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AGm SCCHEH U7l EE— %
a.a. : Amino acid

Alp : Alkaline phosphatase

Amp : Ampicillin

Atf4 : Activating transcription factor 4
Bmp : Bone Morphogenetic Protein

Bsp : Bone sialo-protein

CBF § : Core-Binding Factor Subunit Beta
ChIP: Chromatin immunoprecipitation
CollAl : Collagen Type I Alpha 1 Chain
CP : Collagen peptide

DTT : Dithiothreitol

EDTA : Ethylenediainetetraacetic Acid

F : Forward

FITC : Fluorescein isothiocyanate

Fox : Forkhead box

Forkhead box c2 : Foxc2

Foxgl : Forkhead box gl

Foxol : Forkhead box ol

G4B : Glutathione Sepharose 4B

GST : Glutathione S-transferase
Histidine: His

Hyp : Hydoroxyproline

Hyp-Gly : Hydoroxyproline — Glycine
INBA : Inhibin, beta A

IP : Immunoprecipitation

IPTG : Isopropyl B-D-1-thiogalactopyranoside
LB broth : Lactose Bouillon broth

MMP : Matrix metalloproteinase

MT : Mutation

NLS : Nuclear localization domain

Nt : nucleotide



OD : Optical density

Opn : Osteopontin

Osx : Osteoblast-specific transcription factor

Pro : Proline

PBS : Phosphate buffered saline

Pro-Hyp : Prolyl - Hydoroxyproline

Pro-Hyp-Gly : Prolyl - Hydoroxyproline - Glycine

PVDF : PolyVinylidene DiFluoride

QOL : Quality of life

R : Reverse

Runx2 : Runt-related Transcription Factor 2

SDS-PAGE : Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis
SERM : Selective estrogen receptor modulator

siRNA : Small interfering RNA

Slc15a : Solute Carrier 15a

s POT : Proton-dependent oligopeptide transporter

Smad 3: Small Phenotype Mothers Against Decapentaplegic 3
Smad 4: Small Phenotype Mothers Against Decapentaplegic 4
TBS : Tris Buffered Saline

TBS-T : Tris Buffered Saline with Tween 20

TLC : Thin Layer Chromatography

WT : Wild type
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BOEZ, BERERICEALTEY | FOESHF N L EEFMOENKE
WIZENMBEE > TS, K 25 FEDERATEEMRAEIC L D5 L. &M
BEFEF A 7421 0. BUEORBEFHMIT 7119 CThH D, —F CFEHHMIT, &
PEIL 86.61 7%, BPEIL 8021 ik CTH D Z &3t ST\ 5, ) FEm & R
MOENLERTIIE, E#E O Quality of life (QOL) DK TR0, [EWREONHEMG
FEOERBRER SN D, LIeD o T80 T8 &R I X v R & F
KFan DO END ZENBHE THDHEEZLND, BFEFMOKDY | T
RO HNENNLIE L 72 DJREOK 20%2 BEERECEITEOEHKREETH D
ZENME SN TWD D, SRR OEMITIT B REBD T - YEBIINAT
bHLEZXLND,

BRARIZY VBV ADREMTH D NA R X7 R A oy 1 Ra
T ERETHERE S N TEIZAE L, AL LT TH D,
KB RIED 9 BN IR aT—F o Thd, FEaT—7 U EEREY X
JBNNFA AT AN oI AT AR T U NFET D D, F AR E RIR &
HRREZ ST Z L2k, WICHEE (VET Y U 2) Z2HVIKLTWD, BE
RRERIZIT., BB RE THL I Ma 5= R0 AT IV v &byl
L. BERO LR EE 2 Rz LT05 Y, BWRINOBICIE, B o
Ra o7 RE A NaofiEd bl (H) & BEEY VR0 B x5S 5 Matrix
metalloproteinase (MMP) o7 7> K e &7 s 77— &2 0Wd 5 Y, =

HOE (HY) X° MMP-1, MMP-13 ® 21 7 — 7 VU 3 fREESRIC K 0 | B IVE # oo



TENDRIND Z L TERNIZBWTa 7 —F v X7F K (CP) ITFEAEASND S
O Lo T, BRI &z CP 2 ET 5 Z & TilidT 2 Z &
NTED, BRHOFEMIHWONSD CPIZIZ IR =T —5 0 N-TrXTF R
(NTX)RCIfiE o 1 7 e a5 —4 > N-7uX7F K (PINPY2RH 5, NTX L
N Rl 182 Z—57 0 O Tl PR TRt S o BRI~ — T
5, PINP X, 1 BT 0ag—ruhnn 1B aT—F U n RSN DBEIC N K
gl 1 B 7 e a7 =7 NS BRIC, EAESNAR Y RXTF R TH D,
PINP (ZRHIDOFEE O WEN D, EAETIR, a7 =7 kY~
7'F RO FERESY T 5 Prolyl Hydroxyproline (Pro-Hyp) 2MLTECIR 2> B & h
TRy, BR#~—I—L LTAMNTHDL LEBEZLNTND %10,

BT & BRI O BEERIL, BIERUCHEE D 55 M & BRI #4051k
BRI & OB ORERI LR (> 7 ) 7)) O EITEY SEo> T 5, HRery &k
X, BWIN A FHEi9 % PTH (parathyroid hormone) X°. ‘BB Z &9 % IGF
(Insulin-like growth factors) [ 72 E DK v 7'V > 77 7 7 2 —|Z L0 BB ICHIAE
NTWD N, ZOXIhy TV T T 7 74— E BRI NNT A
MR Z L CIER BRI SN D,

LU, IS PR % 22 B R R A RIE T D ) R 7 &< 72 %, Eilind D
R BILEICE AR S RO BT I B I D, RENEHBRERICE
HERIEN DD, FRICE V= A ba v o5WEDIKR IS L 0 BRI THE L
BRIIBOTS, ZhE 1 BBHRIEE V), £, 2B EHRERY TV v
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B, L7eido T, BHRRIED TRHITEEREMOEMICEETHDH L F 2D, B
FROE DOIR I E WAL INHHE D B AR AR R — F 3> SERM (Selective estrogen
receptor modulator), B JEALAEIERE D @Il HUR IR AR /L8 o SR E M A3 PEAE 9 2 A
7L AF AT DR O Y X< 7 JFEPSD I N T DRI E
RITEMR & X Dy g ELEOEHEBRIERIRIENFET 2 W, L, B
R A HEFF - BT DR S RERIIAEDR D B-2 )V S AR F o as
BT DI BN 14 (2021 1 ABUE) BESIL TV D EUTZL < 220,

R 122 < BEIET D HCEHHRR OB R BIIT AT BAEIE RN & 5, ATEME
FEBEEE IS BB O#E [ LS00 0 &5 2 & T, BHE A RO 0 BE
OEDRAEOW R A E Z 9, —IRIEOWMEZRIIEERIX, KT, Hifs,
R 72 EDEZoNFTTHH EB XN TWD, “IREORIEZER & LY
U TFRBOMER ENFKRE D R D, FTH, B+ FRIRZWR LT
ZEDHDHNIE D TRV AT, BRMEREASELZRIET LY X770 3.62
2D Z ERWESNTND D, Zh b OBEEBLZ TR - BT 5720120
KE, HEE L CEMEIER ELFmNO DT T —FRBUNETHLHEZZD
o, EORHBITRANATON TN LR, 3 FERA =X LRH SN L 7RoT
WL ERRIEE T - SER R A R TR E A A 1T STV ey,

ABFFETIE, EAEREBITT L TR - SR 2R CPICEH LTz, & |k
ARERIZEB T, CP 2R NBET 5 Z & THRMRICB W CBEELE 1098
T I B EE BB OREREISI R DR SN TV D, SHIC, BHRUIMNIE
B2 DRy e 18, BIREE(L TRAMER 10, $RIBUGERN R 207 LRk x RIS

STLTCP RAEHTHD Z ERMESNTWD, CPITMEREMEANE LRI &



LTS 22D BITE CP % H W T REME R R B0 IE Wellnex L, (7 = /bR > 7
ANIIEED) (= v A F T BRASHE) CREOREFE B LwnwaF—r v
RV 7 GRS NBsEEsnTns, LoL, BIEDEZACP R
BTG T 5 2 & 2R LTCBRREMER R & S T BUE L L7220,

Pld, 3 EHOEAME LB T DMHEIR 7 L X7 BD a2 Z — 57 2K sy
iR 2% Z L THEMRESND P, TEMIIL, BELADIBIZZ<EEN TS =
T—r vk, BUKIH U L7 b O BERE TOMT H 2 & TAERIND 2,
b b I® =T —% 03, [Glycine (Gly) -X-Y] D#:0 K LEHZY 360 units 1EET
% %), X IZ1% Proline (Pro) . Y (2% Hydroxyproline (Hyp) 73 CidxE % Z &3 %
<, aT7—rro—kiEEDOHIZE 1D Pro-Hyp, Hyp-Gly OBELYI D% S XA
FTh D, 360 units 1 Pro-Hyp ELHIIE, 49 units 72, Hyp-Gly B11E 127 units
1535, ZOHyp &0 X7 F MEAIT T 2T 7 —E TURr iz < v 20,

Y7 U A MRORENLER L CPIXHIL - WIS HL, Bix 72T F R e
OISR &5 2, Hyp 1T B0/ E W Z BT F RNIZEB W T Hyp
(IO T I BRICBENDHEEZ & DT, Z R TEaERBER LIZ W,
L7275 . Pro-Hyp X° Hyp-Gly ® Hyp Z &t ~<7F FiL, o &
5L DHER SN TN D 2, HFIZ Pro-Hyp 1% CP Z#EH L 7ZFRIZ (0.385 g/kg 1A
H) b FHICEE pM A — 4 — (C max = 0.06 + 0.005 mM) & & TR S
o ¥, b ® Pro-Hyp & Hyp-Gly IZAEBIGMEMRE 243 215RL CP Th
DT EMHESNTNG 03D, 2oL Hic, ¥7U AL FREFERRHEIR
L7z CP ZAMAME CP &S, —J7, ‘Bl CRUEMIRIC XV =T —7 3o i

SINDZEITEVEAEIND CP ZREMCP £V, ZD L D12, CP IFAA



PECP & NI CP IZ B S N D FFEA T F RTH D, AW TIE, TEHR
CP T& % Pro-Hyp O/ A LFFE/EH DICEH Lz,

BB O3 biE, ZEOERGIRER 112 L0 filf ST b 3, BT Runt-
related transcription factor 2 (Runx2) 1%, ‘B ML OFEEE & 72 5 BI5 D
Alkaline phosphatase (Alp), Collagen Type I, o 1 chain, 4 AT A /LT v DI %
T 2B REO~ AL —EafE LTHMLENATND 3 Runx2 ORI
2ODELLTOE—F—IZ Lo THIBI SN TWD, EALO Pl 7HE—4—(X
IT 7 Runx2 (MASNS % Runx2 p57/Pl) ZpEA L., D P2 70 E—4% —|% 1
A (MRIPV % Runx2 p56/P2) Z AT 5 3, 158 Runx2 1ZEIZ T MAIZHEL
T 523, 17 Runx2 I3 ERRAOCHEIT D 0, LT, ABETIE 02
Runx2 DOFBLZ HIEFREICE B Lz, T8 Runx2 I3 Runx2 P1 7" 12 & — & — i
AUBEZMET o4 — X 2 b—3 3 VEENFET D 4D, £72, BFK
RAA RAA R Hox # V73728V Runx2 Pl 70— & —DOIEMENTHE
S5 Z & T Runx2 OFEBUTRE ITHIE ST 5 29 I FEOMFFE Tl
Runx2 & Core-Binding Factor Subunit Beta (CBF ) DA HAEH & /Ny D 2-
Pyridyl benzimidazole Al-4-57 23§04~ % Z & T, Runx2 & Inhibin, beta A (INHBA)
BELORMMPI 70 ®—4—OfH#AET 5 Z & CEMEBE T ORE A M3
DT EMBEINTND W,

Z DIE OB M43 LFEEIK+ & LT Forkhead box ol (Foxol) 231541 C
W5 4D Foxol 1%, Forkhead 7 7 X U —IZ BT 2 G3R IR 1 CTdH 5 *¥, Foxol
(F%2% 360-456 7 X/ fiB)iF Runx2 (5% 5% 242-258 7 XV R) & fE BT 5., & DR,

Foxol I1IA AT AN T ae—F—b Runx2 ZfEEES Y, 2741
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DG EIHIT D 2 EARE STV D ¥, & 51T, /My N-Heterocycle
AT DA BALAEMIE Foxol |2 X 5 glucose -6-phosphatase > mRNA % Hil % 4
L, BRI 2 PEE T D 2 EAME ST D 30, 72, Forkhead 7 7
X U —IZJ& T % Forkhead box c2 (Foxc2) b E Ml b ARt 5 2 & Al
ST,

Pro-Hyp 2VB HHfa b 2B 8T 5 A=A L LT, BHESIL, Pro-Hyp 2%
Runx2 X Osterix (Osx) OB FREZFHFEL, FHFEMRMEOFIETH D Alp
HIEHALT 2 2 LA RELTVD P, 2 LT, AN LITE MR 5
Pro-Hyp 5 &K1 & MR BRER L7l 5. i8530 iR+ T d % Forkhead box gl
(Foxgl) Z[EE L7 %, HHMIEAN D Foxgl DFEELA Foxgl siRNA % VN THp
#il9-% &, Pro-Hyp (2 X % Runx2 & 512, Osx BIa FORBEFHFEN A 5 7
DRI LB FEE I N o 7o, L EDORERD G| Foxgl I3E kb
FHERFTH D L ME Lz %, Foxgl 1% Forkhead 7 7 2V —IZJ& ¥ % iz 5
HFE L THLNATWD Y, = X Foxgl MR 172-263 7 2 / fikliX. DNA 28
AT HMHEETH D Z ERWMEINTWD 3, 72, Foxgl 1ZHEMIR D 3
il 500, RAMEE DAL 53 WETERL ) 72 & OIEF 7288 H ORI,
Foxgl OFBLNMHATH DL Z ENWMESINTND, ZTD L HIT Foxgl 1FEk~ 72
WE OB LERETHFTGR - TH L ENAMBN TS, Al L7z
LISMT Foxgl 23 MM MEIZ B 5- H A 13720,

F 72, Foxgl Id Foxol X #EAEERZIEMKT H Z & T Cdknla X° p21Cipl DELGE

PEZRET 5 Z ERME SN TS 00D Foxgl & Foxol %5 T Fox Hi 5 FHHI
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KF1Z. Fox 2 7EAITH D 5'-(A/C)AA(C/T)A-3'DELH Z 587 L. DNA ~fEd
T5ZERHEINTND 26,

VL ED #4725 Foxol-Runx2 35 X O Foxgl-Foxol O ARD I ILEx S Hl1H
#1179 ECEETHDL Z L0005, LaL, Foxgl & Runx2 BNMEAKE AL
T DML ST 5> TV, Foxgl 1% Runx2 S EAKEZER L, Z0EE
ROIRRIZ Pro-Hyp 5345 Z & T, Runx2 Pl 7' & —% —DOiEMALIZEE 59
DO TR EHERI LT,

ARMFZETIE, Pro-Hyp (2 & 2B FHifa L B EEM 2O M2 5 2 & T
CP N FEHA N =X LD—2% T2 L2 L Le, H—FTIL, Pro-
Hyp OAMAEPNEL V) A L 44% & Pro-Hyp 73 Foxgl, Foxol 3 X Y Runx2 O i
NIRTEIC G- 2 5 52 DU TR L7z, 3 % Tld, Pro-Hyp 7° Foxgl, Foxol $
F OV Runx2 & NV EMHANERCE 2 DB E2W NN T 52 2 AR E Lz,
BZIC, FH=FETIXRunx2 P1 7’'m2E—4% —|Z8\F 5 Pro-Hyp L AR A= L A
v NOWHREIT T2, % LT Pro-Hyp &K{FHIIZ Pro-Hyp L AR AL A K
IZHE ST 2EERE R T OREEZ1T9 2 & T, Pro-Hyp IZX 50 LD

Runx2 GG MEACEEAE 2 iEIICAT > 72 (Fig. 1),
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<> : Pro-Hyp
@pter 1 \ ﬁapter 2 o \
Analysis of the cellular incorporates mechanism of Pro-Hyp and the effect of Effect of Pro-Hyp on Foxg1l, Foxol and Runx2 Protein Interactions.

Pro-Hyp on the subcellular localization of Foxgl, Foxol and Runx2 in
osteoblasts.

Transporter
Cytoplasm ﬂ

Transporter

Osteogenesis

@ @

Chapter 3
Elucidation of the mechanism of transcriptional activity of the Runxz P1

promoter via Foxgl, Foxol and Runx2 by Pro-Hyp.

11
Cytoplasm Transporter

Osteogenesis

Figurel. Schematic representation of the purpose in this study.

The research content of each chapter is shown in pink.
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H1%E  Pro-Hyp OB ML ~DH Y AL D AT & Pro-Hyp 2% Foxgl,
Foxol, Runx2 O“F I RTEIC 5 2 D 28
JEPERL CP O Pro-Hyp I3, B 2RI ML 2 355 95 2 & S STV 5 3923,
PR B E D TAEA A D= X AEFH LN E 72> TR, L~ o
DTVERA D =X LO—HE LT, 3 TIZ Pro-Hyp 12X 2B ML /MO~ A
H —BI5T-TdH 5 Runx2 DIEHFHEIZ Foxgl DFBENRMAETHDH Z L2 WMEL
T35 3, Pro-Hyp 13'H IHEMALICE Y iIAF L, Foxgl IZfEA L Runx2 P1 7' 1 &
— X —ZlEHET A E TR LT, XTF ROV IAARITII LT LIE~TF R K
T UAR—=H =N ET D Y Z L5, Pro-Hyp O'F AN ~DEL Y AT
(IXTFRETUAR—F—PEET L ERZZ LN,
NTF RN T AR —F—"T& % Solute Carrier 15a (Slcl15a) |X. Proton-
dependent oligopeptide transporter (s POT) 7 7 I U — & & KiFi, 4 D A N
— & LT Slcl5al (PEPT1), Slcl5a2 (PEPT2), Slcl5a3 (PEPT3, PHT2), F L O
Slcl5a4 (PEPT4, PHT1) &£ 5, Slelsa 77 2 U — 3@ L COXTF R &
KU AT F Rl 5 %, % LT, Histidine peptide transporter T % Slcl5a3
BEO Slelsad (X, EAXAF VDX RT I/ BiEE b AT 5, FFEIC Slcl5ad
X, B8 (HY) #4814 & LT, Histidine (His), #/V/ ¥ (B-Ala-His), ¥
FOHEEDOA Y I_TF REMIRE~ ks 5 Z L n@EShTng 9, —
J5C, Slel5al <2 Slel5a2 137 2/ B — Uit L72auy,
Pro-Hyp ZWRM L7-FiFEMlaot/LvZ A4 — % LCMS ZHWTHr L7z &
Z A, Pro-Hyp I1ZEHFMIICEID IAEND Z ERHBMNERSTND ), L

L. Pro-Hyp DUV IAHBEMESS, B HFMAENIZIS T D Pro-Hyp DAL TH
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%o /N ERZAIRIZ T, Pro-Hyp 13 Slcl5al 2 L CHIRENICE D iIAE N D
TERHEINTND W, F, iEHA CP @ Hyp-Gly 13 Slcl5ad 2 70 L CHj
AENICEYIAEND Z ERHESNTND O, Z2LTTrI7F /%1 MIHEB
5 Slel5a2 134 Y T F ROV ARG T 5 2 ERWESNLTND 7,
ZNEDOHAENSIEMAE CP Tdh D Pro-Hyp (% Slel5a 7 7 2 U — & LE2EHM

JAPNIZER D IAEN D & PRELTZ,

—H#iDFERTIL. Fluorescein isothiocyanate (FITC) % Pro-Hyp (ZFEak L7-.
FITC-Pro-Hyp % ‘B ZFAIMUZIRIN L . ‘B ZEAIILA T D FITC-Pro-Hyp D JRTE & st
L72, W&IT, Pro-Hyp (% Sicl5a 7 7 X U —DOW T Z S L THIMANIZE
DIAENTWD LHERI L2 Z &b B ERMaPNIZIE LT % Slelsa 77 XU —
® mRNA 7 8l% RT-PCR % HWCHER L7z, KIZ Pro-Hyp OHLY iAAIZES 57
% LARE ST, Slel5ad DRERITH L B ZF 7 % FITC-Pro-Hyp & [FIFF

BIHMAICEAN L, FITC-Pro-Hyp O A ~DE Y IAZDFHE S 405 58l

™

A

U7z, FfBIZ, Slelsad %/ v 7 X v LB H#IC FITC-Pro-Hyp % s

.;[\ér

L. FITC-Pro-Hyp OB ML ~DE Y IAHL DAL DB LT,

5 H#fi Tl Pro-Hyp & A0 L 728 ZFMIARIZFE B9~ 5 Foxgl, Foxol 3 X U Runx2
MR U, BN E Y A E 72 Pro-Hyp RGN Th 5
Foxgl, Foxol ¥ & UF Runx2 O'F HFHIFINRTEIZ G- 2 2 B2 682 LT,

% —H#i i, FITC-Pro-Hyp ¥RINEFIZI5V T FITC-Pro-Hyp & Foxgl OB A
WRITEN—E L7z Z & 225 Pro-Hyp I3 Foxgl (25 &3 5 L HER| S 7=, & Z T,
(Pro-Hyp-Gly)s HfEfEK B — A & Foxgl Va v hE U7 EHEHWT

Binding assay #1T>72, & 512 Pro-Hyp & Foxgl OfEE OFFRMEZ B &2 T
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D1, REDOIEEF, Pro-Hyp Z ¥ L, Competition assay # 17> 72, Foxgl &
[l %P Foxol & [Fl#kIZ Competition assay 1T > 7=, & IZ. Pro-Hyp 2354 L7

Foxgl D SLARKEE D2 Al % Protease digest assay & F N CTHERR L 7=,
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% 1E BRI D Pro-Hyp DELY A DREFT

BHEMAZAN TO Pro-Hyp D RIEEBH LT 5720, BEEEOhiAC X o)
I EDENT ~IVIZILA &5 FITC % Pro-Hyp (27 <L L 7= FITC-Pro-
Hyp Z#/E8L L7z, 1E#L L 7= FITC-Pro-Hyp 10 uM % B Stk T %
MC3T3-El IZIIM LB LTz, £/=, a2 be— LTt L&A T b
VU LATHDHY T =% MC3T3-E1 IZINL7-, FITC-Pro-Hyp XK U*D 7 =%
Wb E N AT T D, BITREGE A T % Propidium iodide (PT) TY
(DY

AOEY G & Fig 2 1R T, TN TORAHKRICEDTRETIETRENT-
MNEFREOBAFAET D Z E DR TE 72, LN - T, e otk
BELE—HLTWD Z ENMER Sz, FITC-Pro-Hyp Z MC3T3-El (2RI L 72
&2 A, MlaE & B FITC-Pro-Hyp 139047 L7z, KEDIEFE Pro-Hyp T2
X7 varEEETLHE EHFEME~D FITC-Pro-Hyp ®HLY JA A IFHE =
Nz, arybre—nouI=vERNLEEZ A, FEEH Pro-Hyp ICXL D2
N7 4 v a YOFEIZHND LT, MIENIZEWTY 7 = Ofk s RIE

MR S 7o Tz, LD Z &35, FITC-Pro-Hyp I3F 3FHIANIZHL W 1A

=

BN OFMIE & & NIZ FITC-Pro-Hyp WFE(ET 5 Z & BT LT,
RIZ, Pro-Hyp OF 3l ~DHL Y JALBEME 2~ 25 7212, MC3T3-El 123
FAHRXTF RN AR—FZ—BIETFTHLSIl5a77 IV —D171H 40D
mRNA 8% RT-PCR V£ THIE L7z, #R% Fig. 3A 127”7, MC3T3-El Tl
Slc15a4 mRNA O LR SNz, ZOFRERND, XTF K F T AR—Z—D

Sle15a4 %41 L C Pro-Hyp (Z'BHMIEANIZEVIAEN TS & P LT,
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% ZC. Slclsa4 ODHEAITHHE ATV S0mM BLOay hr—/LD7
JEEL LT/ U 50mM % FITC-Pro-Hyp 10 pM & [RIRFIZHRAIN L 7=, Slcl5a4
DILERITH D & AF P % FITC-Pro-Hyp & [FIFFRI L7=354 1%, MC3T3-El
NIZB W TRk 3Bl S n/e o=, —JF. 7'V v & FITC-Pro-Hyp %
BN L 7255613 MC3T3-E1 NICEB W TR D EOE2 IR S 4 MC3T3-E1 Oifififfa 4
{&\Z FITC-Pro-Hyp [X177E L CTW 7z,

B2, MC3T3-E1 N Slel5ad %/ > 7 Z 7 »» L, MC3T3-El {Z FITC-Pro-
Hyp WM LTz, V=RE o TuayT 47 %2HNWTSlel5ad 5 ) v 7 X0
SN Z & &MER LTz (Fig. 3B), #ik. MC3T3-El T2 hr—/L /) v I XD
HVER % i L 7= MC3T3-E1 (28T, FITC-Pro-Hyp Dk a8 e 13 N <
BlELS N3, Slel5ad / v 7 #%7 2 Tid FITC-Pro-Hyp Dfk st GITBEZE S h
7o 12(Fig. 3C), 72, ar ha—/LDOvZ7 =% MC3T3-El1 [T L7= &

ZANTNOEREIZBNTH U T = Offs 3Bl I nznoiz,
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Pro-Hyp

Uranine
(control)

- +
o ! -
Figure 2. Pro-Hyp is incorporated into osteoblastic cell.
MC3T3-E1 cells were treated with Uranine (green) as a control (upper panel) or
fluorescein isothiocyanate-labeled Pro-Hyp (green) (lower panel) for 48 hr with or
without Pro-Hyp. After incubation, cells were stained with propidium iodide (PI) (red),

and representative images are shown. Images were captured using a fluorescent

microscope. Scale bar, 100 um. The data are representative of 3 independent experiments.



Cont Sicl5a4
Slcl5al Sicl5a2 Slcl5a3 Sicl5a4 GAPDH Da Cont SiRNA  siRNA
on
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45{ PR m\(BActm

Cont siRNA si Slc15a4
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(negative control)
o ! - - - -

Figure 3. Pro-Hyp is incorporated into osteoblastic cell via Slc15a4.

(A) We confirmed the Slcl5 family as peptide transporter mRNA expression of
osteoblastic cell using a reverse transcriptase polymerase chain reaction. (B) Slc15a4 was
knocked down in MC3T3-E1 cells, which were then cultured for 3 days. After incubation,
cell lysates were collected and expression levels of Slc15a4 was analyzed via western
blotting. (C) MC3T3-E1 cells were treated with Uranine as a control (upper panel) or
fluorescein isothiocyanate-labeled Pro-Hyp (lower panel) for 48 hr with or without
glycine, or histidine. After incubation, cells were stained with propidium iodide (PI), and
representative images are shown. Images were captured using a KEYENCE fluorescent

microscope. Scale bar, 100 um. The data are representative of 3 independent experiments.
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%5 2 8 Pro-Hyp ¥R X % Foxgl, Foxol, Runx2 O PN JEI{E D A

WA, BRI Y JA E 72 Pro-Hyp 723 Foxgl. Foxol., Runx2 /& ZEHIIEA
JRAE~R B % 5- 2 2 I il g 64 4 FH O TRl ~ 7z,

Pro-Hyp FE1FE T CTld, Runx2 (FHIfENIZ 2IARRIIZ 5346 L TV 7z, Pro-Hyp O1F
fEFClE. Runx2 IZFIZHIfE TR &7z (Fig. 4A), Pro-Hyp FEAF1E T Tl
Foxgl IZEICHIIE TRl &7z, Pro-Hyp D1FFE F TlE. Foxgl IZEICEENT
R Si7z (Fig. 4B), F£7-. Pro-Hyp £ ¥ Foxol &RIZIFE LN REITE
b L72h-> 7= (Fig. 4C),

Fig. A-C DO[E[{% % Image] % V> CTHfiE{k L7 (Fig. 4D), Pro-Hyp FEf7/E T C
%, BrH &7z Runx2, Foxgl, Foxol (&, FALE4L 61.2%, 90%,74.5% 73 Al & 12
JSTE LTz, Pro-Hyp ZiIN9 % Z &2 X 0 #AEE © Runx2 OHIILE RTEIX
9. 1%IZHEEIN L 7= Z £ M2 Pro-Hyp WRINIC & U Runx2 DN RTEIX 35
ZEMHBNE IR 5T, Foxgl MIVERTEIT 4.6%IZ5A L, M L7z Foxgl @
95.4%M MW TR 47z, Pro-Hyp #sHINC X Y Foxgl OEENRFEXIEMT 5 =
EMB BN E 7257, Pro-Hyp FEUINRE & it L T Pro-Hyp RIIKE D Foxol ™

MNP JRTE DRI GBI R Do T,
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Runx2 PI Runx2/PI Foxgl/PI

PI

C
Foxol Pl Foxol/PI
. Cytoplasm Nucleus
Pro-Hyp Antibody Pro-Hyp y (50) (%)
- a-Runx2 - 61.2 38.8
+ 91.1 8.9
a-Foxgl - 90.9 9.1
+ 4.6 95.4
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+ 78.7 21.3

Figure 4. Pro-Hyp promotes the translocation of Foxgl, Foxol and Runx2 in
osteoblastic cell.

Immunocyte fluorescence staining of Runx2 (A), Foxgl (B), and Foxol (C) in
osteoblastic cell treated with or without Pro-Hyp. The immunolabeling was done with
anti-Runx2 (green), anti-Foxgl (green), anti-Foxo1 (green), and the nuclei were stained
with propidium iodide (PI) (red) and represented and representative images are shown.
Scale bar, 50 um. The data are representative of 3 independent experiments. (D)
Quantification of images. The rate of fluorescence intensity of transcription factor which

localized to nuclei and cytoplasm.



% 31 Pro-Hyp & Foxgl, Foxol DA 7kER

FITC-Pro-Hyp (% Slcl15a4 %4 LB FHAM O & M E IZ/7/E L7z, Pro-Hyp
ZNINT % 2 & T Foxgl IEMIIAE ) EZNIZAT L. FITC-Pro-Hyp & [RIARIZEL
PICJRTET 5 Z & 225, Pro-Hyp 1Z Foxgl [ZAEAT 2 EHEMI L7, & Z T Pro-
Hyp I% Foxgl IZfEET 2022 57729 5729, Ligand binding assay %17 > 7,

Foxgl 1Z(Pro-Hyp-Gly)s i#EAtRiA B — R ZhES L7 (Fig. 5A lane 2), Foxgl &
(Pro-Hyp-Gly)s HfE A B — X DFEA X, Pro-Hyp ORI L 0 RIS LT
fi# i LU 7= (Fig.5 A lanes 2-4),

Foxgl & [AIRD Foxol b I[AARIC Ligand binding assay %177z, Foxol & (Pro-
Hyp-Gly)s e A ' — X135 L7= (Fig. 5B lane 6), Foxol & (Pro-Hyp-Gly)s i
fEe R — X1, Pro-Hyp OEANC L 0 RIS L CHERE L 72 (Fig. 5B lanes 7
and 8),

Pro-Hyp 7% Foxgl IZH5A T 5 Z & T, Foxgl D3>y 7+ A—3 3 T BE K
TSN T H7201T, Protease digestion assays #1772, KiGHE %2 FHWT
A L7z GST-Foxgl & FU 7L U CH{bL, v FZ T my T 4 7%
TIH LT 28t L7z, Pro-Hyp FEAFA/E N X OMFELE FICk1T 5 GST-Foxgl @
NP UREE AT, B U U RABRD GST-Foxgl 1% 75 (kDa) DAZEIC
Mt &47- (Fig. 6 lane 1), GST-Foxgl (2 ~ U 7L U ALERA1T 9 & Pro-Hyp FE7F
TEF T 75(kDa) /N> RIZFERIZHL L, 50 (kDa) B3It Sz (Fig 6
lane2), & H T, Pro-Hyp f#7E F CTldk. FIERIZ B Y 73 R D GST-Foxgl 1
75 (kDa)DNLE (Z B H S 7 (Fig. 6 lane 3), £ L C hU 7o Bz LV GST-

Foxgl @ 75 (kDa) /N> RIZ{HKTDHH DD, 50 (kDa) @ GST-Foxgl bV 7
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WAL o Ny R i S vz, 512, < Tidd 5728 30 (kDa) @ GST-

Foxgl @ ~ U 7 1 b R 25 H T & 7= (Fig. 6 lane 4),
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(Pro-Hyp-Gly)s Magnet beads
Input OmM 10mM 100 mM Pro-Hyp

kDa
55| GEme » |<Foxgl
1 2 3 4 WB : a-Foxgl
B
(Pro-Hyp-Gly)s Magnet beads
Input  omM 0.1mM 10mM Pro-Hyp
kDa
TO> | w - < Foxol

5 6 7 8 WB : a-Foxol

Figure 5. Pro-Hyp binds to Foxgl and Foxol.

Ligand binging assay. The equivalent of 0.1 pg of cell extracts was used as input (lanes 1
and 5). Foxgl and Foxol binding to (Pro-Hyp-Gly)s magnetic beads in a Pro-Hyp specific
manner. Pro-Hyp was not added to lanes 2 or 6. Foxgl or Foxol recombinant protein was
mixed with (Pro-Hyp-Gly)s magnetic beads. (A) An excess amount of Pro-Hyp was added
at a concentration of 10 mM (lane 3), and 100 mM (lane 4). (B) MC3T3-E1 extracts were
mixed with (Pro-Hyp-Gly)s magnetic beads. An excess amount of Pro-Hyp was added at
a concentration of 0.1 mM (lane 7), and 10 mM (lane 8). Ligand binging assay was

performed, followed by Western blot analysis for Foxgl and Foxol.
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GST-Foxg1 + + + +

Pro-Hyp

O0.1mmM) — T +

Trypsin  — + — +
kDa |

75 4 GST-Foxg1 WT

50—l

30—

75— Input

WB: a-Foxg1 C-term antibody

Figure 6. Pro-Hyp induces a Foxgl conformational change.

Purified GST-Foxgl fusion protein was incubated at 37°C for two consecutive 10 min
and 1 min periods of time. For the first period, Pro-Hyp was added to 0.1 mM,
respectively, to lanes 3 and 4. An equal volume of water was added to lanes 1 and 2. For
the second period, trypsin was added to 0.1 pg. Foxgl was digested with trypsin and
analyzed by Western blot analysis (lanes 2 and 4). Detailed methods are described in this
report.
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54 ARED/NE
% 1 T TIEX, Pro-Hyp OB ML ~DHEL Y A B 4% O fEHNT & Pro-Hyp 3
Foxgl,Foxol 3 KX U Runx2 OB HMIBHNRHIEIC G- 2 28 5N Ui, RE
DOREFE % Fig. 7 12”7,
—HiTiX, Pro-Hyp |13 XFF KR T AKR—F—TH 5 Slclsa4 %I L TH
FAIAICE D IAE I, BRPHIIEICAFET 5 2 E 2B LN LT,

5 HI T, B AR NELY A F 172 Pro-Hyp 7% Foxgl, Foxol, Runx2 Ol
JRAEIZ 52 % 15 2 2 IS i Yt TR L 72, A5 5%. Pro-Hyp 13 Foxgl Ol
B OREA~DOBAT 2Rt L=, £7-. Pro-Hyp 1T Runx2 OFZH HHIRE ~ & 84T
e L7z, —J5. Pro-Hyp (% Foxol O NRFEIZKE % 5 2§, Foxol I3—
EEREN EMRREIZRTET S 2 &2 60T Uiz, BRI LY JA £ 47z Pro-
Hyp 138N & M JHTE L=, & 512 Pro-Hyp ¥#SHNIC & 0 | Foxgl 1ZENICH
1792 Z &5, Pro-Hyp 1% Foxgl IZFEAT D D TIZARW 0 EHEHI L 7=,

% =i Tl¥. Ligand binding assay % F\ T Pro-Hyp #° Foxgl (ZHEE 95 M kit
L7z, M. Foxgl & (Pro-Hyp-Gly)s #fifiga £ — X3S L, KEDIEFEFH Pro-
Hyp Ta X7 v a &%t 5 Z & T (Pro-Hyp-Gly)s A E— X 5
Foxgl 13fi##fE+ 2 Z & 7>5 ., Pro-Hyp 1% Foxgl IZHEAT 5 Z L ZH LM Lz,
Foxgl & [RIfED Foxol % [AIEEIZ Ligand binding assay #17->7-& Z A, Foxol &
(Pro-Hyp-Gly)s #iff i B — X135 & L. KREDIEEH, Pro-Hyp T2 27 1 &
a &I 5 Z & T(Pro-Hyp-Gly)s HfE 5 £ — 27> & Foxol 1IMFHEL 7= 2 &
225, Pro-Hyp I Foxol FFMICHEATHZ L2 LI LT,

E 512, Foxgl IZxT 5 R U 73 DEKEE % Foxgl @ C K% 383k 4 5 Huk
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ZAWTHI L72 & 2 A, Pro-Hyp fF1E FIZBWT kU 7o v O EBRE IR T
L72Z &5 Pro-Hyp 1& Foxgl @ C Kl O AR EE Z S5 2 &R
STz,

VL EDFER )G ARFE Tl Pro-Hyp (& SlelSad4 2 LB SEMANICEL D A £
AU, Pro-Hyp H3in SR+ Foxgl, Runx2 OHMIIENRIEZ EEHE+TL 2 L
s LTz, FElZ, Foxgl 1% Pro-Hyp 23556325 2 & T C RIHM D LAEREIE N
{422 &5, Pro-Hyp 2% Foxgl OB ATZEE LI EHRNEND, 20
Pro-Hyp (T X % Foxgl., Runx2 O R{EDFIHEEDS Foxgl, Foxol, Runx2 D%
VN ERICRET D E X, 2 BTIE, Z U7 BHE/EMIC Pro-

Hyp 738058 & KT 9Bt L7z,
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Figure 7. Schematic representation of that Foxgl, Foxol and Runx2 were

translocated by Pro-Hyp in the osteoblastic cell.
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#52%  Pro-Hyp 7% Foxgl, Foxol, Runx2 # > /X7 B AEAEHIC G 2 D 98
BRI L O P BB 12 B\ T, Foxol ( Runx2 [CEEHEAT H 2 & T,
Runx2 L ART AN T rE—F—LOREEHIESE, AT LY
YOG EAET L EnWmEIN TS Y, £, BINZIRS AMIEIZIB VT
Foxol & Runx2 OFEENEEST HZ LT, FATEINY Y AATART
> % L C MMPs DR EEMAL 25559 % "), Foxol & Runx2 D& fEE(E Foxol
D C RIFFEIEK D 360-456 7 2 / ik & Runx2 ¢ NLS (nuclear localization domain) ¢
242258 7 X RO TH H Z L B STV 5 #), HaCaT #iifa Tix, Foxgl
I% Foxol-Smad (Zf&A L. p21Cipl DEsEHMEZIHIT 5 7, LaL. Foxgl &

Runx2 2NELEERNZAHAEAEH 3 2 #E 13720,
T DOFZETIL, 2-Pyridyl benzimidazole AI-4-57 K> N-Heterocycle 72 £ D /Ny
PR EFREIR O EVERZ 05T 2 2 & TIREZHIET 5 2 L B EEHE S
nTng #0, L7> T, Runx2 OEEGHIEREZ MY T 27201203, /My
FTo 5 Pro-Hyp NWHEFIHEIRFOHAAERZIEST 206N THZ &N
HETHDHEB XTI, BIHFMINIZEY A E 472 Pro-Hyp I Foxgl & Foxol (2
fEE95HZ LT, Foxgl & Runx2 3L Foxgl & Foxol % L )7 B HAEH
A RIEFT L PRLT,
—Hi I, BRCAHAEMENT 2 2 &3 STV D Foxol & Runx2 D F /8
BOMEAER N Pro-Hyp M8 A KIZT et Uiz, KIGHE & ghipiiia s
FWTERLL7= Y o vy M2 "X X7 BRI EVERIC Pro-Hyp
DT % > GST-pull down assay & Immunoprecipitation (IP) % FVN TR L 72,

5 I TIE, Foxgl 1F Runx2 EAHAMERIZWEZZICHE S TR, LR
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- T Foxgl I Runx2 & AR AAEH 9 % 7> GST-pull down assay & IP % FV N CTHigT L
72 & 51T, Pro-Hyp (% Foxgl & Runx2 OFHAANERICEEE 52 5 et LT,
5 —HiTlX, Foxgl 2% Runx2 IZREBTHZ L 2D THLNZILIZDT,
Foxgl & Runx2 OfEAEIK % [FE L72, Runx2 (23815 % Foxgl OftA fEl % [F]
ET 5720 GST ¥ 7 2N L7z Runx2 O K A AV RAKREFIKE Foxgl U 2
v b R & ERL L GST-pull down assay 21T ->7-, %I Foxgl (23
I7 % Runx2 & &K A FIE T 2 72912 GST Z 7 %31 L7z Foxgl ® KA A /K
REFLL Runx2 U a0 b ¥ R0 B 2B L GST-pull down assay % 4T

-7,

31



# 181 Pro-Hyp |Z X % Foxol-Runx2 8 A/EH ~D %

Foxol & Runx2 DV 2> v M ¥ 7 BaKIGE. BILO, Siiiez
FHWTHER L Foxol-Runx2 OFHAANEM & Pro-Hyp DREIZ DWW THHTZ,

Fig. 8A 1275 L72 X 912, GST-Foxol I% Pro-Hyp 23E1F(E F Tl, Runx2 & 55
WiES &7k L7- (Fig. 8Alane 2), Pro-Hyp f71F F CTiX GST-Foxol & Runx2 D
AlIHEER L7 (Fig. 8A lane 3),

WA, BRI ORE X » 7 R T DIF D ORINAN & v 3 7 EIFETICB D
T Pro-Hyp 7% Foxol & Runx2 OHAAFHICHEEAL 52 208G 2720, ~7
VAT x 7 v a hEROE O HEK293T (2 Flag-Runx2 & Myc-Foxol % i 7 Bl
U7c, Al [El LAl il R &2 3 U Pro-Hyp O IEFFAE T & D WIIAFAE T
FBUTHL Flag HUikz FIWTIP 2470, SRS R A BN L7z, B L 72 50%
BAEEKMNSE AKX T a vy T 4 7% HWT Foxol it 2% Z & T Pro-
Hyp (2L Y Runx2 & Foxol OFHAANERIZEALIE T D05 LT,

fE . Fig. 8BIZ/AR L7= X 912, Pro-Hyp 28MFLE L7254, Flag-Runx2 I
Myc-Foxol & 59\ kA %75 L7= (Fig. 8B lane 5), Pro-Hyp OFE(E F Tlx. Myec-

Foxol & Flag-Runx2 DG 25 F BIZ/EHE S 172 (Fig. 8B lane 6, 8C),
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Figure 8. Pro-Hyp promotes the interaction between Foxol and Runx2.

(A) GST-Foxo1 with Runx2 were mixed (lanes 2 and 3). At that time, Pro-Hyp was added
at a concentration of 1 mM (lane 3) and then analyzed using Western blot with the anti-Runx2
antibody. Runx2 recombinant protein extracts were used as the input (lane 1). (B)
Immunoprecipitation assay (IP) assays using cell extracts from HEK293T cells
overexpressing Flag-Runx2 and Myc-Foxol (lanes 5 and 6). At that time, Pro-Hyp was
added at a concentration of 1 mM (lane 6) and then analyzed using Western blot with the anti-
Foxol antibody. HEK293T cells overexpressing Flag-Runx2 and Myc-Foxol extracts
were used as the input (lane 4). (C) The amount of immunoprecipitated Myc-Foxol was

evaluated using Image J software. Data are presented as means + SD (n = 3). *p <0.05.

33



% 2 f#i  Pro-Hyp WRINZ X % Foxgl-Runx2 fH AAEFH ORI

JareF o b2 o7 BERIBE, BLO, Biiiinz HuvTER L
Foxgl-Runx2 OFHAAEA & Pro-Hyp D EIZ SV T~ 7z,

Fig. 9A IZ/R L7 & 912, Pro-Hyp 23 FEFFAE T Cld. GST-Foxgl % Runx2 & 7#t
<#E& L7c (Fig. 9Alane 6), Pro-Hyp 7#{E [ TiX, GST-Foxgl & Runx2 OfEH
30859 L7= (Fig. 9A lane 7).

W, B DR Z X 7 BRZ DIE M ORMIEN Z v /37 BIFE FIcB W
T Pro-Hyp 7% Foxgl & Runx2 OAHAAEMICR B 2 5 2 2 084 5720,
HEK293T |Z Flag-Runx2 & Myc-Foxgl ZimFIFEHL L7z, M 4 B0 Uk RaHh
R % T L Pro-Hyp OIETFAE N & D WIIAFTE P2V THL Flag §iikZ HW T IP
BTV, REEAEERERIN L, B LZREESRND Y= AZ Ty T
4 > 7 % T Foxgl Z#H3 25 Z & T Pro-Hyp (2 XV Runx2 & Foxgl MAHA
TERNZEA AL E U D05t LTz, Ak, Fig. 9BI/R L7 KL 91T, Pro-Hyp IF
FE FIZB W T, Flag-Runx2 & Myc-Foxgl I35 < #54& L7= (Fig. 9B lane 5),
Pro-Hyp 7#/E F Tl%. Myc-Foxgl & Flag-Runx2 D#E& 134 E (255 & hu7-(Fig.

9B lane 6, 8C),
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Figure 9. Pro-Hyp inhibits the interaction between Foxgl and Runx2.

(A) GST-Foxgl with Runx2 were mixed (lanes 2 and 3). At that time, Pro-Hyp was added
at a concentration of 1 mM (lane 3). Runx2 recombinant protein extracts were used as the
input (lane 1). (B) Immunoprecipitation assay (IP) assays using cell extracts from
HEK293T cells overexpressing Flag-Runx2 and Myc-Foxg1 (lanes 5 and 6). At that time,
Pro-Hyp was added at a concentration of 1 mM (lane 6). HEK293T cells overexpressing
Flag-Runx2 and Myc-Foxgl extracts were used as the input (lane 4). (C) The amount of
immunoprecipitated Myc-Foxgl was evaluated using Image J software. Data are

presented as means £+ SD (n = 3). *p <0.05.
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3 AN A U - Foxgl-Runx? #6& (EI O [F] &

Foxgl & Runx2 3665 2 & 2 ARWFETHIO TR L7272, 5 3 J#iTi
Foxgl & Runx2 O &A% [FE L7,

GST-Foxgl KRR FARMM X & 2 /37 'E (Foxgl-A : 7 X /B 1-171, Foxgl-
B: 7 X /W 172-263, Foxgl-C : 7 X /£ 264-375, Foxgl-D : 7 X /[ 376-
481) ZFHHl L7= (Fig. 10A), Y= A X 7 v F&ZHWT, GST-Foxgl K4
B Z Z Ry B) a e Fy N U R BEORBEHER LT (Fig
10B), Fig. 10C {Z Prey & L CfliH L 7= GST-Foxgl KA RAKHM 2 & v X
BDoA Ty MER L,

Bait @ GST-Foxgl KKRZE BAKFAHL 2 & > /X V|2 Prey & L C Runx2 U =2
B NN E a7 b LT, GST IZREINICH G % Glutathione
Sepharose 4B (G4B) bt — X% IV T GST-Foxgl KK BBz # o 78
B L, Runx2 UV 2> B> M Z X7 BRI SN D 0Bt Lz, &0k
. DNA &8k T3 % GST-Foxgl-B IZ Runx2 234 L 7= (Fig. 10D lane
10), —5 C. Runx2 i% GST-Foxgl-A, C B X O'D [ZiHfEA L2~ 7= (Fig. 10D
lanes 9, 11 and 12),

I, Runx2 (21T % Foxgl OfiA M Z [FE L7z, Prey (Z Fig. 11A IT7RL
72 GST-Runx2 KL FAKHML 2 % L /37| Bait IZ Foxgl U a2 B v k&
RGNz, GST-Runx2 REEEMHHM 2 2 /X7 E (Runx2-A @ 7 X/
fi% 1-93, Runx2-B : 7 X / [i& 94-243, Runx2-C : 7 3 / fi® 243-360, Runx2-D :
7

X /W 361-514) OFRBLEZ T AKX T vy N EAWTHER L7 (Fig. 11 B),
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Fig. 11C IZ Prey & L T L 7= GST-Runx2 KK BRIz & 2 7 DA
Y7y NERLTZ,

Bait ® GST-Runx2 K% BAKKHHL 2 # > /X7 B2 Prey & LT Foxgl & 2%
7 b L7, ZOREHE, C KD GST-Runx2-D (Z Foxgl 13454 L7- (Fig. 11D
lane 10), — T, GST- Runx2-A, B 3 X O C IZ Foxgl I#5A L2 > 7= (Fig.

11D lanes 9, 11 and 12),
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Figure 10. Foxgl DNA binding region interacts to Runx2.

(A) Schematic showing the region structure of Foxgl and the truncated mutants. The

amino acid numbers of each mutant are labeled. (B) Foxgl was divided as follows
(Foxgl-A: amino acid 1-171, Foxg1-B: amino acid 172-263, Foxgl-C: amino acid 264—
374, and Foxgl-D: amino acid 375-481) and GST tag was added, and E. coli produced a

recombinant protein. We produced various GST-Foxg] truncated mutants (GST-Foxgl-A
43 kDa (lane 1) GST-Foxgl-B 36 kDa (lane 2) GST-Foxgl-C 37 kDa (lane 3) and GST-
Foxgl-D 36 kDa (lane 4) followed by immunoblot for GST. (C) The Foxgl truncated

mutant protein extracts were used as the input (lanes 5-8). (D) GST pull-down assay. The

Foxgl truncated mutants with Runx2 were mixed (lanes 9-12). They were then analyzed

using Western blot analysis using the anti-Runx2 antibody.
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Figure 11. Runx2 c-terminal interacts to Foxgl.

GST-Runx2

3 4
IB: a- GST
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GST-Runx2
A B cC D
R e 4 Foxg1
9 10 11 12 [B:a-Foxgi

(A) Schematic showing the region structure of Runx2 and the truncated mutants. The

amino acid numbers of each mutant are labeled. (B) Runx2 was divided as follows
(Runx2-A: amino acid 1-93, Runx2-B: amino acid 94-243, Runx2-C: amino acid 243—
360, and Runx2-D: amino acid 361-514) and GST tag was added, and E. coli produced a
recombinant protein. We produced various GST- Runx2 truncated mutants (GST- Runx2-
A 43 kDa (lane 1) GST- Runx2-B 36 kDa (lane 2) GST- Runx2-C 37 kDa (lane 3) and
GST- Runx2-D 36 kDa (lane 4) followed by immunoblot for GST. (C) The Runx2

truncated mutant protein extracts were used as the input (lanes 5-8). (D) GST pull-down

assay. The Runx?2 truncated mutants with Foxgl were mixed (lanes 9-12). They were then

analyzed using Western blot analysis using the anti-Foxgl antibody.
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AR ARED/NE

% 2 B ClX Pro-Hyp 73 Foxgl, Foxol 3 LT Runx2 # > /37 EFHASERIZE 2
BHEBIZOWTH LN Lz, 2% Fig. 12 12RT,

—#iTlZ. Pro-Hyp 1% Foxol & Runx2 OfEAZHEMT 5 Z L ZH BT L
7o Pro-Hyp |Z X 2FHAAFH OHIRIEHIL, B L ORI /37 H oA
R LD olz, ZOREERNG, BIHFMNIZI VT (Pro-Hyp)-Foxol-Runx2 @
BAERBPIERIND EHEHI SN D,

5% HiTlX, Foxgl & Runx2 MEAAEHT 5 Z & 2 ARWFE THID TRWNEL
72o % L. Pro-Hyp IZ Foxgl & Runx2 OfEE AT W LML
7o Pro-Hyp \T X 2FHAEAEH OWHEMHIL, B L ORI 37 H oA i
Lo lo, ZORENG ., BHFMIENIZI T (Pro-Hyp)-Foxgl-Runx2
BEERPERIND EHER SN D,

% = Hi I, Foxgl & Runx2 OFEAMEE % [T L7z, Foxgl @ DNA fif& R A
A& Runx2 O C RIEGFEIKTH D Z & WO TH LT LT,

F7=. 1 TIL Pro-Hyp 7% Foxol, Foxgl IZfEAT 52 A LMIL T
%, LIeino T, FFMIENICELY A E 7= Pro-Hyp (£, (Pro-Hyp)-Foxgl 35 X
O (Pro-Hyp)-Foxol DEGIHRZEAM L TV D AMREMES &2 L HEll S5,

UL EDOFER DS Slel5a4 %41 L C Pro-Hyp 23 E EMIIICEL D A E NS &
(Pro-Hyp)-Foxgl, (Pro-Hyp)-Foxol 3 X (" (Pro-Hyp)-Foxol-Runx2 73 H#l N
TSNS Z ENRTRENT, ZbDOEASED Runx2 OREIZRE 5 LT

5 EFRENT-DOTE 3ZEDOHZEIZEY HAT,
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Figure 12. Schematic representation of Pro-Hyp regulates protein-protein

interaction.
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% 3% Pro-Hyp ® Foxgl, Foxol, Runx2 %/ L7z Runx2 P1 7' & &— % —Diix
BAE MRS O fiR B

95 2 BTl Pro-Hyp I Foxgl & Runx2 O#E& Z 4 L. AT Foxol &
Runx2 DFEBZEETHZ L ZHLMNIT LTz, 2 HDFEEN S Pro-Hyp #SAN
XV EIFEHEN TR SN E PRSI EEKRE Fig. 12 1R L7, Zb
DIEAED Pro-Hyp KAFHIIC Runx2 Pl 71— & —|ZkiAT % Z & T, Runx2
DG ZIEMEL L TnD &AL,

Runx2 1T, A L1 EZATUD2ODT A Y T —LNFIET H Z &R
HENTWD (Fig. 13), Z A 7 TRunx2 (MRIPV %! Runx2 p56/P2) IL P2 7' 1
E—H—ICLVHIE IS, ¥4 7 TRunx2 1T EIC T-cell IZHBLLTNDH I &
DHE SN TND 39, —F5C, ¥4 7 11 Runx2 (MASNS % Runx2 p57/P1)
I Pl 7 E—F—IZ LV HIE ST, BHFMRICRRIICEIT S 0, P17
BE—X—ZF A 7 HNRunx2 I XV A —FFal—va D2 ERRES
TS, REFZE T E EMIICE T D Runx2 FEHIEMME 20 50245
72, ¥ A Runx2 Pl 7o &—& —% W CERER 2 506 L 7=,

% = F TlX. Pro-Hyp ® Foxgl, Foxol ¥ £ ' Runx2 %41 L7 Runx2 7' 1 &—
H — DER GRS ORI 21772 o T2,

F—ETIELAR—F =T v A 21T 12OITNER, Runx2 Pl 7' 2E—H —
w7 =T —BRBMNNT X —ITHA AT, Runx2 Pl 7' RE— X — LR —
H—TTFTAI RERE LT,

BRI TCIIMSEE L2 Runx2 Pl Yo — X —LR—H—7FF A3 K& HNT

Runx2 P1 7' & & — ¥ —|Z81F % Pro-Hyp J&& fHIK & [FE L7,
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BT, 7~ TF o qPCR % FV T Pro-Hyp fis & 832 Pro-Hyp
IKAFHINCHRE ST DG FHEA 1 DR E 21TV, Foxgl, Foxol 3 & O Runx2 471

L 7= Runx2 B GIEMEHERE DRI 21772 o 7=,
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Runx2 isoform

Type IRunx2 (MASNS isoform) Type IRunx2 (MRIPV isoform)
P1 promoter (Stewart et al., 1997) P2 promoter (Ogawa et al., 1993)
Expression: Osteoblast Expression: T-cell

Figure 13. Schematic representation of Runx2 isoform.
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H1HE mRunx2 7 0E—F—LR—F—7F 23 RO
ARETIE, ¥V A Runx2 Pl 7’2 E—% —(ZF1F 5 Pro-Hyp J&E=L A |
BRETHIZDIZ, Vo7 =2TF7—BLR—%—T vt (%2179,

F—HTIZRunx2 Pl 7B —4 — L R—F—T7 T A3 REHET L0,
MC3T3-El %/ 2735 Runx2 P1 71 &— & —(-1~-1000 bp) Z #4iliE L 7=, ZiL
%7 7 L— RZ 500 bp, 375 bp 13 L X250 bp D XD 57K KA AR Runx2 Pl
TuEe—4—%WE LTz, TOT7 T T A NELYT 2T —ERBHNT Z—
T&H 5 pGL3 cont X7 X —|{ZHA L, Runx2 7’ RE—F —LHR—F—7F X3
REMEE LT (Fig. 14A), ERL72%7 7 2 RiL, #IREEFELZ 777
AU NERT B —DY A X% fiki81% . macrogen JAPAN T3 — 7 = A i %
1772 - 7= (Fig. 14B),

ERL L 72 LR — & —7FF A 3 K& Foxol 35 & OV Runx2 %5 MR RE T
H5HMC3IT3-EIIZ N T AT =7 v ar Lz, £D% Pro-Hyp % & IR
mu, vz —BORNEEZNE LT, KHEEKTO Pro-Hyp IRINIIZ X 5 Pl
TaE—H—BNIREOZEEZRE L Runx2 P1 7' 2 E—4% — NO Pro-Hyp Ji &

BZERR L E LT,
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. Runx2 distal P1 promoter -1
-1 kk L luc

- 500 | |UC

- 375 vt luc
- 250 = luc
—315 t0 =251 e veveeeene luc

L S— U — <« pGL3 control

<« mRunx2 1k bp

—363 10 —336 H-+-vveeeeeeeeeeeeeeeee]

WT | acy HF(‘HFHIY' nrrnral§gltgcggtgca

<4 mRunx2 500 bp

MT [--4ca----ttca--—--f—|-——-tg4--

3 2 1
Runx2 binding site

37510 =316  Jrrrerrreeeeeessne] luc

Runx2 binding site

WT|FH———/| aaaca
MT|p———|-99---

<« mMRunx2 250 bp

aaact |
-gg--|

2 1
Fox core sequence

Figure 14. Construction of plasmid for reporter assay.

A, Schematic illustration of the luciferase expression vector with the Runx2 distal P1
promoter in each region inserted. Boldface nucleotides represent the Foxo consencus
sequence (WT) and the Runx2-binding sequence (WT). The nucleotides surrounded by
the square represent mutations introduced into the mutant variant (MT). B, Confirmation

of plasmid size using restriction enzymes.
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% 2 #fi mRunx2 P1 7' @2 E&—% —N® Pro-Hyp L A7 > AH8Ik D [EE

N7 27 —BDOHBUL, 1 mM Pro-Hyp ZLEERECTiX. Pro-Hyp JE(F/E F & It
i LT, -375bp 38 L U500 bp TEIEIUE 2.79 fi5d6 L OV 3.57 5 E IS L
72 (p<0.05. Fig. 15A), -250bp & -1k bp TiZ Pro-Hyp L iR — & — &34k L
o le, TWHODOREENL, Runx2P1 7' uE—# —|Z8I1F 5 Pro-Hyp L A
Ry AT LAY i, Runx2P 1 70 E—% —0 nt -375 7> 5-250 BIAFAET S
ETRLTE,

% ZC. Runx2 i#=f\Z P1 7' B E—& —|Z8IF 5 nt-375 7> 5-250 % nt -375 ) 6H>-
316 & nt-315 2252511253, FEIC LR —2 —7 v A &24T-7=, nt-315~-
251 TlE Pro-Hyp |2 & 5 VAR —& — B3 Z L Lig o 72 (Fig. 15B), LiR—X
—IGREIE, nt-375 5316 DA THEITHEM L7 (p<0.05. Fig. 15C), Runx2
Pl 7o E—4 —nt-375 7>5-316 |Z1%. Runx2 fEAENL (-362 H>5-356, -354 />
5-349, -344~7/5-332) BEL W Fox 27 ¥ —27 T2 A (365 D2 5-361, -337 7
5-332) BWHEFET D (Fig. 14A), Z @ Runx2 f &AL E Fox 27— 27 = A
25 Pro-Hyp (2 X % Runx2 7' mE&—& —{HEMH(LICEGE L TnWH & PELLE, £2
T, Fox 2B AN 2 —FT — 3 U ZEH AL nt-375 22 5-316
Runx2 7B —4 —% N7 =zT7—EBLR—%—77 23 K pGL3-control (2
ffi A L. pGL3-control -375—-316 Runx2 promoter (MT) Z 2% L 7= (Fig. 14A), 1E
LT TAIREANT, VR—F—T v¥A &i7To71=, ZOFE, Pro-
Hyp (2 L% UAR—& —5& 1 WT & b L Cisib L7z (Fig. 15D),

KIZ, Runx2 #E&EL (Runx2 binding site 1-3) KR X /Ly 7 =7 —B LR

— % —77 A3 F pGL3-control (Z4fi A L, pGL3-control -363—-336 Runx2
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promoter (WT) L7, ZOLHR—F—a LA KT 7 T a il 3 mERE
B (MT) #8 AL, 2> H% A0 Runx2 fEEELS & ik L 7= pGL3-control -
363 —-336 Runx2 promoter (MT) H#EEE L 72 (Fig. 15A), T b HWTLAR—
Z—T A &B{To7,

ZDORESR. pGL3-control -363 —-336 Runx2 promoter (WT) (23T, 1 mM O
Pro-Hyp CTHLEL L 7-MIfBD /L > 7 = T —F¥ 5 BE, Pro-Hyp 2NMF1E L72WiGE
ELREE U CTHRY 1.6 5B L7 (p <0.05 Fig. 15E), BEE/RZ L2, Z O
IZ. pGL3-control -363 —-336 Runx2 promoter (MT) (ZE W\ TR I N2 o

7= (p <0.05 Fig. 15F),
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Figure 15. Identification of Pro-Hyp response element in the proximal region of the

Runx2 distal P1 promoter.

MC3T3-El cells were transfected with 0.1 pg of pGL3-Runx2 distal P1 promoter DNA
and 1 ng pNL DNA. Then, 48 hr later, they were treated for 48 hr with Pro-Hyp, as
indicated (A-F). Luciferase activity was measured and normalized to the activity of nano
luciferase.

Identification of Pro-Hyp response element of Runx2 distal P1 promoter in the proximal
region (A). Mutations of the Fox core sequence in the Runx2 distal P1 promoter in the
proximal region decreased the promotion of Runx2 distal P1 promoter activity by Pro-
Hyp (C and D). Mutations of the Runx2 binding site in the Runx2 distal P1 promoter in
the proximal region inhibits the promotion of Runx2 distal P1 promoter activity by Pro-
Hyp (E and F). Significance was calculated using a Student’s t-test (A) and Tukey post
hoc test (B-F) with the mean error bars represent + standard deviation. For clarity, not all

the significant differences are indicated.
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%3 mRunx2 Pl 7' E—%—NO Pro-Hyp L AR > AEIBIZFEA T 5
Foxgl, Foxol, Runx2 D [F]E

B4 (2 Chromatin immunoprecipitation (ChIP)% FiV T, Pro-Hyp #&Kf7HJ(Z Runx2
TaE—4 =l E T DR ER T 2 FE LT,

Table 1 /X, ChIPDNA DR U A 7 —F#E S PCRIHEH LT T A ~—
DOALER X OESIZ7~RT, Fig. 16A (ZH3lE L 72 Runx2 binding site & Fox =27 ¥/
— 7 T A% _fEPTE T DNA Sl O AKX 2R LTz,

Pro-Hyp Z ¥/ L 7= MC3T3-E1 ®&® /LT 1 &4 haRE L7=, P Foxgl ik,
Pl Foxol FLiR, HL Runx2 Hiik, $t1gG Fiil, ZHWTHRELRE L7, £ ZITH
A L7=DNA 27 > 7 L — M Primer 1 3 X O Primer 2 % iV T qPCR %17
V), Runx2 P1 7'mE—4# —|Z Foxgl. Foxol, Runx2 235G 20T L7,

FER. a-Runx2 PUROGEIRREY) % H V= qPCR CTiX. Pro-Hyp JE{F7E F & bt
i L C Pro-Hyp f#7E F TlX DNA O &34 B L7 (Fig. 16C), a-Foxol
PUA K O a-Foxgl HLiR D@ EEY %2 H 72 qPCR Tl Pro-Hyp FEfF1E T &
Lb#g: L C Pro-Hyp f#1E F Tl DNA OHIhE &34 B IS L 72 (Fig. 16D and E),

XHT 47 Ay hr—nD algG Huikz W7o E kY 2 Hv 72 qPCR Tl

DNA (F1F & A K L 727> - 7= (Fig. 16B),

Table 1
PCR primers used in ChIP assay
Oligonucleotide name Sequence
Primer 1 gaatgcttcattcgcctcac
Primer 2 aaccatttaaacgccagagc
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mRunxn2 P1 promoter

- 368| Pri i -
Primer 1 97 bp Primer 2‘ 289
- 365 - 332 r
r Fox | Runx2 Runx2 Runx2 Fox
| I m B -
<Runx2 . ﬁuan . Runx2> mRunx2 mANA
..ctcaaacaaccacagaaccacaagtgcggtgcaaactittt..
Fox Fox
B C D E
10 —- 02 —- 0.2 . —- 02 —-
I Pro-Hyp I Pro-Hyp I Pro-Hyp I Pro-Hyp
XQ‘X [ * *

% Input
o - n w £ (& [} ~ o= ©

Runx2 Foxg1 Foxo1

Figure 16. Complex of Pro-Hyp, Foxgl, and Foxol binding to the proximal region
of Runx2 distal P1 promoter.

Verification of the Pro-Hyp response element in the Runx?2 distal P1 promoter, including
the Runx2-binding site. A, schematic representation of relevant regions of the Runx2
distal P1 promoter gene. P1, P2 indicate PCR primers used to analyze chromatin
immunoprecipitation-quantitative polymerase chain reaction (ChIP-gPCR). The
positions of these primers and the size of the fragments they amplify are indicated at the
top of the figure. Chromatin immunoprecipitation-quantitative polymerase chain reaction
analysis of the Runx2 distal P1 promoter in MC3T3-E1 cells. Cells were incubated with
and without 1 mM Pro-Hyp for the 48 hr, followed by ChIP-qPCR analysis using a control
Rabbit IgG antibody (B), Foxol antibody (C), Foxol antibody (D) or Runx2 antibody
(E). Experiments were repeated three times with similar results. Data are presented as
means + standard deviation (n = 3), *p <0.05. Significance was calculated using a

Student’s t-test.
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4T KEONE
AREOME% Fig. 17 127”77, % 3 B TIX. Pro-Hyp @ Foxgl, Foxol, Runx2
ZJr L7z Runx2 7' 1 & — & — DR GIEMEERE Ol 21T 72 o 72,
—HiTCIIN T 72T —B UL AR—F =T A ZTHITHT Y MERLR—
H—TTAI REMELT,

%M TTlE, Runx2 P1 7’12 — % —® nt -365 />5-332 % Pro-Hyp JisZ 58
& LTCRE L7z, Z O Pro-Hyp JEZFEIRIX. Runx2 f5& AL & Fox =2 7 Bl%l A3
EEND T EDNHLMNE 25T, Runx2 FEAELICIE Runx2 MEA L, 55 %
P32 2 EREHE STV D ), Pro-Hyp 73 Runx2 & Runx2 P1 7' 2 & —4
—DFEGEEL TS ETHELE,

55 — i Tl Pro-Hyp &AFHIIC Pro-Hyp J&ZE IR #E & 3 2 55K 1% ChIP-
qPCR fEMT % FIWCIRIE LT, #53. Pro-Hyp ®IETFAE F Tl Runx2 |, Runx2
Pl 7’02 E—% —N® Pro-Hyp IGEENICHEAET HZ L 26N LT, 20
Runx2 & Runx2 P1 70 & — & —PN Pro-Hyp & sEIK Ot A 13 Pro-Hyp (2 & ¥ L
EINDLZEPBBNE/R 5T, —F T, Foxgl & Foxol (% Pro-Hyp FE/71E
IZB VT Runx2 P1 7B E— % —|ZHA Le o 7=, Pro-Hyp f#7E FIZEB W T
Foxgl & Foxol | Runx2 P1 7'1 & —# —® Pro-Hyp IGEEMLICEART D 2 & &
B oz Lz,

INHORERNS, EHFEMIIZE T D Pro-Hyp @ Runx2 LiR—# — & D A
71 =X & LT Pro-Hyp 8% 7' Ly —& LT Runx2 Pl 7 HE—%—D nt -
365 7 5-332 OFEIKIZHE S LTV D Runx2 ZfflE3 2 2 L1 L0, BB %

[HEJT 25, X 5IZ, Pro-Hyp I Runx2 P1 7' &2 E— % —® nt -365 /> 5-332 OFF
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112, Foxgl, Foxol ZfA S5 Z & CTRunx2 LAR—# —In& &2 EMLT 5

ZEEWBMITLT,
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3% H. Drissi et al., J cell Physiol.,
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Figurel7. Schematic representation of mechanism that Pro-Hyp regulates Runx2

P1 promoter.
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4R B

BOE, BEEESICEAL TR Y | FrOEEFHm & EFEFFm & OENRE
WZERBE L oo T D, FEIFM EEREFMOEDILRTIUE, miliE o
QOL DX TR, ERECM R B O RN EIND, LIeR> T, HWR T
B & ARFEHHE 1 L 0 A & E R FM O EDORERE AN D Z ENBBETH D L
BERADND, FHT, MENLEEL 72 DIRR DK 20%703 B BB ITE OB #
FREBTHDZ Lo BERRERO T - ZEEIT O Z & CTHRBERF G O
T Lo e B 2 T, R TILE SRR E A T - E R4 "9 CPIZEH
L7z, CP O'EMREEEZ T « WHET 20 FERA I =X LMTH LN E - T
NN E D IETERL CP Td % Pro-Hyp (2 & %8 3N 3Lk B /e I s &
oM THZ 2 HE LT,

Pro-Hyp 1% 0.1-1 mM OREIZB W TEIFMASbO~ A Y —BIZ T+ ThH D
Runx2 ORBAFHFLET 5 Z & CHFMIAS b E2FHET 5 32, £72, 0.2 mM Pro-
Hyp (3'F M OA KL 2K 1.4 FHEET 5 %, X512, 1.2 mM CP L&Y
1%, CPALAWIEINNRE & e~ B2l OA IR LA £ 2.75 5 RET 2 79, FI
27— X Pro-Hyp IR S ID Z ERHL T2 > T D ), FERE, CP %
B OHEE (0.385 gkg KH) 45 &L ifHC Pro-Hyp 2547 0.1 mM & @i fE Tl
ENDZEVBHRESHTNDE P, LULEOHEDD 0.1-1 mM Pro-Hyp 138 2EHI
SAbEFETLRETHD LHB L, 2B OERNTHIHFELELIRETHD

EE 2T, LI2 o TARMFSE Tl Pro-Hyp 13 0.1-1 mM DR Tl L7,
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Z v N &R AWZIZE TIE, B AFER L 72['4C] Pro-Hyp 1. ‘B 2EHI I Cm% B Hi i

AT D2 EBABMNERSTND D, ZOWEDHFRAER L 72 CP (X Pro-
Hyp (T S, BIFMRICERVIAEN S Z & THEFMBOSLEZFHET L &
EZHND, Lo T, Pro-Hyp 1B FMIENICE D IAEIWVEK A FHLET 5
Ny TV T 7y 24— LTHIETLIOTIERWNEE R, LirL, Pro-
Hyp OV IAFIZHNWOEND F TV AR—F— TP LN ER> TR, £ 2
TH 1 5Tl Pro-Hyp DML ~DEL Y A B D fFAT & Pro-Hyp 7% Foxgl, Foxol
B L O Runx2 OF FEMIENRTEIC 5 2 5 885 I 5 Lz,
Pro-Hyp % Slcl5a4 Z A L CHHAMMICE Y A E ., HEMI O & e
WZRTET D Z E BT L, /MG EEAAE ClL, Pro-Hyp 13X SlclSal #/7 L
THITENICERDIAEND Z ERME SN TND Y, 2O, Pro-Hyp
ZMIFRNIZE Y AL T DICTHW SO N D T v AR—F —%, MK
D EDRE S NIz, BRIV T, BE ISR ) XS TFH—EE 5
WL, a7 =7 x2IECDETHEREY VRV BENFET D, ZOFRIC Pro-
Hyp l3FEA SN D, Slclbad 1T7 v h VEREMESNTF R ET U AR—F—Th 5
ZEMD ., BRIy LT HY78, Slel5ad %A L7z Pro-Hyp O/ A~
B0 IALZFET LD TRV EHERIL 7=,

AR DAFFE TIE, IV F DR TR OESRTER 2 M 42 2 & T8
BARFOWTEHET 2 2 L RZHHRE SN TND S0, Zhb0MEND,
B HINIZEY JA £ 72 Pro-Hyp 7% Runx2 O#EICRI 59 % Foxol & Runx2
OFAAER Z 7%+ 5 Z & T Runx2 OEBGAHIEHT 2 /0y & L THEET 2 7

REPEAN & D & HEMI L 72,
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Z T, EIFFHIIICI T D Foxgl, Foxol 3 LN Runx2 DN RHTEIC Pro-
Hyp W% 52 2 et LTc, ZOHREE, Pro-Hyp I% Foxgl OHRIE D> B
N~DBITEFHE LT-, % LT Pro-Hyp IR Foxgl O AREEN LT 5
DEET L7o & 2 A, Pro-Hyp 13 Foxgl IZ/5G 3% Z & T Foxgl @ C KD~
HRREENEILT D AR LE™, 7T VBERICIVIISEISND
Foxgl ONLIAMEIEZEALIL, Foxgl ZENICEET D Z L RHEINTND T,
X > T, Pro-Hyp 78 Foxgl IZfEATHZ LICk VB[ & Z &5 Foxgl D C K
SO SEARKE S D2 IE, B 2EMN T O Foxgl O RIFEICEE % 5 2 7~ /[ REM:
MWD EBZEZ NS, BENIZRTET 5 Foxgl TGN 1 & L TEH < 235, #
FEIZRTET 5 Foxgl IZIRNIEMAITH Y, T uT 4 Y —L0REZ T 52 &0
WEINTND 3, X5, Pro-Hyp IZ & Y EEWNIZHEIT 72 Foxgl 1F Runx2
OESFHIENCEE S L TW\Wd EB 2T,

Pro-Hyp 1%, Runx2 O HHIE ~DOBITE 7558 L=, Runx2 13V Rk &
NDHZEIZED, BAABITT D2 eSS Tung 818 Pro-Hyp 28
Runx2 # VU VLT 200E 0%, SRS ORDOIMHAVBUETHDH LE X D, Pro-
Hyp (% Foxol OFMENEIEICFEEE 5 27", Foxol (XEIFHILOEN & lnE
DO FIZHEL TV e, TIbH OFEEDN 5. Pro-Hyp Id Foxgl, Runx2 OF I
NN JR{EZ ST L Runx2 B85 2 35T 2 O TIERW L TR L,

2 B IR, B SEMIEANICELY JA 72 Pro-Hyp 72 Foxgl, Foxol, Runx2 % >
NI BEMAEAEC G 2 55OV TR L7c, ARFE TId Pro-Hyp 78 Foxgl &
Runx2 OFES MR+ 5 2 L ZH 5202 Lz, Z#UE. Pro-Hyp 7° Foxgl IZHEE

THZEICEVAELD Foxgl @ C Rl ONLAREEDZELIZ X D . Foxgl &
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Runx2 OFE G & B S/ vgetEn d b LHELZ S5, £7-. Foxgl & Runx2 ©
FEA AL Foxgl @ DNA A KA A > & Runx2 O~ b w7 AKX —7TF 4
YT TF v (NMTS) &t C R CTh 5 Z &L ZH BT L7z, Runx2 O
NMTS (&, N THOEGMER 7 L FET 2 2 & T, Runx2 ZNICED S Z

ENHEINTND 9, ZOWEND, Pro-Hyp 7% Runx2 & Foxgl DA % iR
B35 Z & E, Runx2 OENNGRIE~OBIT4HET 5L B2 bbb, 20
RFUEL, 5 1 BT/ O HFMILICE Y AL Pro-Hyp 25 Runx2 D05
ARE~OBATEFHFET L F A & —F T 5, £72. Pro-Hyp 2% Runx2 % Foxgl @
DNA fE& RAA U BfifBET 5 Z L 1X. Foxgl @ DNA ~DOfEAE RS ITT D
CHERI S D,

Pro-Hyp I Foxol & Runx2 OfEAZEHET 2 2 L A SN Lz, Drissi H )
IX. Runx2 # > /37 B3 Runx2 P1 7' & —# —|ZfEA 75 2 & T Runx2 DHEE
TEPEZIHIT 5 2 L 2 E L TW\Wd, £72, Foxol I% Runx2 IZ#% & L, Runx2 &
FATHIANY T aE—Z—OfEEiET 52 LT, AATE AN D
BREZMEIT 5 ERHALNERSTND Y, ZhbO#HEND Pro-Hyp 12 &
% Foxol & Runx2 DA OHESEIX, Runx2 Pl 7' 12 E— % —» 5 Runx2 D%
FIESEI L Runx2 # N7 EHEOA— M F¥ 2 b—a &R LR &
HeEEZ BN, ULEDOHTEN S Pro-Hyp IE Foxgl & Runx2 Ofili& % fEEE L .
KxHZ Foxol & Runx2 OfE& &2 E#E3 % Z & T Foxgl, Foxol 35 X Of Runx2 #5%5
K@ Runx2 P1 70— X —~OfE G 28 L. Runx2 DG 2 {EMHE(L L T

HETRL,
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FIRETIEH, Vo7 =27 —BULAR—F—T vEAZHNT, Runx2 P1 7'=
& — % —® Pro-Hyp S ZE MO [ E 24T > 72, LAAl. Pro-Hyp (% Foxgl ZJr L T
BHEMBOSbEMRET D Z L Z2WME LTS P, O, Pro-Hyp 1% Foxgl
mRNA FEHL 2K 3 5235 Z & & WL L72, —77 T Pro-Hyp I& Foxol mRNA
RHIITHBEE 2N L EZPALNC L, T2 T A 72T —F LR—#
—7 v & A Tl Pro-Hyp %4 L 7= Foxgl, Foxol 3 X O'Runx2 @ Runx2 P1 7' & &
—H—~OEEEZH LT H72HIZ, Myc-Foxol & Flag-Runx2 % 2l
BRBERSE, Vv T2 T7—BLR—F—T vt A &f7o7, %, Pro-Hyp Jt:
AR E L C Runx2 Pl 7’12 E— 4 — @ nt -365 7> 5-332 Z[AE L7,

[ L7= Runx2 P1 7' 0 & — & — Pro-Hyp L& EIIC1X. = 7 AT Runx2 i
BEAL (F—FLE¥alb—arH A b)) & D Fox a7 RFINBEGENT
W, 20 Runx2 FEBEMLIC S 2—TF — g  &2FEAT S L 584 Pro-Hyp L
ARVARRENRL IpoTe, ZTOFERIZ, Pro-Hyp L AR —F —IHZ& I Runx2 Pl
TrE—Z =0 Runx2 NREET 5 AT v IEFICHETHDH L &2RLT
Wb, £72Fox a7 =7 T A a—T—va VY EHATDHE Pro-Hyp L
AR ANWIFTT H Z LD Pro-Hyp LR —Z —G&(21E Fox 227 v —27 =
ADHFIEDGEBETHDH EEZEZBNDH, £ LT, [[E L7 Pro-Hyp JGE KX~ ¥
A2 b NOWFICEEIHRE INTND, Lizn> T, BREHEETTS T2
@ Pro-Hyp A FIROBINIEE TH 5 L ST,

RIZ Pro-Hyp KAFHIIC Pro-Hyp )& & SIS 59 2 #- 5K+ & ChIP-qPCR f##
BraRHWTRERE LT, #&%. Pro-Hyp @IEFFAE T CliE Runx2 [X, Runx2 P1 7'&

F— X —WNO Pro-Hyp IEHALIZAE A L, Foxgl & Foxol I Runx2 P1 7' 12 E—
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X —MN® Pro-Hyp ISETLICHE R LW Z & 2B 522 L7z, Pro-Hyp 77 N C
I%. *HZ Pro-Hyp I Runx2 % Runx2 P1 7" 1 &— % —® Pro-Hyp Iit-Z fEIR N 5
fift Bt <&, Pro-Hyp I Foxgl & Foxol @ Pro-Hyp Ji B8k ~D#E & 2 etk Lz,
Foxol |& Runx2 IZFEATHZE T, AATH AN T uE—F—IlHETD
Runx2 % 7' 0 —X — N OMEEST 2 2 L RHE ST 5 9, RIFFETIL, Pro-
Hyp 7% Foxol & Runx2 OFEEZEHET 5 Z L AW LM LT, & 51T Pro-Hyp
(3 Runx2 % Runx2 Pl 70 & — X = OftSE5 Z Lz A L7z, 2 b DOk
REHAT D & Pro-Hyp BENIZJRFEL TWD Foxol A —hLFalb— 3
YL TW5 Runx2 OFFEZRETHZ LT, Runx2 DA —hbFalb— g
BFHERR L2 L B2 iz, £ DI, Pro-Hyp IZ Foxgl & Foxol % Pro-Hyp S
B Fox 27 ¥ — 7 T ANEE I ESH 2 & T Runx2 ORG A 1EMALT 5 &
EZbND,

ABFZECIE, 1EMERL CP T % Pro-Hyp (& & 2/ MM LFEE O 5y T4 A
T = A L% BN LT, Pro-Hyp 1, B HAMA2IZI5V T Foxgl & Foxol &1
LTCTRunx2Pl 72 E—% —%i&MA 32 2 & T, Runx2 DG ZFHETHZ &

SN Uiz, WNIRMER K OYMAM: Pro-Hyp (3. ‘B3R ZFHET o0 v 7

7

Vo7 77024 —L L THEELTCWDDO TRV EHEER L, /2, HMA
CP T® % Hyp-Gly I3 il 2 89~ 2 Z L G ST g ¥, Lichio
C. Pro-Hyp IZHEKZ7E L, Hyp-Gly (T HRINAZFHEST D Z & THEKE
BRILDNT o 2% koTND & TREIND, ZOMEIEL, HEHEER CP ITEN
ARV THERKRE ZRIZL TR Y | BT O 2 fFH3 5 L TEHE

TR L IR BREEMEN B B
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Pro-Hyp %X U® & F 2GR CP 1%, AENOEME,. KE, e lic£<
EEND AT =T UNGREIND Z LIC LV EASIL, A O~ b -
ARSI FTNEREDLBNVE DX IRIERHEAT 5, RN TIEER CP O
PEAEMAR LIS AE, 7V A ME L THIZET S LIC L VIR CP I
IR S LB T RE U, b PH IS Bl A~ TV Bk D T b
WTED, ZOXIZCPITRERD L5 2—H%F b bR VB el
S EICBWTHBRRDIRERT EEZBILD,

CP AN T LREH I Dy LIRIRFICERT 5 2 & T CP BB HEE & i
L CHBEORD 2/ EICHHT2 2 B RESRTHE Y, LEn-T, §
B FE DS R T do D RTRF 1K LT CP Bl A HELE T 23X, EHRE -
DERBINEINT T L EL GUARM, Bl LB IO/, KRG
X IV DGRV v rm e PR EOR, O LN NS
F—=X, EOZHOERMERET OIMNERNHD LER T, £, BENLOE
WAREETHIULT 7Y A ML EBET S L9 IRE LW,

URNIEER L7 CPIXERDOBMEHEOMENC D EZ2 b TWW 2 b dh
ST, IEFEOMZEIZ L0 FEOIEMER CP I fE S 4L, RN T 7 sy
T-E UTHERET D Z A BN E Ao 7o, CPIXE MR M EFEEER LIS
ISR D _EFHIER %, 2oL RERER 93 25 Z & a8@mE STy
%, & BIT, Pro-Hyp 3G MEFEET 2 D L AdRE SN TN D,
CP T2 Z & Tl L7 AR REZ 2 TITEM T2 Z &3 <. Nin4k

CTWHEREICH L TARRRRE B T6T 200, BNOHEIZBWTE
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PRI CP XY 7 F N1 & UTHBRET 2 E D EIRET 5 A D= A AIZONT
LS ORDMIENMETH D,

AWFFETIX, X7 F FD Pro-Hyp 7’ Foxol <X° Foxgl %/ L CERG-HH & 1T
I EEPALMNI LIz, D Pro-Hyp |2 X 2G4 X B REHIE Ofth O E
ZHhkiEZ Vo5& TREND,

Bl 21X, Foxol (I B Ml A, %, s3fb% LTk a2 ditlid 5 2 &
TA VA CORBHEHOEE R EH 2> T 5 8, F7-. Foxol ITHEHTA
SOfEFEIC B D 2 BER ORBL L HIE L TR Y . 28 ORI E 3 2 HilH L
TWB 8, F=, BBV T Foxol 1%, BB O LRGN 2
T, WBEEMIICB T 2 =2 X —RE L PEH LT D ¥, S HIHEHAH
R D53 AL FHE R E A T ZEHE I BIR < B 5- L T2 %, Pro-Hyp %% Foxol 3 X O}
Foxgl ZJ1r L CHEHH T2 Z & THMAHM AT 5 L 912, Pro-Hyp 2% Foxol
2 U CHERGHIET 2 Z & ORERGE. TREAGE L Tt ik z s+
L EHER S NS, FEERIZ, Pro-Hyp & DT MTEALIL TW D HETH % Foxol
FESEAID glucose-6-phosphatase 0 mRNA JEHLAAE 2 1 U, B & Bl
THZENRHEINTND O, F7=, Pro-Hyp 28 PGCl o 7' 12 & — ¥ — & {5k
9% Z & THREIRMIRSMEEZFLET 5 Z EARBI TN D O,

Lo T, U7 F NI X 2EHEITEHIC & &% b9, BHEeEE
R, B IEHEIC R 5 T 20 TIXRVWNEEZBND, £ LT, Foxol &
(Z L7z Pro-Hyp (T X 245 Chggs M ORE>r v bV —27 ORF Z2EmT 5

ZEMNARE L AT, CP Z W THARANDS S BIRET DM RIF-CIEMAEZ L
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TuatT 47y Fe—AORETHICHE L, EFMOLEMICHEETE

DO TR IR SN S,
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l\
5

C

A5

Fig. 18 (2B ML DO /LR IZ 31T % Pro-Hyp @ Runx2 FEB%E D4y 1-1EH

~

Al

AT = A Na R Ui, BFEMIICBNT, HHEM a7 =7 Bk ~7F R
Pro-Hyp DIEFAE F Tl. Runx2 1% Runx2 (7 P1 7 1 & — & — T IS RS &
L. Runx2 mRNA OFELZMIT 5, & L T, Foxgl ITAMPEIZRIEL .
Runx2 & Foxol IFMIE & O T IZJRET D,

NIRME K O KD CP 1 Pro-Hyp (245 S5, B #LA%RIC 25 L 7= Pro-Hyp
(X, (1)Slel5a4 Z 4T U CHHFHIRICEY JA EEN & HIEIZRMET 5,
(ii ) Pro-Hyp 1% Foxol IZfE4& L. Runx2 P1 71— & —|ZHEA T2 Runx2 & #f
B35 LT, Runx2 # Runx2 7B E— ¥ — O xw 5, BRIz
Runx2-Foxol ~7 1 ZERITMIVEIZRIET 5, (i) ZWNIZHIET 5 Foxol 1%
Runx2 P1 7'& %&— % —® Pro-Hyp JG BB A G %, (iv) Pro-Hyp (% Foxgl
RS LIRS 2 (b S5 2 & T, Foxgl & Runx2 OFHAEH % izt
%o (v) fiEHEL 7= Foxgl ITME N OZIZBEI L, Runx2Pl 7'2E—% —D
Pro-Hyp JEZFIRICHE & T D, EORER, Runx2 7'mE—& —{HHENFHFEI N
2o

DL ERSABFFEIZ X0 f#B] L 7= Pro-Hyp 12 X % Foxgl 35 LK U Foxol 41 L7z
Runx2 mRNA ¥ BIFFHEMME CTH 2, EFRERBNITOND LHE M LY
BREDAT =7 NGRS CP BPEAEIN D, PEA S VTR CP I3l
IV T Ty s X—L L TEE, Pro-Hyp (X' ML %755 L, Hyp-Gly

(T E M ZMEl 2 EBEXbN D, Mis/e EDORIENZ L0 FRIRAMET 95
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& CP OEARMET L, #ERAISHERHMEEE T 20 TIHRWNEE X
bid, TZTHEMBTARRET D CP A2V T XA O Hli7TET 5 & T,
Pro-Hyp % |3 U H &3 5 MR CP 23 E kI 2)E LA @R 2fe L, BP
RZFHET L0 TRV LRI, ZORRIL, BARBERHE OflE 2 fF
{92 ETHERLDOLRDAEEND 5, THMHER CP T BN HE R E
ERIZLTNDHEZEZBND,
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Cytoplasrm

Nucleus
Runx?2
Runx2 P1 promoter — -_
: : L1 L 1
prOXImaI region Fox core Runx2 Fox core

sequence binding site sequence

\_

I () Incorporation

Slc15a4 Cytop'asm

() Interaction (iv) Dissociation
Pro-Hyp Pro-Hyp

Cromina) (s

(ii) Binding || (i) Dissociation || (V) Binding

.
A
R

I—P

\ " (Foxo1/Foxg

Runx2 distal P1 promoter [Fox core Runx2 Fox core
proximal region |sequence binding site sequence
\k -365  Pro-Hyp response element -332 J)

Osteoblastic cell '

Pro-Hyp activates osteoblastic differentiation through Foxgl, Foxol, Runx2

Figure 18 Molecular model of Pro-Hyp regulates Runx2 expression.
Schematic illustration of the mechanism that Pro-Hyp promotes Runx2 P1 promoter

activity through Foxgl and Foxol.
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EIEiE

AWFFETER L, FEDO LWT —~ & 52 T2 < LT A ZTHRER 6 O
(C THEEA R D F LI R TR AT IER R I R AR RE
T B WEARICREROMEE R LET,

AL OREBRICHBNT, JHE S SHRE B E LIRS R
BRI SEEEMSEE T STRUEA, SRT KRNI R
ML AT JCSE I IR I HEA RGN L S,
RFRRTAERIC B2 0 . CHIB S THOR AR D F LSRR RO
RIERE SR P IS K FIEEE . SRIT AR AR SR IAe
S B . WD, SRIT KR ERIETIER AL KR ]
EHEIC A TRE L BT

USRS Bl S L L BT R

AWFFEICER L, Aie72 TS WONS ZWU I V5 U 723l RSP R ok
TR R ORRE TR BRE R ORI EGMEAE M R AEBE R
TR IR R R LR RS 15K MG, Wi R AR 2R RE
PER A FHAREE A RREULEICEHOEZR L ET,

AWFFECER L, A TSNS TR Y £ LI2HTHE 7 F U fkalatt
KR CEAR MROBFRR R BB T BRRCOESOFEE R LET,

TN & F Lie, Bl RSP ER LR PR R MERE A L= O
05 % BRI KRR BB R AR FE R E IR A B D 5 2 B L £ 9,

Befelz, #&ARIEDN < FAF o TF & o 723k K K B3R 2 e R R e %
LI LB R R B R IS NS, KEERR I LR T 2R 2 5 2 C
EED 9EMIZ TN WI=FED ZHED F A EEZZITCEE L
T EELMEILR L BT ET,
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¥

KR DR
%1

Nt O

~ U ASAE SR (MC3T3-El1) %, 10% 7 “AEIRIMIE (Gibco) & 100
U/mL X=3U > %I L7 o -modified Eagle's medium (a-MEM) 55H1 % Fv T

37°C. 5%CO0, DM T TE#E L=,

FITC #2#% Pro-Hyp O il

Pro-Hyp (Bachem) (20 mg) % 0.1 M NaHCOs; $# 1 mL (L7, 1mL @
NN-T AFI)VHRIV AT I RO 40 mg O FITC % Pro-Hyp WikIZ Nz 72, IRE
Wz T v JECHERR L, EIRT2REMMRFL, #grn~ 777 10—

(TL.C) #HAWTKEZBEE LT, FITC #Z5#% Pro-Hyp 1Z, Zauh/L A @ A ¥
J—v o Wi (3:1:0.1) IR ZH WA TLC Y b— R 2 HW TR L7
(U 42.1 mg, 79.9%), FITC tZi# Pro-Hyp D&% 'H-B L OV BC-NMR (2 XV

e L7,

BEET v A

Pro-Hyp 23 ZFAIIENICEL Y IA E 45 D RET 21T 2 72, Slel5ad4 OFREAIT
HOHEAFVUEROCTEHEAMNET v A 21T7-o7-, B2 L7~ MC3T3-El #ifig
(2, FITC #5i#% Pro-Hyp (10uM) £721E, * AT 47 ar bu—L e LTU I =

VCRFALRE T3S, 1R (10pM) 23RN L 7=, [FIFFIZ, Pro-Hyp (50
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mM), 7'V > (Sigma) (50 mM)., t AF > (Sigma) (50 mM), 7= 1% 48 I
MIKEK (2> ba—/) 2, MC3T3-El [ZMLEE L7=, PBS (-) (= AA) T3
BV L, 4%/3T RV AT VT e RCREE LTz, BEER, ZiTa vk ey
UL (REALER MRS (1:1000) 2 VW CYeta L7, M, 3B mEm

#% (KEYENCE) #HWTHIZ LTz,

RT-PCR
MC3T3-El 725 @ RNA flitti%. RNeasy Mini Kit (Qiagen)% & H\» CHliE ~

=2 TRV T o 72, 5 527 total RNA 7> 5 PrimeScript RT Master Mix (%
T T3 A W THERE G ETTV, cDNA 24/ L7z, cDNA =7 >
— K & LT, PrimeSTAR® HS DNA Polymerase (Takara) % FH\ T, Slcl5al-4

? mRNA FEE &4 & L7z, RT-PCR #2413, GeneAmp® PCR System 9700

(Aplied Biosystems) Z il L7z, DNA OEIEIZ V=77 A <~ —E 5% Table 2

R L7z,

Table 2 Primers used for RT-PCR.

Forward (5'—3") Reverce (3'—5")
Slcl5al CTGGCGAAAAGCAGTACACA CAGAAGCAATGAGGCAAACA
Slc15a2 GGATGACAGCCATCAGGTTT TGCTAGATGGTGCCTGAGAA
Slc15a3 CTGTGATGGTGACCCTTGTG GGGATCTGCCACCAGATAGA
Slc15a4 GCCTTGGAGTCTTTCAGCAA AGAACATCCCCACAGCAATC
GAPDH CCCATCACCATCTTCCAGGA TGTCATACCAGGAAATGAGC

MC3T3-E1 ~® siRNA A

MC3T3-El #iffaZ 8 well F¥ >/ X"—7 L — IR L 10%FBS &% o -

MEM HHCE:E LT, VAR 7 =22 I V3 (94 777 7 avy—Xth)E v
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T Slel5ad4 F72iZ= > b r—/LsiRNA(10nM) Z—i@EIC 7 A7 =7 F L
721 . FITC-Pro-Hyp (10 uM) & 7213 Uranine (10 pM) (R A7 4 7 2> hr—)L)

THAE LT,

oA e

MC3T3-El % 48 IK¢fli] 0.1 mM Pro-Hyp Z & eI TR L7o, 4% /3T FR/L A
7Tk RTS5MBEE L%, Mz Anti-FOXG1 $tfk (ab18259) (abcam),
Anti-Runx2 (cat. no. 12556), FoxO1 (C29H4) Rabbit mAb (cat. no. 2880) (Cell
Signaling Technology) ®—KFLiA%Z 4CT—MA > Fa2X— L7, LTDIE,
4°CCHt and Anti-Alexa Fluor ® 488 (cat. n0.4412) (Cell Signaling Technology)% —
g o a— b L, B, E5I2a ke ey a (1:1000) %W
gufn U=, BN a0 BEMEE (KEYENCE, KiK., AA) Z2HWTEZEL

77 YefOmFEIT. EEMENT Y 7 b (Image)) ZHWCHEH LT,

Western blotting

BB L7 i U729 > 7L & -\ TC SDS-PAGE %17 - 72, BEXWKEN# .
7"V % Trans blot (Bio Rad) IZHEE- L, 5% AF LI NI EREHNTT 7 Yy ¥
ZHLEE (SR, 1 RFH) &b L 7o, —IRPUARICIL, SLC15A4 Antibody (NBP1-87279)
(NOVUSBIO), Anti-FOXG1 $if& (ab18259) (abcam), FoxO1 (C29H4) Rabbit mAb
(cat. no. 2880) (Cell Signaling Technology) % H\ 7z, IR IZIE, Anti-rabbit
IgG, HRP-linked Antibody (#7074) (Cell Signaling Technology)% AV 7=, &,

ECL Western Blotting Detection Reagents (GE Healthcare) Tt L 7=, #R# 1%L WSE-
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5200 (Atto) % UV TIT - 7=,

Jar ey b2 HEoiisl

{ESL L 7= GST-Foxgl 7’7 A X K& X L 37 B3 BIHKGE T 5 BL21(Bio
Labs) |[ZTEE#RHR L. #IED 0.6 (OD 600) (2725 £ T37TCTIEE 9 53 (180
pm) L7z, IPTG (0.4 mM) Z¥RANL., 28°CD LB 51T 3 BEfE & 5 554 (180
pm) L, # Y RNTEORBFEETolz, X VX0 ST K % [\

#%. PBSP /N> 7 7 — (137 mM NaCl, 10 mM Na,HPO4, 2.7 mM KCI, 1.8 mM
KH,POs, 10% Glycerol, 1 mM DTT, w15 7 —¥HEA]. 1| mMPMSF) TK
GE 2R L. ST A P —% AU TRl 2 i L7z, Tritone 20 % Il
Z. 4°CT 30 sy MsENR Lz, EENRME, 5 4000 BE% (7500 rpm),
FIEEEN Uk 2 2 X7 B xR LT, SRR L7z & R Sulic
LAY =Ry Z7—Z5uiNL, 57M8CTEIBLIZ, ZoV 7T rry

TAK Ty ML T,

Ligand binding assay

(Pro-Hyp-Gly) s 5 R B — X (EJIFEHK) %, fAFEER (150 mM KC1, 10
mM HEPES [pH = 7.8]. 1 mM EDTA [Dojindo]. 10%7" YV ¥ = —/L [Sigma]. 1
mM DTT [Wako], 7’17 7 —EHEHIFES 7 L~ b [Roche]) TFH{L L,
Foxgl H L <X Foxol Vs ) ¥ X7 E 2mg #5479 2 HAmHIK
& BBk Pro-Hyp % 0.1 mM, 1 mM £ 7213 10 mM OEECHRML, ## L7

NH, ACT—aA Fax—F Lz, frFa— M WEEREERT3
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Vet L7 . (Pro-Hyp-Gly) s EfE i B — XITHEA LT Z /7 EITL A Y —
Ny Ty—ZS5u L, 5B 8 CTEH LI, ZOV U TLE T AL s

7y ML,

Protease digestion assays

8L L 72 2 mg @ GST-Foxgl (2 VU 7v > (KEgHRE &5 7 L — R,
Wako) % 0.1 pg Mz, 37CT 1 HMA v Fax—F Lz, TR, KIEE 0.5
mM & 725 X 9 Pro-Hyp ZiIN L7z, #H0NIK BICOREER KIS &= 1E L
7o ZD%, 0L DL AV — Ry 77 —ZRML, 543 98°CTHEM L TK
JEERRT ST, ok, MR oIy =2 X T a v T 4 v 7t

L7,
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#2%

Jar b b2 Eoiisl

Jarverr Mo 7EIT 1 &ERBRIZITZ2 272, GST-Foxol, GST-Foxgl,
GST-Runx2, Foxgl % A-D ® 4 D> DOFEIZ 55T 72 GST-FoxglA-D, Runx2 % A-
D @ 4 S DOFEIIZ 43 1T 7= GST-Runx2A-D #F# L 7=, GST-FoxglA-D & GST-

Runx2A-D O fEA%E X Fig. 10A, Fig. 11A 7R L7z,

GST-pull down assay

GST-pull down assay #4179 72¥IZ Bait & Prey DU 2 B hZ L7 B %
FFE L7z, Bait (X GST ¥ 7 &ML=V arverr M2 R_TEEEH L,
Bait & Prey Z IR L7-1%. GST IZFFRIIZHE ST 5 G4B B — X% H\U T Bait
ZEL L, I Prey WFIET D0 62023 % 2 & T Bait & Prey MO
FAMEHOAEZP O Le, RFEEBRTHEH L7 Bait & Prey DfiAGDOE %
Table 3 |27~k L7z, Bait & Prey ZRF1 L 4°CT 2 BffflA > F =2 X— |k L7z, [AIFF
2, Pro-Hyp Z#&IRE 1mM &7 b XML, & o7 ERIMEAEERICRIET
Pro-Hyp D2 %4 et L1z, A % 2X— M, G4 B v — X(GE Health care) %
RAL 4 °C TROCHE®ET D2 LT Bait ZRIXLZ, [FUNE, LY %
PBSP N\» 77 —T 3 [AEiF LIz, TO%L LY — Ny 7 7—% 10 ul IRAIL
95°C T 10 iAW+ 5 = £ 12X v Bait & Prey ¥ L=, &Ly~

e L, v RAZ T ay T 4 I LT,
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Table 3 Recombinant protein as Bait and Prey used for GST-pull down assay.

Bait Prey
GST-Foxol Runx2
GST-Foxgl Runx2
GST-Foxgl-A Runx2
GST-Foxgl-B Runx2
GST-Foxgl-C Runx2
GST-Runx2-A Foxgl
GST-Runx2-B Foxgl
GST-Runx2-C Foxgl
GST-Runx2-D Foxgl
Immunoprecipitation

HEK293 #fifaiZ pRK7-Myc-Runx2 & pRK7-Flag-Foxol &% 72(% pRK7-Flag-Foxgl
AT AT/ a3 L, Myc-Runx2 & Flag-Foxol, %7213 Flag-Foxgl %
WRIFEEL U7, 48 Refilfe . Mfasfitt Ny 77— (15mM KCl, 10 mM
HEPES[pH = 7.8]. 1 mM EDTA [Dojindo], 10%7"V &= —/L [Sigma], 1 mM
DTT [Wako], 0.25 mM PMSF [Wako], v 7 7 —EHEAGKEY 7 1L v
[Roche]) ZHWTHIlANZ >/ B &2l L7z, = OMikafhik 2 15,000
pm, 4 °C TS oM O7EL 7o, 567z B L Anti-FLAG M2 affinity Gel
(Sigma Aldrich) Z R L 4°C TRSCNCBHLIEDL Z TS, KIS
%, LY UAMRAE ANy 77 —T3EEHL, LAY — Ry T 7 —% 20 ul
BIL 95°C T 10 WM& T 5 Z LIC L 0 Bk 2R S ¥, Zhiai

ikt L, v R Ty T 40 LT,

Western blotting

VIXAZ T HyT 47 FEERRRIAT o T, PUkIiT, — kUK,
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Anti-FOXG1 #L{& (ab18259) (abcam). Anti-Runx2 (cat. no. 12556), anti-Foxo1(cat.
no. 2880) (Cell Signaling Technology) Z i/ L. “IRHUASUSIZIZ, HRP FFEakdt
7 ¥ > b IgG PR (Cell Signaling Technology) % FV 7=, GST O#:HIZIE Anti-

GST HRP Conjugate (GE health care) Z i L7,

&

oy

HAEHT

(118

N
BETOT—ZI1%, FHYHE (mean) THEHERZE (SD) TR L7, HatiENTIE 2

FEM D LR IZ t-FRE X TV, P<0.05 THEEZEHD L LT,
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53

BoroXuEe—F—FAo0ra—=7

MC3T3-El1 ® ¢cDNA =7 > 7' L — MMIZ Table 4 (IR LT 74 ~—Z2 HWTH
Runx2 7' & &— ¥ —i\fn D7 1€ — & —FE5 2 HEhE L 7=, pGL3 cont-Runx2
promoter -315 to -251 & pGL3 cont-Runx2 promoter -363 to -336 D7 7 7 A > |
(T, Table5 (TR L7eAY 227 ==V 7 LIER L7, In-Fusion® HD
Cloning Kit (TAKARA) #FIfiL. HENNT T =T —BEEBETEAETD
pGL3 control X7 % — (Promega) ~HA LT, £/ BE—F—TF T AL |
IZ. XhoI & Sma I THLEE L 7= pGL3 control X7 % —% H\ /=, In-Fusion® HD
Cloning DT, BLEH ~ =2 7 WHE> TiTo T2,

Ja—=27 L7 TAI N%&, t— h¥a v 7i{LIZT 5-alpha Competent E.
coli (NEB) |ZISEHRIR L 7=, JB'EHis#a L 7= Competent High E. coli DH5a % LB
FERIFEH (5 g/L Bacto Yeast Extract (DIFCO), 10 g/L Bacto Tryptone (BD), 15 g/L
Bacto Agar (BD), 10g/L $#Eft. 7 FU DA 50mg/L 7 B> U ), 37CIZT
—RE R Lo, EREEHHROT eV VKD BEIRER S ar = —%
185uL @ LB E5#h (5 g/LBacto Yeast Extract DIFCO), 10 g/L Bacto Tryptone
(BD). 10g/L ¥ifbF rVU 7 A, 50mg/L 7BV L) IZEL, 377C Tk
F LT, BHE%, 45uL © 80% 7 U o — L KIRIREZTRML, 7 U tr—/L 2

Fy 7 & LTHRIELT, ERILIZETOT T A R, =7y 7 %47
W, BEINT DNA DA SN Z & 2Rl Lz, 2 OSBRI R 7
% DNA EBRZAZE R X DR R OFERITES < FROKFE (5 2018-4

) A TCRNM LT,
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Table 4 Primers used for PCR.

Forward (5'—3") Reverce (3'—5")

pGL3 cont-Runx2 promoter -250
pGL3 cont-Runx2 promoter -315
pGL3 cont-Runx2 promoter -500
pGL3 cont-Runx2 promoter -1000

TAGCCCGGGCTCGAGagtcagtgagtgctctaa ATCGCAGATCTCGAGceagatagaacttgtgece
TAGCCCGGGCTCGAGcaagaaggctetggegtt ATCGCAGATCTCGAGcagatagaacttgtgece
TAGCCCGGGCTCGAGgcagteccactttacttt ATCGCAGATCTCGAGcagatagaacttgtgece
TAGCCCGGGCTCGAGcegccacacactcagttga ATCGCAGATCTCGAGceagatagaacttgtgece

Table 5 Oligo used for PCR.

pGL3 cont-Runx2 promoter -315 to -251 Sense (5'—3") TACGCGTGCTAGCCC GG GGttt TCGAGATCTGCGATC
Antisense (3'—5')  GATCGCAGATCTCGAcag A ggttgAAtgty GGGCTAGCACGCGTA
pGL3 cont-Runx2 promoter -375 to -316_WT Sense (5'—3") TACGCGTGCTAGCCCH gcaaact gTCGAGATCTGCGATC
Antisense (3'—5")  ATGCGCACGATCGGG tatgs tat AGCTCTAGACGCTAG
pGL3 cont-Runx2 promoter -375 to -316_MT Sense (5'—3") TACGCGTGCTAGCCCH aGG GGettt TCGAGATCTGCGATC
Antisense (3'—5") GATCGCAGATCTCGA cttcctggagaaag A Atgea ggttetgtggttgA AtgtgaggegaalGGGCTAGCACGCGTA
pGL3 cont-Runx2 promoter -363 to -336_WT Sense (5'—3") TACGCGTGCTAGCCCacaaccacagaaccacaagtgeggtgcaTCGAGATCTGCGATC
Antisense (3'—5") GATCGCAGATCTCGAtgcaccgeacttgtggttetgtggttgt GGGCTAGCACGCGTA
pGL3 cont-Runx2 promoter -363 to -336_MT Sense (5'—3") TACGCGTGCTAGCCCacacacacagacacacaagtgegtggcaTCGAGATCTGCGATC

Antisense (3'—5")

GATCGCAGATCTCGAtgccacgcacttgtgtgtetgtgtgtgt GGGCTAGCACGCGTA

MC3T3-El fifi~D T L AT =27 a3

MC3T3-E1 #ifiid 5% 103 cells % 96 well plate (Coster) ~F&FE L. 24 FFEIREE L

7o 24 fEIE % D MC3T3-E1 M, %D 7 Z 23 F DNAO.1 pug, Myc-

Foxol 3 X U Flag-Foxgl % 0.0lpg, N7 A7 =/ aLic, T/ AT =

7 3 = 121X Lipofectamine 2000 Regent (Thermo Fisher Scientific) % 0.2 ul &Y

a -MEM 551 10 pl & v 7=, #HIEA O Nano Luc® Y 7 = 7 — B 7244

% pNLI.1.TK [Nluc/TK] X7 % —% Ing bARHZI h T 2727 v a v Lz,
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VIR —Z —Bn 7 v A

NFZURT 7 v a b 48 K% Ofif % . ONE-Glo EX Regent (Promega)
80 ul & HWCIsfiE L7z, g L7=¥% 712, Nano DLR Stop & Regent 80 ul
EINZ. 308 E%R. 1B MARZAVLY 7 =7 —BEoOREEIiT-72, £D
# . Stop and Glo ¥&#& 80 ul ZANZ, 10 /3EERZ. 0.1 7 Nano Luc®> 7 = 7 —
BIEHEORE 21T > 7=, IEPERIEIZ1E, Dual-Luciferase Reporter Assay System
(Promega) % 7=, FHAME NS, RHF LT =T —F M & Nano Luc® v
7= 7 —BIEROlE LV | EARL IO L B MIE L EA

i LAY

ChIP assay

MC3T3-El % 100 mm dish {ZfEfE L. 1 AfREE L7, £D#%. 1 mM Pro-
Hyp & L<IZPBS (-) /% 7= a-MEM Es i 48 BiffisE L=, BELT-
MC3T3-El fifaa -T2 v~ F i - g AR Y A 7 — Bl R
(ChIP-gPCR) fi##T 24T\, Runx2 N P1 7' 0 — ¥ —|ZHEAT 25 Hn sy
{LER G RRERIR F & [ L7z, ChIP EBRIX, MC3T3-El1 #ifldz HV T, Anti-
FOXG1 $HiiK (ab18259) (abcam)., RUNX2 (D1L7F) Rabbit mAb (cat. no. 12556),
anti-Foxol(cat. no. 2880) (Cell Signaling Technology). Normal Rabbit IgG (#2729)
(Cell Signaling Technology) % H\ T, #lE# ~ == 7/ (Chromatin
Immunoprecipitation (ChIP) Assay Kit, Millipore) (ZIEVMT o7z, §5# L7=
MC3T3-E1 {12 1% AV AT VT v K& 37°CT 15 & L7-tk, fMias

PBS (-)THeie L., MilazEUl L=, RWT, BN L7=Mas, v 7 7 —Eh
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EH & BT SDS WfR/N v 7 7 —TUfE L, DNA % 200~1000bp DA XK
FAET 5 KOS E LT U, BEERAE LB A, 2ug o7 By b
Runx2 $ii{& (Cell Signaling Technology), #17 £ >~ I Foxol #itff (Cell Signaling
Technology). H17 £~ b Foxgl PR (abcam) F7-iFHt/ —~ /L7 > b IgG
LK (Cell Signaling Technology) # /% 4CT—MeA > F =2~— K L7z, Prik-
% R -DNA BEIRIE, ChIP 7' L— RO X U0 AIG-T Ha—AE—X
ZIRALTACTIHRETA v Fa_X—va 52 LIk L-, v
SNRIBIHES LT DNA L, v hO~=a 7 /UIHE-> TR L7z, bk
L7247/ LADNA W &7 7L — I, qPCR Zf#fH L C Runx2 P1 7’2 & —

4 — (-368 to -289 bp) DIEIEE % E&EL LT,

&

oy

T

L

Tl

BTOT =%, FHMHE (mean) HAEHERA (SD) T/n L7c, HEHENTIX 2
FERI DB -MREZ 1TV, P<0.05 THEZD Y & L1z, ZhUSDFERIZE
WL, Tukey-kramer FRE CAREM O HIRE 21TV, P<0.05 THEZH Y

L7,

81



51 3Tk

1. Rk 28 4R [FE RAETE LA 2 A S (2018)

2. Karsenty G. Transcriptional Control of Skeletogenesis. Annu Rev Genom Hum Genet.
2008;9(1):183-196. doi:10.1146/annurev.genom.9.081307.164437

3. Jensen ED, Gopalakrishnan R, Westendorf JJ. Regulation of gene expression in
osteoblasts. BioFactors. 2010;36(1):25-32. doi:10.1002/biof.72

4. Han X, Xu Y, Wang J, et al. Effects of cod bone gelatin on bone metabolism and bone
microarchitecture in ovariectomized  rats. Bone. 2009;44(5):942-947.
doi:10.1016/j.bone.2008.12.005

5. Raggatt LJ, Partridge NC. Cellular and Molecular Mechanisms of Bone Remodeling.
J Biol Chem. 2010;285(33):25103-25108. doi:10.1074/jbc.R109.041087

6. Cremer MA, Rosloniec EF, Kang AH. The cartilage collagens: a review of their
structure, organization, and role in the pathogenesis of experimental arthritis in animals
and in human rheumatic disease. J Mol Med. 1998;76(4):275-288.
doi:10.1007/s001090050217

7. Fujita T, Ohue M, Fujii Y, Miyauchi A, Takagi Y. The effect of active absorbable algal
calcium (AAA Ca) with collagen and other matrix components on back and joint pain and
skin impedance. J Bone Mineral Metab. 2002;20(5):298-302.
doi:10.1007/s007740200043

8. Pal S, Maurya SK, Chattopadhyay S, et al. The osteogenic effect of liraglutide involves
enhanced mitochondrial biogenesis in osteoblasts. Biochem. 2019;164:34-44.
doi:10.1016/j.bcp.2019.03.024

9. Mazzi G, Fioravanzo F, Burti E. New marker of bone resorption: hydroxyproline-
containing peptide High-performance liquid chromatographic assay without hydrolysis
as an alternative to hydroxyproline determination: a preliminary report. Journal of
Chromatography B: J Biomed Sci. 1996;678(2):165-172. doi:10.1016/0378-
4347(95)00473-4

10. Prockop DarwinlJ, Keiser HarryR, Sjoerdsma A. Gastrointestinal absorption and

82



renal excretion of hydroxyprolinr peptides. The Lancet. 1962;280(7255):527-528.
doi:10.1016/S0140-6736(62)90400-2

11. Matsuo K, Irie N. Osteoclast—osteoblast communication. Arch Biochem Biophys.
2008;473(2):201-209. doi:10.1016/j.abb.2008.03.027

12. Sozen T, Ozisik L, Calik Basaran N. An overview and management of osteoporosis.
Eur J Rheumatol. 2017;4(1):46-56. doi:10.5152/eurjrheum.2016.048

13. Kadowaki, E., Tamaki, J., Iki, M., Sato, Y., Chiba, Y., Kajita, E., Kagamimori, S.,
Kagawa, Y. and Yoneshima, H. Prevalent vertebral deformity independently increases
incident vertebral fracture risk in middle-aged and elderly Japanese women: The Japanese
Population-based Osteoporosis (JPOS) Cohort Study. Osteoporos Int. 2010;21(9):1513-
1522. doi:10.1007/s00198-009-1113-9

14, BHBRIEDO PRI EIRIED A T4 AMERZEES (ARBHBRIETYS AR
B TS BHREME) BHRRIED T LGOI A K7 A 2 2015 4R

15. Paschos NK. Anterior cruciate ligament reconstruction and knee osteoarthritis. WJO.
2017;8(3):212. d0i:10.5312/wj0.v8.i3.212

16. Elam ML, Johnson SA, Hooshmand S, et al. A Calcium-Collagen Chelate Dietary
Supplement Attenuates Bone Loss in Postmenopausal Women with Osteopenia: A

Randomized Controlled Trial. J Med Food. 2015;18(3):324-331.
doi:10.1089/jmf.2014.0100
17. Kumar S, Sugihara F, Suzuki K, Inoue N, Venkateswarathirukumara S. A double-blind,

placebo-controlled, randomised, clinical study on the effectiveness of collagen peptide
on osteoarthritis: Effect of collagen peptide on arthritis. J Sci Food Agric.
2015;95(4):702-707. doi:10.1002/jsfa.6752

18. Lee H-J, Jang H-L, Ahn D-K, et al. Orally administered collagen peptide protects
against UVB-induced skin aging through the absorption of dipeptide forms, Gly-Pro and
Pro-Hyp. Biosci Biotechnol Biochem. 2019;83(6):1146-1156.
doi:10.1080/09168451.2019.1580559

19. Igase M, Kohara K, Okada Y, et al. A double-blind, placebo-controlled, randomised

clinical study of the effect of pork collagen peptide supplementation on atherosclerosis in

83



healthy older individuals. Biosci Biotechnol Biochem. 2018;82(5):893-895.
doi:10.1080/09168451.2018.1434406

20. Sugihara F, Inoue N, Venkateswarathirukumara S. Ingestion of bioactive collagen

hydrolysates enhanced pressure ulcer healing in a randomized double-blind placebo-
controlled clinical study. Sci Rep. 2018;8(1):11403. doi:10.1038/s41598-018-29831-7

21. Choi FD, Sung CT, Juhasz MLW, Mesinkovsk NA. Oral Collagen Supplementation:
A Systematic Review of Dermatological Applications. J Drugs Dermatol. 2019;18(1):9-
16.

22. Koizumi S, Inoue N, Sugihara F, Igase M. Effects of Collagen Hydrolysates on
Human Brain Structure and Cognitive Function: A Pilot Clinical Study. Nutrients.

2019;12(1):50. do1:10.3390/nul12010050

23. Van der Rest M, Garrone R. Collagen family of proteins. Faseb J. 1991;5(13):2814-
2823.

24. Cremer MA, Rosloniec EF, Kang AH. The cartilage collagens: a review of their
structure, organization, and role in the pathogenesis of experimental arthritis in animals
and in human rheumatic disease. J Mol Med. 1998;76(4):275-288.
doi:10.1007/s001090050217

25 Gelse K. Collagens—structure, function, and biosynthesis. Adv Drug Deliv Rev.
2003;55(12):1531-1546. doi:10.1016/j.addr.2003.08.002

26. Klein LR, Weiss PH. Induced connective tissue metabolism in vivo: reutilization of
pre-existing collagen. Proc Natl Acad Sci U S A. 1966;56(1):277-284.
doi:10.1073/pnas.56.1.277

27. Yazaki M, Ito Y, Yamada M, et al.Oral Ingestion of Collagen Hydrolysate Leads to
the Transportation of Highly Concentrated Gly-Pro-Hyp and Its Hydrolyzed Form of Pro-
Hyp into the Bloodstream and Skin. J Agric Food Chem. 2017;65(11):2315-2322.
doi:10.1021/acs.jafc.6b05679

28. Sugihara F, Inoue N, Kuwamori M, Taniguchi M. Quantification of hydroxyprolyl-
glycine (Hyp-Gly) in human blood after ingestion of collagen hydrolysate. J Biosci
Bioeng. 2012;113(2):202-203. doi:10.1016/j.jbiosc.2011.09.024

84



29. Weiss PH, Klein L. The quantitative relationship of urinary peptide hydroxyproline

excretion to collagen degradation. J Clin Invest. 1969;48(1):1-10. doi:10.1172/JCI105957

30. Shigemura Y, lwai K, Morimatsu F, et al. Effect of Prolyl-hydroxyproline (Pro-
Hyp), a Food-Derived Collagen Peptide in Human Blood, on Growth of Fibroblasts
from Mouse Skin. J Agric Food Chem. 2009;57(2):444-449. doi:10.1021/jf802785h
31. Ohara H, Ichikawa S, Matsumoto H, et al. Collagen-derived dipeptide, proline-
hydroxyproline, stimulates cell proliferation and hyaluronic acid synthesis in cultured
human dermal fibroblasts. The Journal of Dermatology. 2010;37(4):330-338.
d0i:10.1111/j.1346-8138.2010.00827.x

32. Kimira Y, Ogura K, Taniuchi Y, et al. Collagen-derived dipeptide prolyl-
hydroxyproline promotes differentiation of MC3T3-E1 osteoblastic cells. Biochem.
Biophys. Res. Commun. 2014;453(3):498-501. doi:10.1016/j.bbrc.2014.09.121

33. Otto F, Thornell AP, Crompton T, ef al. Cbfal, a Candidate Gene for Cleidocranial
Dysplasia Syndrome, Is Essential for Osteoblast Differentiation and Bone Development.
Cell. 1997;89(5):765-771. doi:10.1016/S0092-8674(00)80259-7

34. Mundlos S, Otto F, Mundlos C, et al. Mutations Involving the Transcription Factor
CBFAI1 Cause Cleidocranial Dysplasia. Cell. 1997;89(5):773-779. doi:10.1016/S0092-
8674(00)80260-3

35. Ducy P, Zhang R, Geoftfroy V, Ridall AL, Karsenty G. Osf2/Cbfal: A Transcriptional
Activator of Osteoblast Differentiation. Cell. 1997;89(5):747-754. doi:10.1016/S0092-
8674(00)80257-3

36. Gaur T, Lengner CJ, Hovhannisyan H, et al. Canonical WNT Signaling Promotes
Osteogenesis by Directly Stimulating Runx2 Gene Expression. J Biol Chem.
2005;280(39):33132-33140. doi:10.1074/jbc.M500608200

37. Xiao ZS, Liu S-G, Hinson TK, Quarles LD. Characterization of the upstream
mouseCbfal/Runx2 promoter. J Cell Biochem. 2001;82(4):647-659.
doi:10.1002/jcb.1192

38. Drissi H, Pouliot A, Stein JL, van Wijnen AJ, Stein GS, Lian JB. Identification of

novel protein/DNA interactions within the promoter of the bone-related transcription

85



factor Runx2/Cbfal. J Cell Biochem. 2002;86(2):403-412. doi:10.1002/jcb.10238

39. van der Deen M, Akech J, Lapointe D, et al. Genomic Promoter Occupancy of Runt-
related Transcription Factor RUNX2 in Osteosarcoma Cells Identifies Genes Involved in
Cell Adhesion and Motility. J Biol Chem. 2012;287(7):4503-4517.
doi:10.1074/jbc.M111.287771

40. AO Research Institute Davos, Clavadelerstrasse 8, CH-7270 Davos Platz, Switzerland,
Bruderer M, Richards R, Alini M, Stoddart M. Role and regulation of RUNX2 in
osteogenesis. eCM. 2014;28:269-286. d0i:10.22203/eCM.v028a19

41. Drissi H, Luc Q, Shakoori R, ef al. Transcriptional autoregulation of the bone related
CBFA1/RUNX2 gene. J Cell Physiol. 2000;184(3):341-350. doi:10.1002/1097-
4652(200009)184:3<341::AID-JCP8>3.0.CO;2-Z

42. Lee M-H, Kim Y-J, Yoon W-J, et al. DIX5 specifically regulates Runx2 Type II
expression by binding to homeodomain-response elements in the Runx?2 distal promoter.
J Biol Chem. 2005;280(42):35579-35587. doi:10.1074/jbc.M502267200

43. Gross S, Krause Y, Wuelling M, Vortkamp A. Hoxall and Hoxdll regulate
chondrocyte differentiation upstream of Runx2 and Shox2 in mice. PLoS One.
2012;7(8):e43553. doi:10.1371/journal.pone.0043553

44. Carlton AL, Illendula A, Gao Y, ef al. Small molecule inhibition of the CBF/RUNX
interaction decreases ovarian cancer growth and migration through alterations in genes
related to epithelial-to-mesenchymal transition. Gynecol Oncol. 2018;149(2):350-360.
doi:10.1016/j.ygyno.2018.03.00

45. Rached M-T, Kode A, Xu L, et al. FoxO1 Is a Positive Regulator of Bone Formation
by Favoring Protein Synthesis and Resistance to Oxidative Stress in Osteoblasts. Cell
Metab. 2010;11(2):147-160. doi:10.1016/j.cmet.2010.01.001

46. Siqueira MF, Flowers S, Bhattacharya R, et al. FOXO1 modulates osteoblast
differentiation. Bone. 2011;48(5):1043-1051. doi:10.1016/j.bone.2011.01.019

47. lIyer S, Ambrogini E, Bartell SM, et al. FOXOs attenuate bone formation by
suppressing Wnt signaling. J Clin Invest. 2013;123(8):3409-3419. doi:10.1172/JC168049

86



48. Carlsson P, Mahlapuu M. Forkhead Transcription Factors: Key Players in
Development and Metabolism. Dev Biol. 2002;250(1):1-23. doi:10.1006/dbio.2002.0780
49. Yang S, Xu H, Yu S, et al. Foxol Mediates Insulin-like Growth Factor 1
(IGF1)/Insulin Regulation of Osteocalcin Expression by Antagonizing Runx2 in
Osteoblasts. J Biol Chem. 2011;286(21):19149-19158. doi:10.1074/jbc.M110.197905
50. Langlet F, Haeusler RA, Lindén D, et al. Selective Inhibition of FOXOI
Activator/Repressor Balance Modulates Hepatic Glucose Handling. Cell.
2017;171(4):824-835. d0i:10.1016/j.cell.2017.09.045

51. Park SJ, Gadi J, Cho K-W, et al. The forkhead transcription factor Foxc2 promotes
osteoblastogenesis via up-regulation of integrin 31 expression. Bone. 2011;49(3):428-438.
doi:10.1016/j.bone.2011.05.012

52. KN KB : 2T — 5 L R_TF ROERRBUERE D 5 L ~L TORE O
Fr SRR 26 FEE BRPEREEREFEE AR E R AR AR Bt

53. Kimira Y, Odaira H, Nomura K, et al. Collagen-derived dipeptide prolyl-

hydroxyproline promotes osteogenic differentiation through Foxgl. Cell Mol Biol Lett.
2017;22(1):27. d0i:10.1186/s11658-017-0060-2

54. Ostrow AZ, Kalhor R, Gan Y, et al. Conserved forkhead dimerization motif controls
DNA replication timing and spatial organization of chromosomes in S. cerevisiae. Proc
Natl Acad Sci USA. 2017;114(12):E2411-E2419. doi:10.1073/pnas.1612422114

55. Jolma A, Yan J, Whitington T, et a/. DNA-Binding Specificities of Human
Transcription Factors. Ce/l. 2013;152(1-2):327-339. d0i:10.1016/j.cell.2012.12.009

56. Frullanti E, Amabile S, Lolli MG, et al. Altered expression of neuropeptides in
FoxGl-null heterozygous mutant mice. Eur J Hum Genet. 2016;24(2):252-257.
doi:10.1038/ejhg.2015.79

57. Miyoshi G, Fishell G. Dynamic FoxG1 Expression Coordinates the Integration of
Multipolar Pyramidal Neuron Precursors into the Cortical Plate. Neuron.
2012;74(6):1045-1058. doi:10.1016/j.neuron.2012.04.025

58. Brancaccio M, Pivetta C, Granzotto M, Filippis C, Mallamaci A. Emx2 and Foxgl
Inhibit Gliogenesis and Promote Neuronogenesis. STEM CELLS. 2010;28(6):1206-1218.

87



doi: 10.1002/stem.443

59. Higuchi S, Sugahara F, Pascual-Anaya J, Takagi W, Oisi Y, Kuratani S. Inner ear
development in cyclostomes and evolution of the vertebrate semicircular canals. Nature.
2019;565(7739):347-350. doi:10.1038/s41586-018-0782-y

60. Vezzali R, Weise SC, Hellbach N, Machado V, Heidrich S, Vogel T. The
FOXG1/FOXO/SMAD network balances proliferation and differentiation of cortical
progenitors and activates Kcnh3 expression in mature neurons. Oncotarget.
2016;7(25):37436-37455. doi:10.18632/oncotarget.9545

61 . Ariani F, Hayek G, Rondinella D, et al. FOXGI1 Is Responsible for the Congenital
Variant of Rett Syndrome. Am. J. Hum. Genet. 2008;83(1):89-93.
doi:10.1016/j.ajhg.2008.05.015

62. Nakagawa S, Gisselbrecht SS, Rogers JM, Hartl DL, Bulyk ML. DNA-binding
specificity changes in the evolution of forkhead transcription factors. Proc Natl Acad Sci
India Sect B Biol Sci. 2013;110(30):12349-12354. doi:10.1073/pnas.1310430110

63. Obsil T, Obsilova V. Structure/function relationships underlying regulation of FOXO
transcription factors. Oncogene. 2008;27(16):2263-2275. doi:10.1038/onc.2008.20

64. Sun D, Wang Y, Tan F, et al. Functional and Molecular Expression of the Proton-
Coupled Oligopeptide Transporters in Spleen and Macrophages from Mouse and Human.
Mol Pharmaceutics. 2013;10(4):1409-1416. doi:10.1021/mp300700p

65. Kottra G, Daniel H. The proton oligopeptide cotransporter family SLCI5 in
physiology and pharmacology. J Physiol. 2004;447(5):610-618. do0i:10.1007/s00424-
003-1101-4

66. Yamashita T, Shimada S, Guo W, ef al. Cloning and Functional Expression of a Brain
Peptide/Histidine Transporter. J Biol Chem. 1997;272(15):10205-10211.
doi:10.1074/jbc.272.15.10205

67. Taga Y, Kusubata M, Ogawa-Goto K, Hattori S, Funato N. Collagen-derived X-Hyp-
Gly-Type tripeptides promote differentiation of MC3T3-E1 pre-osteoblasts. J Funct
Foods. 2018;46:456-462. doi:10.1016/j.j£.2018.05.017

68. Aito-Inoue M, Lackeyram D, Fan MZ, Sato K, Mine Y. Transport of a tripeptide, Gly-

88



Pro-Hyp, across the porcine intestinal brush-border membrane. J Pept Sci.

2007;13(7):468-474. doi:10.1002/psc.870

69. Kitakaze T, Sakamoto T, Kitano T, ef al. The collagen derived dipeptide
hydroxyprolyl-glycine promotes C2C12 myoblast differentiation and myotube
hypertrophy. Biochem Biophys Res Commun. 2016;478(3):1292-1297.
doi:10.1016/j.bbrc.2016.08.114

70. Kudo M, Katayoshi T, Kobayashi-Nakamura K, Akagawa M, Tsuji-Naito K.
H+/peptide transporter (PEPT2) is expressed in human epidermal keratinocytes and is
involved in skin oligopeptide transport. Biochem Biophys Res Commun.
2016;475(4):335-341. doi:10.1016/j.bbrc.2016.05.093

71. Zhang H, Pan Y, Zheng L, ef al. FOXOI1 Inhibits Runx2 Transcriptional Activity and
Prostate Cancer Cell Migration and Invasion. Cancer Res. 2011;71(9):3257-3267.
doi:10.1158/0008-5472.CAN-10-2603

72. Seoane J, Le H-V, Shen L, Anderson SA, Massagué J. Integration of Smad and
Forkhead Pathways in the Control of Neuroepithelial and Glioblastoma Cell Proliferation.
Cell. 2004;117(2):211-223. doi:10.1016/S0092-8674(04)00298-3

73. Prockop DJ, Sioerdsma A. Significance of urinary hydroxyproline in man. J Clin
Invest. 1961;40(5):843-849. doi:10.1172/JC1104318

74. Zhang N, Zhu Q, Gong M. Rapid determination of free prolyl dipeptides and 4-
hydroxyproline in urine using flow-gated capillary electrophoresis. Anal Bioanal Chem.
2017;409(30):7077-7085. doi:10.1007/s00216-017-0666-2

75. Ichikawa S, Morifuji M, Ohara H, Matsumoto H, Takeuchi Y, Sato K.
Hydroxyproline-containing dipeptides and tripeptides quantified at high concentration in
human blood after oral administration of gelatin hydrolysate. Int J Food Sci Nutr.
2010;61(1):52-60. doi:10.3109/09637480903257711

76. Liu J, Zhang B, Song S, et al. Bovine Collagen Peptides Compounds Promote the
Proliferation and Differentiation of MC3T3-E1 Pre-Osteoblasts. PLoS ONE.
2014;9(6):99920. doi:10.1371/journal.pone.0099920

77. Kawaguchi T, Nanbu PN, Kurokawa M. Distribution of Prolylhydroxyproline and Its
Metabolites after Oral Administration in Rats. Biol Pharm Bull. 2012;35(3):422-427.
doi:10.1248/bpb.35.422

78. Nomura K, Kimira Y, Osawa Y, Shimizu J, Kataoka-Matsushita A, Mano H. Collagen-

89



derived dipeptide prolyl hydroxyproline directly binds to Foxgl to change its
conformation and inhibit the interaction with Runx2. Biosci Biotechnol Biochem.
2019;83(11):2027-2033. doi:10.1080/09168451.2019.1642099

79. Guen TL, Fichou Y, Nectoux J, et al. A missense mutation within the fork-head
domain of the forkhead box G1 Gene (FOXG1) affects its nuclear localization. Hum
Mutat. 2011;32(2):E2026-E2035. doi:10.1002/humu.21422

80. Genin EC, Caron N, Vandenbosch R, Nguyen L, Malgrange B. Concise Review:
Forkhead Pathway in the Control of Adult Neurogenesis: Forkhead Pathway and Adult
Neurogenesis. Stem Cells. 2014;32(6):1398-1407. doi:10.1002/stem.1673

81. Pierce AD, Anglin IE, Vitolo M, ef al. Glucose-activated RUNX2 phosphorylation
promotes endothelial cell proliferation and an angiogenic phenotype. J Cell Biochem.
2012;113(1):282-292. doi:10.1002/jcb.23354

82. Artigas N, Urefia C, Rodriguez-Carballo E, Rosa JL, Ventura F. Mitogen-activated
Protein Kinase (MAPK)-regulated Interactions between Osterix and Runx2 Are Critical
for the Transcriptional Osteogenic Program. J Biol Chem. 2014;289(39):27105-27117.
doi:10.1074/jbc.M114.576793

83. Inoue N, Suzuki Y, Yokoyama K, Karube I. Novel Fluorescent Probe for Analysis of
Hydroperoxides Based on Boron Dipyrromethane Fluorophore. Bioscience,
Biotechnology, and Biochemistry. 2009;73(5):1215-1217. d0i:10.1271/bbb.80899

84. Nakatani S, Kobata K, Nakajima H, et al. Transcriptome of ATDC5 Cultured with
Glucosamine Hydrochloride and Collagen Hydrolysate Indicates a New Candidate Gene
for the Differentiation of Chondrocytes. Journal of Chitin and Chitosan Science.
2014;2(3):233-237. d0i:10.1166/jcc.2014.1070Sugihara

85. Elam ML, Johnson SA, Hooshmand S, et al. A Calcium-Collagen Chelate Dietary
Supplement Attenuates Bone Loss in Postmenopausal Women with Osteopenia: A
Randomized Controlled Trial. Journal of Medicinal Food. 2015;18(3):324-331.
d0i:10.1089/jmf.2014.0100

86. F, Inoue N, Venkateswarathirukumara S. Ingestion of bioactive collagen hydrolysates
enhanced pressure ulcer healing in a randomized double-blind placebo-controlled clinical
study. Sci Rep. 2018;8(1):11403. doi:10.1038/s41598-018-29831-7

87. Nakae J, Biggs WH, Kitamura T, et al. Regulation of insulin action and pancreatic [3-
cell function by mutated alleles of the gene encoding forkhead transcription factor Foxo1l.

90



Nat Genet. 2002;32(2):245-253. doi:10.1038/ng890

88. Gross DN, van den Heuvel APJ, Birnbaum MJ. The role of FoxO in the regulation of
metabolism. Oncogene. 2008;27(16):2320-2336. doi:10.1038/onc.2008.25

89. Nakae J, Cao Y, Oki M, et al. Forkhead Transcription Factor FoxO1 in Adipose
Tissue Regulates Energy Storage and Expenditure. Diabetes. 2008;57(3):563-576.
d0i:10.2337/db07-0698

90. Kawano Y, Nakae J, Watanabe N, et al. Loss of Pdk1-Foxol Signaling in Myeloid
Cells Predisposes to Adipose Tissue Inflammation and Insulin Resistance. Diabetes.
2012;61(8):1935-1948. doi:10.2337/db11-0770

91. /MK FEdr : 2T — /U H3kTXTF K Prolyl hydroxyproline (Pro-Hyp) [
HEREHMIRR C3H10T1/2 Dt ERENMIla b2 INE T 5 Rk 30 FEE H7E K
FRFFGEREAI R ER R LT B

91



	Alp : Alkaline phosphatase
	Amp : Ampicillin
	Atf4 : Activating transcription factor 4



