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4

DNA double strand break; DSB

zinc finger 

nuclease ZFN (Y. G. Kim et al., 1996) transcription activator like effector nuclease TALEN

(Miller et al., 2011) clustered regulatory interspaced palindromic repeat/CRISPR-associated 

proteins 9 CRISPR/Cas9 (Cong et al., 2013; Mali et al., 2013; Jinek et al., 2012)

CRISPR/Cas

Cas Cas (Vakulskas et al., 2018)

DNA

non-homologous end joining; NHEJ

homology directed repair; HDR

knock out; KO NHEJ HDR

knock-in

Homologous recombination; HR knock-in knock-in

500 bp kbp

microhomology-mediated end joining; MMEJ

knock-in precise integration into target chromosome PITCh

bp 40 bp knock-in

(Nakade et al., 2014) CRISPR/Cas9 TALEN



5

(Aida et al., 2016; Sakuma et al., 2016) NHEJ homology-independent 

targeted integration HITI knock-in

knock-in (Suzuki et al., 2016)

bp HR knock-in homology-

mediated end joining HMEJ (Yao et al., 2017) DNA

efficient additions with ssDNA insert-CRISPR easi-CRISPR (Miura et al., 2015; 

Quadros et al., 2017) knock-in

ovalbumin OVA

ovomucoid OVM KO (Oishi et al., 2016; T. S. Park et al., 2014)

CRISPR/Cas9 TALEN

Ezaki OVM off-target

OVM

OVM

(Ezaki et al., 2023)

chicken vasa homolog CVH deleted in azoospermia like

DAZL knock-in
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(Ezaki et al., 2022; Rengaraj, Cha, et al., 2022; Taylor 

et al., 2017) doublesex and mab-3-related transcription factor 1

DMRT1 acidic leucine-rich nuclear 

phosphoprotein 32 ANP32

(Idoko-akoh et al., 2023; Ioannidis et al., 2021)

primordial germ cells; PGC 1

1

PGC

PGC

(Van De Lavoir et al., 2006)

PGC (Dehdilani et al., 2023; Ezaki et al., 2020; Whyte et 

al., 2015) PGC

PGC (Ballantyne et al., 2021; Chen 

et al., 2023) PGC

PGC PGC

PGC

DNA PGC PGC

(Oishi, 2010; Wang et al., 2017) PGC
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PGC PGC

(Houdebine, 2009)

ATryn
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2006 2009

Food and Drug Administration; FDA

(Bertolini et al., 2016; Sheridan, 

2016)

1 300

1

(J. S. Park et al., 2023; Zhu et al., 2005)

ovalbumin OVA OVA

interferon- 2 Fc colony-stimulating factor-1 CSF1 interferon- -1a

scFv-Fc miR24 epidermal growth factor EGF erythropoietin EPO

(Herron et al., 2018; Kwon et al., 2018; Lillico et al., 

2007; T. S. Park et al., 2015) 1

(Sheridan, 2016)

OVA
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Oishi Mukae OVA interferon-

anti-HER2 mAb knock-in

OVA

(Mukae, Okumura, et al., 2021; Oishi et al., 2018)

adiponectin (Y. M. Kim, Park, et al., 2023)

Albumin hIgG1 Fc hIgG1 Fc

(J. S. Park et al., 2023)

OVA

OVA

OVA

knock-in

OVM

OVM

12% 1 500 mg

OVM

OVM OVM
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2–3

OVA OVM

OVA

TATA box

CRISPRa system dCas9-VPR negative regulatory element

NRE CRISPR/Cas9 DF-1

OVA (Shi et al., 2020; Yousefi Taemeh et al., 

2023) OVM

OVM

2 PGC

3

OVM
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PGC PGC

PGC

PGC 

4D-Nucleofector®

PGC

PGC (Oishi, 2010; Wang 

et al., 2017) PGC

PGC PGC

(Chojnacka-Puchta et al., 2015; Oishi, 2010)

PGC

PGC sodium heparin

PGC
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Cultured PGCs

Genome editing
Genome-edited PGCs

Germline chimeric chicken

HatchingMating & Maintenance

Genome-edited chickens

Scheme for producing genome-edited chickens

Transplantation

1. PGC
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(1)

PGC American 

Type Cell Collection DF-1 #CRL-12203

PGC 1×B-27 Supplement Minus vitamin A Thermo Fisher Scientific 1× 

GlutaMAX™ (Thermo Fisher Scientific) 1× EmbryoMAX nucleosides (Merck, Darmstadt, 

Germany) 1× MEM non-essential amino acids (Thermo Fisher Scientific) 1× sodium 

pyruvate (Thermo Fisher Scientific) 1% chicken serum 1× monothioglycerol (Wako Pure 

Chemical Industries) 10 ng/mL human fibroblast growth factor-2 (hFGF2) (PeproTech)

1 unit/mL sodium heparin (Merck) 0.2 mM H1152 0.2 mM Blebbistatin (Wako Pure 

Chemical Industries) KnockOut™ DMEM Thermo Fisher Scientific 38

5% CO2 3% O2

(2)

ZsGreen1 PGC

2 ZsGreen1

ZsGreen1 pBApo-EF1 -pur

ZsGreen1

Cell Sorter MA900 Sony

(3)

0, 0.25, 0.5, 1.0 unit/mL PGC 1mL 2×105 cells

PGC 12-well plate
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ZsGreen1 1 μg Lipofectamine™3000 Thermo Fisher Scientific

Protamine sulfate

1 unit/mL PGC 1 mL 2×105 cells

PGCs 12-well plate 1,

5, 10, 15 μg/mL

(4) PGCs

PGC

PGC 2

Lipofectammine™2000 Lipofectamine™3000

PGC 500 μL 1×105 cells PGC 24-well 

plate 500 ng ZsGreen1 Lipofectamine™2000

Lipofectamine™3000 3

PGC Opti-MEM PGC

PGC

Opti-MEM Thermo Fisher Scientific PGC

KnockOut™ DMEM PGC 1×105 cells 500 μL 24-
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well plate 500 ng ZsGreen1 Lipofectamine™2000

3

PGC PGC

B-27 supplement, chicken serum, hFGF2

PGC 1×105 cells 500 μL 24-

well plate 500 ng ZsGreen1 Lipofectamine™2000

3

(5)

OVM ACTB CRISPR/Cas9

pX330-U6-Chimeric_BB-CBh-hSpCas

Addgene #42230 sgRNA Bpi 

Ⅰ Thermo Fisher Scientific Ligation high ver.2 Toyobo

sgRNA CRISPR direct software

https://crispr.dbcls.jp/ 1

ACTB T2A-EGFP HR

HMEJ HR PCR

ACTB T2A-EGFP In-Fusion HD cloning kit TaKaRa Bio

ACTB TA

T2A-EGFP pEGFP-N1 HMEJ

HR

2 1 PCR KOD
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One® PCR Master Mix Toyobo Co., Ltd.

(6) PGC OVM KO

OVM CRISPR/Cas9 PGC T7EⅠ assay

KO T7EⅠ assay

DNA T7 endonuclease

(Hye et al., 2009; Vakulskas et al., 

2018)

OVM CRISPR/Cas9 puromycin

Opti-MEM KnockOut™ DMEM PGC

6 PGC

2 puromycin 1 μg/mL 2

genomic PCR

Puregene® Core Kit A (QIAGEN) genomic PCR TaKaRa LA taq® TaKaRa Bio

1 PCR

Alt-R® Genome Editing Detection kit

IDT Inc. IA T7EⅠ assay PCR T7EⅠ assay

PCR SpreDye 

v3.1 Cycle Sequencing kit AdvencedSeq

SeqStudio™ genetic analyzer Thermo Fisher Scientific

TIDE analysis web tool https://tide.nki.nl/

(7) PGC knock-in

PGC ACTB knock-in
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ACTB CRISPR/Cas9

EGFP PGC knock-in EGFP

knock-in EGFP

500 bp EGFP HR

Cas9 HMEJ

2

Opti-MEM KnockOut™ DMEM PGC

Lipofectamine™2000 6

PGC 4 EGFP

knock-in knock-in Cell Sorter 

MA900
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ACTB HA vector
EGFP

T2A peptide sequence

ACTB HR donor vector

In-Fusion

ACTB HR donor vector

TA cloning

ACTB HMEJ donor vector

pCR-TOPO2.1 vector

2. ACTB HR donor vector ACTB HMEJ donor vector

In-Fusion
sgRNA
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1

PGC

PGC ZsGreen1

Lipofectamine™3000 ZsGreen1

3A 0, 0.25, 0.5, 1.0 unit/mL

ZsGreen1

3B

2 Protamine sulfate

(Jarzebska et al., 2021; L. B. Jaques, 1973)

1well 0, 1, 5, 10, 15 μg/mL

10 μg

9.92±2.02% 4

15 μg 6.81±2.19%

PGC PGC
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3 PGC

PGC

PGC

10% PGC

PGC Lipofectamine™2000

Lipofectamine™3000 PGC

ZsGreen1

Lipofectamine™2000

49.02±10.54% 5 Lipofectamine™3000

12.52±1.05%

PGC Opti-

MEM PGC KO-DMEM PGC 3

(Idoko-Akoh et al., 2018; Y. M. Kim, 

Shim, et al., 2023)

PGC

3 6A

PGC

B-27 supplement chicken serum hFGF2 H1152/Blebbistatin

ZsGreen1

chicken serum

B-27 supplement/chicken serum/hFGF2
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6B PGC PGC

Lipofectamine™2000

4 CRISPR/Cas9

PGC

Opti-MEM

KO-DMEM

CRISPR/Cas9 KO OVM

CRISPR/Cas9 puromycin

PGC OVM sgRNA

7A T7EⅠ assay

3 CRISPR/Cas9

7B CRISPR/Cas9

7C

TIDE

7

D

5 knock-in

CRISPR/Cas9 knock-in PGC

ACTB EGFP

ACTB EGFP 8A

knock-in HR
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HR

knock-in HMEJ 2

knock-in EGFP

knock-in

HR knock-in

HMEJ knock-in

8B
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3. PGC
A ZsGreen1

B
PGC

+hep−hep

PGC
A
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4. Protamine sulfate sodium heparin

0

2

4

6

8

10

12

14

0 1 5 10 15

Zs
G

re
en

1+
/li

vi
ng

ce
lls

(%
)

Protamine sulfate concentration (μg/mL)

***

**



28

0

10

20

30

40

50

60

70

Lipo2000 Lipo3000

Z
sG

re
en

1+
/li

vi
ng

ce
lls

(%
)

**

5. PGC



29

6. 

SD n=3 A
turkey’s test

***p < 0.001 Opti; Opti-MEM, KO; KnockOut  DMEM, PGCM; PGC
B PGC Dunnett’s 

test *p < 0.05, ***p < 0.001 B-
27; B-27 supplement, CS; chicken serum, FGF2; hFGF2, H1152/Ble; H1152 and 
Blebbistatin
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PGC

PGC

PGC

PGC

PGC FGF2

PGC (Choi et al., 2010; Macdonald et al., 2010; Whyte 

et al., 2015) PGC hFGF2

hFGF2

FGF2 (Caldwell et al., 2004) PGC

(Dehdilani et al., 2023; Ezaki et al., 2020; Whyte et al., 2015)

PGC

(McLendon et al., 2010; Siewert et al., 2020) PGC

-DNA PGC

DNA

-DNA
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DNA

PGC

PGC PGC

PGC Lipofectamin™2000 Lipofectamine™3000

(Idoko-Akoh et al., 2018; Oishi et al., 2016, 

2018; Xie et al., 2019) 2 PGC

Lipofectamine™2000

PGC

(Buck et al., 2019; Ponti et al., 

2021)

Opti-MEM KO-DMEM

PGC 3 PGC

PGC

DNA

2 DNA
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DNA

(Haraguchi et al., 2022)

(Boyle et al., 2019)

DNA

PGC PGC

Lipofectamine™2000

CRISPR/Cas9

KO

KO

KO

(Boyle et al., 2019)

puromycin CRISPR/Cas9

5600 bp 8500 bp puromycin CRISPR/Cas9

CRISPR/Cas9

PGC puromycin

2

KO

PGC CRISPR/Cas9

KO
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HMEJ knock-in

3

knock-in

HR knock-in

knock-in Xie

HMEJ HR knock-in

(Xie et al., 2019) HMEJ SSA HR

PGC knock-in

HR MMEJ

PITCh SSA easi-CRISPR HR

knock-in (Ezaki et al., 2022; Liu et al., 2023)

HMEJ PGC

knock-in

PGC RNA-seq DNA

PGC DNA

(Rengaraj, Won, et al., 2022) PGC

DNA knock-in

CRISPR/Cas9 ZFN TALEN

CRISPR

PGC PGC

PGC
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PGC

PGC

PGC

PGC

PGC

PGC

Lipofectamine™2000

DNA 2

KO knock-in

PGC
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OVA

OVM 1

OVA

(Shi et al., 2020; Yousefi Taemeh et al., 2023) OVM

OVM

OVM

DF-1

OVM OVM

OVM

2 human fibroblast growth factor-2; hFGF2

OVM hFGF2
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(1)

DF-1 OVM

knock-in in vitro

9 knock-in

knock-in PITCh system

OVM OVM PITCh

2 CRISPR/Cas9 EF1 promoter puromycin

PITCh CRISPR/Cas9

pX330-U6-Chimeric_BB-CBh-hSpCas9 vector Addgene#42230

BpiⅠ Thermo Fisher Scientific sgRNA

Ligation high ver.2 Toyobo

PITCh EF1 promoter puromycin

pBApo-EF1 -pur TaKaRa

BamHⅠ Hind3Ⅲ pBApo-EF1 -pur Ligation 

high ver.2

OVM hFGF2 OVM

CRISPR/Cas9 hFGF2 zeocin

PITCh CRISPR/Cas9

PITCh

In-Fusion 10 OVM

OVM sgRNA CRISPR direct

https://crispr.dbcls.jp/
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2

(2)

DF-1 ATCC® CRL-12203™

DF-1 10% fetal bovine serum FBS 1×GlutaMAX™ Thermo Fisher 

Scientific KnockOut™ DMEM Thermo Fisher Scientific 37 5% 

CO2

knock-in 6-well plate 1×106

cells/mL Lipofectamine™3000 Thermo Fisher Scientific

EF1 promoter knock-in 1 μg/mL puromycin

hFGF2 knock-in 200 μg/mL zeocin

genomic PCR

(3) Genomic PCR EF1 knock-in

DNA Gentra Puregene Cell Kit Qiagen

PCR EF1 promoter hFGF2

3 PCR

PCR KOD One® PCR Master Mix Toyobo Co. Ltd

SupreDye v3.1 Cycle Sequencing Kit AdvancedSeq

SeqStudio™ genetic analyzer Thermo Fisher Scientific Snap gene 

viewer 2



41

(4) RT-PCR

EF1 knock-in DF-1 OVM

total RNA cDNA PCR

OVM Total RNA FastGene™ RNA Premium Kit

NIPPON Genetics Co., Ltd cDNA oligo dT primer SuperScript 

Ⅳ reverse transcriptase Thermo Fisher Scientific cDNA

PCR KOD® PCR Master Mix Toyobo Co. Ltd

2

NCBI OVM transcript variant 1 NM_01308494.2 SPINK7 

OVM mRNA OVM transcript variant 2; NM_001112662.2

(5) western blot

DF-1 OVM hFGF2

western blot 6-well plate 1×106 cells

FreeStyle™293 Expression Medium Thermo Fisher Scientific 1

ULTRAFREE®-MC 5,000 NMWL Filter Unit MILLIPORE

OVM

1 10 ng NuPAGE® 

LDS Sample buffer Thermo Fisher Scientific 90 10

SDS-PAGE 15% 4% 

Immuno-Blot PVDF Membrane Biorad HRP

anti-OVM mAb HRP anti-His tag mAb OVM

hFGF2 SDS-PAGE running buffer 25 mM Tris, 192 mM glycine, 

0.1% SDS blotting buffer 25 mM Tris, 192 mM glycine, 5% (v/v) 
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methanol, 0.1% SDS PVDF PVDF 

Blocking Reagent for Can Get Signal® Toyobo Can Get Signal® 

Immunoreaction Enhancer Solution 1 Toyobo HRP ECL Prime 

Western Blotting Detection Reagent GE healthcare Amersham Imager680

(6) sandwich ELISA

OVM hFGF2

sandwich ELISA

OVM 2 OVM

(Ezaki et al., 2023)

0.5 μg/mL

HRP Block Ace DS Pharma 

Biomedical PBS 5

hFGF2 Human FGF basic/FGF2/bFGF DuoSet™ ELISA

kit R&D Systems

HRP SureBlue Reverse™ TMB Microwell Peroxidase 

Substrate SeraCare Life Science 1N HCl

Multiskan SkyHigh spectrophotometer Thermo Fisher Scientific 450 nm
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9. in vitro

OVM gene OVM gene

Constitutive promoter

OVM gene

Constitutive promoter

transgene

targeted knock-in targeted knock-in

PCR genotyping
OVM expression check

PCR genotyping
OVM expression check
Transgene expressing check
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10. in vitro

CRIS-PITCh v2 vector

In-Fusion

EGFP PurrCMV

T2A peptide sequence

donor vector

hFGF2 EGFP PurrCMV

hFGF2

myc-His tag

target sequence

CRIS-PITCh v2 vector

Zeocinr

PITCh donor vector

hFGF2 EGFP ZeocinrCMV



46

(1) EF1 knock-in DF-1

PITCh system EF1 promoter knock-in 11

EF1 _PITCh DF-1 knock-in 5’

puromycin EF1 promoter OVM

2 CRISPR/Cas9

EF1 _PITCh DF-1 puromycin

DF-1 genomic 

PCR 5’ F1-R1; 5’ 

junction fragment 3’ F2-R2; 3’ junction fragment

F3-R2; PCR genotyping fragment WT or knock-in

12A EF1

DF-1 #2 EF1 DF-1 #3

12B 5’ junction fragment DF-1

12C

(2) EF1 knock-in DF-1 OVM

#2 #3 OVM RT-PCR

western blot sandwich ELISA

total RNA RT-PCR #2 #3

OVM 13A

NCBI OVM transcript variant1
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NM_0130849.2 13B

3 c.15C>T c.300A>G c.489C>T

western blot OVM

FreeStyle293 expression medium 1

western blot #2 #3

OVM 14

OVM sandwich ELISA #2

#3 OVM 876.1 ng/mL 2013.1 ng/mL

15 DF-1 OVM

DF-1 EF1 promoter

OVM

(3) OVM hFGF2 knock-in

OVM in vitro OVM hFGF2

PITCh system hFGF2

knock-in 16 hFGF2_PITCh

5’ hFGF2 EGFP-T2A-zeocin

sgRNA

hFGF2_PITCh CRISPR/Cas9 OVM

#2 #3 zeocin

genomic PCR

EF1 promoter hFGF2_PITCh

5’ F3-R3; 5’ junction 
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fragment 3’ F4-R4; 3’ junction fragment

F2-R5; EF1 -OVM fragment or EF1 -hFGF2 fragment

17A EF1 -hFGF2 

DF-1 #2-3 EF1 -hFGF2 DF-1 #3-4

17B DF-1

17C

(4) EF1 -hFGF2 knock-in #2-3 #3-4 OVM

PCR EF1 promoter hFGF2

DF-1 #2-3 #3-4 OVM

western blot sandwich ELISA

FreeStyle293 expression medium 1

western blot #2-3 #3-4

OVM 18 OVM

sandwich ELISA #2-3 #3-4 OVM

DF-1 19

OVM #2 #3 OVM hFGF2

OVM

(5) EF1 -hFGF2 knock-in #2-3 #3-4 hFGF2

#2-3 #3-4 hFGF2

western blot sandwich ELISA
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western blot hFGF2

hFGF2 ELISA

#3-4 hFGF2

20
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11. EF1 promoter knock-in sgRNA Cas9
PITCh system

EF1

purr

CACGTTTGTATATATTTGCAGGCAGCCTCGGagcttgggg

gtgaaggatcGGGGACCATCTCAGGAGCAGAGCACCGGCAGCCGCC

GACGCCACGTTTGTATATATTTGCAGGCAGCCTCGGGGGGACCATCTCAGGAGCAGAGCACCGGCAGCCGCC

EF1

purr

gtgaaggatcGGGGACCATCTCAGGAGCAGAGCACCTTGTATATATTTGCAGGCAGCCTCGGagcttggggg

OVM locus

PITCh donor vector

Knock-in

Predicted locus
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A

B
5’ junction

M W #2 #3

Exon1EF1

purr

5’ junction, 299 bp

PCR genotyping, WT; 318 bp, knock-in; 5,264 bp

3’ junction, 196 bp

F1 R1 F2 R2

F3 R2

M W #2 #3
3’ junction

M W #2 #3
PCR genotyping

12. EF1 knock-in DF-1 PCR A EF1 knock-in
OVM exon1

PITCh system
B PCR M; 100 bp marker, M’; 1 

kb marker, W; DF-1 , #2; EF1a DF-1 , #3; EF1a DF-
1 C EF1a promoter OVM

PITCh donor derived sequence OVM 5’ upstream
C
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A B
M W #2 #3

13. EF1a knock-in DF-1 OVM A RT-PCR M; 100 bp
marker, W; DF-1 , #2; EF1a DF-1 , #3; EF1a DF-1 B OVM

NCBI OVM transcript variant 1
NM_01308494.2 SPINK7 OVM mRNA OVM transcript variant 2 NM_001112662.2

#2 #3
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M W #2 #3P

14. western blot HRP anti-
OVM mAb OVM M; protein
marker, P; ovomucoid (10 ng/lane), W; DF-1 , #2;
EF1a DF-1 , #3; EF1a DF-1
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16. OVM hFGF2 knock-in sgRNA
Cas9 PITCh system

CAGCACGAAGACGCCTGCCACGGGCAGTACCTCACCatggctgctgg
aatcaatgtcTCCCAGGTGAGTAACTTTCAGCCTTGGCAGGCGTCTTCGTGCTG

hFGF2

CMVEGFPzeocinr

EF1

CCTGCAGAGCCGGGCAGTACCTCACCATGGCCATGGCAGGCGTCTTCGTGCTGTTCTCTTTCGTGCTTTGTGGCTTCCTCCCAGGTGAGTAACTTTCAGAGTGCTGCAG

EF1

CCTGCAGAGCCGGGCAGTACCTCACCatggctgctgg

aatcaatgtcTGAGTAACTTTCAGAGTGCTGCAG

hFGF2

CMVEGFPzeocinr

Knock-in

hFGF2_PITCh donor vector

EF1a-OVM allele

Predicted EF1a-hFGF2 allele
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A

M M’WT #2 #3 #2-3 #3-4
B

M #2 #2-3 #3 #3-4 M #2 #2-3 #3 #3-4
5’ junction 3’ junction PCR genotyping

17. hFGF2 knock-in DF-1 PCR A EF1a-hFGF2 knock-in
B PCR M; 

100 bp marker, M’; 1 kb marker, WT; DF-1 , #2; EF1a DF-1 , #3; 
EF1a DF-1 , #2-3; EF1a-hFGF2 DF-1 , #3-4; EF1a-hFGF2 

DF-1 C

OVM genome sequence PITCh donor derived sequence
C

EF1 hFGF2

zeocinr EGFP CMV

5’ junction, 249 bp

PCR genotyping, WT; 306 bp, knock-in; 3023 bp

3’ junction, 582 bp

F4 R3 F5 R4

F2 R5
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M W #3 #2-3P #3-4

18. Western blot ovomucoid
M; protein marker, P; OVM  (10 ng/lane), W; 
DF-1 #3; EF1a-OVM DF-1 #2-3; EF1a-

hFGF2 DF-1 , #3-4; EF1a-hFGF2 DF-1
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y = 0.0023x + 0.0372
R² = 0.9986
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19. Sandwich ELISA hFGF2
hFGF2 B

hFGF2 SD
WT; DF-1 #2; EF1a DF-1 , #3; EF1a

DF-1 #2-3; EF1a-hFGF2 DF-1 , #3-4; EF1a-hFGF2
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knock-in PITCh system

EF1 promoter OVM knock-in

EF1 knock-in DF-1 #2

#3 #2 #3 OVM

OVM OVM

NCBI OVM transcript variant 1

OVM

OVM EF1

DF-1 #3 EF1 DF-1 #2 2

EF1 promoter OVM OVM

DF-1

EF1 promoter knock-in OVM

knock-in

Mukae Ezaki OVM

OVM Mukae OVM exon3

Ezaki OVM exon1

OVM (Ezaki et 

al., 2023; Mukae, Yoshii, et al., 2021)
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OVM OVM

OVM

EF1 promoter OVM hFGF2

knock-in EF1 promoter hFGF2 knock-in

#2-3 #3-4 OVM

hFGF2 knock-in OVM KO

hFGF2 #3-4

#2-4 FGF2

(Dimou et al., 2019; Steringer & Nickel, 2018)

FGF2

#3-4 hFGF2

#2-3 hFGF2

OVA

hFGF2

#3-4 hFGF2 #3

OVM hFGF2

FGF2 hFG2F
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knock-in OVM

OVM DF-1 OVM
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OVM

OVA

OVM

EF1 promoter OVM knock-in OVM

hFGF2

OVM 2 #2 #3

OVM

in vitro

EF1 promoter hFGF2 knock-in 2 #2-3 #3-

4 OVM

OVM hFGF2 knock-in OVM

OVM

#3-4 hFGF2 FGF2

hFGF2
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(Y. M. Kim, Park, et al., 2023; Mukae, Okumura, et al., 2021; Oishi et al., 2018; J. S. Park et al., 

2023)

PGC

2 PGC

PGC PGC

PGC

PGC

chicken serum

(Haraguchi et al., 2022) PGC

DNA

chicken serum PGC

CRISPR/Cas9 HR HMEJ knock-in HR

knock-in HMEJ knock-in HR
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(Xie et al., 2019) PGC

knock-in HR

PGC DNA

PGC DNA

knock-in

2 PGC

PGC

PGC

blastodermal cells PGC

DNA (Rengaraj, Won, et 

al., 2022) PGC DNA

knock-in

PGC

3 OVA

DF1 OVM

EF1 promoter PITCh system knock-in

2 OVM OVM hFGF2
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knock-in hFGF2

2 OVM

OVM EF1 -OVM

OVM EF1 promoter

knock-in

in vitro

OVM OVM

OVM hFGF2

OVM hFGF2 knock-in EF1 promoter

hFGF2 #2-3 #3-4

OVM OVM

knock-in OVM KO #3-4 hFGF2

#3-4 EF1 -hFGF2 #2-3

hFGF2 FGF2

(Dimou et al., 2019; Steringer & Nickel, 2018) FGF2

#3-4 hFGF2

#2-3 #3-4 EF1 -hFGF2

hFGF2
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FGF2 FGF2

1 (Caldwell et al., 2004)

hFGF2

EF1 promoter

EF1 promoter OVM promoter

2 3

PGC
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PGC

PGC PGC

2–3

PGC

2 PGC PGC

PGC

PGC

PGC

Lipofectamine™2000

3
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KO knock-in

PGC

3 OVM

DF-1 OVM

OVM

OVM

OVM

EF1 promoter DF-1

OVM PITCh system knock-in OVM

EF1 promoter knock-in 2 #2 #3 OVM

OVM

OVM

OVM OVM EF1 -OVM

OVM hFGF2

knock-in OVM hFGF2 hFGF2 knock-

in #2-3 #3-4 OVM #3-4

hFGF2 EF1 -

hFGF2 1 #2-3 hFGF2

hFGF2

OVM

OVM



72

2

PGC PGC

3 OVM OVM



73

hFGF2
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