KO) mice (Carbery

et al. 2010; Sung et al. 2013; Wang et al. 2013). Therefore,

these new technologies are expected to be useful for pro-

ducing gene-modified animals.

The bacterial type II Clustered Regularly Interspaced

Short Palindromic Repeat (CRISPR) and CRISPR-associ-

ated protein 9 (Cas9) system, which consists of the Cas9
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DNA nuclease, CRISPR RNA (crRNA), and trans-activating

crRNA (tracrRNA), have been developed as a genome-

editing method (Wiedenheft et al. 2012). A combination of

crRNA-tracrRNA fusion transcripts referred to as guide

RNA (gRNA) and Cas9 further facilitates genome editing

(Mali et al. 2013). The gRNA contains a region of approxi-

mately 20 nucleotides (nt) homologous to the target DNA

and the region recruiting Cas9 that elicits site-specific dou-

ble-strand DNA breaks (DSB). In mouse zygotes, the

CRISPR/Cas9 system generates KO alleles through site-

specific DSB repair, which causes different and unpredict-

able insertions or deletions of various sizes by non-homol-

ogous end joining (NHEJ). Furthermore, optional

substitution and insertion mutations in the targeted allele are

generated by homology-directed repair (HDR) using the

CRISPR/Cas9 system combined with a single-stranded

DNA (ssDNA) donor (Wang et al. 2013; Yang et al. 2013).

Single nucleotide polymorphisms and mutations (SNPs

and SNMs, respectively) are associated with a variety of

human diseases (Imamura et al. 2012; Kou et al. 2011;

Rademakers et al. 2007). However, as the generation of SNMs

is more technically difficult than standard null mutations, the

use of SNM-induced mice has been limited. To our knowl-

edge, there have been no previous reports of the generation of

SNM-induced mice with an apparently abnormal phenotype

by the CRISPR/Cas9 system. A missense substitution, G291T

(Arg77Leu), at the alternative 50 splice donor site for exon 1 of

the Tyrosinase (Tyr) gene was shown to cause oculocutaneous

albinism in pigmented C57BL/6J mice (Le et al. 1996).

Therefore, this missense mutation is convenient for evaluating

the effectiveness of the CRISPR/Cas9 system on the pro-

duction of SNM-induced mice.

In the present study, we first constructed CRISPR/Cas9

including the target DNA site of the Tyr gene and a mutant

ssDNA donor for G291T point mutation. Second, the nuclease

activity of the CRISPR/Cas9 construct at the target DNA site of

the Tyr gene was examined by the EGxxFP system in

HEK293T cells. Third, the CRISPR/Cas9 construct and mutant

ssDNA donor were injected simultaneously into the pronuclei

of C57BL/6J eggs. Fourth, the coat color phenotypes and first

exon sequences of the Tyr gene were investigated in offspring

derived from microinjected zygotes. Finally, we confirmed that

Tyr G291T mutation in gene-modified mouse was precisely

transmitted to the next generation.

Materials and methods

Animals

C57BL/6J and ICR mice were purchased from Charles River

Laboratories Japan (Kanagawa, Japan) and CLEA Japan

(Tokyo, Japan), respectively. Animals were maintained as

described previously (Mizuno et al. 2010), and animal

experiments were carried out humanely in accordance with

the Regulations for Animal Experiments of the University of

Tsukuba and Fundamental Guidelines for Proper Conduct of

Animal Experiment and Related Activities in Academic

Research Institutions under the jurisdiction of the Ministry of

Education, Culture, Sports, Science, and Technology of

Japan and with approval from the Institutional Animal

Experiment Committee of our university.

Vector construction

The px330 vector (Addgene plasmid 42230) was a gift from

Dr. Feng Zhang (Cong et al. 2013). Tyr-M CRISPR F (50-ca

ccGGGTGGATGACCGTGAGTCC-30) and Tyr-M CRISPR

R (50-aaacGGACTCACGGTCATCCACCC-30) oligo DNAs

were annealed by the standard method, and annealed DNA

was purified by ethanol precipitation. This short double-

stranded DNA was inserted into the BbsI restriction site in the

px330 vector by Ligation high Ver.2 (Toyobo, Osaka, Japan).

This plasmid was designated as px330-Tyr-M.

The single-stranded oligo DNA was obtained from Life

Technologies (Carlsbad, CA).

For the EGxxFP system, part of exon 1 of the Tyr gene

was amplified with PrimeSTAR� GXL DNA Polymerase

(Takara Bio, Shiga, Japan) and the following primers:

Tyr-EGxxFP-F: 50-CAACCACTGAGGATCGCTTCAT

GGGCAAAATCAAT-30,
Tyr-EGxxFP-R: 50-GGTCAGCTTGCCGATTTGTTGG

CAAAAGA ATGCTG-30.

The PCR product was purified with a Fast Gene Gel/

PCR Extraction Kit (Nippon Genetics Co., Ltd., Tokyo,

Japan) and inserted into pCX-EGxxFP using an In-Fusion

HD Cloning Kit (Takara Bio). This plasmid was designated

as pCX-EGxxFP-Tyr-M. These two vectors, px330-Tyr-

M and pCX-EGxxFP-Tyr-M, were purified with a Fast

Gene Plasmid Mini Kit (Nippon Genetics).

Transfection

The px330-Tyr-M and pCX-EGxxFP-Tyr-M vectors were

transfected into HEK293T cells by LipofectAMINE LTX

(Life Technologies). EGFP fluorescence in HEK293T cells

was observed by fluorescence microscopy (DMLB; Leica

Microsystems GmbH, Wetzlar, Germany) with appropriate

filter sets (excitation: 480 ± 40 nm and emission:

527 ± 30 nm band pass filters).

Microinjection

Female C57BL/6J mice were injected with pregnant mare

serum gonadotropin (PMSG) and human chorionic
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gonadotropin (hCG) with a 48-h interval, and mated with

male C57BL/6J mice. The fertilized one-cell embryos were

collected from the oviducts. Then, 5 ng/ll of px330-Tyr-M

DNA vector (circular) and 10 ng/ll ssDNA donor were

injected into the pronuclei of these one-cell-stage embryos

according to standard protocols (Gordon and Ruddle 1981).

The injected one-cell embryos were then transferred into

pseudopregnant ICR mice.

Genomic PCR and sequence analysis

The screening of founder mice and examination of off-

target effect were performed by PCR and direct sequencing

using DNA obtained from the tail. PCR was performed

with PrimeSTAR� GXL DNA Polymerase (Takara Bio)

and the following primers:

Cas9 detection primer F: 50-AGTTCATCAAGCCCATC

CTG-30

Cas9 detection primer R: 50-GAAGTTTCTGTTGGCG

AAGC-30

Tyr genotyping F: 50-GCTTCATGGGCAAAATCAAT-30

Tyr genotyping R: 50-TTGTTGGCAAAAGAATGCTG-30

Off-target detection primer 1 F: 50-GAAGGCAGGTGG

ATCTAACG-30

Off-target detection primer 1 R: 50-GGGCCACTGCTA

TCAGCTAC-30

Off-target detection primer 2 F: 50-CTCAGCCATCCCA

AGGTAAA-30

Off-target detection primer 2 R: 50-CAGCCCACAGGA

CCATTACT-30

Off-target detection primer 3 F: 50-GGTTGGGGGAAG

ATGGTTAT-30

Off-target detection primer 3 R: 50-GACAATTGAAGG

TGGGCATT-30

Off-target detection primer 4 F: 50-TGCTAGACCGAA

AAGCAGGT-30

Off-target detection primer 4 R: 50-CCCTTTCTTGTGC

TCTCTGG-30

Off-target detection primer 5 F: 50-TAGGGGCAATTC

CCATACAG-30

Off-target detection primer 5 R: 50-CAGCAGGTTTGA

CCACAATG-30

The PCR products were purified with a Fast Gene Gel/

PCR Extraction Kit, and sequences were analyzed using an

Applied Biosystems 3130 Genetic Analyzer (Life Tech-

nologies) with a BigDye� Terminator v3.1 Cycle

Sequencing Kit (Life Technologies) and the primers as

described above.

Mutant genome sequences detected by direct sequencing

were analyzed by cloned sequencing. Purified PCR pro-

ducts were subcloned into the pCR4 vector and sequenced

using the M13-RV primer.

Results

Construction of Tyr-CRISPR/Cas9 expression vector

Le et al. (1996) reported that spontaneous mutant C57BL/

6J-Tryc-2J mice showed an albino phenotype because of a

guanine (G) to thymine (T) point mutation at position 291

in the Tyr gene. The nucleotide T at position 291 cannot

function as an alternative 50 splice donor site for exon 1 and

generates nonfunctional tyrosinase protein for melanin

synthesis.

To introduce this point mutation with the CRISPR/Cas9

system, we first determined an appropriate CRISPR target

site. As the CRISPR/Cas9 system recognizes and cleaves

genomic sites of the form G-N(20)-GG, we selected posi-

tions 279–301 of the Tyr gene (Fig. 1). In addition, we also

designed a 91-nt ssDNA donor (Chen et al. 2011) for HDR-

mediated genome mutation; the nucleotide T was placed

between 45-nt 50- and 45-nt 30-homology arms derived

from positions 246–290 and 292–336 of the Tyr gene,

respectively (Fig. 1). The px330 vector was used to express

gRNA for the targeted region of Tyr and Cas9 protein in

mouse zygotes (Cong et al. 2013). This vector contains two

elements, gRNA under the control of the by U6 promoter

and Cas9 cDNA under the control of the by CBh promoter.

The 20-bp double-stranded DNA (dsDNA) derived from

positions 279–298 of the Tyr gene was inserted into px330,

and the resultant plasmid was designated as px330-Tyr-M.

Activity of the px330-Tyr-M vector

The cleavage activity of the px330-Tyr-M vector was

confirmed by the EGxxFP system (Mashiko et al. 2013).

The pCX-EGxxFP vector includes a multi-cloning site

(MCS) between two cDNA fragments containing stop

sequences, N- and C-EGFP, which were derived from

positions 1–600 and 120–720 of full-length EGFP,

respectively, which possessed 480-bp homology sequen-

ces. Exon 1 of the Tyr gene was inserted into MCS in pCX-

EgxxFP, and the resultant vector was designated as pCX-

EGxxFP-Tyr-M. Accordingly, functional EGFP is not

expressed from intact pCX-EGxxFP-Tyr-M. When the Tyr

fragment in pCX-EGxxFP-Tyr-M is cleaved by the px330-

Tyr-M vector, full-length functional EGFP is produced by

HDR (Fig. 2a) and is expressed by the CX promoter

activity. To confirm the above mechanism, both pCX-EG-

xxFP-Tyr-M and px330-Tyr-M vectors were co-transfected

into HEK293T cells, and strong EGFP signals were

observed in co-transfected cells (Fig. 2b). In contrast, very

weak and no EGFP signals were detected in pCX-EGxxFP-

Tyr-M-transfected cells (Fig. 2c) and non-transfected cells

(Fig. 2d), respectively. These results indicated that the
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px330-Tyr-M vector has the ability to cleave the Tyr gen-

ome fragment.

Co-microinjection of Tyr-CRISPR and mutant ssDNA

donor into mouse zygotes

To induce the SNM (G291T) in the Tyr gene, 5 ng/ll of the

px330-Tyr-M DNA vector (circular) and 10 ng/ll of the

mutant ssDNA donor were co-microinjected into the pro-

nuclei of 224 one-cell-stage embryos obtained from

C57BL/6J mice. No morphological abnormalities were

observed in 205 of 224 one-cell embryos immediately after

microinjection (*90 %). These one-cell embryos with

normal appearance were transferred into the oviducts of

pseudopregnant recipient ICR mice, and 60 neonates,

including 28 with depigmented eyes, were obtained

(Table 1). The 28 mice with depigmented eyes survived

and had a white coat over the whole body (Fig. 3a; Sup-

plementary Fig. 1) and pink fully translucent irises

(Fig. 3b). Unexpectedly, fourteen mice with a black and

white mosaic coat pattern (Fig. 3a; Supplementary Fig. 1)

were also obtained (Table 1). These results suggested that

microinjection with px330-Tyr-M vector and the mutant

ssDNA donor can induce complete and/or mosaic albino

phenotypes in C57BL/6J mice. The appearance of mosai-

cism appeared to have been due to mutation events,

occurring after the first or later divisions of the embryos.

Genomic sequences of founder albino mouse lines

To determine whether the px330-Tyr-M DNA vector was

integrated into the chromosomes, we performed PCR assay

with founder mouse genomic DNA and a primer pair for

Cas9 detection. Cas9 PCR products were detected in only

one founder mice (Table 2). Genomic sequence of this

albino mouse was not analyzed, because it was assumed

that the modification of its genome was continued by

transgenic gRNA and Cas9 expression. Sequencing anal-

yses with 27 albino mice showed that optional substitution

(G291T) was induced in 11 mice (Table 2). Surprisingly,

albino founder #19 carried the optional substitution in both

alleles (Fig. 4a). Ten of 11 albino founders carrying the Tyr

G291T mutation (#6, #8, #10, #14, #18–20, #22, #25, and

#26) also possessed monoallelic deletion mutations adja-

cent to the target site in the Tyr locus (Fig. 4b). The

Fig. 1 CRISPR target site in the Tyr gene. In the upper sequence, the

CRISPR target sequence is position 279–301 bp of the Tyr gene

(boxed). The 91-nt oligo DNA sequences are shown in the lower

sequence. The boldface G in the upper sequence and T in the lower

sequence indicate the target single nucleotide mutation

Fig. 2 EGxxFP system for checking CRISPR activity. a The multi-

cloning site (MCS, gray box) containing a stop codon is located

between the 600-bp N-terminal EGFP (N-EGFP) and 600-bp C-ter-

minal EGFP (C-EGFP) fragments in the pCX-EGxxFP plasmid

(broken line box). Exon 1 of the Tyr gene (purple box) was inserted

into the MCS in pCX-EGxxFP. After double-strand break by CRISPR

(scissors) and homologous recombination between shared 500-bp in

N- and C-EGFP fragments (broken line), functional EGFP was

reconstructed. b The robust EGFP signals were seen in both pCX-

EGxxFP-Tyr-M and px330-Tyr-M co-transfected HEK293T cells.

Very weak EGFP signals (c) and no signal (d) were observed in only

pCX-EGxxFP-Tyr-M-transfected and non-transfected HEK293T cells.

Scale bars 300 lm

Table 1 Production of C57BL6/J albino mice

Injected DNA Injected

zygotes

Transferred

embryos

No. of postnatal mice

Coat color

px330-Tyr-M

(5 ng/ll)

ssDNA donor

(10 ng/ll)

224 205 Black 18 (30.0 %)a

Mosaic 14 (23.3 %)b

Albino 28 (46.7 %)c

Total 60

a No. of black mice/no. of postnatal mice
b No. of mosaic mice/no. of postnatal mice
c No. of albino mice/no. of postnatal mice
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remaining 16 albino founders had biallelic deletion/inser-

tion mutations in the Tyr locus (Table 2; Supplementary

Fig. 2). Unexpectedly, albino founders #14, #24, and #25

were mosaic with more than three alleles (Fig. 4b; Sup-

plementary Fig. 2). Although identical indel mutations

were detected in several alleles (e.g., deletion G295 in 4

alleles and deletion GAGT293-296 in 5 alleles), the

optional substitution occurred most frequently (12 alleles).

Hence, G291T in the Tyr gene was considered to be

induced by HDR-mediated gene mutation using with

px330-Tyr-M DNA vector and ssDNA donor. Moreover,

these results indicated that HDR-mediated gene mutation

occurred concurrently with NHEJ-mediated gene mutation

in mouse zygotes.

Examination of off-target effects in an albino founder

We then surveyed the off-target effects in 4 albino foun-

ders, #19 carried the optional substitution in both alleles,

and # 6, #8, and #10 carried the optional substitution and

deletion mutant alleles. By the pronuclear injection of

circular CRISPR plasmid DNA, off-target effects were

observed at several genome sites that exactly matched 16

bases at the 30 end including the PAM (NGG) sequence (N

can be A, G, C, or T) (Mashiko et al. 2014). Therefore, we

selected off-target candidate #1 that exactly matched to the

CRISPR target sequence at 16 bases at the 30 end. Fur-

thermore, we selected 4 off-target candidates (#2 to #5)

who showed high homology to the CRISPR target site (16-

to 20-base match) (Supplemental Fig. 3). The genome

sequence of these 5 off-target candidates were confirmed

by direct sequencing analysis. As the result, no mutation

was found in any of the off-targets. The result suggested

that the optional substitution might be induced with little or

no off-target effects.

Inheritance of induced SNM

To confirm whether the SNM induced by px330-Tyr-M

DNA vector and ssDNA donor could be inherited, albino

founder male #1 was crossed with a wild-type C57BL/6J

female. We obtained 8 F1 mice with black coat color.

Genotyping sequence analyses revealed that 5 and 3

mice carried heterozygous Tyr G292T, and heterozygous

Tyr deletion GTGAG291-295, respectively (Fig. 5).

Then, seven F2 mice were obtained from intercross of

heterozygous SNM mice. As the result, we obtained 2

albino mice and 5 black mice (Fig. 5). As expected,

homozygous Tyr G291T mutations were detected in both

of 2 F2 albino mice (data not shown). These results

indicated that the optional substitution could be precisely

transmitted to the next generation. Moreover, we recon-

firmed that this SNM resulted in the albino phenotype in

mice.

Discussion

The results of the present study demonstrated induction of

albino phenotypes by pronuclear microinjection of zygotes

with circular DNA expressing Cas9 and gRNA along with

mutant ssDNA donor. Interestingly, eleven albino founders

Fig. 3 C57BL/6J mice with

albino phenotype. One week

after birth, mice with

completely white (two of 28)/

black coats and three mosaic

mice with black and white coats

(two of the mosaic founders)

were obtained (a). Pink irises

(white box) and white coat color

in an 8-week-old albino C57BL/

6J mouse (albino founder #1)

are shown (b)

Table 2 Mutation alleles in albino mice

No. of postnatal mice Detected mutation alleles

Albino Without px330

integration

28 27 (96.4 %)a NHEJ 16 (59.3 %)b

NHEJ/SNM (G291T) 10 (37.0 %)c

SNM (G291T) 1 (3.7 %)d

Total 27

a No. of albino mice without px330 integration/no. of albino mice
b No. of mice with NHEJ alleles/no. of albino mice without px330

integration
c No. of mice with both NHEJ and SNM alleles/no. of albino mice

without px330 integration
d No. of mice with SNM alleles/no. of albino mice without px330

integration
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had HDR-mediated optional substitution in Tyr derived

from wild-type C57BL/6J, and one albino founder was

homozygously mutated.

Linkage studies in humans have demonstrated the

involvement of SNPs and SNMs with amino acid sub-

stitutions in many diseases (Haga et al. 2002; Hirakawa

et al. 2002). SNMs in mice have been developed by N-

ethyl-N-nitrosourea (ENU) mutagenesis and gene target-

ing methods. Although numerous SNM alleles in mice

have been generated by ENU mutagenesis, it is extre-

mely difficult to find an optimal target SNM for a gene

of interest (Gondo 2008). Furthermore, in gene targeting

methods, it is necessary to use the Cre-loxP or FLP-FRT

system to generate SNM alleles, and successful produc-

tion of SNM-induced mice is highly dependent on

germline competency of ES cells. In contrast, we clearly

demonstrated that microinjection of zygotes with the

CRISPR/Cas9 vector and mutant ssDNA donor can

readily induce target SNMs (Fig. 4). This method will,

therefore, be very useful for producing mouse models of

SNM-induced diseases.

Fig. 4 Mutant genomic

sequences in albino mice with

targeted SNMs. a Genomic

sequence of CRISPR target site

in C57BL/6J wild-type and

albino #19 mice. Black box

indicates the targeted SNM.

b The red letters indicate the

CRISPR target site. The large

letter ‘‘G’’ in red is the target

single nucleotide. The green

letters indicate mutant genomic

sequences in albino mice. The

targeted SNM (large letter ‘‘T’’

in green) was found in 11 albino

mice. The other allele had

deletion mutations

Fig. 5 Pedigree of albino founder #1 line. The squares and circles

represent male and female mice, respectively. The white and black

small circles mean targeted SNM and 5-bp deletion alleles, respec-

tively. Albino phenotypes were seen in albino #1, #F2-1, and #F2-6
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Wang et al. (2013) first reported that mice carrying gene

mutation could be generated by zygote microinjection of

gRNA and Cas9 mRNA. Here, we showed that target gene

mutation could be induced by circular DNA (px330 vector)

microinjection. Although DNA microinjection methods

raise the possibility of integration of injected DNA vectors

into the chromosomes (Gordon and Ruddle 1981), Cas9

fragments in the px330-Tyr-M DNA vector were detected in

only one founder (1/28). Circular DNA is considered to be

difficult to integrate into chromosomes of mouse zygotes

compared with linearized DNA vectors. As the preparation

of DNA is easier and faster than RNA for zygote micro-

injection, our method is simple for producing genetically

modified mice.

Very recently, Mashiko et al. (2013) reported that pro-

nuclear microinjection off px330 vector, containing Cas9

expression cassette with a gene targeting gRNA expression

cassette, into mouse eggs caused NHEJ-mediated muta-

tions at a high frequency. When they targeted the Cetn1

gene, 58.8 % (10/17) of the pups carried the mutation and

six of them were homozygously mutated. In the present

study, we targeted the Tyr gene by pronuclear microin-

jection of px330-Tyr-M DNA vector along with mutant

ssDNA. Although black mice were not genotyped, at least

70.0 % (albino and mosaic founders) of the pups (42/60)

could have Tyr albino mutation. Indel mutations with

albino phenotype were observed in 43.3 % of the pups (26/

60). Our results reconfirmed that pronuclear microinjection

of circular plasmid expressing Cas9 and gRNA provided

highly efficient induction of NHEJ-mediated mutation.

More significantly, we found HDR-mediated Tyr G291T

mutation in 18.3 % of the pups (11/60), and one albino

founder (1.6 % of the pups) was homozygously mutated.

Wang et al. (2013) also generated mice with HDR-medi-

ated precise mutations by coinjecting Cas9 mRNA, gRNA,

and ssDNA donor into the cytoplasm of one-cell-stage

mouse embryos. They are consistent with our data that

homologous recombination of ssDNA donor is frequently

caused at the double-strand break site targeted with Cas9.

Therefore, the method of pronuclear microinjection with

DNA and ssDNA could be more convenient for the pro-

duction of SNM-induced mice than that of cytoplasmic

injection with RNA and ssDNA.

It has been reported that mosaic mice were generated

with CRISPR/Cas9 system (Yang et al. 2013). In addition,

mosaic phenotypes were observed in ZNF-induced animals

(Hauschild-Quintern et al. 2013). Similarly, mosaic coat

patterns were observed in the present study (Fig. 3a). The

mice with mosaic coat patterns black and white were a lot

more than we had expected. Therefore, it is necessary to

pay close attention to the genotype of founder mice pro-

duced by the CRISPR/Cas9 system, with the exception of

those with targeting of coat color-related genes.

On the application of gene modification with the

CRISPR/Cas9 system to in vivo, many researchers have

been worried about high off-target effects of the CRISPR/

Cas9 system in culture cells (Fu et al. 2013). Mashiko et al.

(2014) showed that very few off-target mutations occurred

by pronuclear microinjection of px330 plasmid DNA in

mice. In agreement with this report, no off-target mutation

was seen in 5 albino founders which carried the optional

substitution. However, we just examined off-target effect

for only five founders. It could be insufficient for an

accurate estimate of off-target effects in our methods.

Therefore, more detailed analyses of off-target effects are

necessary for precisely understanding the quality of

genetically modified mice with the CRISPR/Cas9 system.

Recently, albino mouse strains have been used for non-

invasive studies with bioluminescence and fluorescence

imaging analyses to investigate a variety of disease pro-

cesses (Sadiko and Blackwell 2008; Sato et al. 2004;

Sekiguchi et al. 2012). Although, pigmented C57BL/6J

mice have the preferred genetic background for genetically

modified mouse strains, the presence of melanin in the skin

attenuates bioluminescence and fluorescence signals due to

its high absorption coefficient. Moreover, individual dif-

ferences in the amount of skin melanin result in misinter-

pretation of the actual bioluminescence and fluorescence

signal. In the present study, we successfully generated

albino C57BL/6J mice from pigmented C57BL/6J zygotes

by simple methods using the CRISPR/Cas9 system. As

many genetically modified C57BL/6J mouse stains are

available with the potential for bioluminescence and fluo-

rescence imaging analyses, the CRISPR/Cas9 system

described in this study would be effective in the develop-

ment of albinism in genetically modified C57BL/6J mice,

similar to backcrossing with spontaneous albino C57BL/6J

mice.

Additionally, Wu et al. (2013) indicated possibility of

genetic correction in mice using with Cas9 mRNA, gRNA,

and ssDNA donor. Although there are still several prob-

lems to solve (e.g., off-target effect and optimizing gene

transfer protocol), our and their results suggest that

CRISPR-Cas9 system could be used for correcting human

genetic disease in the future.

In conclusion, simple production of inheritable albino

C57BL/6J mice was achieved by pronuclear microinjection

of C57BL/6J zygotes with px330-Tyr-M DNA vector and

mutant ssDNA (G291T in Tyr) donor. A combination of

CRISPR/Cas9 vector and optional mutant ssDNA could be

expected to efficiently produce novel SNM-induced mouse

models in which to investigate various human diseases.
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