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a -Minimum Essentiol Medium

AME: 1-acetoxy-2-methoxyethane

AP-1: Activator protein -1

APC: Allophycocyanin

APMSF: p-amidinophenyl methanesulfonyl fluoride
ATF: Activated transcription factor

ATP: adenosine triphosphate

Acan: Aggerecan

B.Pm: Bone perimeter

BFR: Bone formation rate

BMM: Bone marrow macrophage

BMP: Bone morphogenic protein

BPB: bromphenol blue

BRE: BMP-responsive element

BS: Bone surface

BV/TV: Bone volume / Tissue volume
BV: Brilliant violet

BrdU: Bromodeoxyuridine

CDK: Cyclin dependent kinase

CFC: Cardiofaciocutaneous

CKis: Cyclin -dependent kinase inhibitors
CREB: cAMP -resoponsive elemenbinding protein

ChIP: Chromatin immunoprecipitation



Col: Collagen

Ctsk: Cathepsin K

DME M: Dul beccods modified eagl e
DTT: Dithiothreitol

Dcstamp: Dendrocyte expressed seven transmembrane protein
EDTA: Ethylenediaminetetraacetic acid

Erk: Extracellular signal -regulated kinase

FBS: fetal bovine serum

FITC: Fluoresceinisothiocyanate isometi

FSC: Forward scatter

GPBS: GlucosePBS

GSK3-b: Glycogen s$¥$nthase kinase
HBS: HEPES buffered saline

IP: Immunoprecipitation

M-CSF: Macrophage colony stimulatingfactor

MAPK: Mitogen -activated protein kinase

Mek: MAPKI/Erk kinase

Mmp: Matrix metallopeptidase

N.Oc/B.Pm: Number of osteoclast / Bone perimeter

NFATc1: Nuclear factor of activated T cells cytoplasmic 1
Ob.S/BS: Osteoblast surface / Bone surface

Ob.S: Osteblast surface

Oc.S/BS: Osteoclast surface / Bone surface

Oc.S: Osteoclast surface

Osx: Osterix

3
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PB: Phosphate buffer

PBS: Phosphate buffered saline
PE-Cy: Phycoerythrin -cyanin
PGE: Prostaglandin

PTH: parathyroid hormone

Prx: Paired-related homeobox

RANK: Receptor activator of nucl ear

RANKL: Receptor activator of nucl ear

Runx: Runt family of transcription factor
SBE: Smad-binding element

SDS: sodium dodecyl sulfate

SOX: sex determining region on ¥box

SSC Standard Saline Citrate

Smurf: Smad-specific E3 ubiquitin ligase

Sox9: Sexdeterming region within the Y-type high mobility group box protein 9
TBS: Tris buffered saline

TBST: 0.05% Tween 20 in TBS

TE: Tris-HCI/EDTA buffer

TGFBR1: Type -beceptor of TGF

TNF: Tumor Necrosis Factor

TRAP: Tartrate resistant acid phosphatase

Tris: 2-Amino-2-hydroxymethyl- 1,3-propanediol

CAMP: Cyclic adenosine monophosphate

MCT: microi computed tomography

factor

factor
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2-1
Atf3 flox ( ) CD11b
Cre Vacher (Institut de Recherches Cliniques de Montréal)
CollalCre Karsenty (Columbia University)
C57BL/6J FBS N, N-dimethyl
formamide naphthol AS-MX phosphate = Sigma-Aldrich APC CD11b
(M1/70) FITC anti-CX3CR1 (SAO011F11) BV421 anti-cfms
(AFS98)  7-Aminoactinomycin D (7-AAD) Biolegend PE-Cy7
anti-Ly-6C (AL-21) BV510  anti-BrdU (3D4) BrdU Flow Kit FITC
BrdU Flow Kit FITC-Annexin V  Propidium lodide BD Biosciences
anti-ATF3 (#33593) anti-Cyclin D1 (#2978) anti-Cyclin D3 (#2936)
anti-CDK4 (#12790) Cell Signaling Technologies anti-pB-actin
(C4) Santa Cruz Biotechnology DMEM BrdU ECL

pGEX-GST-RANKL

Teitelbaum (Washington University) PLAT-E
( ) B-PER Bacterial Protein Extraction Reagent
Thermo Fisher scientific Glutathione-beads column GE healthcare

THUNDERBIRDTM SYBR gPCR mix TOYOBO
Dithiothreitol (DTT) 5xFirst strand buffer M-MLV Reverse transcriptase

Lipogectamine RNAIMAX LipofectamineLTX Invitrogen

- 10-



Atf3 “ CD11bCre ( , ,
Cre )43 CollalCre (
Cre ) C57BL/6]

5 23£1°C
55% 12 3-4

CD11bCre;Atf3" CollaXCre;Atf3"
2-3

0.15M NHJ.Cl 5
2%FBS  PBS APC  CD11b

(M1/70) (BioLegend) 7-AAD 4°C 30

FACS Ariall cell sorter (BD Biosciences) CD11b
2-4
BrdU (100 mg/kg) 1 APC
anti-CD11b (M1/70) FITC anti-CX3CR1 (SA011F11) BV421 anti-
cfms (AFS98) (BioLegend) PE-Cy7 anti-Ly-6C (AL-21) BV510 anti-

BrdU (3D4) (BD Biosciences) BrdU Flow Kit (BD

-11-



Biosciences) BrdU FACS Verse (BD Biosciences)

FACS Suite software (BD Biosciences)

10 uM  BrdU 45 FITC BrdU Flow Kit
(BD Biosciences) FITC-Annexin V (BD
Biosciences) Propidium lodide FACS Verse
2-5 RANKL
2-5-1 BL21
BL21 SOB 0OD550=0.5 3,000 rpm 10

10 mL RF1 buffer (100 mM RDbCI, 50 mM MnClz, 10 mM
CaCly, 15% glycerol, 30 mM CH3COOK (pH 5.8)) 30
3,000 rpm 10 2mL RF2 buffer (10 mM RDbCI, 75
mM CacClz, 15% glycerol, 10 mM MOPS (pH 6.8)) -80 °C

4°C
2-5-2
BL21 PGEX-GST-RANKL 50 ng
37°C 1 100 pg/ml
LB 12
100 ug/ml LB 0D600=0.5
50 uM IPTG GST-RANKL 12

100 pg/ml lysozyme B-PER Bacterial Protein Extraction Reagent

-12-



(Thermo) 15,000xg 10

Glutathione-beads column (GE healthcare) GST-RANKL

2-5-3 GST-RANKL
8 GST-RANKL 2 mg/kg 24
24 GST-RANKL

48 45

2-6 (OVX)
8 40 mg/kg
(OVX)
(Sham)
0 28
46
2-7
8 70%EtOH

70%EtOH 80%EtOH 95%EtOH 100%EtOH 2 2

methyl methacrylate monomer (MMA)

7 um

50 °C 2
2-8 von Kossa
1-acetoxy-2-methoxyethane (AME) MMA
100% EtOH 2 95% 80% 70% 1% AgNOs3

- 13-



1 1 sodaformol 1
1 5% sodium thiosulfate 1
1 von Gieson 1 2

(70% EtOH 80% 95% 100% 2 )

2-9 Toluidine blue

AME MMA 0.01%
20
2-10TRAP
AME MMA 37°C
100 mL  Stock Basic Incubation Medium 37 °C 30 Naphthol
AS-BI Phosphate Substrate 1 mL 37°C 30 sodium nitrite
pararosaniline dye Stock Basic Incubation Medium
60 90 Carrazi’s hematoxylin 1
50 inTE
2-11
Image J von Kossa (
Bone volume / Tissue volume : BV/TV) Osteomeasure
(
Bone formation rate / Bone surface : BFR/BS) 7 um
( Osteoclast

- 14 -



surface / Bone surface : Oc.S/BS) Toluidine blue (
Osteoblast surface / Bone surface :

Ob.S/BS) 13 BV/TV

pCT BVITV Scan Xmate-L090

(Comscan Tecno)

2-12 M-CSF CMG14-12
CMG14-12 37°C
10 mL 10% FBS DMEM (containing 3.5 g/L sodium bicarbonate, 100
U/mL penicillin, 100 mg/mL streptomycin) 1,500 rpm
5 10 mL 10% FBS DMEM
(NUNC 1 well,100 mm) 37°C 5% COz
24 400 pg/mL G418 10% FBS-DMEM
80% 0.25% -0.03% EDTA
37 °C 10% FBS oMEM 1,500 rpm 5
-EDTA
1x10° cells/mL 10% FBS oMEM
10 mL/well 20
mL 10%FBS-aMEM 2 10
M-CSF
2-13
8 C57BL/6J
GPBS

- 15-



26 G

10% FBS-oMEM 1,500 rpm 5
10% FBS-oMEM 10% CMG14-12 supernatant
72 -EDTA
1,500 rpm 5 10 mL 10%FBS-aMEM
10% CMG14-12 supernatant 1x10° cells/mL

10%FBS-aMEM

2% CMG14-12 supernatant Recombinant mouse receptor activator of NF-xB ligand
(RANKL) 20 ng/mL 0 48

(1:1) pH 5.0 N, N-dimethyl
formamide naphthol AS-MX phosphate (Sigma-Aldrich) Fast red violet LB
salt (Sigma-Aldrich) (TRAP ) TRAP

Actin ring
Actin ring (Actin ring

assay) 24 TRAP

(Pit formation assay) Pit formation assay

2-14
2-14-1 PLAT-E
PLAT-E 37 °C

10 mL 10% FBS DMEM 1,500

- 16-



rrm 5 10 mL 10% FBS DMEM

(NUNC 1 well,p100 mm) 37°C 5% CO
0.25% -0.03% EDTA 3
2-14-2 PLAT -E
(NUNC 1 well,p100 mm) 2-13-1
PLAT-E -EDTA
37 °C 10% FBS DMEM 1,500 rpm 5
-EDTA 3x10° cells/mL
10% FBS DMEM 10 mL/dish
37°C 5% CO 24
2-14-3
360 pL plasmid DNA10O pg mix 2M CaCl2 40 pL
HBS buffer 400 pL 30 2-13-2
DNA complex 800 pL 37°C 5% CO: 24
48
pPMX-GFP pMX-Cre pMX-Ccndl
2-14-4
2-13 2-14-3 PLAT-E
5SmL 24 PLAT-E 5}
mL 48 10% FBS-aMEM Blasticidin 1

- 17 -



pg/mL 48
-EDTA 1,500 rpm 5 10 mL
10%FBS-aMEM 2% CMG14-12 supernatant RANKL 20
ng/mL 0 2
2-15 Western blotting
10% polyacrylamide gel ( 4.5%) 2
(15 mA/plate) 100% methanol
PVDF 30 (1.6 mA/cm?)
TBST (137 mM NaCl 0.05% Tween 20 20 mM Tris-HCI
buffer (pH 7.5)) 5% skim milk TBST 1
1% skim milk TBST 4°C 16
TBST 10 3 1% skim milk TBST
peroxidase 1 TBST 10 3
ECL LAS4000IR (
) 1 anti-ATF3 (1:1000,

#33593) anti-Cyclin D1 (1:1000, #2978) anti-Cyclin D3 (1:1000, #2936)

anti-CDK4

(1:1000, #12790) (Cell Signaling Technologies) anti-p-actin

C4) (Santa Cruz Biotechnology)

2-16 Chromatin immunoprecipitation assay (ChlP assay)

2-16-1
2-13 RANKL 24
1% formaldehyde 37°C 5% CO2 10

- 18-
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1 pg/mL protease inhibitors ((p-amidinophenyl) methanesulfonyl fluoride (APMSF),
leupeptin, antipain, benzamidine) PBS
SDS lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCI (pH 8.1), 1 ug/mL protease
inhibitors) 10
10 20 6
2-16-2 Immunoprecipitation (IP)
ChIP dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM

EDTA (pH 8.0), 16.7 mM Tris-HCI (pH 8.1), 167 mM NaCl, 1 pg/mL protease inhibitors)
10 TE buffer (10 mM Tris-HCI (pH 8.1), 1 mM EDTA (pH 8.0)) 2

Protein A agarose (1.5 mL beads with 600 pg sonicated salmon sperm DNA, 1.5 mg

BSA, 4.5 mg recombinant protein A / 1.5 mL buffer; 10 mM EDTA, 0.05% sodium azide)

75 pL 4°C 30 1,500 rpm 15 4°C
ATF3 Normal mouse 1gG 2 ug 4°C 24
60 pL Protein A agarose 4°C 1

Low salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCI (pH 8.1), 150

mM NaCl) High salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCI
(pH 8.1), 500 mM NaCl) LiCl buffer (0.25 M LiCl, 1% NP 40, 1% deoxycholate, 1 mM

EDTA, 10 mM Tris-HCI (pH 8.1)) Buffer TE buffer 2

2-16-3 DNA

250 uL  Elution buffer (10 mM DTT, 1% SDS, 0.1 M NaHCO3)

15 250 pL

- 19-



Elution buffer 5MNaCl 20puL

65°C 6 0.5MEDTA10puL 1M Tris-HCI (pH6.5) 4 uL 10
mg/mL proteinase K 2 pL 45°C 1 phenol-chloroform
DNA 30 puL -20°C

2-16-4 Reakltime PCR

2-16-3 DNA Real-time PCR Real-time PCR
( ; FG-1742) THUNDERBIRDTM SYBR gPCRmix (TOYOBO) 5
puL 3 DNA25uL 25puM sense primer antisense primer
0.5 uL 10 puL Real-time PCR
Ct Input Ct ACt PCR PCR
Table 1 Cyclin D1 AP-1
ATF/CREB

Table 1.List of primers usedfor ChIP assay

Fragments Upstreatm) (56 Downsteam 6 @ 0 )
Ccndl
promoter GGAGAAACACCACCACCCT CAAC TATTAGTCGCCCTTCCAGGAA
AP-1 site CCAG

Ccndl

HEnsl | TGCATATCTACGAAGGCTGA GG | CAGAGATCAAAGCCGGGCAG

site

2-17
ISOGEN ( ) total RNA
total RNA 1 pg DNase (1 unit/uL  Promega) 1 pL
10xDNase buffer 1 uL 10 pL DEPC water 37°C
20 RQ1 DNase stop solution (Promega) 1 pL Oligo

(dT)18 Primer (50 uM  Sigma genosys) 1 uiL 10 mM dNTP mix (Takara Bio) 3.6 pL

- 20-



DEPC water 4.4 pL 65°C 5 5xFirst-
Strand Buffer (Invitrogen) 6 uL 0.1 M DTT (Invitrogen) 3 uL  M-MLV Reverse
Transcriptase (200 unit/uL  Invitrogen) 0.5 uL  DEPC water 0.5 puL 37°C 60

70°C 15

2-18 Realktime PCR

2-17 cDNA Real-time PCR Real-time PCR
( ; FG-1742) THUNDERBIRDTM SYBR gPCRmix (TOYOBO) 5
puL 3 cDNA25puL 25uM sense primer antisense primer
0.5 pL 10 pL Real-time PCR
Ct 36b4 Ct ACt PCR
Table 2

Table 2. List of primers usedfor Reakttime PCR

Genes Upstreatm) (56 Downsteam 6 @ 0 )
Ccndl TGGATGCTGGAGGTCTGTGAG AGAGGCCACGAACATGCAG
ATF3 GAGGATTTTGCTAACCTGACACC | TTGACGGTAACTGACTCCAGC
Dcstamp | GACCTTGGGCACCAGTATTT CAAAGCAACAGACTCCCAAA

Ctsk GAAGAAGACTCACCAGAAGCAG TCCAGGTTATGGGCAGAGATT
Nfatcl CCCGTTGCTTCCAGAAAATA CCCGTTGCTTCCAGAAAATA

2-19
+

(One-factor ANOVA)
Bonferroni posthoctest 2

Student’s t-test
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3-1

ATF3

Figure 3. ATF3 expressedvy osteoclastprecursorsis implicated in RANKL -induced

a O Control b [ cControl c O Control d O Control
B CD11b-Cre;ATF3"" W CD11b-Cre;ATF3"" B CD11b-Cre;ATF3™" M CD11b-Cre;ATF3""
N.S. N.S.
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(2)ATF3 expression in CD11b positive cells in bone marrow of control and CD11lb
Cre;ATF3"™ male mice (n=4). (b)BV/TV of femurs, and (c)BV/TV and (d)Oc.S/BS of
vertebrae of control and CD11b-Cre;ATF3"" male mice at 12week-old (control, n=7; CD11b
Cre;ATF3M n=9). (e)uCT analysis and (f)BV/TV of femurs, and (g)VonKossa staining, (h)
BV/TV, (i) Oc.S/BS and (j) N.Oc/B.Pm of RANKL-injected mice (control-PBS, n=7; control-
RANKL, n = 8; CD11bCre;ATF3/-PBS, n = 6; CD11bCre;ATF3"-RANKL, n=9). *P <
0.05, **P < 0.01, significantly different from the value obtained for (a) control mice or (f,hi )
PBS-injected mice. #P < 0.05, significantly different from the value obtained for RANKL-

injected control mice.

3-1-1 Atf3
CD11bCre
CD11bCre;Atf3" Atf3
CD11b Atf3 RT-PCR
(Fig. 3a)
BVITV( )
(Fig. 3b,c) 0c.S/BS (
) (Fig. 3d)
3-1-2 Atf3
Atf3
RANKL 2
RANKL BV/TV
CD11bCre;Atf3" RANKL BVITV
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(Fig. 3e,f)
RANKL BVITV Oc.S/BS N.Oc/B.Pm ( )

(Fig. 39-)) Atf3
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3-2 ATF3

a | Control I ICoI1a1-Cre;Arf3""1
b [JControl
Il Col1a1-Cre;Atf3™" (o
28 | Control | | Col1a1-Cre;Atf3"" |
— N.S. = ) e,
- X 21 'S
(&) S~ <
= >
t ©
> 14+ @
o (=]
~
7 1 =
S
0. L
d [ Control e [ cControl f [ Control g [ Control
M Col1a1-Cre;Atf3"" W Col1a1-Cre; Atf3"" Hl Col1a1-Cre;Atf3"" Hl Col1a1-Cre;Atf3""
N.S.
281 Ns. 604 2401 161
- =y N.S.
S S g &
X 21 < 454 E 180+ € 121
S 2] = 2]
- @ = @
S 14- B 304 E 120- & 8-
m %] = )
o o 8
71 1.5 o 60 44
0 04 0 0
h [OSham i [OSham J [Osham
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28 16 3204
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8 211 . , 2 12 T 240
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E s 2
S 144 o 84 £ 160
m 8 =)
74 4 & 8o
om
0 0 0
Control Col1a1-Cre;Atf3"" Control Col1a1-Cre;Atf3"" Control Col1a1-Cre;Atf3""

Figure 4. ATF3 expressed by osteoblasts is dispensable for bone formation and bone
remodeling.

(a)uCT analysis and (b) BV/TV of femurs, (¢) Von Kossa staining, (d) BV/TV, (e) Oc.S/BS,
(f) BFR and (g) Ob.S/BS of vertebrae of control and Collal-Cre;ATF3™ male mice at 12
week-old (control, n = 5; CollakCre;ATF3"" n =6). (h) BV/TV, (i) Oc.S/BS and (j) BFR of

ovariectomized mice (control-sham, n = 7; control-OVX, n = 8; Collal Cre;ATF3""-Sham,
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n = 6; CollalCre;ATF3"-OVX, n = 7). *P < 0.05, significantly different from the value

obtained for sham mice.

3-2-1 Atf3
Atf3
Cre

Atf3

Oc.S/BS BFR(

3-2-2 Atf3

Atf3

ovX  ( )

CollalCre;Atf3" BV/TV

Oc.S/BS BFR

(Fig. 4h-j)
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ATF3"-BMM

pMX-Cre

12

pMX-GFP

0

hours

[P—

ATF3

B-actin -w et QRS e

Actin ring

Pit formation

TRAP stain

I

|  ddoxwd ||

a19-xnd _

o | WNS-,EAY _

[ pMX-GFP
H pMX-Cre

o

[ pMX-GFP
l pMX-Cre

d

[0 pMX-GFP
Il pMX-Cre

o ®w o w®w o

AOI ~ wn o~
(jo3u09 jo 9,) uonewsoy

Buul unjoe jo JaquinN

Ees

w0 o n o

100 4
7
5
2

(1043u09 j0 %)
uoljewioy jid Jo eary

T T T

n (= n o
~ wn N

100 +

(jo13u09 j0 %)
SONIN @ABIsod dvyl

O pMX-GFP
W pMX-Cre

*%

*x

Ctsk

100 4

(1043u09 30 %)
uoissaldxa sauan

Nfatc1

Dcstamp

- 28-



Figure 5. ATF3 deficiency represses osteoclastogenesis.

BMM from ATF3"" mice was retrovirally infected with Cre recombinase, and subsequent
stimulation with RANKL, followed by determination of (a) ATF3 expression, (b,c) TRAP
stain, (b,d) Pit formation, (b,e) Actin ring, and (f) mMRNA expression of osteoclast marker

genes (n = 3-4). **P < 0.01, significantly different from the value obtained in cells infected

with GFP.
in vitro Atf3
AtF3
Cre Atf3
RANKL 12
2 Atf3 Atf3
Atf3
(Fig. 5a) Cre
Atf3
Atf3
TRAP Pit formation Actin ring formation (Fig. 5b)
Atf3 TRAP (Fig. 5¢)
Pit formation Actin ring (Fig. 5d,e)

Dcstamp Ctsk Nfatcl mRNA
Atf3

(Fig. 3f) Atf3
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3-4 ATF3 (in vitro)
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Figure 6. ATF3 deficiency blunts RANKL-induced cell proliferation in vitro.

BMM from ATF3"" mice was retrovirally infected with Cre recombinase, and subsequent
stimulation with RANKL, followed by treatment with BrdU. Cells were then analyzed for
(a,c) BrdU incorporation assay or (b,d) cell death assay by flow cytometry (n = 5-8). **P <
0.01, significantly different from the value obtained in cells treated with PBS. #P < 0.01,

significantly different from the value obtained in RANKL-stimulated cells infected with GFP.

Figure 5 RANKL
RANKL Atf3
RANKL
Atf3
RANKL RANKL 24
BrdU assay
RANKL S
Atf3 RANKL S
(Fig. 6a.b)
Atf3 RANKL
(Fig. 6¢.d)
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3-5 ATF3

(in vivo)
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Figure 7. ATF3 deficiency blunts RANKL-induced cell proliferation in vivo.
Control mice and CD11bCre;ATF3" male mice were i.p. injected with RANKL, and
subsequent treatment with BrdU (control-PBS, n = 5; control-RANKL, n = 6; CD11b
Cre;ATF3"-PBS, n = 5; CD11bCre;ATF3/-RANKL, n = 7). Bone marrow cells were

isolated 24 h after RANKL administration and then analyzed for (a,c) the ratio of CD11b'"/
Ly6C""CX3CR1* cells and (b,d) BrdU incorporation in CD11b' Ly6CMCX3CR1" cells by

flow cytometry. *P < 0.05, **P < 0.01, significantly different from the value obtained in mice
treated with PBS. #P < 0.01, significantly different from the value obtained in RANKL-

injected control mice.

in vivo RANKL Atf3
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Ly6C"'CX3CR1* (Fig. 7a) RANKL 24
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S
Atf3 RANKL
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Figure 8. ATF3 positively regulates Ccnd1 expression in osteoclast precursors.

BMM from ATF3"" mice was retrovirally infected with Cre recombinase, and subsequent
treatment with RANKL, followed by determination of (a) Cyclin-related proteins expression,
(b) Cendlexpression (n = 4). (c) BMM from WT mice were treated with RANKL and
examined by ChIP assay using anti-ATF3 antibody (n = 3). (d,e) BMM from ATF3"" mice
was retrovirally infected with Cre recombinase and CyclinD1, and subsequent treatment with
RANKL, followed by determination of TRAP stain (n = 4). (f) Schematic model of this study.
*P < 0.05, **P < 0.01, significantly different from control values obtained in cells (c) treated

with PBS or (b,e) infected with GFP.
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2-1
Erk5 flox Snider (University of North Carolina)
Prx1-Cre Tabin (Harvard Medical School)
Sox9 flox ( )
Proteinase K RNaseA
DMEM/F12 Phos-tag anti-Flag anti-HA ECL
Col2al cRNA
Col10al cRNA Mmpl3 cRNA Runx2-luc 6xOSE2-luc
Ducy (Columbia Unversity) Primestar
mutagenesis basal kit PLAT-E ( )
anti-Runx2 (#8486) anti-Erk5 (#3372) anti-Smad1l
(#9743) anti-Smad2 (#5339) anti-Smad3 (#9523) phospho-Smad1/5/8
(#13820) anti-phospho-Smad2/3 (#8828) anti-phospho-Erk5 (#3371)
Cell Signaling Technologies anti-pB-actin (C4) anti-Smad5 (D-

20) anti-Smad8 (R-64) anti-Smurf2 (H-50)  Santa Cruz Biotechnology
anti-Sox9 (#AB5535) EMD Millipore anti-Osx

(#ab94744)  E2-Ubiquitin Conjugation Kit ~ Abcam Lipofectamin
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LTX  AlexaFluor633 IgG Dithiothreitol (DTT) 5xFirst strand buffer
M-MLYV Reverse transcriptase  Lipogectamine RNAIMAX  LipofectamineLTX
Invitrogen BRE-luc (#45126) SBEA4-luc (#16495)
Addgene 4x48-luc Crombrugghe (M.D. Anderson)
Passive Lysis Buffer Dual Luciferase Reporter Assay System
Promega FBS GST-Smadl GST-
Smad?2 GST-Smad3 Erk5 (active) Sigma-Aldrich

Erk5 (inactive)  Carna Biosciences

anti-B-actin (C4) Santa Cruz Biotechnology B-PER Bacterial Protein
Extraction Reagent Thermo Fisher scientific Glutathione-beads column
GE healthcare THUNDERBIRDTM SYBR qPCR mix TOYOBO
2-2
Erks "l 2 Prx1-Cre 43 C57BL/6J
5 23+1 °C
55% 12
2-3
18.5 95%EtOH 12-14
0.1% 12-14 2%KOH 12-14
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0.3% 12-14
1%KOH/20%Glycerol 1

50%EtOH/50%Glycerol

2-4uCT
3 Scan Xmate-L090 (Comscan Tecno)
2-5
4% paraformaldehyde 12-14
5 um H&E Safranin O
( ) von Kossa ( )

2-6 in situ hybridization

2-6-1
18.5 4% paraformaldehyde 1-2
20% EDTA 2 30% sucrose 2 30% sucrose
Tissue-Tek O.C.T. Compound
20 °C 10 pm
in situ hybridization
2-6-2 in situ hybridization
2-6-1 4% paraformaldehyde 20
0.1 M phosphate buffer (PB) (pH 7.4) 10 3 0.2 M HCI
10 PB 10 3 proteinase K (10 pg/mL
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proK inPB) 5 PB 5 3 0.25% /0.1 M

Triethanolamine 10 PB 5 1 70% EtOH 95% EtOH
5 20 Pre-hybridization (65 °C
60 ) DIG CcRNA Hybridization buffer (20 mM Tris-HCI (pH 7.5), 0.3

M NaCl, 5x SSC, 10% dextran sulfate, 2% Denhardt’s, 50% de-ionized formamide, 0.2

mg/mL yeast tRNA) 85°C 5
2x SSC
65 °C 4x SSC (65°C 20 ) High stringency

(2xSSC/50% de-ionized formamide) (65°C 30 ) TNE buffer (10 mM Tris-HCI (pH
75))(37°C 10 3 ) RNaseA (8 pg/mL RNaseA in TNE buffer) (37°C 30

) TNE buffer (37°C 10 ) 2xSSC(65°C 30 ) 0.2xSSC (65°C 30 ) Buffer

1 (200 mM Tris-HCI (pH 7.5), 150 mM NaCl) ( 10 ) blocking reagent (1.5%
blocking reagent in Bufferl) ( 1 ) Bufferl ( 2 )
0.5% blocking reagent 500 alkaline phosphatase DIG 4°C

16 bufferl (0.2% Tween) 15
4 Buffer3 (100 mM NacCl, 100 mM Tris-HCI (pH 9.5), 50 mM MgCly)
10 Buffer3 50 NBT/BCIP

Buffer3 5
TE 5 50%
(KEYENCE : BZ-8100) Col2al cRNA Col10al cRNA
Mmp13 cRNA Ducy (Columbia University)
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2-7

Smurf2 cDNA pMX-Smurf2 Primestar
mutagenesis basal kit ( ) pPMX-Smurf2 (T249A), pMX-Smurf2
(T249E) Table 3 pMX-Erk5 (WT)
PMX-Erk5 (DN)  pcDNAS3-Erk5 (WT) pcDNA3-Erk5 AEF

cDNA pMX
SmadlcDNA pMX-Smad1 Primestar mutagenesis basal kit
SMAD1
Table 4

Table 3. List of primers usedfor generating Smurf2 mutant constructs

Genes Upstreatm) (56 Downsteam 6 @ 6 )

Smurf2 TTACATGCTCCTCCAGACCTACCAGA | TGGAGGAGCATGTAAATGTGTTCTGC
T249A A T

Smurf2 TTACATGAACCTCCAGACCTA TGGAGGTTCATGTAAATGTGTT
T249E CCAGAA CTGCT

Table 4. List of primers usedfor generating Smadl mutant constructs

Genes Upstreatm) (56 Downsteam 6 @ 0 )
Smad1 TTTACAGCTCCAGCTGTGAAG AGCTGGAGCTGTAAAGGAAAA
S11A AGACTT TAAACT

Smad1 GTAGAAGCTCCTGTACTTCCT TACAGGAGCTTCTACTCTCTTA
S132A | CCTGTG TAGTG

Smad1l CCTCACGCTCCCAATAGCAGT ATTGGGAGCGTGAGGAAACG
S187A TACCCA GGTGGCT

Smad1l CCAAACGCTCCTGGGAGCAGC CCCAGGAGCGTTTGGGTAACT
S195A AGCAGC GCTATT

Smad1 CCTCACGCTCCCACCAGCTCA GGTGGGAGCGTGAGGGTAGG
S206A GACCCA TGCTGCT

Smad1l CCAGGAGCTCCTTTCCAGATG ACCAGCTCAGACCCAGGAGCT
S214A CCAGCT CCTTTC

Smad1 ATGGGTGCTCCTCATAATCCTA ATGAGGAGCACCCATTTGAGT
S456A TTTCA AAGAAC

2-8
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12.5 0.1% 10.1% 37°C
15 10%FBS/DMEM/F12  1.5x107 cells/ml 4
10 pl 37°C 15 50 pg/ml
10%FBS/DMEM/F12 2 1

6 12 ( )

2-9
2-9-1 PLAT-E
1 2-14-1
2-9-2 PLAT -E
1 2-14-2
2-9-3
1 2-14-3
2-9-4
1 2-144
2-10Reaktime PCR
1 2-18 Table 5

Table 5. List of primers usedfor Reakttime PCR

Genes Upstreafm) (56 Downsteam 6 3 0 )
Acan GAGGAGCTCCAGCACAATATCGA | GGTAGATCTGCAGGGTCGAT
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Col2zal | TGGTGGAGCAGCAAGAGCAA CAGTGGACAGTAGACGGAGGA AA
Coll0al | TGCCCGTGTCTGCTTTTACTGTCA | TCAAATGGGATGGGGGCACCTA CT
Mmp13 | AGGCCTTCAGAAAAGCCTTC TCCTTGGAGTGATCCAGACC

RUNX2 ggTAGTTAGAGTGGTAGCAGAA ACAGACAACGAAGAAAGTTCC CAC
Smadl | GCTGCCTTAAACAGACAAGCTGG | CCGTGGAGCGGATAAGACAGA AG
Smad2 EECAACAGTGTGTAAGATCCCA GGTTGACAGACTGAGCCAGAA G
Smad3 | CACGCAGAACGTGAACACC GGCAGTAGATAACGTGAGGGA
Smad4 | ACACCAACAAGTAACGATGCC | GCAAAGGTTTCACTTTCCCCA
Smads | ATGAGCTTTGTCAAGGGCTGG GGAGAGCCCATCTGAGTAAGG AC
Smads | ATCACCTCCTGCCCCTGT CTGGGGTGGTGTCTCTGG

Smad? | AAGATCGGCTGTGGCATC CCAACAGCGTCCTGGAGT

Smads | ACCAGGACACACAACTCAAAC C | GTTCCTTGATGGACGTGGCTG
Smad9 QTGGGGTCTGCCTGGACTGTAT AAGGTCTGTCCGATGTCTCTCT GC

2-11Western blotting 2

1 2-15

Smadl

#9523) phospho-Smad1/5/8

#8828) anti-phospho-Erk5

actin

64) anti-Smurf2

anti-Runx2

(1:1000, #9743) anti-Smad2

(1:2000, C4) anti-Smad5

(1:2000, #AB5535, EMD Millipore) anti-Osx

2-12 Luciferase reporter assay

2-12-1
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(1:1000, #8486) anti-Erk5
(1:1000, #5339) anti-Smad3

(1:1000, #13820) anti-phospho-Smad2/3

(1:1000, D-20) anti-Smad8

(1:1000, #3372)  anti-

(1:1000, #3371) (Cell Signaling Technologies) anti-p-

(1:1000, H-50) (Santa Cruz Biotechnology) anti-Sox9

(1:1000, #ab94744, Abcam)

(1:1000,

(1:1000,

(1:1000, R-



40 pL Opti-MEM plasmid DNAO0.34 ug  mix Lipofectamin LTX

1puL 30 DNA-lipofectamin
complex 40 pL 37°C 5% CO2 48 BRE-luc
(#45126) SBE4-luc (#16495) Addgene Runx2-luc
6xOSE2-luc Ducy (Columbia University)
4x48-luc Crombrugghe (M.D. Anderson)

2-12-2 Reporter assay

2-12-1 PBS 2 Passive Lysis Buffer
(Promega) -80 °C

Dual Luciferase Reporter Assay System (Promega)

( ) (B-
)
2-13 ChIP
1 2-16 anti-Smad1 (1:50) anti-Smad?2
(1:50) anti-Smad3 (1:50) (Cell Signaling Technologies) PCR
Table 6
Table 6. List of primers usedfor ChIP assay
Genes Upstreaf) (50 Downsteam 6 & 6 )
EF;JEE%EE; CCAGCTCCGCTTTGACGAGC CACTTTTCGATGCTGTCTCCGTGG
SOX9 ACCACGGAGACAGCATCGA TTCACACGGAGACCGTTCCA
Bt (e | AAAGT AAACTG

2-14 Immunoprecipitation
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GPBS 1 phosphatase inhibitors 1% NP-40
NP-40 lysis buffer (10 mM Tris-HCI (pH 7.4) 150 mM NaCl 0.5 mM EDTA)

(Taitec VP-5S)

15,000xg 5
input Protein A agarose 25 pL 4°C 30 1,500
rpm 15 4 °C anti-Smad1 anti-Smad2
anti-Smad3 anti-Flag anti-HA normal mouse 1IgG 5 g
4°C 24 50 pL Protein A agarose 4°C 3
NP-40 lysis buffer 3 5 sodium dodecyl
sulfate (SDS) (10% glycerol, 2% SDS, 0.01% bromphenol blue (BPB), 5% 2-
mercaptoethanol 10 mM Tris-HCI (pH 6.8)) 95°C 5
-20°C
Western blotting
2-15
1 2-5-2
2-16 in vitro kinase
0.3 uM Erk5 (active) Erk5 (inactive) 1 puM
GST-Smadl (WT ) GST-Smad2 (WT) GST-Smad3 (WT) GST-Smurf2
(WT ) 0.5mMATP 30uL Kkinase buffer (2.5 mM MOPS, pH 7.2, 2.5

mM MgClz, 1.25 mM glycerol 2-phosphate, 0.25 mM DTT, 0.05% BSA) 30°C 30
SDS sample buffer

-20°C
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Western blotting Western blotting Phos-tag(Wako) 5.0
mM
2-17 in vitro ubiquitination

E2-Ubiquitin Conjugation Kit (Abcam) 1puM  GST-Smadl GST-
Smad2 GST-Smad3 0.1pM GST-Smurf2 (WT ) 0.05uM GST-
Erk5 (active)  1xUbiqutinylation Buffer (0.1 uM E1, 0.5 uM UbcH5c (E2), 5 mM Mg-
ATP, 1 mM DTT, 2.5 uM Biotinylated Ubiquitin) 37°C 1

2xNon-reducing gel loading buffer

-20°C Western
blotting
2-18
PBS 1 4% PFA/PBS 15
PBS 3 0.1% Triton X-100 PBS 15 PBS 3
0.1% Triton X-100 5% NGS/PBS 1
0.1% Triton X-100 2% NGS/PBS 400
anti-Smad1l anti-Smad2 anti-Smad3 anti-Sox9 2
PBS 3 Alexa-633 [o]€
PBS 400 2 2 PBS
3 10 pg/mL Hoechst33342 PBS
5 PBS 1 PBS

(Carl Zeiss  LSM710)
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2-19

(One-factor ANOVA)
Bonferroni posthoctest

Student’s t-test

I+
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Figure 10. Erk5 is essential for skeletogenesis in vivo.
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(A) The whole skeleton and parts of the skeleton at E18.5. Embryos were double stained with
Alizarin Red and Alcian Blue. (B) Quantitative data of width (double-headed white arrows in
Ad) and length of femur and tibia at E18.5 (n=3). (C,D) Histological analyses of the femur
(C) and tibia (D) at E18.5. Femur and tibia were stained with H&E, Safranin O and von
Kossa. (E) Histological and in situ hybridization analyses of the metatarsal at E18.5.
Representative images of skeletal preparations and histological analyses derived from more
than three embryos from different litters are shown. **P<0.01 (significantly different from the
value obtained in control embryos; two-tailed, unpaired Student’s t-test). N.S., not significant.

Error bars represent s.e.m. Scale bars: 10 mm (Aa,Ab); 1 mm (Ac-Aj); 500 um (C,D); 150 um

(E).

Prx1-Cre Prx1-
Cre;Erkg'f Erk5
ErkS 185
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(Fig 10A,B)
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HE Safranin O
von Kossa Prx1-Cre:Erkg""
(Fig. 10C,D)
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in situ hybridization Prx1-Cre;Erkg""
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Figure 11. Erk5 is essential for chondrogenesis in vitro.

(A) Forelimb bud mesenchymal cells of Erk5"" (control) and Prx1-Cre;Erk5"" (Erk5 /)
embryos at E12.5 were cultured, followed by Alcian Blue staining at day 6 (Aa,Ab) and
Alizarin Red staining at day 12 (Ac,Ad) (n=5). (B-D) Primary mesenchymal cells were
isolated from Erk5"" and Prx1-Cre;Erk5"" embryos at E12.5, and subsequently mRNA levels
were determined by real-time quantitative PCR at day 6 (B) or day 12 (C) (n=5), and protein
levels at day 6 (D) (n=3). (E,F) Primary mesenchymal cells were retrovirally infected with
Erk5(WT) and Erk5(DN) expression vectors, followed by micromass culture, and subsequent
Alcian Blue (Ea-Ef) and Alizarin Red (Eg-El) staining (n=5), and determination of protein
levels (F) (n=3). (G) Primary mesenchymal cells were retrovirally infected with Mek5D
expression vector, followed by micromass culture, and subsequent Alcian Blue staining at day
6 (Ga-Gd) and Alizarin Red staining at day 12 (Ge-Gh) (n=5). N.S., not significant. Error bars

represent s.e.m. Scale bars: 500 um (A,E,G).

in vivo
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(Fig. 11A) RT-
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Figure 12. Erk5 regulates ubiquitin-dependent degradation of Smad proteins.

(A) Primary mesenchymal cells from Erk5"" (control) and Prx1-Cre;Erk3"" (Erk5")
embryos at E12.5 were cultured for 1 day, and transiently transfected with various luciferase
vectors (BRE-luc, SBE4-luc, Sox9-luc, 4x48-luc, Runx2-luc and 6xOSE2-luc) for
determination of reporter activities (n=5). RLU, relative light unit. (B-D) Primary
mesenchymal cells were isolated from Erk5"" and Prx1-Cre;Erk5"" embryos at E12.5, and
subsequently mRNA levels were determined by gPCR (B) (n=5) and protein levels were
determined by immunoblotting and immunocytochemistry (C,D) (n=3). (E) Primary
mesenchymal cells from Erk5"" and Prx1-Cre;Erk3"" embryos were treated with
cycloheximide at 50 pg/ml for the indicated number of hours, followed by immunoblotting
(n=4). (F) HEK293 cells were transfected with HA-Ub and Flag-Smads in either the presence
or absence of Mek5 and Erk5(WT) expression vectors. Subsequently, IP was performed with
an anti-Flag antibody, followed by immunoblotting with anti-HA antibody (n=4). **P<0.01
(significantly different from the value obtained in control cells; two-tailed, unpaired Student’s

t-test). N.S., not significant. Error bars represent s.e.m. Scale bars: 10  m.
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Bone morphogenic protein

responsive element-luc (Smad1/5/8 ) Smad binding elementx4-luc (Smad2/3 )
(Fig. 12A) Smad mMRNA
(Fig. 12B) p-Smadl/5/8 p-Smad2/3
Smadl Smad2 Smad3 (Fig. 12C)

- 60-



Erk5 Smads mRNA

Erk5 Smads Sox9
(Fig. 12D)
Erk5 Smad
50 pg/mL 12
Erk5 Smads
Smadl Smad2 Smad3
Erk5 Smads
(Fig.
12E)
Mek5-Erk5 Smadl Smad2 Smad3
HEK293T HA
Flag Smadl Smad2 Smad3
Mek5D Erk5 Mek5 Erk5 Smads
Mek5 Erk5
Smads (Fig. 12F) Mek5-Erk5
- Smads Smad1/5/8
Smad2/3

- 61-



3-4 Erk5 Smads
A GST-Smad1 + GST-Erk5 B GST-Smad2 + GST-Erk5 C GST-Smad3 + GST-Erk5
IP: IP: IP:
Input IgG  Smadl (pa) Input IgG  Smad2 (p,) Input IgG  Smad3 (pa)

WB: - WB: WB:

Erk5 “ L120 Erk5 — L120 Erk5 ~ L120
WB: WB: WB: 180

smad1 | - —Lo Smady |— - g |- -

D Smad1 (WT) E Smad2 (WT) Smad3 (WT)

Erk5 (active) : = *  (kDa) Erk5 (active) : - *  (kDa) Erk5 (active) : - *  (kDa)

WB: Smad “ WB: Smad2 WB: Smad3 | gl | o
80 80
phos-tag phos-tag phos-tag
WB: Smad1 WB: Smad2 WB: Smad3
208 B, 80 -80
’ —
G in vitro kinase assay
Smad1 : WT S11A S132A S187A S195A S206A S214A S456A

Erk5 (active) : = + - + - + - + — + - + - + — + (kDa)

WB: Smad] | qum G o G G G— G— — - — ————— |

phos-tag
WB: Smad1

— e b Mt et ) ) ) Gt et G Gt Wt | o

- 62-



Figure 13. Erk5 phosphorylates Smad1l at Ser206 residue in the linker region.

(A-C) IP assays were performed in a cell-free system with recombinant Smadl1 (A), Smad2
(B) and Smad3 (C) proteins (n=3). (D-F) In vitro kinase assay. Recombinant Smad1(WT) (D),
Smad2(WT) (E) and Smad3(WT) (F) proteins were incubated with active Erk5, followed by
Phos-tag SDS-PAGE and subsequent immunoblotting (n=3). (G) In vitro kKinase assay.
Recombinant Smad1 proteins (WT and mutants) were incubated with active Erk5, followed

by Phos-tag SDS-PAGE and subsequent immunoblotting (n=3).
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Figure 14. Erk5 phosphorylates Smurf2 at Thr249 residue to accelerate Smad
ubiquitylation.

(A-C) IP assay in HEK293 cells (A), a cell-free system with recombinant proteins (B), and
primary mesenchymal cells (C) (n=3). (D) Schematic of Smurf2 protein structure with the
predicted phosphorylation sites and their conservation among vertebrates. (E) In vitro kinase
assay. Recombinant Smuf2 proteins were incubated with active or inactive Erk5, followed by
Phos-tag SDS- PAGE and subsequent immunoblotting (n=4). (F) In vitro ubiquitylation
assay. Recombinant Smurf2 proteins and Smad proteins were incubated with active Erk5 in
the presence of E1 and UbcH5c, followed by SDS-PAGE (n=4). (G) Primary mesenchymal
cells from Erk5"" (control) and Prx1-Cre;ErkS"" (Erk5’)embryos were retrovirally infected
with Smurf2(WT), Smurf2(T249A) and Smurf2(T249E) vectors, followed by micromass
culture and subsequent Alcian Blue staining at day 6 (n=5). (H) Primary mesenchymal cells
were transiently co-transfected with BRE-luc vector and Smurf2(WT), Smurf2(T249A) or
Smurf2(T249E) expression vectors, and subsequently luciferase activity was determined
(n=5). **P<0.01 (significantly different from the value obtained in empty vector-transfected
cells); #P<0.05 [significantly different from the value obtained in cells transfected with
Smurf2(WT) vector] (one-way analysis of variance with Bonferroni post-hoc test). Error bars

represent s.e.m. E.V., empty vector. Scale bar: 500 um.
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Figure 15. Smad proteins directly activate Sox9 expression in mesenchymal cells.
(A,B) Primary mesenchymal cells from wild-type embryos were transiently transfected with
various Smad expression vectors, followed by determination of protein level (A) (n=3) and
MRNA level (B) of Sox9 (n=5). (C) Schematic of the alignment of mouse Sox9 promoter
region with putative BRE and SBE in addition to primers (a-d) used for ChIP assays. Highly
conserved regions between mouse and human were identified and colored orange in the graph
below using VISTA tools (http://genome.lbl.gov/vista/index.shtml). (D) Primary
mesenchymal cells from wild-type embryos were transiently co-transfected with Sox9-luc and
various Smad expression vectors, followed by determination of luciferase activity (n=5). (E,F)
Primary mesenchymal cells from Erk5" (control) and Prx1-Cre;Erk5"" (Erk5’") embryos
were subjected to ChIP assay using anti-Smad1, anti-Smad2 and anti-Smad3 antibodies along
with specific primers (a-d) to recognize Sox9 promoter regions containing BRE (E) and SBE
(F) (shown in the C) (n=6). *P<0.05, **P<0.01 [significantly different from the value
obtained in cells transfected with empty vector (B,D)]; *P<0.05 [significantly different from
the value obtained in control cells (E,F)]; two-tailed, unpaired Student’s t-test. N.S., not

significant. E.V., empty vector.
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Figure 16. Erk5 regulates skeletogenesis through Sox9.

(A) The whole skeleton and parts of the skeleton of Erk5"", Prx1-Cre;Erk5"", Prx1-
Cre;Erk3":Soxd* and Prx1-Cre;Sox$%* embryos at E18.5 (Aa-Ap) and uCT 3D images of
the foot of mutant mice at 3 weeks (Ag-At). Embryos were double stained with Alizarin Red
and Alcian Blue. Representative images of skeletal preparations derived from more than three
mice from different litters are shown. (B-D) Micromass culture of dissociated mesenchymal

cells of Erk5" (control), Prx1-Cre;Erk5"" (Erk5""), Prx1-Cre;Erk3"":Soxd"* (Erk5”
~Sox9’") and Prx1-Cre;Soxd* (Sox9’") embryos at E12.5 was performed, followed by

determination of Alcian Blue staining at day 6 (Ba-Bd,C) and Alizarin Red staining at day 12
(Be-Bh,D) (n=5). (E) Schematic model of the findings of this study. Erk5 phosphorylates
Smadl and Smurf2. These functions enhance ubiquitylation of Smad proteins to inhibit Sox9
expression. **P<0.01 (significantly different from the value obtained in control cells);
##P<0.01 (significantly different from the value obtained in Erk5-deficent cells); one-way
analysis of variance with Bonferroni post-hoc test. N.S., not significant. Error bars represent

s.e.m. Scale bars: 10 mm (Aa-Ad); 1 mm (Ae-Ap); 500 um (B).
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Figure. 17 Mek5-Erk5-Smurf2-Smads-Sox9
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