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[B®] V75 %%k (leptin receptor, LepR) &, H3FMianibiezs A3 2 HFERHMBLO~Y—H—D—DL L
THEHENTWD, WolX), LepR FpEMZERHME (LepR* Mifg) 295313 % low-density lipoprotein receptor-
related protein 1 (LRP1) 1, Z®OFEHIPHNIT & o THAEMIBSALAMEL, BRED L EHBIELFLET 52 LA
WS SN T W5, LRPIOHE & B & OBRIZOWTIEARH 2 Hai% v, K22 Tl, LepR MIZHB T2
LRP1ZHRWICRIBEEay T4 aF /vy o777 b (KO) v~ A%/ER L, HESBXOAREIIBT 55
JRCRE, B bEE, B X O VAL receptor-regulated Smad (p-R-Smad) DOZEHIZOWTEAE (WT) <~
A & HHGET L7z,

[FE] ~7 AQHTEG & KE 4~ 70 CT THg L, HE LS4 SIEEHINIC L > CGRRET 2 L & b
2, vk YRR L o TEIERBER T F72, KBEICBT % osterix (Osx) & p-R-Smad 583 % S ALk
LGl & o THET L7z,

[#8] KO~ Ak, WT ¥ R & LN CHETEE O EHL, B L OETEE & KBVE OB B &5 A RKALEE O
TARENT, 72, KOV ZIEWT Y ALY b Osx & p-R-Smad DRI ASHA L 72,0

[#:5%] LepR* Mifuic 383 L C w5 LRP1% KIB & 72854, p-R-Smad OFEHAHE S, HFEMI Lo HH],
FHIHE B L A E OB E BRI T LS Z EDBHL IR 572,

F—7— K : low-density lipoprotein receptor-related protein 1, leptin receptor-positive cell, ‘& 2F#ilas1t, &
1%, A AT Smad

Effect of leptin receptor-positive cells lacking low-density
lipoprotein receptor-related protein 1 on the bone formation

Hitoshi Kariya
Nihon University Graduate School of Dentistry, Major in Oral structural and Functional Biology
Department of Orthodontics, Nihon University School of Dentistry
(Directors: Prof. Mitsuru Motoyoshi and Assoc. Prof. Tadashi Ninomiya)

Abstract

[Purpose] Leptin receptor (LepR) is a marker of mesenchymal stem cells (MSCs) that differentiate into
osteoblasts. Recent studies have indicated that LepR-positive MSCs (LepR* cells) expressing low-density lipoprotein-
related protein 1 (LRP1) are required for bone formation, mineral deposition and bone mass development in the
skeleton. A dysfunction of LRP1 causes bone loss and osteoporosis with the enhancement of osteoclast activity.
However, the role of LRP1 on osteoblast differentiation remains unclear. In this study, conditional knockout (KO)
mice expressing LepR+ cells lacking LRP1 were established, and bone forming activity in parietal bone and femur
was examined.

[Methods] Bone mass and bone microstructure of parietal bone and femur were examined by bone
morphometric analysis using micro-CT imaging. The ability of bone forming activity was also evaluated by calcein
labeling assay. Furthermore, osterix (Osx) and phosphorylated receptor-regulated Smad (p-R-Smad)-positive cells in
a distal portion of femoral metaphysis were determined by immunohistochemical staining.

[Results] In comparison with wild type (WT) mice, KO mice expressed depressive bone forming activities
including thinned parietal bone, decreased bone mass and low mineral apposition rate in parietal bone and femur.
Lower number of Osx- and p-R-Smad-positive cells in femur were also detected in KO mice.

[Conclusion] LepR* cells lacking LRP1 reduces osteogenic potential and osteoblast differentiation through
decreasing p-R-Smad expression.

Keywords: low-density lipoprotein receptor-related protein 1, leptin receptor-positive cell, osteoblast differentiation,
bone formation, receptor-regulated Smad
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B CITAEEZ 8 L CHRINE BT D R S,
BEONG Y APEYIMEFRF SN T BLY, JETY) ¥
T EMHINTWD Z ) L-EoduEB Iz, F3Mias
WM &5 SNAbE A oA M h AV REEETFH
b o TwaY, flziE, B3MigiEntgmig otz 5%
1t 9 % receptor activator of NF- « B ligand (RANKL)
R Wntba & 79 2 A%, (R FE L BB M wi BRI 12 38 3]
9% receptor activator of NF- x B (RANK) I2#& L T
B M 4316 % 3] 3 % osteoprotegerin (OPG) b Jit i
T 52, o T B EMIIYIL semaphorin 4 D % 3§ %
Z LT, MERHMBOEFMBAEIIRILY, BEER
wAilE b 72, waMEasbicElbhba A A D
macrophage colony-stimulating factor, RANKL, & 52
OPG # AT LI LIZL o THEWINZFHI L TWbY,

YA MEP S FWMENB T F FRVES THLL T
F ok, MR THOBREICEER T L 7F VA
(leptin receptor, LepR) IZ#E& L, HEFRENAH & £ %
IS 2 2 EDMSNT W59, LepR 138 5 1 2 2 54
JlZHH T2 2L b SN TBY, XIANDLTF
5L o TRRE L RGO BREMEEST 5 2 & A35EE
IR ENTWABY . F72, LepR B PER #2840 (LepR*
) ZERREE) FFEMREOZELMR/REEZ 51
THY, bone morphogenetic protein (BMP) MDIEFIZ & -
TEFMRAGILTH 2 EPME SN T LMY, ZOYh,
LepR* #liw P CTHERE 9 5 receptor regulated (R)-Smad T
% Smadl, 5, 9DV YEILEBNBATHMREL, B4
BN EA T ORE 2 iGMHL 3 5%10, @ RSmad DV
AL &2 AL 722 7 v @ F iR IZ 1 runtrelated
transcription factor 2 (Runx 2) % osterix (Osx) 7 & ®
FIHFME AL EEERFPRE SN TS,
R-Smad ®) ¥ Efbix LepR* M & M 5L 124 < B
o TnhEEZLILTWALMID,

[ EAEMKEEE ) Ry VNI EZHE R T 7 3) =BT
% low-density lipoprotein receptor-related protein 1
(LRPL) =¥ FH A b=V AZHEMKDO—-DTH D,
transforming growth factor- B, fibronectin, B &£ O
lactoferrin 7 EDEH DOV Y FEM&EEL, MBEAY 7+
VG HALT 512, LRP1OEE & B & ORFRIZDO W
TIIAM L AL Iro 7275, IO L - T, LRP1
BT OREDHEME 2 G LS8, BEMAIIHEIC
BR L CTWAB I EDHHL NI ENTz. BIZIE, B3 &
MEMiEgIc s 5 LRP 1 # RIS &/~ Ak, K4E,
KERE, BLOHEEIIBWTHEEMREOEMEZE L vE
WINAHE SN TW AW, F 72 RERHAg I 533
5LRP1 # RIBE W2~y A%, HlEOFEKD LW
FAIEEOBENMIINZ TEREOEEN R EN TV LD,

il
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LAL, ThHomgEIE, EICLRP1IRBIC L o THE
ENDBERBIVODGT AN ZALIOWTHERLELDOT
»H Y, LepRPAE O B FMP~D LB B VT
LRP 1 SR 723 HZENIOWVTIEF L RSN TV,
2T, ARWFETIE, LepRTMZIZBWTLRP 1 % 455
MICRIBE o A2 FR L, BHIHE & KBREI2BIT 5
TR BFAMBESIE B LY YEA
(phospharylated) R-Smad (p-R-Smad) ® 3 122w T
< A & ORES L 72
MR LVEE

1. kR

LRPLEETFARIBE L7 LepR* Mifuz b >a > 571 v 3
FN w77 k= AL, cre recombinase (Cre) /
locus of X-over P1 (loxP) ¥ A5 A% H W THERK L 720
B6.129-Lepymeerorek/T (LepRere) < v A (Jackson
Laboratory, Bar Harbor, ME, USA) © & LRPl#fzT-
J# |2 flanked by loxP (flox) AC % % #F - 72 B6.129S7-
Lyplm2Her/T (Lyplix*) < 7 A (Jackson Laboratory) 7
D HEME % 2L S48 LepRere Lrpliovs < v 2 & L 722,
FEEE, MEHE D LepRere Lrpliov < w7 A & Lrplfevt < 7 2
DB L > T, LepRT#Millg o LRP1AS /K8 L 7= Bk
LepRee Lrpliowios (23543 2+ /v 2 7%k, KO)
ARG, F72, RS LCHC KR L - TR
S EYE Lrpltt (B4R, WT) ~ 7 A& L 72,
INSDOBETHET T AD Cre & loxP DFEIE, <7
2 DF A5 H L 72 DNA % #7112 L 72 polymerase
chain reaction (PCR) 2 & o THEFE L 726 Dream Tagq
Green PCR Master Mix (ThermoFisher Scientific,
Waltham, MA, USA) i LT, 220 loxP % &5
&3 Mo LRSI, 5-CAT ACC CTC TTC AAA CCC
CTT CCT G-3 £5-GCA AGC TCT CCT GCT CAG ACC
TGG A3 2774~ —& LTHWT, H4CT245HouL
Hf%, 94T 208, 60C Tlofy, & 51272T CT10M o Kk
%35l K9 2 & TR L 720 F 72, Cre OHEIERIHIZ,
5-AAC ATG CTT CAT CGT CGG-3 £5-TTC GGA
TCA TCA GCT ACA CC-3 #HwT, 94T T 3 5L
Hfs, 94C T30#, 535TC T30#, & 51272T T60R o X
JB &35 D IR L7z, RUSEMIEX, Bib=F Ty L4888
2% 70— A7)V CTEKKEIR, UV FT XA A3
4 — % — (BioDoc-It, UVP, Jena, Germany) T a #{k L
7o BA1ICRT X912, Cre & loxP OEIEES] & il L,
<~ ADBETRHEZH L (K1), KO A& WT
YU ZAOWMAERIL, FENLENIN THolze YT AD
FHER L, 1200 OBEEY 1 7 )V % 8T & L HRE
(23C) TEBEL, 7v b - ~wAMF BB (+) T
VIR, W) EKEEMICERS 2, A
&, HERFHRFHEYERTBROKE KEEFS



BIEWIZ BT % HEAEHL A E8 3 5 LRP1O#EH

loxP: 350 bp
BS: 291 bp

<

<= Cre: 425 bp

Lane 1 2 3

1 #@ETFeE~ s Z0H 5]

< ZADE NS M L 72 DNA %2 812 L T Cre ® ¥ L F 4
(Cre 1425 bp) L 22D loxP A5 & 3"l % & LI IEAY
(IoxP : 350 bp) #ZFNZENDT 54 ~<—%MiF L7 PCR CHIEL
720 Lanel ; LepRere Lrplievies = 7 2 (KO < ™7 &) & Cre & loxP
%%, Lane2 ; Lrpl™*t ¥ A (WT ¥ &) (& Cre & loxP » k7
72 B6.129~ 7 AR OS] (B6 sequence, BS : 291 bp) #
2, Lane3 ; N7 UK T&»H % LepRee Lrplis+ < 7 Z (X Cre & loxP
DABIZ 1oxP HSFr2 738 IERLS] (BS 291 bp) % & D,

AP21DEN022-5, AP21DEN023-5) %1%, KEEZ ¥
R IEIT B L CEBERAROTA K I 4 219 1205
T, BYOREEZITo72, T2, ETOFERIIBNT, %
ERENY) O TR & B R ORI B O 7,

2. SHTHE HRANAL & & 2 AT O BREL

4mg/kg midazolam ( % ~ F, 3 ), 03 mg/kg
medetomidine hydrochloride (¥ 7 v 7, fRE), B&
UF 5 mg/kg butorphanol tartrate (BH{EHIET7 7 v ~, K
W) 06 7 B SRR AR & A L 72 RIS & o T
IS 726~ 8HEHEENOKO Y7 AL WT V7 A
(ZNZN3IF/ 7 V—"7) »OHIEG & KE 2 BRILL
720 BETHE = M08, 2mg/ml collagenase (17 1)
AOF0 G A EE, K BR)
Waltham, MA, USA) % & A 72 a minimal essential
medium (a MEM, B+ 7 1V 2fEHMEE) <, 37C,
3050, £tk 31C, 200 M OBEFIE %2 4 [IFE )R L
THATAE HRMIE (calvaria flifig) % WML L 7219, & HEH
Bl (BMSCs) 1%, KBE oWis % Ok, ) v
AW TR A S a MEM % A L CE #fIig % (Al
L7219, ¥y 7 g ¥ 712X o THOBL 725 ki %
ACK Lysing buffer (ThermoFisher Scientific) <24 C,
5 M DMLEE % AT\, I fERRFR, mO o BEIC X - T
BMSCs % L L 72,

Calvaria ffl iz & BMSCs 1210% fetal bovine serum (FBS,
PAN Biotech GmbH, Aidenbach, Germany) & 1 % antibiotic-
antimycotic (Invitrogen) % & & ¢ MEM % H \» TH &
X — VIR L, 37C, 5% REEA AL T TR L
7oo BERSRIE2~3HARICACHR L, 5 HMEEEE L 72/l % %
BRIt L7z,

£ 0.25% trypsin (Invitrogen,
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4T 12 H

3. Calvaria g & BMSCs 2> 5 @ LepR* Alifig o 75

48 L 72 calvaria #l i & BMSCs #0.05% trypsin 4L #
WZEo> Ty v —L25ENL 721, 05%FBS B & U2 mM
ethylenediaminetetraacetic acid (EDTA) % & &
phosphate-buffered saline (PBS) (2% <&, 74 Fit
v b LepR ARV 7 1 F— )Vitfk (1008541, Proteintech,
Rosemont, IL, USA) T4 T, 3040, 41 ¥ Fax—=}FL
720 PBS TOWE%, Y ¥PL~7 H F 1gG microbeads (5
% Ay B, Miltenyi Biotec, Bergisch Gladbach, Germany)
Mz T, 4CTmMoUGHE, Mldz iR — X CE
L7z, PBS Tkt MIIRFIEmIE, Akl L7
e < 4 (MACS MS, Miltenyi Biotec) 7751 L,
calvaria g & BMSCs I2& 1% LepR* Mg % 4 5 L 12
WA &7z, 8D T 403 PBS T2, A H S LY
L, WeAE L7z LepR Mg >) I CTHIL L 720 1]
IV L 72 LepR* Mg/ & RNA & ¥ v 87 Z3hii L, LRP1
DFBUZOWTH T,

4. Reverse transcription-PCR (RT-PCR)

RNA O¥fifthid, NucleoSpin RNA Plus kit (% %1 7 /354 #,
W) MM L. 1 ug®RNA %R LT, iScript
Advanced ¢cDNA Synthesis Kit (Bio-Rad Laboratories,
Hercules, CA, USA) % I\ C, cDNA & % 1T o 720 RT-
PCR i Thermal Cycler Dice Touch (# 71 /54 %) %=FH
L, GoTaq Green Master Mix (Promega, Madison, WI, USA)
EIRA L7z cDNA 2 B IR OSM THEIAT 2 HIE L 720 LRP1
X, AT THM DML, 94T T30fp, 58T T30, &5
1272°C T30# @ It &35, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) 1394 C T5 %) il o ML ¥R 1%,
94C T30F», 58T T458), & 5272 T60M & Kt % 23]
MOBELze LTI 4 ~—OHER S X, LRPL:
Forward 5-CTG AAG GCT CCG AGT ACC AG-3,
Reverse 5-GTA GGA GAT TGT GCC CGT GT-3,
GAPDH: Forward 5-AAC TTT GGC ATT GTG GAA
GG-3, Reverse 5-ACA CAT TGG GGG TAG GAA CA-3
THhY, MDEWE RILZFI 7 2&H2% 7 Hu—
ATV TERKEE, UV F T VAL VI A—F =T
b7z,

5. Western blot

¥ X7 o, Ml % RIPA buffer (Santa Cruz
Biotech, Dallas, TX, USA) THMIEE L T, 14000X g T15%)
M OE LRI FEZ R L 72, Boh BiED Y v o3
7 #w (%, protein assay rapid kit Wako II (17 1 Vv 4
FOGHS) #FHLCER L. 1 u g DMLY,
10% sodium dodecyl sulfate-polyacrylamide gel (Bio-Rad

Laboratories) 27 79 4 L, EXR kI L 72 4,



nitrocellulose membrane (GE Healthcare Life Sciences,
Little Chalfont, UK) |2 #% 5 L 72 % @ f%, PVDF
blocking reagent (if#h, HE) IIBES L2 L TIE
BRSO 7Yy ¥ ¥ 7 % 1T o 720 PBS THiE 4,
membrane (& Can Get Signal ¥ (BFEH;) THRL 72
A FPie b LRPIAR Y 7 1 F — v Hik (200015 & R,
Abcam, Cambridge, UK), F721&~ 7 A$L 4 -actin ik
(2,000f% A R, Sigma-Aldrich, St. Louis, MO, USA) &,
4 C CI6WF M )t & €72, PBS Tk %, membrane 13
Can Get Signal ¥ i C @ fl L 7> horseradish peroxidase
(HRP) &% 2 Kk ifk (1000055 A B, BioRad Laboratories)
24T TL1EEH @ KE #%, chemiluminescence # i (GE
Healthcare Life Sciences) 22 L, #tfk & @ o % %
ImageQuant 800 system (A 7 1 7N, HH) THHALL 72,

6. <A zuCT#H¥

=R A R SE O BERE N 512 K o T 6 ks HETE KO
Y RAEWT YT R (ZNFNGEH/ 7V IVv—"T) & Ml
L, BEEGEKRBE%2~4270CT (R_mCT, V47, K
50 T L. BEAME, EEE0u A, EELEL0
KV, g 255, SR L L, wET— 414,
W {§f#EHT 7 N =7 (TRI/3D-BON, 5 kv 27 ¥ A5 A
IyT=ZT) 7, JWR) THMN L7z, BEHIEFIZBWTI,
BT O REE ROI (5 X 5 X 2mm) D= & ERES
DS 5mm OFMIZBIT 2 FOESZHE Lz VWold
9, KRG L E AL E 50 O WA IR BT 5 ER DT
f71.0~40 mm OFALROI (1 X 1 X 3mm) OE= (BV/
TV), B#EHME (BS/BV), HZIE (TbTh), H 3%
(TbN), B X OEFREEHE (ThSp) O %5 L7z,

7. Wt A VR X BB IEEERTEG
6HAMHEEKO 7 AL WT Y7 A (ZNEFN8HH/
TNV—7) 12, vt Ar (10 mg/kg bw, E+7 1V
LHIEAESE) & 2 [ b7z o THEIENTRS- L7z (o
G428, 2B B#549HE) . 2HHO¥G#%, 3HE
12, ZHERAREEEO BRI L > TYw AR REEE
o, BHTEG E RS 2/MH L, 10% hHEE s L <) &
W (7 4V AHEHIZE) T4T, 16 o EER, 3
FEWIEA] (Section-Lab, %) TWM L7z, 774474
JV 4 Te (Section-Lab) @M LT, E 310 u m OIER
JKHFAREI T 2L L, 1V A S HEERER O A% % R E R
g () %A, W) CEIZEL, BAIKILHEE (mineral
apposition rate : MAR) % Image] (National Institutes of
Health, Bethesda, MD, USA) i L THI L 720 7 ¥
F AER L 7ZFHTEHG ORIREES 22 5 #7450 mm (A7
5 FIHE BT (lat area, FA, [2) & JelkEES ol
Fe#e iR (sagittal colliculus, SC, K 2), B L KRG D
MBS O HEATE  (trabecular bone, TB) & B0 & i

H KB 5599 B 2
B2 BHTEHE OFHIERL
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FERFE R 2 5 %4750 mm (A28 9 2 AIEERTH § 2 5, SEIHEG O
BT (FICHD - flat area, FA) & ZkEES (I E KHI  sagittal
suture, SS) O EIZALE 3 A Rk (I - sagittal colliculus,
SC) &Nt A A&k 2 ZEHRIREROWERN ST & Lz, (A7r—v

IN— 1mm>

% PR T K2 B o TR (cortical bone, CB) ® /1 v+t A
R 2 N0 EE L, Pl e LT
L7

8. SRR LGt

6HAMHEEKO T AL W~ A (FNENEHH/
TN—="7) MO REBEERE L, 10% PSR L <)
YRR L T4 CCloMEM E % L 720 PBS THEiF 4,
10% EDTA (pH 74) 2 2 AMEE L THIKE, 78774
PTHEML, EE4 pmoFa Lz U, F
YL YTRINT T4 Y ERIT, FRELY =V THEUKILL
72t%, BLOXALL (Vector Laboratories, Burlingame, CA,
USA) T24C, 305 M OMIELIZ L > THREAIL F+ F 2
¥ — ¥ & RNEIL L 720 PBS TUEE#%, YA 12 3% bovine
serum albumin (&7 4 LV AFGHEE) 2T LT,
24CTOOT M DT Ty X2 7 &7\, 7 FH <7 A Osx
E/ 7uF =Pk (200854, Abcam), F7zixwHF
i e b pSmadl/5/9%€ / 7 1+ — VHE (1008 7 B,
Abcam) & 4 C CLl6R O UG %17 - 720 PBS T 1%,
T IRYUATH % horseradish peroxidase (HRP) #Z#kbr~
FFIgG (AN T 7 AV Y TVATA <7 A MAX-
PO, =F L ANA A A T A, BWE) %2 FL<T24C
TR, BUSSE7, ik, X M7 74> DAB#
Xy M (ZFLANAFHF AT R) I2L5T, LRPL
ORISEEZTHILL, AN~ bMF*F ) viEw (Rigfbs, ®
W) CRIEgEm AR L 72e AT A NidkEEk, LAY
J = VIZEEBESETHAKL, ¥ L2 TEME BERPHE
AF] (MGK-S, RT3, _nl) THALZZ, &
B R O W FHISU S BV T E A IC108HEF (1 S 72
N380x%213 um) ##WFE L, AL ZHEGET T Image]
L CHMEED D O Osx Btk (Osx') Mg &
p-R-Smad B (p-R-Smad*) Mg E &% FH L 72,

9. FETHT
Bohir—% ofat#id, GraphPad Prism 8



FBILHIZ BT 5 M5
(GraphPad Software, San Diego, CA, USA) % £ L
720 Shapiro-Wilk test 12 & - T, FEEF— % OIEH DR
ESI, ERSAIHES T D Z EDRERE N 20D
TN — T ONEIZ1E, unpaired Student t-test i L
7oo FEBE, AL 3MEEDEL, FRETIHEEE
HRATRL, p<ObEAEEED Y & L7

#w R

1. Calvaria fifig & BMSCs 7> 5 %3
LRP13&3H

KO~ 2k WT ~ 7 A®D calvaria g & BMSCs 2 5

8L 72 LepR* Mg lc BWC, LRPLEET &7 87 5
HWAriE L7z (K3A, B)o WT ¥ ATl calvaria fllfig

7t U 72 LepR* Al g @

& BMSCs 7 5478 L 72 LepR* flld O W3 I BWT D,
A B MW (kDa)
- - TR

o [ 0 = =

WT KO WT KO WT KO WT KO

calvaria BMSCs calvaria BMSCs

3 Calvaria #ifid (calvaria) & B #ifE &ML (BMSCs) 75 4
B L 72 LepR* iz ® LRP1%3H

KO~7 2 & WT <~ A58 L 72 LepR* g 12 3515 5 LRP1%E
H, ¥TLepR ¥tk z VT MACS ¥ 27 412 X - T calvaria filfig &
BMSCs #* & LepR* Mg % 458 L C, mRNA ¥ (A) &% v %7
S (B) RNz,

A

RTINS SIS & LRP1OBE

Bone volume (mm?)

WT KO

o

»

N

o

WT KO

SFIT4E12 H

LRP1DER & & 237 8B e 7§ W 70 3 > VRS
T&72 Wol¥H, KO~ AP LepR* Mg Tlx LRP1:#
BfEe s o3 BRI TE o7,

. BHTEE & KBRS O TEREEHIN FF Al

LepR+ LD LRPIRIEDS BB RITTHE LT D
2olz, KO AL WL~ zm‘,‘Tﬂﬂkﬂaﬁ%@%
u»*:ttixwzo ~ A 71 CT Wif§4x 7 RN
T, KO~ ZIZWT = v ALY bFHEEDOIEH (KO
900 = 62 um, WT:1153 = 129 u m, p <0005, [X

A, B) tBEOHA (KO:28 = 020 mm?, WT:
364 = 038 mm?®, p < 0005 K4B) DLz, K
BETHREEIC, KO AIEZWT Y7 & & T
FEmROEFE BV/TV) 2MET L Tw/ (KO : 287
454%, WT :362 = 409%, p < 0005 [K4C, D). KO
YT AE WT ¥ ADFERAME (BS/BV) IIHE R
HOOLNLhol2h, WIRTALHRTKOY Y AD
H#0E (Th.Th) O/ (KO :455 = 234 um, WT:
513 = 469 um, p <001, X4D) B2 (ThN)
DA (KO 622 = 050 /mm, WT : 685 = 056 /mm,
p <005, M4D) AL, WIZHEMEE (ThSp) 1%

KO ADHFHBWT 7 AL EWEZRL (KO
109.7 =
4D),

157 um, WT :894 = 117 4 m, p <001,

Hskk

Calvaria thickness (um)

s
3
P
(@)

WT KO

- =150 kol

F— 8
£
6
' £ <100
z 4 2
I g2 e S0
0 0 0

WT KO

B4 KO~wAEWT~v AQHEIEE & KRG OB TRERH

<42 CT T, KO~vv A (KO)
BHTEHE ORERFEA /750 mm (2

F= (bone volume) L HATEEE (calvaria thickness),

1,000 4 m), BHAEED /ST XA — 5,

0.005 (versus WT, n =8, in each)

EWT oA (WT) OFIERE & KRG
friE$ %~ A 71 CT O i GE k(% (7\’7—11//\—
C  RBRE A i o
Hi (BV/TV),
N), B& U‘*‘*‘” IR (TbSp)o MEIE#MEMNT L, unpaired Student t-test 47> 72 *p < 0.05, *p < 0.01,
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i L, BIRREERHMEL 72, A

1,000 4 m), B: BHIHE D
ZWICHifg (A — N —
WM (Th.Th), HH#% (Th.
<

BRI (BS/BV),



3. FHTAE & KBE 1281 25 A LEEE (MAR) O

KO~Yw AL WT v ADOFHEE BT 572012, 1§
FEPIZ A VA v & 2 35 L C, ZHEOMRER M %
Framel, TNE7THTHRTAZE TMAREE KD
720 BHTEE CIX, WIRES2 5% 550 mm IIALE T 5 F
W Em (FA) & RIREESoOmMERE (SC) 12, Hv
AV OTEHIERPBETE (M5A). M5BIZRT
X912, MARMHIZ WT = ZIZE_TKO <7 20 FA
THA L (KO:144 = 012 x4 m/day, WT : 1.76 * 017
u m/day, p <005 [X5B), SCT & iz~ 1L 7z
(KO:156 = 019 u m/day, WT :186 = 012 u m/
day, p < 005, X5B)s F72, KBEFTIZ, KO~7 X
EWT %7 AO#EMB®HEOWEAME (TB) LE®HHBOH
O REEE (CB) I2h )Vt A v OZEOKFRER
M T&7 (K5C) MARMHIZ, WT ¥ R LKL T
KO~ 7 AT TBTHA L (KO:242 + 014 u m/
day, WT :302 * 016 u m/day, p < 0005 X 5D),
CBTd M %2 /Rx L7/~ (KO:365 + 016 u m/day,
WT :434 * 033 u m/day, p <001, K5D),

4. Osx*#lifa L p-R-Smad* D54

KO~oRAE WT ~ 7 ADRRE & E &I 81T
% H AN & p-R-Smad* ML D 554 & kb gt
IZE o CRHii L 720 BHFMIZTH 5 Osx M, KK
B HINE O AN A E T A R DU < OifE wEI I 7R
BHHNTH, KO~ AD Osx+ MEOFIE WT ~ 7 A1
ARTHT0% 12 F T LTz (KO:146 = 020 X
103 cells/mm?, WT : 208 = 0.19 X 10° cells/mm?, p <
0.005, 6A, Bo ¥72, p-RSmad+fiffgigm~ A &
b2 Osx+ Mg 54 & —FH LT, WiE s Ml T&
72h%, KO~ 7 AD pR-Smad+ g%, WI =oAL
7% {T78% 1T &Iz L7z (KO: 144 + 013 x 107
cells/mm?, WT : 184 = 018 X 10° cells/mm?, p < 0.005,
6C, D)o

z =

AR TIE, LepR MMICFEBIT 5 LRP1 %2 FFERIUIZK
B KO~ 7 AZER L, LRPIZHHOF ES BT
252 5B ET Lice TORE, WT ~ 7 A& L
TLRPIO KO~ ATldHE, HAKLEE BLOD
Osx* fifa oA & & 312, LRPI2SRIE L T 44538
e R-Smad V) ¥ BRALSEIHI STV 5 2 L SHH S 2
otz 2%, LepRt Mg LRPUZ & 3FMAL 51L& 2
HEFTLILIEST, BEAZMAHL TR LENEZOLN
725

LRP1OHEREMREIHIZ DO \W T OWSEIX, 212 Cre/loxP ¥ A
FTARAVCERL-aryTF1aF N/ v To Ry
2 FHLTHEDOONTED, FEOMIETD LRP1O X

H KB 55 99 B4 2
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BT, K, 8 XOHF 2B 28E sk z i
EL, BEZEDSEDL ZEDRENTWELBW, F21F,
Runx2 B PEMZD LRP1 2 RIB S E 72~ 7 AT, /MK
R ER T 0512 & o T RANKL OFHAFHE S 1,
FRIRONEAE L EE B LU OEEZ R SELZ L8
WEsNTwsW, F72, 4N L[ LepRt Al LRP1
FRIBER7ZKO < AT, HlE OB L
WS REOBMLDVEO SN TWEY, K THES N
KO ~ 7 AOHTAF OFEHEALL KREFOFEET 2 E0F
Rl EHETLIHREBEL LADE S L, LepRHMfaLC
B3 % LRP1 &G OFRIEHRICEEZ RITTEEZZH
n7ze

KO~Y ZADOBHHEEE 7 VY A VBRI X > THNS
&, W~ X LB, FALSC, BXUTBECB
AN A OTEERAHETE 2N, CoOMBIE WT
T ANCHARTH L, MARDETARO SNz b
DT RE, LepR* #ifo> LRP17% LepR* Ml o> & 355l 75
L BRI ERICEDL L 2EMNTLIDTH L, L
AL, STNFEFTOHREICINIE FFEMBICEHRHT S
LRP1# RIB & W< 20%, EH EHEFICERET Ak
L34, ZHUIBEMIEoEEAIC & 2 5WIURE IR R
T5H0OT, EHFEMBOBFIIZHEDR LW EATREIN
TWwaW, DF 1) LRPUIBLHE ML 0 & TR RE 12 52
BERIZST, ©LAMERBMEOFEMB~D L
BIEA$57:0, LRPIZRIESE 52 LT, MM
FIFMILOEEE % HE L TV AR E 2 Sz, L
72755 C LRPLIZ M ZE R ML 05 FMa~ 0 51k %
FTHEHRFDO—DTHELEZEZDDNELETHS ),
FIEMITDH B Osxt ML D5 A % IR LA 127
N7FER, WT =27 A2 /T KO w7 AD Osx* il
DDA S Nz Osx (LBEER L 725 M08 < S35
%2 Z &5, LepRYAIED LRP1Z RIS E 5 2 & T,
FIEMIE AL SN D 2 ENEMNITF SN, F 7,
KO ~ 7 A Tld, KB 3 A7 Bl 54K oo JE K Bk 41 A )
12, Osx* flaehsigid L CnwizZ eh s, ARILIkE O
WA B TR E D ¢, SE B e HH S v Cw
HUTREEDSRIB E N7z & 512, Osxt Mg omd & &
{12 p-R-Smad* MAZE b WA L T2 L 225, LepR*
ML o LRP1LIZ, LepR* #llig o BMP 45 is2 2 % 2 it L,
R-Smad ®) b % FHiE$ 5 2 & T Runx2, i\ T Osx
OFEBAEFEL, BFMEMLERETEILAEZON
720

LepR* #llfia & oMk b ge Ol S 7z Osx AllIE
& p-RSmad MO BIIRIZONWTIE, &, E5% 5
FSLTTIED S5, KRIRE 7B ¥ o0 W 5 fEs 1 1%
LepR* MBS AE L, Z OMIBE2SEIHEMIBIc 5L 5 2
EDPIRENT VDB LD, RFEROWT ¥ 7 A TH



BIEWIZ BT % HIAEHL A EB 3 5 LRP1O#H

B FA sc D TB CB
. 25 * 25 * = 4 sesksk 2 sk
g2 2 %3 4
15 15
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S 05 05 = 1
0 0 0

WT KO WT KO WT KO WT KO

5 KO~7AREWT T AQHEEE & KBRFIZBIT 27 Vb1 v ZHEG

A OZEBREHRIZL > TKOY YA (KO) & WT v A2 (WT) OFIEKIEZFHEL 720 71V
YA 31 M HOWEENT S, S HRIC2MH 285 Lz 2 OS5 TZNEIVER S 725 kT I
TRTo HIAE OIS # /550 mm O FHE (flat area, FA) & 0k & W M o P2 38 (sagittal
colliculus, SC) 2B B It A ¥ O EMHIRERRIG % R"T (BB : cortical bone, CB), (A7 —)L/N—:
100 m)o B ANt A v O ZEMIRERRBGIZB W THIE L/ FA £ SC O MAR 2737, C: KB O®ME
WU ER e (trabecular bone, TB) & F##EE % (bone marrow, BM) DR EEIE (CB) ICASNL T
WA TEERREERT (A —ox— KK, 100u m, A, 200u m)o D: TB & CB ® MAR X, 7
Wt A v ZEBRME 2 HHIE L7z SETFMATIE, unpaired Student ftest 4T - 720 *p < 005, **p < 001,
*p < 0.005 (versus WT, n =8, in each)
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M6 KBFIZBIF5 Osx* Ml & p-R-Smad* Mg D5

A:KO~Y7Z (KO) & WT <A (WT) ® Osx* #ifil (A7 —) L 3— :50u m), Z<FME Osxt Mg "3, B:

Osx* ML D%t Image] V7 b7 =7 & HWTEHI L7z, C: KO~ A2 (KO) L WT~7 A (WT) ®pR-
Smad* Mg (A7 — 03— :50u m), KN pRSmad® Mg % <7 D : pRSmad" Mgt Image] V7 7 =
T & HOWTER L 720 #RHEAMITIE, unpaired Student #test #1772 **p < 0005 (versus WT, n =8, in each)
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XN/ Osxt MIAZIE, LepR* A 5401 L 728 250
EEZDLDONREYBTHL, DF ) KO~ ATIiX LRPI®
RIBIZ & o C, LepR* Ml L& F s LaEz kv, £
DOFER Osx* ML AP L7z L HEETE Do Vol ),
p-R-Smad* Mg O 1%, VU ¥ EE{t Smadl, 5, 91X
IS AP EMFH L7z 25O p-R-Smad 1, BMP2%°
BMP472SE 3R 0 LB FEIZ 563 L T 5 BMP 251K
NOFEEIZ L o THFESNLOW 726, Osxt Ml & p-R-
Smad* Mg IEHE 2 BERERH D, KO~ ATHE S
72 Osx* M £ D A 1% p-R-Smad O FBIIHIC X 5 L D
EEZ D,

SR OEFRIZRT L 912, LepR* MBLICHEBH L T b
LRP1Z R &5 2 & CHIEF & KRG OFEIWMA L
72o Vo9, LepR*Mifux E&ICREEEZT Y M T
X, HEERPREFICERNDZ &b %) HE L EKRE
PG SN TWEH, NSO 2 S, LepR flIE4s
IR O G & BTN LE Y — A D—2 LHEHIT
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HTHIUE, KO~ AT Osx Mg & p-R-Smadt MIAT X
HhTLHEEZEZOND, LML, TN OMEEKITWT
YYRAEHRTHEIZEA L7200, %< o Osx* #ilg
& p-R-Smad- Ml 580 & 7z, HZERFEMEO R Y o
L — 3 3 ¥ A2 4%, LepR M 3 B4k 12 C-X-C motif
chemokine ligand 1287 %flf@®), platelet-derived growth
factor receptor a B M fll /320, B X U paired related
homeobox 1 [ EMIEY 2 72 EE L Twb, ThbHD
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12 YAP® % ERK5® 7 20 LepR* ML % & 5 [ 3 S84
fa D&M LICLE R RF & LRPLE OBIfRIZOWT
WE5 2 B H S,

s
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TNV T b ARERL, B L B FEM L
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oI EDRHSRPIZRo72,

WERDHEMEIZ 72 ) B AR AR R il e A
WHIZ DB L ORI 20 Tk s sdEEdRIC TIRE
Werinize TZICHRER ABHOEEERT b £ AW
V2 L CE R 2% T ) & TH 72 B RH IE AR 7 & UM iR 2
5 T OBERIO X D EHHT L BT 5,

AFFELZ B9 2 FUZRAN S 22 o

X m

1) Hojo H, Chung UI, Ohba S (2017) Identification of the gene-
regulatory landscape in skeletal development and potential
links to skeletal regeneration. Regen Ther 6, 100-107.
Udagawa N, Koide M, Nakamura M, Nakamichi Y,
Yamashita T, Uehara S, Kobayashi Y, Furuya Y, Yasuda H,
Fukuda C, Tsuda E (2021) Osteoclast differentiation by
RANKL and OPG signaling pathways. ] Bone Miner Metab
39, 19-26.

Negishi-Koga T, Shinohara M, Komatsu N, Bito H, Kodama
T, Friedel RH, Takayanagi H (2011) Suppression of bone
formation by osteoclastic expression of semaphorin 4D. Nat
Med 17, 1473-1480.

Ma QL, Fang L, Jiang N, Zhang L, Wang Y, Zhang YM,
Chen LH (2018) Bone mesenchymal stem cell secretion of
sRANKL/OPG/M-CSF in response to macrophage-mediated
inflammatory response influences osteogenesis on
nanostructured Ti surfaces. Biomaterials 154, 234-247.
Prasad P, Cancelas JA (2024) From marrow to bone and
fat: exploring the multifaceted roles of leptin receptor
positive bone marrow mesenchymal stromal cells. Cells 13,
910.

Reid IR, Baldock PA, Cornish J (2018) Effects of leptin on
the skeleton. Endocr Rev 39, 938-959.

Mizoguchi T, Pinho S, Ahmed J, Kunisaki Y, Hanoun M,
Mendelson A, Ono N, Kronenberg HM, Frenette PS (2014)
Osterix marks distinct waves of primitive and definitive
stromal progenitors during bone marrow development. Dev
Cell 29, 340-349.

Zhou BO, Yue R, Murphy MM, Peyer JG, Morrison SJ (2014)
Leptin-receptor-expressing mesenchymal stromal cells
represent the main source of bone formed by adult bone
marrow. Cell Stem Cell 15, 154-168.

Baryawno N, Przybylski D, Kowalczyk MS, Kfoury Y,
Severe N, Gustafsson K, Kokkaliaris KD, Mercier F, Tabaka

2)

3)

4)

5)

6)

7

8)

9)



10)

11)

12)

13)

14)

15)

16)

17)

18)

19)

20)

WG BT 2 3 REAIL A58 S 5 LRP1OfH]

M, Hofree M, Dionne D, Papazian A, Lee D, Ashenberg O,
Subramanian A, Vaishnav ED, Rozenblatt-Rosen O, Regev A,
Scadden DT (2019) A cellular taxonomy of the bone
marrow stroma in homeostasis and leukemia. Cell 177, 1915-
1932.e16.

Wu M, Wu S, Chen W, Li YP (2024) The roles and
regulatory mechanisms of TGF- f and BMP signaling in
bone and cartilage development, homeostasis and disease.
Cell Res 34, 101-123.

Nishimura R, Hata K, Matsubara T, Wakabayashi M, Yoneda
T (2012) Regulation of bone and cartilage development by
network between BMP signalling and transcription factors. J
Biochem 151, 247-254.

Lillis AP, Van Duyn LB, Murphy-Ullrich JE, Strickland DK
(2008) LDL receptor related protein 1: unique tissue-specific
functions revealed by selective gene knockout studies.
Physiol Rev 88, 887-918.

Lu D, Li ], Liu H, Foxa GE, Weaver K, Li J, Williams BO,
Yang T (2018) LRP1 suppresses bone resorption in mice by
inhibiting the RANKL-stimulated NF- x B and p38
pathways during osteoclastogenesis. ] Bone Miner Res 33,
1773-1784.

Bartelt A, Behler-Janbeck F, Beil FT, Koehne T, Miiller B,
Schmidt T, Heine M, Ochs L, Yilmaz T, Dietrich M,
Tuckermann JP, Amling M, Herz J, Schinke T, Heeren ],
Niemeier A (2018) Lrpl in osteoblasts controls osteoclast
activity and protects against osteoporosis by limiting PDGF-
RANKL signaling. Bone Res 6, 1-10.

Nishimura S, Kariya H, Gakiya Y, Shinohara R, Nakamura Y,
Mizoguchi T, Ohashi A, Motoyoshi M, Ninomiya T (2024)
LRP1-deficient leptin receptor-positive cells in periodontal
ligament tissue reduce alveolar bone mass by inhibiting
bone formation. Arch Oral Biol 158, 105853.

DeFalco J, Tomishima M, Liu H, Zhao C, Cai X, Marth JD,
Enquist L, Friedman JM (2001) Virus-assisted mapping of
neural inputs to a feeding center in the hypothalamus.
Science 291, 2608-2613.

Rohlmann A, Gotthardt M, Willnow TE, Hammer RE, Herz J
(1996) Sustained somatic gene inactivation by viral transfer
of Cre recombinase. Nat Biotechnol 14, 1562-1565.
Zimmermann M (1983) Ethical guidelines for investigations
of experimental pain in conscious animals. Pain 16, 109-110.
Nagashima T, Ninomiya T, Nakamura Y, Nishimura S,
Ohashi A, Aoki J, Mizoguchi T, Tonogi M, Takahashi T
(2022) p53 deficiency promotes bone regeneration by
functional regulation of mesenchymal stromal cells and
osteoblasts. ] Bone Miner Metab 40, 434-447.

Dempster WD, Compston JE, Drezner MK, Glorieux FH,
Kanis JA, Malluche H, Meunier PJ, Ott SM, Recker RR,
Parfitt AM (2013) Standardized nomenclature, symbols, and

62

21)

22)

23)

24)

25)

26)

27)

28)

29)

30)

SFIT4E12 H

units for bone histomorphometry: a 2012 update of the
report of the ASBMR Histomorphometry Nomenclature
Committee. ] Bone Miner Res 28, 1-16.

Blumer MJF (2021) Bone tissue and histological and
molecular events during development of the long bones. Ann
Anat 235, 151704.

Zhang B, Yang L, Zeng Z, Feng Y, Wang X, Wu X, Luo H,
Zhang ], Zhang M, Pakvasa M, Wagstaff W, He F, Mao Y,
Qin K, DingH, Zhang Y, Niu C, Wu M, Zhao X, Wang H,
Huang L, Shi D, Liu Q, Ni N, Fu K, Athiviraham A, Wolf JM,
Lee MJ, Hynes K, Strelzow ], Dafrawy ME, Xia Y, He TC
(2020) Leptin potentiates BMP9-induced osteogenic
differentiation of mesenchymal stem cells through the
activation of JAK/STAT signaling. Stem Cell Dev 29, 498-
510.

AR (2022) ~ 7 ABBLEIZ 817 5 leptin receptor Btk
A o FfaE & LRPIIEMIE O EIZ DT, H KRS
96, 35-44.

Micheletti C, Jolic M, Grandfield K, Shah FA, Palmquist A
(2023) Bone structure and composition in a hyperglycemic,
obese, and leptin receptor-deficient rat: Microscale
characterization of femur and calvarium. Bone 172, 116747.
Matsushita Y, Nagata M, Kozloff KM, Welch JD, Mizuhashi
K, Tokovanich N, Hallett SA, Link DC, Nagasawa T, Ono W,
Ono N (2020) A Wnt-mediated transformation of the bone
marrow stromal cell identity orchestrates skeletal
regeneration. Nat Commun 11, 332.

Morikawa S, Mabuchi Y, Kubota Y, Nagai Y, Niibe K,
Hiratsu E, Suzuki S, Miyauchi-Hara C, Nagoshi N, Sunabori
T, Shimmura S, Miyawaki A, Nakagawa T, Suda T, Okano H,
Matsuzaki Y (2009) Prospective identification, isolation, and
systemic transplantation of multipotent mesenchymal stem
cells in murine bone marrow. ] Exp Med 206, 2483-2496.
Schiffer C, Tariverdian G, Schiesser M, Thomas MC, Sergi C
(2002) Agnathia-otocephaly complex: report of three cases
with involvement of two different Carnegie stages. Am J
Med Genet 112, 203-208.

Esposito A, Wang L, Li T, Miranda M, Spagnoli A (2020)
Role of Prx-l1-expressing skeletal cells and Prx-1-expression
in fracture repair. Bone 139, 115521.

Zhu S, Chen W, Masson A, Li YP (2024) Cell signaling and
transcriptional regulation of osteoblast lineage commitment,
differentiation, bone formation, and homeostasis. Cell Discov
10, 71.

Horie T, Fukasawa K, Yamada T, Mizuno S, Iezaki T,
Tokumura K, Iwahashi S, Sakai S, Suzuki A, Kubo T, Osumi
R, Tomizawa A, Ochi H, Sato S, Kaneda K, Takahashi S,
Hinoi E (2022) Erk5 in bone marrow mesenchymal stem
cells regulates bone homeostasis by preventing osteogenesis
in adulthood. Stem Cells 40, 411-422.





