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Hes1

in vitro in vivo Hes1
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[1]

[2]

[1]

matrix metalloproteinase13 MMP13

[3, 4] vascular endothelial growth factor A VEGFA

[5]

1

[3-6]

Notch

5



COL10A1
MMP13 VEGFA

MMP13
VEGFA

COL10A1
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[7, 8] Notch

Delta-like Dll Jagged Jag

1 Notch Notch1 4

[9] S2

intracellular domain ICD S3 2

ICD

recombination signal binding protein for immunoglobulin kappa J Rbpj

Hes1 Hes5 Hes7 Hey1 Hey2 HeyL

[10, 11] 2

Notch

Notch

[12-14] Hilton

Paired-related homeobox gene 1 Prx1

Notch

[15]

Notch

[15, 16]

Rbpj

[17]

Notch [12, 18, 19]

[20-22]
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Notch

S2 S3 ICD
ICD Hes1

Hes Hey

Receptor

S2

S3
Notch1-4

Rbpj Hes, Hey

Dll1,3,4
Jag1,2

Ligand

ICD

ICD
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70 Notch1

[23] Notch

Notch

Notch

[19, 21]

Rbpj

Rbpj

Notch Notch

[24] Notch

Jag1 Rbpj

Hes1 [24]

Notch

Notch

Hes1

Hes1

Hes1

Hes1

Hes1

Hes1 Hes1

Mmp13 Adamts5
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Camk2
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2

2-1.

ATDC5 RIKEN Cell Bank 1% 

Penicillin/streptomycin solution P/S solution Sigma-Aldrich 5 Fetal bovine serum

FBS Sigma-Aldrich Dulbecco's Modified Eagle's Medium DMEM /F-12

1:1 Wako

Hela RIKEN Cell Bank

SW1353 American Type Culture Collection 1% P/S solution 10 FBS

DMEM WAKO

2-2. 

18.5

0.3 Wako DMEM/F-12 1:1 Wako

37 3

6

0.3 D Roche DMEM/F-12 1:1

45 2 0.06 D

DMEM/F-12 1:1 overnight

[25]

2

1 1% P/S solution 10%FBS DMEM/F-12 1:1 2000rpm

5 pellet

11



2 1% P/S solution 10 FBS DMEM/F-12 1:1 1

37 5%CO2

2-3.

Sox9-Cre Hes1-floxed

Col2a1-CreERT Washington 

University Fanxin Long C57BL/6 

background

2-4.

10 21 0.5 cm

DNA

PCR DNA

Hes1 flox Hes1

PCR allele floxed allele  

Hes1         forward primer: 5’-CAGCCAGTGTCAACACGACACCGGACAAAC-3’ 

reverse primer: 5’- TGCCCTTCGCCTCTTCTCCATGATA -3’’

WT 224bp Hes1 floxed 272bp

Cre forward primer: 5’- GCGGTCTGGCAGTAAAAACTATC -3’ 

12



reverse primer: 5’- GTGAAACAGCATTGCTGTCACTT -3’ 

Cre 100bp

PCR

1. 94 3 min

2. 94 1 min , 60 30 sec , 68 30 sec × 30 cycles

3. 68 5 min

2-5.

18.5

100% 1

0.3% 8GX Sigma 37

2 2 0.1%

S Sigma 12

/1%

50% 80% 100%

2-6.

cDNA cDNA

KOD-plus Takara bio PCR PCR

PCMV-HA

13



Clontech PCMV-3Tag-1 Agilent Technologies

pMx PlatE

[26]

pMx

puromycin

pLVX-Tight-puro Clontech

Lenti-X HTX Packaging System Clontech

Gene Bank

Hes1 NM_005524 Camk2d (NM_001221) 

2-7.

DNA MMP13 2,082bp 2,182bp

ADAMTS5 37,134bp 37,623bp PCR

pGL4.23 Promega

SW1353

Hela 48-well 24 Fugene-6 Roche 0.1

μg pGL4 0.05 μg GFP HES1

4 ng pRL-TK Promega

14



48 PicaGene Dual 

SeaPansy Luminescence Kit GloMax96 Microplate Luminometer

Promega Firefly luciferase Renilla luciferase

2-8. RT-PCR

RNA TRIzol Invitrogen RNeasy Mini Kit QIAGEN

1 g RNA QuantiTect reverse transcription Kit Qiagen

single-stranded cDNA Mx3000P QPCR System Agilent Technologies

QuantiTect SYBR Green PCR Master Mix Qiagen

PCR TOPO TA cloning kit Invitrogen

Rodent 

total RNA Applied Biosystems -Actin

mRNA

3 well

RT-PCR 1

2-9. 

HES1 PCMV-3Tag-1b

pMX

SW1353

3 FLAG HES1 15

15



Gene title Forward primer Reverse primer

Hes1

Mmp13

Col10a1

Col2a1

-actin

5’-GGTCCCAGACATTTCTGCAT-3’ 5’-GGAGTTGGCTCTGAGAATCG-3’

5’-AGATGTGGATCAGCAAGCAG-3’

5’-GCCAAGACCTGAAACTCTGC-3’

5’-CATAAAGGGCCCACTTGCTA-3’

5’-GCCATAGCTGAAGTGGAAGC-3’

5’-TGGCTGATATTCCTGGTGGT-3’

5’-AGGCCTTCAGAAAAGCCTTC-3’ 5’-TCCTTGGAGTGATCCAGACC-3’

5’-GCGCAAGTTAGGTTTTGTCA-3’

1 real-time RT-PCR

Adamts5 5’-GCTACTGCACAGGGAAGAGG-3’ 5’-TGCATATTTGGGAACCCATT-3’
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タイプライターテキスト

ichiken
タイプライターテキスト
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dish 5 DNA

Bioruptor UCD-250 ( )

250w run 30 30 15 DNA FLAG

anti-FLAG M2 F3165; Sigma Dynal Magnetic beads (Invitrogen)

ChIP HES1

UCSC genome browser [27]

2-10.   

0.3% H2O2 30

1% BSA 30 4 Hes1 1:100; Santa 

Cruz Biotechnology Col10a1 1:500; LSL Mmp13 1:200; Chemicon Adamts5 

(1:250; Chemicon) HRP Promega

1 CSA Biotin-Free Catalyzed Amplification System Dako

2-11.  

8

[28] 4 8 4

pH7.4 10 EDTA pH7.4

17



4 3 4 m

HE Safranin O Fast green

OARSI Osteoarthritis Research Society 

International grading system [28]

2-12.

7 Hes1fl/fl Col2a1-CreERT;Hes1fl/fl

Sigma 100 g/g body weight/day 5

[29]

2-16.

X CMB-2

X 35 kV, 3.5 mA 90

65 cm IX FR Fuji film

2-17.

8 Hes1fl/fl Col2a1-Cre;Hes1fl/fl 100

X CT Scan Xmate-L090

75kV 100 A 10.970 9.116

m/pixel 9.116 m

TRI/3D-BON American 

Society for Bone and Mineral Research ASBMR nomenclature report[30]

18



2-18.

2

t 0.01 0.05
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3

3-1. Hes1

Hes1 Hes1

Hes1 Cre

loxP allele Hes1fl/fl [32] Sox9

Cre Sox9-Cre [33] Sox9-Cre;Hes1fl/+

Hes1l/fl Sox-Cre9;Hes1fl/fl

3-1-1. Sox-Cre;Hes1fl/fl

Sox-Cre;Hes1fl/+ Sox-Cre;Hes1fl/fl

18.5

Hes1fl/fl 3 17.5

Sox-Cre;Hes1fl/fl

4

L1 L5 Sox-Cre;Hes1fl/fl

5

3-1-2. Sox-Cre;Hes1fl/fl

17.5

HE

6

Safranin-O

20



Hes1 / Sox9-Cre; Hes1 /

Hes1 / Sox-Cre;Hes1 /

21



Hes1 / Sox-Cre;Hes1 /

Hes1 / Sox9-Cre; Hes1 /

22



Hes1

bars ±s.d. error bars n 4 group

(mm)

Hes1 /

Sox9-Cre;Hes1 /
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0 40 100(%)20 60 80

Hes1 /

Sox9-Cre;Hes1 /

6 Hes1 HE
18.5

Scale bars; 200 m

Hes1 /

Sox9-Cre;Hes1 /
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Col10a1

Mmp13 Vegfa

Mmp13

Adamts5 7

3-2. Hes1

Hes1

Rbpj Notch

Hes1 [24]

Hes1

Hes1 Sox-Cre;Hes1fl/fl

Hes1

3-2-1. Hes1

Hes1

8 [27] 0 2 4

6 8

Hes1 Hes1

6 8

3-2-2. Col2a1-CreERT;Hes1fl/fl

Cre

Col2a1-CreERT [29]

Col2a1-CreERT Hes1fl/fl Col2a1-CreERT;Hes1fl/+

Hes1fl/fl Col2a1-CreERT;Hes1fl/fl

25



7 Hes1

18.5 Notch
Safranin-O Col10a1 Mmp13

Adamts5
Scale bars; 200 m

Hes1 / Sox9-Cre; Hes1 /

Col10a1

Hes1

Mmp13

H-E

Adamts5

Safranin-O
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Safranin O Hes1

2W

4W

6W

8W

0W

8 Hes1

0,2,4,6,8 Hes1
Hes1

6 8
Scale bars; 200 m
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5 8

[27] 8 16 sacrifice

Hes1fl/fl Col2a1-CreERT;Hes1fl/fl 8

9

CT Hes1fl/fl Col2a1-CreERT;Hes1fl/fl

2 16

Hes1

Hes1 10

Safranin O Fast Green

Col2a1-Cre;Hes1fl/fl

Hes1fl/fl Safranin O 11

Col2a1-Cre;Hes1fl/fl Col10a1 4

Adamts5 Mmp13 OARSI

[28] 12

1

Hes1 Sox-Cre;Hes1fl/fl

Hes1

Col2a1-Cre;Hes1fl/fl

28



Hes1 / Col2a1-CreERT;Hes1 /

BV/TV (%) 13.48 ± 10.0 13.48 ± 4.24

Tb.Th (mm) 39.39 ± 13.77 41.52 ± 8.16

Tb.N (/mm) 3.02 ± 2.31 3.20 ± 0.50

Tb.Sp (mm) 430.24 ± 374.08 277.06 ± 60.88

2. Hes1
8 CT

BV/TV ; bone volume / tissue volume, Tb.Th ; trabecular thickness, 
Tb.N ; trabecular number, Tb.Sp ; trabecular spacing. 
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9 Hes1
Safranin O

8 Hes1 / Col2a1-CreERT;Hes1 /

 Col2a1-CreERT;Hes1 / Hes1 /

Scale bars; 10mm 400 m Safranin O
100 m Safranin O

10 Hes1
16 Hes1 / Col2a1-CreERT;Hes1 /

real-time RT-PCR Hes1  Col2a1-CreERT;Hes1 /

Hes1
*P<0.01 vs Hes1 /

Hes1 / Col2a1-CreERT;Hes1 /

Hes1 / Col2a1-CreERT;Hes1 /

No CT

1

2

copies per 
ng total RNA

X104

Hes1 / Col2a1-CreERT;Hes1 /

*
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11 Hes1
Hes1 / Col2a1-CreERT;Hes1 /

4 8 Safranin O
Col2a1-CreERT;Hes1 / Hes1 /

Mmp13 Adamts5
Scale bars; 100 m

12 Hes1
OARSI grading system ERT /

 
bars ±s.d. error bars n 7 group *P<0.01 vs Hes1 /

Hes1 / Col2a1-CreERT;Hes1 /

ADAMTS5

Hes1

Mmp13

Col10a1

Safranin O

OARSI
grade

OARSI
score

Hes1 / Col2a1 CreERT Hes1 /

Safranin O
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3-5. Hes1

3-3-1. Hes1

Hes1

Rbpj Notch

Hes1 Mmp13

[24]

Hes1

Hes1 ChIP Hes1

3 FLAG HES1 SW1353

DNA FLAG

ChIP

catabolic factor

MMP13 4 13

100bp PGL4

HES1 HeLa

SW1353 HES1 13

ADAMTS5[33, 34] 7

14 500bp

PGL4 HES1

14

32



target

pGL4.23 
luc2/minP 

pol(A)

luc2

minimal
promotor

target

13 ChIP MMP13 HES1
SW1353 HES1

DNA ChIP DNA
MMP13 7

HeLa, SW1353 HES1

0 20 40

GFP

HES1

SW1353

0 10 20 30

GFP

HES1

HeLa 

http://genome.ucsc.edu
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pGL4.23 
luc2/minP 

pol(A)

luc2

minimal
promotor

target

14 ChIP ADAMTS5 HES1
SW1353 HES1

DNA ChIP DNA
ADAMTS5 4

HeLa, SW1353 HES1

0 10 20 30 40 50

GFP

HES1

SW1353

0 10 20 30

GFP

HES1

Hela 

target

http://genome.ucsc.edu
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3-3-2.  Camk2 Hes1

Hes1 [31, 35, 36]

Camk2 Hes1

Mash-1 [37]

Mmp13 Hes1

Camk2 4

[38] Camk2

[39]

Camk PCR

Camk2

15 Camk2

Camk2

16 Camk2

ATDC5

HES1 HES1 dominant negative 

form DN Camk2 (S126A)HES1

Mmp13 Adamts5 PCR

HES1 DN S126A HES1

17

Camk2

Mmp13 Adamts5 PCR

HES1 Mmp13 Adamts5 Camk2
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15 Camk2
Camk

Camk Camk
Hes1

0

2,000

4,000

6,000 costal chondrocyte 

articular chondrocyte 

Camk2a Camk2b Camk2g Camk2d Hes1 

copies per 
ng total RNA 
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OAWT

16 Camk2

Camk2 Camk2
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0

10

20

30

G
FP

 

W
T 

D
N

S
12

6A

HES1

Mmp13copies per 
ng total RNA 

Adamts5

17 HES1 Mmp13 Adamts5
GFP HES1 HES1

Dominant negative (DN) form, S126A)HES1 ATDC5
2 RNA realtime-RT-PCR Mmp13 Adamts5

HES1 Mmp13 Adamts5 DN form, HES1
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Camk2 S126A

HES1 Mmp13 Adamts5 Camk2

18
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0

40

80

DsRED

CAMK2D
-CA 

Mmp13
copies per 
ng total RNA 

0

50

100

HES1
WT S126A GFP 

Adamts5
copies per 
ng total RNA 

18 ATDC5 CAMK2 HES1 Mmp13 Adamts5
GFP HES1

(S126A)HES1 ATDC5 DS RED Camk2 CA form

2 RNA realtime-RT-PCR Mmp13 Adamts5

HES1 Mmp13 Adamts5 Camk2
HES1
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4

Hes1 Camk2

Mmp13 Adamts5

Hes1 basic helix-loop-helix bHLH

Hes1

[36]

negative-feedback loop

2

[36] Hes1

Hes1

Hes1

[40] Hes1

[41]

Hes1

Adams-Oliver Syndrome AOS

Notch Hes1

Rbpj Hes1

[42]
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Hes1 Hes5

Col2a1 Hes1

[43]

Sox9 Hes1

Sox-Cre;Hes1fl/fl

Hes1 Notch

Notch

Notch

[16, 44]

Rbpj

[24] Notch

Notch

Hes1

Hes1 Rbpj Notch

[24]

Rbpj Hes1

Hes1

14
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2 Hes

Col2a1-CreERT;Hes1fl/fl

Hes1

Hes1

Hes1

Hes/Hey Herp, MyoD

[36] compensator

[45]

IL-1 Hes1

[46]

[47]

Hes1 Mmp13

Adamts5 Hes1

Mmp13 Adamts5 Hes1

ChIP

Hes1 E-box CANNTG

N-box CACNTG Class C site CACGCG [36] ChIP
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Hes1

Adamts5 E-box

E-box

Mmp13

Hes1

Hes1

Hes1

Camk2 Hes1

complex

Mash1 [48]

Hes1 Mmp13 Adamts5 Camk2

Hes1 Hes1 Camk2

Mmp13 Adamts5 Hes1

Mmp13 Adamts5

Camk2 Ca2+

[49]

Camk2

[50]

Camk2
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[51]

Camk2

Camk2 CA

CyclinD

10

[52, 53]

Ca2+ Camk2 [54]

Camk2

Camk2 Hes1 Mmp13 Adamts5

Hes1

Camk2

Hes1

Hes1

Hes1

siRNA

Camk2
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[55]

Hes1 Camk2

Hes1 Camk2

Hes1

46



Notch Hes1

Camk2 Mmp13 Adamts5
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Hes1 Hes1

ICD

Ligand

Mmp13

Adamts5

Receptor

19 Hes1
ICD

Rbpj Hes1 Hes1
Camk2 Mmp13 Adamts5

Camk2
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