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Fr i
Mitogen-activated protein kinase (MAPK) 7 7 X U —l3t VU /AL A =rFF—ED
—FETH Y . extracellular-signal regulated kinase (Erk) 1/2, Erk5. c-Jun amino-terminal
kinase, p38 72 X/ DLRER SN D 12, Erk1/2 KON Erk5 1%, £ Z4 MAPK/Erk kinase
(Mek) 1/2 J2 Y Mek5 & & » TREEMIZ Y VL& 2 LT 5 34, ErkS (2R
H7p e LT, C Rimfllic7 v U > U » F 7o il oA T 2 filiHl 3 2 sk a2 A L,
Ho U U ECEIRERE 2175 2 Lz s (Fig. 1) %, ErkS 1328 OMEIZ
BLTWD I ENRESNTEY, ErkS BRI~ U AIBEBEE T Z 00,
HEZIZBT D ErkS OREREDIREI D NEE T > 7 7, TFE Tl A E R TR E~
U AZAND Z & T, EkS V7T ARMAE BRI BTE, FRFEAICTHFS L TWD
ZELHBMNERYODOH L F0, Lol AEH (adult) (21T 5 Erks OFEREIZE
T HHFIIRIZRERTH Y | ErkS OEREO R 2T 21213 S 5722 20803 40 8

Th oD,

Thr2! Be
Tyr220°

Trans_criptional' COOH
activation domain

' Autophosphorylation of C-terminal '

Figure 1. The structure of Erks.

H2N = Kinase domain

L7 F UK (leptin receptor; LepR) 1d Lepr IBfn 12— RS TWBHH X7
BThO, LTTFUBad o2 & THEMIET L M2, L7F 2 /LepR ¥ 7 F/VITkkE 4
7R B RE DR ETIC B D - TRV . BRI IR T EAh R IZ 35 TIE signal

transducer and activator of transcription 3 (STAT3) <2 F/L'X° mechanistic target of



rapamycin complex | (mTORC1) 27 F/V% %A L CaH Oz %L X —REFHE 2
DTEHEREHZRIZLTWDLZ ERMBNTWS B T, EHEf5E R
1 (bone marrow mesenchymal stem cell; BM-MSC) D H1(Z LepR % F& 819~ % M ELE
FNZ AR OB TR MARRE O HIf & > T D 2 & bt ST g 1516
WEDOHENS ., Erks T N T, G0V ORI FEEORICE S L
TNDZEDRHMBATND N, =/ F—REHHE & OBEIC O\ T BTN
Do 7o 101720 g 7= - e [ X 24U E TIZ, paired related homeobox 1 (Prx1) *[H%E R
MM I1F 5 ErkS DSREBOBERIERICEE RZE 2R L T0WLH 22 /AL T
WD, EROBIVRIZE T D ErkS OREICOW T LM E > Tz 21 L
Te Do TRIZETIL, ERNIZEBIT D Brks 7T 0B S IR LNIT 5 2
ExHPE L, OFKTHE LepRHAPAAIZ I 1T D ErkS 231 /0 X —REGFRHETC 5
258 (51 3) LU@LepR* BM-MSC (281} % Erk5 238 ik O 18 & PEAE R 5

A5 (B2E) IZOWTHR LT,



7-AAD 7-amino-actinomycin D

oMEM o-minimum essential medium

pCT Micro-computed tomography

ALP Alkaline phosphatase

AME 2-methoxyethyl acetate

ANOVA Analysis of variance

APC Allophycocyanin

ARC Arcuate nucleus

Asp Aspartate

BAT Brown adipose tissue

BFR Bone formation rate

BM-MSC Bone marrow mesenchymal stem cell

BMP Bone morphogenetic protein

BRE Bone morphogenetic protein responsive element

BV/TV Bone volume/tissue volume

BV421 Brilliant violet 421

CAR Cxcl12-abundant reticular

Cas9 Clustered regularly interspaced short palindromic repeats associated
proteins 9

CFU-F Colony forming unit-fibroblast

CFU-Ob Colony forming unit-osteoblast

CLP Common lymphoid progenitor

CMP Common myeloid progenitor



Co-Smad
Collal
CRISPR
CTX-I
Cxcl12
Cy7
DIO
DMEM
DMH
EDTA
ELISA
Erk

ES

FBS
FGF
FITC
Glu
GMP
gRNA
GSEA
GTT
H&E
HB
HEPES

HRP

Common-mediator Smad

Collagen type 1 alpha 1

Clustered regularly interspaced short palindromic repeats
Carboxy-terminal cross-linked telopeptide of type I collagen
CXC chemokine ligand 12

Cyanin 7

Double-floxed inverted open reading frame
Dulbecco’s modified eagle medium

Dorsomedial hypothalamus
Ethylenediaminetetraacetic acid

Enzyme-linked immunosorbent assay

Extracellular signal-regulated kinase

Embryonic stem

Fetal bovine serum

Fibroblast growth factor

Fluorescein isothiocyanate

Glutamate

Granulocyte-monocyte progenitor

Guide RNA

Gene set enrichment analysis

Glucose tolerance test

Hematoxylin and eosin

Hindbrain
4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid

Horseradish peroxidase



HSC
IgM
I-Smad
ITT
JAK2
LepR
LH

Lin

LK

LSK
LT-HSC
luc
MAPK
Mek
MEP
MMA
MPP
mTORC1
N.Ob/B.Pm
N.S.
NP-40
OB
Oc.S/BS
PAM

PBS

Hematopoietic stem cell
Immunoglobulin M

Inhibitor Smad

Insulin tolerance test

Janus kinase 2

Leptin receptor

Lateral hypothalamus

Lineage marker

Lin™ Sca-1- ¢-Kit"

Lin™ Sca-1" ¢c-Kit"

Long-term hematopoietic stem cell
Luciferase

Mitogen-activated protein kinase
MAPK/Erk kinase
Megakaryocyte-erythroid progenitor
Methyl methacrylate

Multipotent progenitor

Mechanistic target of rapamycin complex 1
Number of osteoblast/bone perimeter
Not significant

Nonidet P-40

Osteoblast

Osteoclast surface/bone surface
Proto-spacer adjacent motif

Phosphate buffered saline



PCA
PCR
PE

PFA
PGE;
PI3K
Prx1
R-Smad
RER
Runx2
Sca-1
Scf
scRNA-seq
SDS
shRNA
Smurf2
ssGSEA
ssODN
ST-HSC
STAT3
SWAT
Synl
Thr
TRAP

Tris

Principal component analysis

Polymerase chain reaction

Phycoerythrin

Paraformaldehyde

Prostaglandin E;

Phosphatidylinositol-3 kinase

Paired related homeobox 1
Receptor-regulated Smad

Respiratory exchange ratio

Runt-related transcription factor 2

Stem cell antigen 1

Stem cell factor

Single-cell RNA sequencing

Sodium dodecyl sulfate

Short hairpin RNA

Smad-specific E3 ubiquitin protein ligase 2
Single-sample gene set enrichment analysis
Single-strand oligodeoxynucleotide
Short-term hematopoietic stem cell

Signal transducer and activator of transcription 3
Subcutaneous white adipose tissue
Synapsin 1

Threonine

Tartrate-resistant acid phosphatase

Tris(hydroxymethyl)aminomethane



UMAP Uniform manifold approximation and projection
VMH Ventromedial hypothalamus

VWAT Visceral white adipose tissue



FBIE LepRMEMITIC I T D ErkSOMSEEARIA I B4 2 A58

EI RS
REFZZFLF—DEREBEELEONRT AL > TR SR TEY, ZoRT
AW D & | OB IR IR 2 1 U b & DAk & 7R BB D FIE N BN 52224 T4
TR A AERAE  (body mass index = 30) DOEFENEH L CTH Y, 20154FR A THRAD
12%., F £ DS%MIE Thd D & OMAE M2 ZAL TN D2, AR 3O A 2O A5
EIHEEEIE R Eix BB D Y R 77 7 X2 —THHZ ENRMLATEY, quality
of lifex EHE LK FTIHDIRERFERDISOTHDLEE D08, nE<T, HRAFT
Bz PR ABER - HH SN TE 200, BHEHO Y 27 LEOF & /e L
L NHHENHLRER L THY | KETIEIHURMIE S L TRR STV DA AL
YRSy hRoE~ T NVTF R ESHEDORIEE-> TS QO2IETTE) 239,
NEGFARRIL, 2 D 7= B oME OE W) B AR (white adipose tissue; WAT)
LB EE#ERE (brown adipose tissue; BAT) O2FEFHIC KBS N5, WATIZEZ FRoM
e < nm L. £ ENE TGN (subcutancous WAT; sWAT) . WEHE
NEN#EAE (visceral WAT; vVWAT) &L BRI TS, EREHIE LT, 7T 4RI A~
ERRFR SN D RVE L OJWR, TR — DA - T D, —HOBATIZEH
BED 2 LI HFET D, flAPIZZ< DO hay RUTBNFETHZ EnbiEt
ZRLTBY, BAEZEATLIZ L TZ(AXT—2HETHZ DM TN, i
FEOMNTENS . BmABATO Ak ZziF8 L, BEEROKR TR 45T 2L
BNEEIN TN,

BEITHOAELZ S 3L X —RENE, R DWW Ih b RLE T

STHREISN TS (Fig.2) . B, JRIHIIRN O QWS D LT T ik, R T



D IR SCRE PREZ \ZAFAE T 2 A& A I /EA L. Janus kinase 2 (JAK2) -STAT3/
7 F RLmTORCL Y 7 v 4 L CHEETE 28Il T2 2 £ n8mbnTng
B3 FE I R D END A A Y K, R U< R TR AR VR L
phosphatidylinositol-3 kinase (PI3K) -Akt 27 7 /LMAPK Y 7 /L& L CHERITHE)

2T D Z L bElE STV 3,

Hypothalamus
(ARC/VMH)

Food intake| Thermogenesis?

Figure 2. Central modulation of energy homeostasis.

FIHH R RTBA L CTCre V 22 o B —B &3 L3 5 Nestin-Cre~ 7 A & W\ il %
DIFFED D | FREHIIRIZ R BT 2 ErkSIZE W ORI B G IE O T i S e 58 %
RIZLTWD Z LA STV S I0720, —J5 AR TR 2 S B9 5 Erk5 723
THRNAF =R G2 DB OV TUIINE TH LN E R TR o Te, £,
Nestin-CrelZ 7"V 7 HiIBEMIIL G % — 5> N9 5 Z & E7oNestin-Cre~ U A FRH A4
Bl XLl U CHBEREEBD 2R3 2 L BRMBATWDSY, 2 2 TR T
I%. LepR-Cre~ 7 A Z i fl L THIEE F¥LepR #RAMNE CErkS 2 RIAL S5 Z L T,

M = kL — BN CEKS N 5 L TV AN E ) a st L,



oM BRI X OER S B
2-1 EBHE

Erk5"1< v7 Z X Sniderfi+= (University of North Carolina) £ ¥ 2k L T 72720724,
Rosa26-tdTomato~ 7 A Js (\LepR-Cre~ 7 AlZJackson Laboratory J W AFL7=4, L7
F (VareFrb) (#498-0B) 1FR&D Systems L W IEA L7Z, A AV v (T
Pl k) (#16634) 13 Sigma-AldrichX VA L7z, EH L72/b &M%, FrICELE D
PRV R Y TR DR & T2,
2-2 ¥R

Erk5"M< 77 2} (’Rosa26-tdTomato~ 7 AlXLepR-Cre~ 7 A L R S /72, ZiHD
~ U AILCSTBL/6)~ 7 A LS, ERREL S, Ny 7 7 u A& Tolc, v U AXEIR
23+1°C, MFES5%., MG YA 7 V12RO SfF F CHIE L7z, GenotypeZ RiET 572
B, RO ZEmm A~ b L, Bk JE (2-4) 1ICHET THIH L72DNAZ W T
polymerase chain reaction (PCR) %177z, Genotyping CHEH L7277 A ~— DS %
Table 112”7,

Table 1. List of primers used for genotyping.

Genes Forward Reverse
Cre GAACCTGATGGACATGTTCAGG AGTGCGTTCGAACGCTAGAGCCTGT
Erk5 TCTTTCAGAGGACTTGGCTTCA CTCAAACCCAAAACTCAAGAGA

T D%, 3-4llm CHEREZ 0T THERLZ1TV, BREILOVKZ BHICEIRTE 5 X912
fE Lo, 045 SHREMICEI L T, A AR 22 ZRE W fm BLELUE 2 09 %
& LB, BIRRFEWY TR B THIE S N7 RO E R H X B ) 2R FE £
(CHIY ZERGETE 2R E L, AR EST, £, B THBAIEERICE LT ORIt -

TERGIHZRE L, ARBERT,
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2-3 < U RRGHERR D H

~ U A& i H L, Brain Matrix (ASI Instruments) M (V7 L — K (Electron
Microscopy Sciences) % N Tbregma?)» 5-0.5~-2.5 mmD#iH DR A T A 2 % 1E
LT, ZORTAANE, T AT T A (Paxinos and Franklin's the Mouse Brain
in Stereotaxic Coordinates) % 24|27 ik#% (arcuate nucleus; ARC) | &N MIZ

(ventromedial hypothalamus; VMH) | i WNIE% (dorsomedial hypothalamus; DMH) |
SMAIEF (lateral hypothalamus; LH) D45#L % [RIR L 72,

LVIF ORI K D Z N BREBAE AT DB, T REHER ST
~ U ANTK LTS mglkgD L 7 F IR 2 EEN G- L TR 1S BRE 00 J7 VA THERR
ZEUX L, VIBEOERICHET Lz, 7o, A RV VHIIZ L DB T DRI
I, ORI R S 7o~ 7 A UTxt LTS UkgD A v A U RIR A IEEN#E - L, 30450 #
(ZHERR A [RII L 7,

2-4 PCRIEIZ & 5 BAT KIAZH O R i

Lysis buffer (1 M KCI, 1 M tris(hydroxymethyl)aminomethane (Tris) -HCl (pH 8.3) .
1 M MgCla, 10% Nonidet P-40 (NP-40) . 10% Tween20. 1% Proteinase K) (Z#Hfk % N
Z. 56°CT—BEfE S Wi, #E T, 95°C TS/ MBVLEE 24T - Tizgls L, L5 A B
LTDNAY T & Lz, ZDOH%, Table i~ 77 A ~—& MW TPCRZATV, 7
A v — AT VERIKE Z1T -7,

Table 2. List of primers used for genomic deletion PCR.

Gene Forward Reverse
Erk5 CGAGATCATCGAGACCATAGG CTCAAACCCAAAACTCAAGAGA

2-5 One-step real-time qPCRIEIC X 5B A= T HEFAEHT

-11 -



2-5-1 RNADHHH

##% ZISOGEN (= v Ry ¥—r) FTHREYF A XL, 20,000 x g T5%5 ML LT
FiEAEBEI Lz, HWVTC, B L7 EiE D55 O 18 OchloroformZ I 2 CRAT » 7
A L. 15,000 x g T1547fliz.0 L C RIEZA RN L7z, &KIZ, E&EDchloroformZ 1z T
b O —JEHEED IR LTz, £D#%, B L7z EIE D0.8f% EDisopropanol & J1 2. TH43 124
NT w7 AL, K ETIONHEFE Lok, O L, EEZZERIZRELZEZ. 70%
ethanol Z Il 2 THEELO LT, EEZZRICREL., B OIL7-RNAZ EERBEUK TR
fift L CfE FHIRF &£ T-80°C TR AT L 7=,

2-5-2 One-step RT-qPCR

2-5-1ZHE U CAABL L 72RNAZ i L. PrimeScript RT-PCR Kit II (Takara) % fff L
Tone-step RT-qPCRE 1T > 7=, Mx3005P (Agilent) ZffH L. WilizGELn (42°C. 54y
—95°C, 10#) . PCR (95°C, 58—60°C, 20%)) . EEah#R>HT (95°C, 18— 65T,
15— 95C. 1#) DIETZENZENITA 7L, 408 A 7, 1A 70T DT,
B O NTCHED & NEEEHED CHiE 2 38 U CACtAE 15 C, PCREW O EEZFHH L7, i H
L7727 T A4 ~—IXTable 3D TH 5,

Table 3. List of primers used for RT-qPCR.

Genes Forward Reverse
Agrp GGCCTCAAGAAGACAACTGC GCAAAAGGCATTGAAGAAGC
Cart CTCCTGGGCGCCGCCCTGCTGC CATGGGGACTTGGCCGTACTTC
Erk5 GCCAGGATAGACCCAGCATCAAG | GGCTGAAAGGTGGGTCTGAGATG
Npy TCCGCTCTGCGACACTAC GGGACAGGCAGACTGGTT

Pomc GAGGCCACTGAACATCTTTGTC GCAGAGGCAAACAAGATTGG

2-6 Western blotting#:iZ & % Z > /R 7 G RRBIFENT

2-6-1 HAfRHLH R O TR

12 -



#H% % i phosphate buffered saline (PBS) T¥&iff4. phosphatase inhibitor% % #PNP-40
lysis buffer (10 mM Tris-HC1 (pH7.4) . 150 mM NaCl, 0.5 mM ethylenediaminetetraacetic
acid (EDTA) . 1%NP-40) HTHETFA XL, 15000 x g T555 iz LT EE %
fafhig & L7z, Z oK IZsodium dodecyl sulfate (SDS) ZLEEE (10% glycerol. 2%
SDS. 0.01% bromophenol blue, 5% 2-mercaptoethanol, 10 mM Tris-HCl (pH6.8) ) %5
Sy DVENNZ, 95C TSy RN L CTAME X w7 i BRI & C-20°C THUBRTT Lz,
2-6-2 Western blotting

2-6-11ZHE U CFAML L 7245425 % 10% polyacrylamide gel (s H 7 VB E4.5%) % H
WTER THESKE) (15mA/plate) L. & 57> L H100% methanol TYEMHALALEE 21T -
7zpolyvinylidene difluoride/(Z3057 1 7 = > 7 ¢ > 7 (1.6 mA/em?) L7z, D%, TBST

(137 mM NaCl, 0.05% Tween 20, 20 mM Tris-HCI (pH7.5) ) T¥% L. 5% skim milk
Z e TBSTH TR 7 1 v F 2 7 Le, ZORREA 1% skim milk% 3 T2 TBST TAMR L
T2 IR BUA & 4°CTHRIT6HER S S, TBSTT1043 3[RI%EE L 7=, WKIZ, 1% skim milk
% & e TBST CTAFR L 7=horseradish peroxidase (HRP) FEi2k Pk & =G CIREM G
X, TBSTTI104 M3 EIFES L7, Hf% |ZImmunoStar Zeta (& 17 A /L AF0YEHIER)
&S S, LAS-4000IR (& 7 A VL) & HWTHUREGMZ v X7 B Lz,
F72. U U FELEkS O HI2130.05 mMDPhos-tag (B 17 A L AFEHER) 2Nz 72
TNEEH LUTc, A L7ZHtKiITable 4080 T 5,

Table 4. List of antibodies used for western blotting.

Antibodies Source Catalog # | Dilution
Anti-Erk5 Cell Signaling Technologies #3372 1:1000
Anti-pAkt Cell Signaling Technologies #4060 1:1000
Anti-Akt Cell Signaling Technologies #4691 1:1000
Anti-B-actin Santa Cruz Biotechnology #sc-47778 1:2000
Anti-rabbit IgG, HRP-linked Cell Signaling Technologies #7076 1:4000
Anti-Mouse 1gG, HRP-linked Cell Signaling Technologies #7074 1:4000

- 13-



2-7 TRAX—REHHEE
2-7-1 THHERERABR
FRERBA AR 16HF AT DA R S 7o~ U XK L T2 ghkg®D 7V 21— Rk % N
5L Accu-Chek MBI E 8 (Roche) % FHVN THREIFI (F& 5 BLHIT & O 51415, 30,
120743) (2 RA i o> i B 2 00 E L 7=,

2-7-2 A4 VR EHIERER

RERBALAORFFIRT 2 B SH 7o~ 7 RIZXF L TLS UkgDA A Y IR & IEIEN
B L. 2-7-1 & [ARRICRRIERY (B¢ BRI R O 5-#15. 30, 60, 90, 12043) (2K
1 o> B % 0 2 L7,
2-7-3 TRAX—RBEENT 2 —F DOHIE

v AE24 £ 1COEMETFTTILT L IZfE L. Oxymax/CLAMSZE i & > 2 7 A
(Columbus Instruments) % N CEEFRHE &, _(bIRFEPEHE, FFRME, BuEt &
ZEM L7z, 72, cFDM-300AS> 27 A (MELQUEST) # MW TERE K NVER&E
ZRE LT,
2-8 MERESFHIRRHT

<~ U A B U7 #fk %2 4°C D4% paraformaldehyde (PFA) 1 C—BaEE L7z, #¢
WT, 70%. 80%. 90%. 100%. 100%D 45k Dethanol THEIZT H " DLEL L | £ 2T
100% xylene T304 9" D2[HMLEE S5 = & ThAKEZITo72, DY 7 L% 60°C CHfiF
S 7z paraffiniS i 1230573 D2 AL TIRGBAER L, paraffintd# 21T -72, D%,
270 h—AT5 um/EDY A ZERL L, hematoxylin and eosin (H&E) Yeta %47 - 72,
O K E &2 H|ET HE21E, BZ-1 analyzer (Keyence) ZfiifH L 7=,

2-9 Enzyme-linked immunosorbent assay (ELISA)

-14 -



AN Ta—T 47 3nNexy BT U —2MH L Ty v XEFIRD O HIm L7z
%, 1,200 x g T1053filix 0 L CILAEZ B L, I & T-80°C THRfF L7z, Mo
AAY RO A ha s ORERFEIZIX, Insulin Mouse ELISA Kit (Mercodia)
17B Estradiol ELISA Kit (Abcam) ZZih ZHEH L7-,

2-10 HEEFHEAT

BREMRHT T DAV, FEEHEERGE TR Uiz, Ml PiIAEZEIL, a2

BEFRI L D55 Student’s t-test &, ZREM L D55 two-way analysis of variance

(ANOVA) ZHWTENEFNRME LT, P<0.05 DEBICHEZEH D LM LT,

-15 -



3 ERAER

3-1 4 2V VRIBIC X 9 SR TEAMRMIICHEE T2 ErkS OV VEB{LL AR E
A5

L DIT, V7T R X > THIR T EAR RIS BT 5 BrkS 23EMELT 20
& 9. Phos-tag IEIC K B MAT 21T o 72, L7 F U RIBKIC K > THEE Fiehiimna <
STAT3 OV UFERTLHET D2 2NN TWNDL I e, RYT 7 ar hr—
L& LT STAT3 DU V(b b [AIRFICHERR L7z 42, £ DOfER, STAT3 O U kL~
MIABICERA L2 0D, EBRRIIV—7 LTWDZ ENMER SN (Fig. 3A,
3B) . —Ji. EtkS DV Uit LYVVICHEZREITR G o 7 (Fig. 3A, 3C) .

L7208 T, R Tz 31T 5 Brks (XL 7 F Ui ClEiE b Lanwz &

DIRE ST,
A Hypothalamus B - Rl i C — 200 r
Zypothalamus = =
Leptin = + 5 . £
O 300} S 150
Phos-tag < p-Erk5 9 5
a8
WB: Erk5 NEnS < °
™ 200 | < 100 |
P 0
= =
p-STAT3 7 &
™ 100 | B 50 |
< 7
STAT3 | e % &
o 0 0

Leptin - + Leptin - +
Figure 3. Phosphorylation of ErkS by systemic leptin injection in hypothalamus.
(A-C) Mice were fasted for 12-h, and then given a single intraperitoneal injection of leptin at 5
mg/kg, and subsequently hypothalamus were isolated 1-h after the injection, followed by
determination of phosphorylation level of STAT3 by immunoblotting assay or Erk5 by Phos-

tag immunoblotting assay (n = 4). **P <0.01.

- 16 -



WIZ, A A2V PRI K o THRIR T EmR AR IS S BLS 2 ErkSSEME L 2 00 &
D MERE Lc, A 2 U VR K o THUR FEmRE I TAktD U o BRfl A3 Tk
THZENHONTWDLZ END, RYT 47 ar hue—E& LTAD U U
[FIRFICHER LT, TORER, ALK OEKSDO Y VIR L LR EL L L FEIC ER L

7= (Fig. 4A-4C) ,

A Hypothalamus
Insulin - +
B
“ s |4 p-Erk5 C
Phos-tag 500 * 700
WB: Erk5 o % 600 |
- - »|<4Erk5 © 400 =
9 S s00 |
“— o
© 300 r s a00 |
S
< X
p-Akt —— ux: 200 |+ z 300
% g 200 |
< 100 | <
Akt wi & 100
o
0 0
. Insulin - + Insulin - +
B-actin

Figure 4. Erk5 was phosphorylated by systemic insulin injection in the hypothalamus.
(A-C) Representative images are shown in (A), whereas quantitative data are shown in (B) for

ErkS5 and (C) for Akt (n =4). *P <0.05 and **P < 0.01.

-17 -



3-2 LepR MBI R RAVErKS RIB~ U R 1IME~ U R TCOLIERKEZ 2T 5
BT, R T EBHR RS 31T D ErkS O R BLA B MA O = 1L X — R O 5
IZH5 2 BT D720, LepRIMIFEEAIZCre) 2 S —B 2RI T 5
LepR-Cre~ 7 A%l UTzin vivoF2R A AT 572, FEBRIZHESNL D, LepR-Cre TH —7
~ S D HIRE DS RIR FER D & DFEIRICAFAET D & i85 729, LepR-Cre;Rosa26-
tdTomato~ U A ZAFRL L | SOCBAMERE T CHUR T8I L1z, T OREE, K T
D H T HFFIZ T L T — R i 12 LR E I T & % ARC K ('VMH TtdTomato [
MR 2 < FFAE L T2 (Fig. 5A) o 2D Z 0D, LepRMAARC K NVMHIZ %
STEELTWD W L=, %V T, LepR-Cre;ErkS"< 7 A (LepROHINAF A ErkS
K~ U RA) R, RBIURINT 217572 (Fig. 5B) . Fig. SADRER L —FK L T,
WM LepR-Cre; Erk5"'~ 7 Z\ZI\WNC | ErkSIZARCK O'WMHTEIZ ) v 77U M &R
TW/= (Fig.5C) , —J5C. TOfhofdiEEE (LH, DMH. hindbrain (HB) ) <°AKHH
D N E @B #E#%  (visceral white adipose tissue; VWAT) . B2 T [ 4 5 15/ ik
(subcutaneous white adipose tissue; sSWAT) | ¥ talEJi#H##% (brown adipose tissue; BAT) |
TR CIRErSRBUZIZ & A EEITR BN o7 (Fig. 5SD) . IKREOHER & BREFHYIC
B LTI L Z A MM LepR-Cre; Erk5"~< v A CIlXErks"< 7 A (2> ha—/L< 17 R)
E R U CEIT R BN o 7208 MEVELepR-Cre; Erk5"~ 77 A T 1038 7> S A E )
B EIZHM U= (Fig. 5E, 5F) . £ 7=, MEMEErS "~ 7 2 & bl U CHEMELepR-Cre; Erk5™"
< 7 AT ER A REWNZ ELHABLNE o7 (Fig. 5G)
KETNIMEZEP DK OO E D& L THERLVE DGR EDILD, ZiVE TIZ,
LMEARNVE Th DT A b u IR FEARRHIIICER L, Rk = 1%

—HEZITLESE S Z L THRIEHRDRZ RS Z EB8Mmbh TV DY, £ 2T, miEd

- 18 -



TR AU EEARE LS 2 A, 2021 BENC IS THREM: , MEtE: & b ICERS Y~

A & LepR-Cre; Erk5"~ 7 2 L DR TZEITERD b - 7= (Fig. 5H) .

A B
LepR-Cre;Erk5""mice
LepR-Cre;Rosa26-tdTomato mice _ Ex2 Ex3 Ex4
P . loxP loxP
% ErkS floxed allel «D" }—I: »L -
tdTomato/DAPI
DMH x LepR-Cre
=0 P Ex2 Ex4
deleted allel } —
c ARC VMH LH VWAT sWAT BAT Liver
floxed » 1: Erk5""
2: LepR-Cre;Erk5™""
deleted »
D W Erk5™ E
M LepR-Cre;Erk5"" Male
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Figure 5. Erk5 deficiency in LepR-expressing neurons caused body weight gain in females.
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(A) tdTomato fluorescence in the hypothalamus (bregma, -1.58 mm) of LepR-Cre;Rosa26-
tdTomato male mice at 7 weeks of age. (B) Schematic diagram of generating LepR-expressing
cell-specific Erk5 knockout mice. Arrows indicate the primers for determination of deletion
efficiency in (C). (C) Deletion efficiency of Erk5 in each region of the hypothalamus and
peripheral tissues of female LepR-Cre, Erk5™" mice at the genomic DNA level. (D) Erk5 mRNA
levels in each region of the hypothalamus, hindbrain, and peripheral tissues of female LepR-
Cre; Erk5"" mice (n = 4). (E) Weekly body weight (up to 20 weeks of age) is shown for male
LepR-Cre; Erk5™" mice and control mice fed a normal chow diet (n = 8). (F) Weekly body
weight (n = 9-12) and (G) gross appearance at 22-27 weeks of age are shown for female LepR-
Cre; Erk5"" mice and control mice fed a normal chow diet. (H) Plasma estradiol levels were
measured in male and female LepR-Cre; Erk5™" mice and control mice at 20-21 weeks of age

(n=8). Scale bar, 500 um (A). *P < 0.05 and **P < 0.01.

FTo. ErkS ORBPZNRITHEENH D Z L, REMOEIZOR N> TWAHATEENED
B2 HiVlE, & TN LepR-Cre, ErkS" < v A C Erk5 O /RIEZNFREFH I L 2 A,
MM~ 7 2 L [EREIC ARC KON VMH T ErkS OFEENAZIZINH & vz (Fig. 6) .
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Figure 6. Erk5 mRNA levels in male Erk5-deficient mice.
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Erk5 mRNA levels in each region of the hypothalamus and hindbrain of LepR-Cre; Erk5™" mice

were determined by qPCR (n =4). *P < 0.05.

LIzino T, HEDHRK E LT R Fu s &R ErkS REZNROENEE L T
LAREMEIEWZ E TSN D,

VARETlE, REHINSEE O Dot~ » 2| 2F B L TR FERR 2 560 L 7=,
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3-3 LepR MR R ErKS KB~ U 2 TIXHGIRHE T DREHEOBK L BE
Fe Ak D B (LB B

LepR-Cre; Erk5"~ 7 A DERBIM % X HICFEMICIRFGTT 2728, IR O f#HT 21T
572, 12-16HAERICBV T, sSWAT, vWAT, BATOHEEIT\W T4 b LepR-Cre; Erk5"1~
UATHEIZHEML TWe (Fig. 7A-7D) . #MBFHIIT 226 242603123V TH
CRRIRE O RE I N A BICRE L o TWND Z E N L L 22 - 7= (Fig. 7E, 7F) ,

X 512, LepR-Cre;Erk5"'~ 7 A DOBAT TN O F 2 KRR S, Affbn

JLELTWa Z &Rz (Fig. 7G) .
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Figure 7. Erk5 deficiency in LepR-expressing neurons caused increased WAT depots and
whitening of BAT.

(A) Adipose tissue weight and (B—D) representative pictures of (B) sWAT, (C) vWAT, and (D)
BAT are shown for female LepR-Cre; Erk5"" mice and control mice at 12-16 weeks of age (n
= 12-13). (E and F) Hematoxylin and eosin staining was performed on the sSWAT and vVWAT
of female LepR-Cre;Erk5"" mice and control mice at 24-26 weeks of age, followed by
quantification of adipocyte size of VWAT (n = 8). (G) H&E staining was performed on the BAT
of female LepR-Cre; Erk5"" mice and control mice at 24-26 weeks of age (n = 8). Scale bars, 1

cm (B, C and D), 100 um (E and G). *P < 0.05 and **P < 0.01.
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3-4 LepR RN R ErKS KB~ U 2 XTSRS BT 5

I IERRRBE IR O RE LA VR ) VEZHEOR T RRBO D, £
T C. LepR-Cre;Erk5""< 7 A TIXMHERE L A > A U UEZMENR ED X HI22{b LT
WA ERRETT A=, MithERERBR (glucose tolerance test; GTT) KU o A U 4KHT
PEFXER  (insulin tolerance test; ITT) %20-21#D~ 7 A Z FWCHElig L7=, GTTOHRE
B, Erks"< 77 2 L Bl UC, LepR-Cre; Erk5"~ 7 23 B MPHE S @ 2 & A3
Hinkleotz (Fig 8A, 8B) , — 5. ITTTITABERZITRD N> 7= (Fig. 8C,
8D) ., MIEH DAL AV REEZRE LI EZA, MBOARIIELLTHEREIX
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Figure 8. Erk5 deficiency in LepR-expressing neurons impaired glucose homeostasis and
reduced leptin-induced anorexia.

(A) GTTs were performed in female LepR-Cre; Erk5"" mice and control mice after an overnight
fast at 20-21 weeks of age (n = 8). (B) The area under the curve of GTTs shown in (A). (C)
ITTs were performed in female LepR-Cre; Erk5"" mice and control mice after a 6-h fast at 20-
21 weeks of age (n = 8). (D) The area under the curve of ITTs shown in (C). (E) Plasma insulin
levels were measured in female LepR-Cre;Erk5"" mice and control mice during fasting (6 h)

and feeding states at 20-21 weeks of age (n = 8). *P < 0.05.
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3-5 LepR NI RF REVES RIB~ U AT EBH B R EREEPET T

LepR AR MMIRAE A ErkS & RIFSH D 2 & T, XX —OEMECHERIC S
D &5 BT D0 ERETT D720 ATENE R OB A EZHE Uiz, ARECiE,
2224l D~ U A EHH L, EEENORBR DN TV D PRI B P IRFE T
W (Light) . BEBADNE X T2 FE9RED & BafoRF £ CA K] (Dark) & L CHlll
ExEATo T, TORER. ErkS"< 7 A L ik U CLepR-Cre, Erk5"'~ 7 A TR L Y
EHTOITEENAEICHD Lz (Fig. 9A,9B) ., — . EEEAZNE LR, K

HTOREEIZHAD LTz (Fig. 9C,9D) .
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Figure 9. Erk5 deficiency in LepR-expressing neurons reduced physical activity and
energy intake.

(A and B) Locomotor activity and (C and D) food intake were determined in singly housed

female LepR-Cre; Erk5"" mice and control mice at 22-24 weeks of age (n = 7-8). *P < 0.05 and

**P <0.01.
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3-6 LepR* RN REVErKS KRB~ U AT XNV F—REBVET T 5

BB, TR —RBNEED DK T A —F OIENT 24T o T2, ARGEHTIE, 22-
4D~ A v, lRATHERE (VO . “RERFEEHE (VCO2) | =FR/LF
—REHHE & (energy expenditure) . FFW¢PH (respiratory exchange ratio; RER) % JHIE
L7z, RERIIMEZRTHE B0 5 “BALRBHEOKREL D Z & 2453, RERZ K
DHZ LT RN TEDREBERNEDRIGTHRIEL THD D0 (b F—JiE LT
WAHDD) ZHEET H I ENTE, EREWIZEREE D, EMEWVIE EREE D L 0 A
BELTWDZ EBET,

HIEORER, MR HEE, “MRFPHE, =XV F—HREETI-HZBL T
b LepR-Cre; Erk5"~ o7 A CHEIZIL T LTV (Fig. 10A-10F) , —J5. FEEREIC
B L Cld. LepR-Cre;Erk5"'~ v AT—H%Z#EL TCHEIZEWMEZ R L7 (Fig. 10G,

10H) .
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Figure 10. Erk5 deficiency in LepR-expressing neurons reduced energy expenditure.
(A and B) Oxygen consumption, (C and D) carbon production, (E and F) energy expenditure,
and (G and H) RER were measured in singly housed female LepR-Cre; Erk5"" mice and control

mice at 22-24 weeks of age (n = 7-8). *P < 0.05 and **P < 0.01.
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A B

WZEIZ, Adiponectin-Cre ~ 7 A Z N C A AEFEARAF BANIC ErkS & RIBSE 1o~
TAN, BREOHMZMN D BHE R T2 2 EBWEINTND S, RIFFETIL,
LepR AT ErkS # RS 25 2 & T, Mt~ 7 2 TOHR B AR D
HER K Ot e O B bz 5 sl gl s b Z ERH LN E R o T,
F 72, LepR-Cre;Erk5" < v Z I XMFERE D BALICIN 2 T{TEhE, =3 /L ¥ —EIuE, =
FNF—HBEEDPOTIHET LT, BLEX D | Erks 1 TR Tt a O Re
RS 5 2 & T FEPLT XX —RBFOEEEZHER L T\ D Z LR EiT,
7272 L. LepR IEHN-CMRR e &L KRk 2 2o IR O MRS HFBL L TWD Z Lnb
A RIS S TR B L THUR MR Ia LA OMIIEIZ 31 5 ErkS D F 573
B D ATREMEISE TE RN 4T Z DO AIZ oW TR, BlIE Cre U 2 B —E R
D A TREE DB T &2 B EE 5 Z & A3 TX 5 double-floxed inverted open reading
frame (DIO) ¥ A7 A& W5 Z & THATARETH D 4, Erk5 in+ % DIO (ZHEZ
AAVTET T I BEE T ANV AN 2 —ZFRLL | LepR-Cre; Erk5"" ~ o ZA DR FEBIC
AoV xrvardh, 2KV, LepR-Cre FEHAM (= Erk5 RIBHIIN) FrEAIC
ErkS Z3BLEELZENTE D, 2O~ U AP 278 S 22T UL IREE D FUR T
HAPRRAIIE O ErkS DA X —REFREICEE CHDL 2RI NTEDHLEHE
2 HD,

ARRE CTIRMERE & 5 5 O LepR-Cre; Erk5™ < 7 AT  ARC (N VMH (Z81F % Erk5
OFRBFMHFN A ONTZIZHEOL LT, M~V XA TOREMEZ6EEZ Lz, ZhvE
TOWZEN D, PRI RN A > R Y V2R RKIBSETBE. Mk~ 2T
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U RIPRIC Ko THR TEL ORI IS 2 ErkS 2NEME L2 Z L5 ErkS
XA VAV NEFFRI 72 A T = AL T X — R ORE 217> TV D A[REMED R
b, £7o. VMH FRRMICT A ha U2 BIK o ORBLZMEI SE 5 &
YUATTZRAF—HEEDOR T2 MmN A LN D Z LRI TND 5192,
WEOHEND, v FABSAMIBIZBWT, =R ha P U ZR/EK a OIFHEIZLY
MEKS/ERKS ¥ 7 F U EMALT 2 Z BB TWD 3, L72h o TEEMZR AT 23
VETIEHAHHDOD EkS 1T A a3y 7z LT rL X — R & J8 L
TWDHHREME S E X B D,

LLb . ARFZERE R P = L — R ET O A T = X LD —liZz B 5 L
HLOTHY, MM D ErkS & 7 TV DB & OBE 9~ 5 kk 2 2 BT k9

DHRTRIBIRIEN & 720 Z LIRS N D,
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B2 B REMERBMIIC I D ErkSOMREREI IZ B3~ S A%
EI RS

B OEF I, BRI K 2B L A MIEIC X 2 BRI A 'S5
BUVETY Ik o THER SN TV DS, ZoFVET I 7 I3EBEDOAT v 7
MOV NS TS Z ERMBIN TS (Fig. 11) o BRI E TR OIEME2MEL VE
ZemiX. lining cell & FEIN 5 R V708 M2 oL T % (resting phase) . Z D &
X, BERERET DHRLE RV A N IA VOMERAT D & lining cell M EHMEL S
%o 1EMAL U7z lining cell CH3MIG) 13E ML O3 & dEE 2 edE U, B UIN Z 35
H4% (bone resorption phase) , D%, HWINENIZEHFMIAR HOF > THZ72
B &I 5 (reversal phase/bone formation phase) . BN E T 5 L., HREIT
L lining celiIC &0 5 (resting phase) . B V€7 U & ZIIARNLE ROV A A |
B 1. TP 72 & DRk 4 7 BIRIC X o TREICHIBE ST 2508, Lo L,
PRI, Bin T AR COBBIC L > TERREBRINDO STV ZABHEND &

FHIRIEZ MO LT D% 2B REMER B2 FEIES 5%,
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Figure 11. The mechanism of bone remodeling.
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LepRVNVAIHNTW D, BAERICE T D LepRT BM-MSCO D T 72 < | BIERKIC
T LA EFE Lin—T7 BRI E a0 EE MR & 720 | BRI IER
ICHEBEREEZ R L TND Z ERREINTWAISIC, IZ T, LepR* BM-MSCii&
I R TSI O BERE 2 HlHE9~ 2 55 T o 2 B Ry EREE GEMLiiiie = > 7F) DR
FERGHIIE T4 . CXC chemokine ligand 12 (Cxcl12) <°stem cell factor (Scf) &V~ 7z

=y F 77 72— LCEMEREREIC S5 L T\wd  (Fig. 12) 19
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Figure 12. The structure of hematopoietic stem cell niche.

FxixonFETIT, EkSHE32EXF 0 U H—E8 D —FE TdH % smad-specific E3
ubiquitin protein ligase 2 (Smurf2) D249%H DA LA = (Thr) #%k (Smurf2™24)
DY L ZIT L CSmad ¥ v N7 E O RERE ST 5 2 & AR R L2, Y%
TIEPrx 1 AIBE R IR RAVICErkS 2 RILS T~ U A2 LIER, 2o~ 7 A
FRAERA B BB 28 L C0e, LR - T, A OBM-MSCIZ R}
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P28 EBMPEIE X UEBRTIE
2-1 EBAE

Collagen type 1 alpha 1 (Collal) -Cre~ 7 AlIKarsentyl#1: (Columbia University) X
DEEME L TN 272728, Synapsin 1 (Synl) -Cre~ 7 A X ZFifE+ (&RK5F) LV
M L U7 720 7294, HEK293 TR IXRIKEN Cell Bank?> &5 AT L 7=, pLKO.1.shErkS
AR B — (#0000232396) I3 Sigma-Aldrich?> BEEA 7=, pLKO.1 puro<2 % — (#8453,
deposited by Bob Weinberg) % O'BRE-luc\7 % — (#45126) |XAddgene/>HHEA L7z,
ER L7AEE T, FRCFEIR D 722 W R D il O Fpkin 2 W72,
22 v U R
2-2-1 Smurf2™¥€ ) o 7 A <= A DR

Smurf27?4E ) < 7 A = 7 A OVERNIHPE R AEmEL rEm &t o ¥ —ICRFEL
7=, Clustered regularly interspaced short palindromic repeats (CRISPR) /Clustered regularly
interspaced short palindromic repeats associated proteins 9 (Cas9) A7 A ZFH L. Smurf2
DOThr?** % glutamate (Glu) **|ZEH#L L 72 Smurf2P9PL AR 2 25 Ofid THIET 5~
U AL LTz, £72. PCRIEZHWT ) v 7 A VOMGEMERT 2 Z LN TED X
9. [FIRFlZaspartate (Asp) 22% 22— R AHIEAS] (a2 KY) ZE# L. §IREEEBgl
NTUIMcx 5 L9177 (Fig. 13) . CRISPR/Cas9 A7 ATl ff] L 7zguide RNA

(gRNA) K Utsingle-strand oligodeoxynucleotide (ssODN) DF%l| % Table 5IZ7~x79,

Table 5. List of sequences used for CRISPR/Cas9-mediated gene editing

Sequence

gRNA ACACACTCCTCCAGACCTACCGG
ssODN AGGTCCCAGCGACATAGAAATTACATGAGCAGGACACACTTACACGAACCTCCA
GATCTACCGGAAGGCTATGGTACGGTAACAGCAAAGGGAACACTCACC
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Plasmid DNA (gRNA + Cas9)
Donor DNA (ssODN)

Cas9

PAM sequence _\

Smurf2 wild-type gene Thr249 Asp252

[4
'— GTCAGG === CTTACAC]| ACTCCTCCA GACbT

-

¥ ACAqACTFCTCCAﬁACpTAC i
CAGTCC GAATGTGTGAGGAGGTCTGIGATGGCCTTC s TGGAAC

st LU :
/ ssODN

;AGG mmmm CTTACACGAACCTCCAGATCTACCGGAAG mmmm ACC

‘ Double-strand brake

Homologous recombination

Smurf2724% knock-in gene T249E D252

ﬁ‘ r GTCAGG === CTTACAC GAACCTCCAGATbTACCGGAAG mmm ACCTTG
I
3!
CAGTCC GAATGTG'CTTBGAGGTICTAbATGGCCTTC TGGAAC

-__I ___l

Bgl 1l recognition site

Figure 13. Strategy for generating Smurf2">#*E knock-in mice.

2-2-2 BERBRIZOVNT

ARBFZECHER Lic~ 7 Z3H 18 L RO S TFE L7, GenotypinglZBS L Tk
Table 612" T 77 A4 ~—Z W, BIEICHEL TUTo 72 (KT O#1, #2. #313Fig. 23A
R T TA G AERT) o AR TIE, FHICRREORWIRY e~ 7 X %
ALz, £72, B0 5 EREWICE L Cid, A ASKHE RS EBREMW HEEE 2 I8

ST o &L BIS, REM KB EEGE, K ERFEYEBRIFE, L OEIRKS
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T X BN KRR FE SR 0 SRR 2 5K L, KGR a ST, £7o, Bin s ER
(ZPBE L THIREHINE » THEBREIHZRE L, AR ERT,

Table 6. List of primers used for genotyping.

Genes Forward Reverse
Cre GAACCTGATGGACATGTTCAGG AGTGCGTTCGAACGCTAGAGCCTGT
Erk5 TCTTTCAGAGGACTTGGCTTCA CTCAAACCCAAAACTCAAGAGA
Smurf2"" CAATAGACCGGCGTCAGAAT (#1) TCCGGTAGGTCTGGAGGAGT (#2)
Smurf2"?4%F CAATAGACCGGCGTCAGAAT (#1) TCCGGTAGATCTGGAGGTTC (#3)

2-3 Micro-computed tomography (nCT) 2 K 5B RAMRARNT

BREHTIZ1370% ethanol THE/K L 72 KR 2 IV 72, ScanXmate-L090 (Comscan) % f#
AL, BELEEZI0KV, FEMEAS pAIZEE L T L7-. Bone volume/tissue volume

(BV/TV, MR (5 58244 HIZEIZIZTRI3D-BONY 7 + 7 =7 (RATOC)
Z Wiz,
2-4 ‘BIERREHH
2-4-1 FIRF v 7 BBERYT T AF v 7 GIF1ERL

7 U ANDKEEE 2R L. 4°CDT0% ethanol I CIMEREE L7z, #2V > T80%. 90%.
100%. 100% D 45 ¢ £ D ethanol THEIZ1 H °-24C T —BRALEL L | H 1% (Z 5 0100%
ethanol CTALEE§ 5 Z & TH/AKZ 58 T ¥ 72, K IZmethyl methacrylate (MMA) |
nonylphenyl-polyethyleneglycol acetate, benzoyl peroxideZ {EA L CH IR CT1040 fFH# L
TR U 72iRBIRIT, K L2 KBRS 2 AL T4 C T BB LB L 7o, RIBLE L
Te KRB Z A7 Y 2 —IZ A, aE (R ICN,N-dimethyl-p-toluidine & 1R & L 72
HD) ZMATACTHH LTz, QML RBEHITAZ Y 2a—82E > T]RY H L,

178 h—=2EHWTTumEDOEI R 2B LT, B LTZUIRIZA T A R 7 AI2HE
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DAFFTT LA L, ISR ST S 02 RAIIHVTZ, 725 MMA Zaluminium oxide
ZMA TERITTLBEEZIT o7 b D2 LTz,
2-4-2 von Kossat 2|2 X 5 B EHIE
2-4-1 CYERR L7=Y] i % 2-methoxyethyl acetate (AME) (23047 [Ei= L. MMAZE /5 % At
DRz, 52V T100%, 100%., 95%. 80%. 70%0D 4 DethanollZ 243921 L 7=
% AR K208, 297 OIR 9 2 & TKFI L7z, IRIT1% silver nitrate, 7% 847K . Sodaformal
(5% sodium carbonate, 37% formaldehyde) . 787K, 5% sodium thiosulfate, 7#%RE7K.
van Gieson (1% acid fuchsin solution, picric acid saturated solution) . ZZE/KDJEIZ143F
DR L. AN DMEEMAMOREZIT o1z, Jetatk, 70% (3l | 80% (2R |
95% (11a]) . 100% (2[n]) DF5FEEE DethanoliZ 1439 DNEIZIR L7=#. xylenelZ3[H],
3503012 L CKMLER 21T - 7=, 1% |(ZEntellannew (Millipore) TE A LA L 7=,
EFEDvon Kossaljt ta 217 - 72U f 2 BAREL T T L BV/TVRIEIC AW, BV/TV
IZPhotoshop (Adobe) Zflif L., Yt SN2 BREEROEMBE 2RO EE TEIL Z &
DEREH LT,
2-4-3 Toluidine blue4ef2iZ X % ‘B I EHIE
2-4-2{THE U TR S E 72 AR B A 40.1% toluidine bluel&iKIZ30F IR L 72, #EL T
70%. 70%. 80%. 95%. 100%D % FE DethanoliZ 1573 DNEIZIR L721%. 100% xylene
2143, 32 L7-. #¢%(ZEntellan new TEF A UJEEL L7~
EFEDtoluidine blue Bt 21T - 72 U1 7 Z BAMER T~ T#1%2 L. number of osteoblast/bone
perimeter (N.Ob/B.Pm. ‘HEHEICx o FF M) 2HHEH L7z, 5H#lX
OsteoMeasure ¥ 7 k7 =7 (OsteoMetrics) & HWTITo 72,

2-4-4 Tartrate-resistant acid phosphatase (TRAP) ¥z X 28¢5 MmN E
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2-4-2|ZHE U C/KFN &1 7= kW) i % stock basic incubation medium (190 mL D 7B /K12
1.84 gDsodium acetate, 2.28 gPsodium (+)-tartrate dihydrate & U80.62 mL DFERE 2 Al %
pH4.7-5.01ZFFH) 1237°C T3040 iR L7z, % D%, Naphthol AS-BI phosphate substrate
Mz TEBHIZ37°C T3040 MR Lz, %tV T, #H77=7astock basic incubation medium (2
sodium nitrite &z ("pararosaniline hydrochloride 2 1 2., Y /1 & 60-905) iz L7z, Yefatk,
AR IK T L. Carrazi’s hematoxylinlZ 1577% U Cxf LA 24T o 72, & Dk, PR
K THEH L. 50% glycerol in TETE A L7,

EREOTRAPY AL 24T o o U & WAIREE T CHIEE L. 243 L AR Y 7 b U = 7 %A
H L Tosteoclast surface/bone surface (Oc.S/BS, ‘B REKOREFEITK LT, WML
DAL TWDHEEORIE) 2R ML,

2-4-5 Calcein “EHBAIRIC X 5 B TEEGEE B E

CalceinZ . 2.5 mg/mLODIRE 725 L 9 (Zcalcein buffer (0.9% NaCl, 2% NaHCOs;) 2
iR L7o, T ERRETI2 B AT OS A ANCEREN £ (10 pL/gbody weight) L7-#&, X
IR 2 LB 2 AFR LTz, 2-4-3L ARk Y 7 h o =7 i L, caleeinTT XY
VT ENT2ARD T A > O % HIE L Cbone formationrate (BFR, ‘HIEAGHE) %5
H L7,

2-5 ELISA

~ U AMREFRE D HERML L, 1,200 x g T1053 im0 L Clig A [ L, i ke E <
-80°C TR AF L7z, i H Dosteocalcin Sz (Fcarboxy-terminal cross-linked telopeptide of
type I collagen (CTX-1) D £ I ZELISA Kit (Z 41 #1Quidel, Immunodiagnostic Systems)
AL CHIE LT,

2-6 3 Hh T RRER
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ST REBRIC X2 FREONEI IS v Z —ICRFE L THEE L
72 MZ-5008 (~/v b—) ZHV, ZAMEEEE2S mm, 3HE %2 mm/minlZ5% & L724R
RECRIREIZMEAZMIN L., &AM E (ultimate load) %Gk L7- (Fig. 14) .

7 Fracture
Loading speed (2 mm/min) ' !

Force

v

<>
Support width (5 mm) Time

Figure 14. 3-point bending test.

2-7 Zu—¥ A FARY—

< U ADNLEE AR L CE O Z Y X T o2tk 26 GOEHEEZ DT
VoY uEAVPBS TEBEZTEVH L2, 1,200 pm T54 MmO L BIEEBRE LT-14. 5
mL Dlysis buffer|Z ¥ LS/ HIRIE CEE L7z (&) . £ 0., 1,200 rpm T543 [z
DU EEERELZ%, SmLOPBSZM X CRMW L, MERSMHETEL L, RIER
Fth. SmLOPBSTHEE L, TC202HEIE/LH v % — (Bio-Rad) (T & 2 HiEEH]
EZAT 27, 1x108E OB /I 2 & T oMl BE K 2 1.5 mLF = — 7125 L, 7,000
rpm T 14y [0 L721% B # FRZ: L7-, Brilliant stain buffer (BD Biosciences) T-XL-
v AR L, PICDI16/325 1R 2 A TK ET200M#E L7z (Fe7 m v 7) o fild
TARAOCAERPUAR 20 2 TOK T304 MG S 72, 7,000 rpm Tl14r 0 L k=
HaRE LTz, 5 1%122% fatal bovine serum (FBS) /PBSZ1mLIIZ CBE L, 71 o

Y F v N7 44— (Millipore) T7 4/ kL —3 32 L7zt D%EFACSVerse (BD
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Biosciences) & 72 1ZCytoFLEX S (Beckman Coulter) CH#HT L 7=, SEAMAEER 2212 13 7-amino-
actinomycin D (7-AAD) ZH\\ 7o, M L7zHtikiITable 712 ~3 40 TH 5,

Table 7. List of antibodies used for flow cytometry.

Reagents Dilution Source Catalog #
Purified anti-mouse CD16/32 Antibody 1:50 BioLegend #101301
APC Mouse Lineage Antibody Cocktail, with Isotype control 1:10 BD Biosciences | #558074
PE-Cy7 Rat Anti-Mouse Ly-6A/E 1:50 BD Biosciences | #561021
FITC Rat Anti-Mouse CD117 1:50 BD Biosciences | #553354
PE Rat Anti-Mouse CD150 1:50 BD Biosciences | #562651
BV421 Hamster Anti-Mouse CD48 1:50 BD Biosciences | #747718
PE Rat Anti-Mouse CD16/CD32 1:50 BD Biosciences | #553145
BV421 Rat Anti-Mouse CD34 1:50 BD Biosciences | #562608
BV421 Rat Anti-Mouse CD127 1:50 BD Biosciences | #566300
APC Rat Anti-Mouse CD45R/B220 1:50 BD Biosciences | #553092
BV421 Rat Anti-Mouse [gM 1:50 BD Biosciences | #562595
APC anti-mouse/human CD11b Antibody 1:50 BioLegend #101211
BV421 Rat Anti-Mouse Ly-6G and Ly-6C 1:50 BD Biosciences | #562709
APC Rat Anti-Mouse TER-119/Erythroid Cells 1:50 BD Biosciences | #557909
7-AAD 1:500 BD Biosciences | #559925

2-8 Bioinformaticsf#4T

AWFZE TlL. Gene Expression Omnibus|ZI¥#k = 41 T V> % single-cell RNA sequencing

(scRNA-seq) 7 —%# (GSE145477) %#fEH L. R (4.0.2) THFTZIT-7295, XU
00— N LB 8T — % ZRNy 7 — U OSeurat CHAAT L7z, 97, RBELEE T
236,000& W 0, FIF200AKm OMIE 2 FRE L, e T, I b=y R TEIET
R ERARTHF D5%LL % 5D T Hiffiid 2 low quality Z25ffe & L CERE L7z, IERAE
M ONAR G —1) o 7 %4T - =% principal component analysis (PCA) } Uruniform manifold
approximation and projection (UMAP) % HWCRITIEMEAEIT 72, £ D%, Louvain7
WAV ANZE D7 TAZ D) T 2Tt BEMO~——8fa 2 N THT 7
AH—DIRIEEIT 212, Bin FIBMEHNTIZIZWilcoxon rank-sum testz V7=, Gene set
enrichment analysis (GSEA) [ZR/Xv 77— DclusterProfilerz{# ] L7z, [F/E L 72BM-

MSCs®D 5 &, Erk5SDFEBLINGED 4 5 #lficl & Erk5-expressionhieh Erk5 DFEEL 30D A
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Jd % Erk5-expression'™ & iE#s L7, Single-sample GSEA (ssGSEA) [ZIZR/Ny 7 — D

GSVA % ff F§ L 7= ., Molecular Signatures Database |2 I # < v T W %
[BIOCARTA_ERKS5 PATHWAY | &nf& > FZMHW, A 703 E 0 & &0

Jid A ErkS-signalinghiehifi & U THESTIZAEH L7,

2-9 BM-MSC D& K 0L E

2-9-1 BM-MSCD#5%

7 U A DI R ORI 2 U, B oz Y I To7z%, 26 GOEF
ZOF 722U ¥ % HV O a-minimum essential medium (oMEM) (& £ 7 A /L A F0tHl
W) CTHEBEEZ VRO L7-, RIT1,200 rpm TS5 ElE O L EIE A BRE L7=#. lysis buffer

(0.747%NH4Cl, 0.012% Tris) Z A CTHIMAAEL 21T > 72, £ D%, 20% FBS/aMEM
% FAVNT4x109 cells/well D2 FE CT6-well platelF#EFE L 7=, ££#1X37°C. 5% COD 544
FTIroT,

2-9-2 ‘BHFMI~D LS

EEARBHAAS B 4. B M LR E R (10% FBS/oMEM, 50 pg/mL ascorbic acid, 10
mM B-glycerophosphate) (Z@E#L L. 10H k2 L7,

2-9-3 Crystal violet#:f21Z X % colony forming unit-fibroblast (CFU-F) FEf

2-9-1ZHE U T4 HAjEE R L72#%, PBST2[EIVEH L, 4% PFAZ A CEE LB 21T -
7o %tV T0.2% crystal violetii® 2 1 2 CTYefa L7145, K C2RIBEE LBIZE LTz, AfEt
TlX, M 40MELL B FE > TV B EM % colony & L THIE L7z,

2-9-4 Alkaline phosphatase (ALP) ¥z X 5B 3FMKSLEFE
2-9212 K- THIFMIE~ & 43 EFHE L7z fia 22-9-312 4 U CHIEALEE L | buffer (0.1

M Tris-HCl (pH9.5) . 0.1 MNaCl, 0.1% Triton-X) T2[EIBEE L7=, %V T, [Albuffer
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T100f5 AR L 7-NBT/BCIPY&HR (Roche) & A12 T37CTI043 MY Lz, D%, K
T2[B Y Lcolony D4k & 5HHI L 7=,
2-10 MC3T3-E1THIf DEE 2

~ U A FiE AR T &H 5 MC3T3-E1L#l i % 10%FBS/aMEM H (2 & L, 2.5x10°
cells/cm? DI FE THEFE L 7=, B5281337°C, 5% CODSAME FTiro 72,
2-11 v U AEFHROMAREEE

ERIHERO~ 7 A HIAZE R Z /1 L, 4 mMEDTA CHJK L7-1%. 0.2% collagenase
PRI CALER U 7=, w0 LC IRl L 7= AlAE 2 10% FBS/aMEM A (25538 L, 1x10° cells/well
DI C24-well plate|ZFERE L5 L 7=,
2-12 VYFUANARY ZF—F VBB TEA
2-12-1 EfxTE A FHEK293THEE O3

HRARZE 38 CHRE R AF S VTZHEK293 TR 237 C DK TR R Bl S B 721, 10%
FBS/Dulbecco’s modified eagle medium (DMEM) HIZ%&# L 7=, =0 L CTHE10%
FBS/DMEMIZI ¥ S 7212, 7 4 v v = lZHERE L T37°C. 5% CODOSMFE N ThE L
72 3H. 0.25% trypsin-0.03% EDTA % H\ TR A 438 L. 10% FBS/DMEM H |2 %
WL, BOLTEFEEZBRELEZK, 3x10° cells/mLDEEIZ/R D X 5 1210%
FBSDMEMIZEE L., 7 « v ¥ = BIZ10 mLEEFE L7z, Z A% RISGME T C4RsfiRs %
L7cb D& B BAIEH L,
2-12-2 Y VBR AN T U MEZ X DBIETFEA

PR RS K2, A F D plasmid DNA, 2M CaCl,, 4-(2-Hydroxyethyl)piperazine-1-

ethanesulfonic acid (HEPES) buffered salineZ Il 2. =& T304 n S 7-, KIZ.
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2-12-1 CHRHL L 72 M2 IZDNA complexZ isII L. 37°C. 5% COD5AM: T CTHEE LT,
BRI AZ R AR G R A e 1T . B5aE RIE 2B LT,
2-12-3 MC3T3-E1THIfd~D U A )b R &G

2-11ICHE U TR L7ZMC3T3-E1L AR, 2-12-2 TN L 728528 Ry AL, 2
ug/mLDpolybrenefF7E | T4 [EIEG# L7z, £ D%, 1 pg/mLOpuromycinZ & {o55 1
IR L C3HEEEL, N T A7z varSnk-fildztLr s var L,
2-13 ¥ VXY B RBIRNT

FIRICHE L TIT o 72, 7238, EH L7-HiiRiITable 8D Y TH %,

Table 8. List of antibodies used for western blotting.

Antibodies Dilution Source Catalog #
Anti-Runx2 1:1000 Cell Signaling Technologies #8486
Anti-Erk5 1:1000 Cell Signaling Technologies #13820
Anti-Smadl 1:1000 Cell Signaling Technologies #9743
Anti-phospho-Smad1/5/8 1:1000 Cell Signaling Technologies #13820
Anti-B-actin 1:2000 Santa Cruz Biotechnology #sc-47778
Anti-Smad5 1:1000 Santa Cruz Biotechnology #sc-7443
Anti-Smad$8 1:1000 Santa Cruz Biotechnology #sc-11393
Anti-Smurf2 1:1000 Santa Cruz Biotechnology #sc-25511
Anti-Osx 1:1000 Abcam #ab94744

2-14 Real-time qPCRYEIZ & 2 B s T IR BT
2-14-1 HERE RIS

FE1E T UE U CTHlI Y L 7-total RNAZ%F L CRQI1 DNase (Promega) }2 'RQ1 DNase
bufferZ 1 2. C37°C T304 4LEE L, RQI DNase Stop Solution % /Il Z C S his & 45+ 1E X
72. WIZ, 10 mM dNTP mix (Takara) A UOligo(dT)is primer (Sigma-Aldrich) % /1%
TO65CTSormImE L, FI1E0 <K L, eV T, 5x first strand buffer (Invitrogen) .

0.1 M dithiothreitol (Invitrogen) M O"M-MLV Reverse Transcriptase (Invitrogen) % /Il %
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T3TCTIR RIS STz, D%, 70°CTIS BN L Cflin BRESR 2 L5 SH 7
%, -20CCTRIF L T2,

2-14-1 Real-time qPCRE

2-14-1THEML L 72cDNAIZSYBR qPCR mix (TOYOBO) & Table it 7' T4 ~—%
MMATee ZHAEMX3005PIZE v kL, BVEME (95C. 347) . PCR (95°C. 30#—60C.,
30%0) | mlfEEhER AT (95°C. 143—55°C, 30B—95C. 30%)) DIET, £ Zhld
A TN A0 A TV 1Y A T VT OAT o, 5B ITZCHED b NEREEAE D CHE A )8
TACtZ 13T, PCREEMOEZH M LT,

Table 9. List of primers used for real-time PCR

Genes Forward Reverse
Actb TGGAATCCTGTGGCATCCATGA TAAAACGCAGCTCAGTAACAGTCCG
Alpl CTCCCTACGCACCCTGTTCT TGGAAGTTGCCTGGACCTCT
Angptl TGATAACCGCAGCCACAAAG AGAAAGATGTGGTGGGAAGCA
Bglap TGCGCTCTGTCTCTCTGACC CCTTATTGCCCTCCTGCTTG
Collal CCCCTCAACCCCGTCTACTT CATGGAGATGCCAGATGGTT
Cxcll2 CCAGAGCCAACGTCAAGCAT CAGCCGTGCAACAATCTGAA
Erk5 GCCAGGATAGACCCAGCATCAAG | GGCTGAAAGGTGGGTCTGAGATG
Gapdh AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA
117 TTCTGCTGCCTGTCACATCA CTTCAACTTGCGAGCAGCAC
Kitl GGTAGCTAGTTCTATCCATGCGGT | CCTGTAAGGACTTTTCTGGAGAGTCT
Lepr CCCAATCTACCAACTTCCCAAC CATAGTTTAGGTTTGTTTCCCTC
Nes ATTGGGAGGAGGGCAGAGA ACTTTGGGGAGGCAGGAGA
Pdgfra ATATTCCCCACAGGCACGTTA TCGCTCTCACACACTTACCACA
Runx?2 ACTTTGGGGAGGCAGGAGA ACTTTGGGGAGGCAGGAGA

Smadl GCTGCCTTAAACAGACAAGCTGG | CCGTGGAGCGGATAAGACAGAAG
Smad?2 TGCAACAGTGTGTAAGATCCCACC | GGTTGACAGACTGAGCCAGAAG

Smad3 CACGCAGAACGTGAACACC GGCAGTAGATAACGTGAGGGA
Smad4 ACACCAACAAGTAACGATGCC GCAAAGGTTTCACTTTCCCCA
Smad5 ATGAGCTTTGTCAAGGGCTGG GGAGAGCCCATCTGAGTAAGGAC
Smad6 ATCACCTCCTGCCCCTGT CTGGGGTGGTGTCTCTGG

Smad7 AAGATCGGCTGTGGCATC CCAACAGCGTCCTGGAGT

Smad§ ACCAGGACACACAACTCAAACC GTTCCTTGATGGACGTGGCTG

Sp7 ATGGCGTCCTCTCTGCTTG TGAAAGGTCAGCGTATGGCTT
Sppl TCCCTCGATGTCATCCCTGTTG GGCACTCTCCTGGCTCTCTTTG
Tgfbl TTAGGAAGGACCTGGGTTGG TTGGTTGTAGAGGGCAAGGA

2-15 Luciferase reporter assay

2-15-1 VAR 7z a VBRI ELTFEA

-44 -



40 pLDOpti-MEM  (Thermo Fisher Scientific) (Z, A3 %plasmid DNA 0.34 ug®mix
%N Z T, Lipofectamine LTX (Thermo Fisher Scientific) 1uLZ M x CT=iET. 3047
G S W72, D%, B MIRIZDNA-lipofectamine complex 240 pLE#sN L. 37°C. 5%
COy &M T CASIFIET AR L2,

2-15-2 VAR—FZ—T oA

2-15-112 ¥ U TR 78 A Z 1T > 7o Ml jl 2 PBS T2[AIYE{# % . Passive Lysis Buffer

(Promega) & MW CHIlA 2 E8MF LTz, £ D%, =0 LT RiFZEI L, #IE £ T-80°C
THRAE LTz, B L7 BIBICvy 7 = U &z, #X7HZGloMax-Multi Detection
System (Promega) Z MW Ty 7 =7 —ViEA2HIE LT,

2-16 FEFHEHT

FRIZIT D DRV RY | BAEARHT T DAL, PIMEHAEERRZE TR L, #iat
FHABEZEIL, ML 2 BEF I O 54 Student’s t-test &, ZSRERFILEZ DA one-way
ANOVA F721% two-way ANOVA Z1TV), ZH R E T Bonferroni test & W T%

NENRE LTz, P<0.05 DGEICAEZEZLY SHWr L,
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3 ERAER
3-1 LepR* BM-MSCHREMIErkS R~ UV RIRK L & bITHERRBEFIZITLET S
LepR* BM-MSCIZ A% OBk DO TE F MEMERHC BB e B2 K72 LT D15, pliR ]
DBM-MSCIZ3H51) DEkS OMEREZ D 72D, LepR-Cre; Erk5""< 77 A (LepR" BM-MSC
B REErkS R~ 7 ) ZA/ER L7z (Fig. 15A, 15B) , Z DO~ AnE KEVE 24 H
L. uCTH 2 WA e T 21T o 72 & 2 A, 6l TIXEKS '~ 7 A (v bt m
— v T R) ERIFEOFBETHST=OITx L, 12-1618 AR TIIa i+ I IR D
FERRMNEBO b, BENFE LML W= (Fig. 15C-15E) ., £7-. LepR-Cre;Erk5""
~ U A TII2- 160 # LA CH BB M A8 L Tnwie (Fig. 15G) . ‘BREET
W OFER . Erk5"= 7 A & g U, LepR-Cre; Erk5"'< 0 A CIXHEROEETH HF
AR OVB T BGR EE S BN LT/ (Fig. 15H-15K) . — 5, ‘B OE
FEC o DM E M mEICA B2 TR b o7 (Fig 151, 15SM) , ‘BTEKDIT
AL T, REWRBFER~ —F — TH % osteocalcin O Ifil. {7 I FE 13 LepR-
Cre;Erk5"< 7 A CTHBEIZ M2 T DTkt L, BRI~ — 7 — T 2 CTX-10 1. H i
JEICIZZEN A N2> 7= (Fig. 15N, 150) o S BT, B OWERSRE & -3 5 7=
DIRHTREBRZIT o2& 2 A, 12-168ERIZI VT, LepR-Cre, Erk5"~ 7 2 O KFRE
THBIZRKRMEZSHIN L TWe—7, Sl E ClEZEN Ao d > 7= (Fig. 15P) .
VLBV | LepR-Cre; Erk5"'~ 7 A8 89 2 B 705 &8N, B MR OBERER & ©

372 <0 BIERDOTTHEIZ L > THER I SN b D TH D RN R ST,
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Figure 15. Erk5 deficiency in LepR* BM-MSCs shows osteosclerotic bone marrow with
age.

(A) Schematic diagram of generating LepR" cell-specific Erk5 knockout mice. Black arrows
represent primer binding sites. (B) Deletion efficiency of Erk5 in BM-MSCs of LepR-

Cre; Erk5"" mice at the genomic DNA level (left) and the mRNA level (right, n = 4). (C, D)
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puCT images (C) and von Kossa staining (D) of femurs from female Erk5"" and LepR-
Cre; Erk5"" mice. (E, F) BV/TV of femurs from female Erk5"" and LepR-Cre; Erk5"" mice
measured by uCT (n = 3-8) (E) and von Kossa staining (n = 3-18) (F). (G) The number of bone
marrow mononuclear cells of female Erk5"" and LepR-Cre; Erk5™" mice (n = 4-7). (H-K)
Toluidine blue staining (H), N.Ob/B.Pm (n = 8-10) (1), calcein labeling (J) and BFR (rn =4) (K)
of femurs from female Erk5"" and LepR-Cre;Erk5™" mice. Arrowheads in (H) indicate
osteoblasts. (L, M) TRAP staining (L) and Oc.S/BS (M) of femurs from female Erk5"" and
LepR-Cre; Erk5™" mice (n = 8-12). Arrowheads in (L) indicate osteoclasts. (N) Circulating
osteocalcin levels of female Erk5"" and LepR-Cre; Erk5"" mice at 12-16-week-old (n = 4-6).
(O) Circulating CTX-I levels of female Erk5"" and LepR-Cre; Erk5"" mice at 12-16-week-old
(n = 4). (P) Ultimate load of femurs from Erk5"" and LepR-Cre; Erk5"" mice (n = 5-7). Scale

bars, | mm (C and D), 50 pm (H and L), 10 pm (J). *P < 0.05, **P < 0.01 and ***P < 0.001.
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3-2 LepR* BM-MSCHR R ErkS X~ U A Tid&E MERBICEEIIR D bhizn
FLERCARMER, /IR & Vo 7o ML, M b3 5 2 & THEAS
% (Fig. 16) . @EM&EHIRIZIZ, AIEICE > THCCERELZ AT 5 R i
(long-term hematopoietic stem cell; LT-HSC) &, —ifitEo B CEREE A A9 5 i
M ERHR (short-term hematopoietic stem cell; ST-HSC) O2FEE DM NTFAET D Z &2
HHALTVN D, EMERAR TS N RIS E L. = TRl & R 2 )8 B o
MR AR FAZAER L722s & 2 OREZ 4R L T\ D (Fig. 12) ¢, =y FflilaofT
t,. LepR* BM-MSC® — 1% Cxcl12-abundant reticular (CAR) #lfii & & FEIEHL, Cxcll2
REDTENA RV A NIA L EUWT H 2 & T IMER M OMERF IR O T H 2

PR E| B BT 2 L N B LT B 15166162

________________________ I:'"""""“"‘ Ay. NK cells

|
1 1
: : > @ Bcells
! 1" e !
| 0~0—»0’~’ e
| GMPs |
1 1 4 Yo
| LT-HSCs  ST-HSCs MPPs .. . —_— @) ——> .,‘ } Granulocytes

"""""""""""" . T™SA
CMPs e
' Q@
' LKs MEPs | Monocytes Macrophages

(5 9 ‘ ‘ Osteoclasts
Platelets  Erythrocytes

Figure 16. Hematopoietic cell lineages.

Z 2T, EfkSA= v FHlg L L TDLepR BM-MSCORERERIEIZEE G- L T\ B e
I MERET L7z, LepR-Cre;Erk5"~ 7 A TIX12-16#8H CHE 2B EHMNA A 5 T
W5, Lo TARRENCIE, BEHEMC X 25 RO IR F 5 1 i 25 o

AREMEZHERR T 2720, 6D~ T A EHWTHRF 21T 72, ZOREE, & aaibK
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i A & TeE /T HLSKMAE (Lineage Sca-17 ¢-Kit") K& U'LT-HSC (Lineage™ Sca-1*
c-Kit"CD150" CD48") . ST-HSC (Lineage Sca-1"c-Kit" CD150" CD48") . ZHet:aikkiM
i@ (multi-potent progenitor; MPP) (Lineage Sca-1" c-Kit" CD48%) OWFHLDOMETE .
ZTOICHBEREITIR SN h - 7= (Fig. 17A,17B) . £7-. LK#IM (Lineage Sca-
1-c-Kit") M OMERIEK- HERAITBKHIIE (granulocyte-monocyte progenitor; GMP)  (Lineage
Sca-1- ¢-Kit" CD34- CD16/327) . BE.£ZEK-7R ML EK AT EEAI AL (megakaryocyte-erythroid
progenitor; MEP)  (Lineage™ Sca-1- ¢-Kit" CD34- CD16/327) | i X = v 1 RAEIHEH
(common myeloid progenitor; CMP)  (Lineage™ Sca-1- ¢c-Kit"CD34" CD16/327) , i@V
> RERFIEEAAY  (common lymphoid progenitor; CLP)  (Lineage™ Sca-1- c-Kit" CD127%)
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Figure 17. Erk5 expressed in LepR"™ BM-MSCs is dispensable for steady-state

hematopoiesis.

(A-I) Gating strategies of flow cytometry and the number of cells of female Erk5"" and LepR-

Cre, Erk5"" mice indicated in each figure (n = 5-7).
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3-3 BFHIRFRNEAS KB~ U AR UOH RS REEAS KB~ U 2 TILEER
DEEIIRBD RN

LepR-Cre; Erk5"'< 7 2 Cl%, LepR* BM-MSC CTODHErk5 D RKAENHL E TV D DT T
372 < B LT B IR S RIERICErS 2 RIBL T D, LI > T, ZALE THER
ENTWDHEEEIL, ErkSKIELepR™ BM-MSCTi7e < . b L7 ErkS RIEE 20
NaDFERE R T NRK TH D /RN E R b D, ORI EMEET 5720, Collal-
Cre;Erk5"~ 7 A (B AR RAVEKS R~ D R) ZER L, BT 217 -
7= (Fig. 18A, 18B) ., puCTMR OMHRFHIFENT OWNT N OTFET S, 12BEICHE W TE
BIIMIFRD S 7> 7 (Fig. 18C-18F) , [FAERIZ, BN, Mg MiamiE &b
HDIRT A= H BRI RS- 7= (Fig. 18G, 18H) ., HiW T, B HMIEICE
T HEKS DEEREZ I~ D 72 ~ 7 AHITE ALK TH 52MCIT3-E1MIIIZ % L T
short hairpin RNA (shRNA) (Z XK BEksSD /) v 7 X7 %1{T->7= (Fig. 181) , % Dk
B ALPYA DO YA, MO~ A F — L X 2 L—% —TH 5 Runx2 KL O
Sp7DIEBL HIFEEEAEIC Z2ITR8 O HivZe o 7= (Fig. 18J-18L)

WIE TR L= Y | LepR-Cre; Erk5"~ 7 A CTIIME T A FGHIIE T & ErkS 0 KRN

Q|

F & TV D, BUR FEARRHII X AEAMRER 2N L CRIERESIE L TV D Z b,
LepR-Cre;Erk5"'< 77 A D& B8N A LepR A OFERE B (R K9~ 5 Al REME S B
Z BB 22T, Synl-Cre~ 7 A% W THIRSHIIR R B Erk S KIE~ 7 A (Synl-
Cre;Erk5"'< v X)) ZAERLL | HAERROMT 21T -7 (Fig. 18A, 18M) , £ DR,
1218 #5123\ T pCTHENT K O HIAT O W T LI W T HHRICEITR ST,

B I SO B A A 1 D B RIEERD S o 7= (Fig. 18N-18S)
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Figure 18. Erk5 deficiency in osteoblasts or neurons displays normal bone marrow cavity.
(A) Schematic diagram of generating osteoblast- or neuron-specific £7k5 knockout mice. Black
arrows represent primer binding sites. (B) Deletion efficiency of Erk5 in the marrow-flushed
bone at genomic DNA level (top) and osteoblasts at mRNA level (bottom, n = 4) of Collal-
Cre; Erk5"" mice. (C, D) pCT images (C) and von Kossa staining (D) of femurs from Erk5"!
and Collal-Cre;Erk5"" mice. (E, F) BV/TV of femurs from Erk5"" and Collal-Cre; Erk5""
mice measured by uCT (n = 9-10) (E) and von Kossa staining (z = 6) (F). (G) N.Ob/B.Pm of
femurs from Erk5"" and Collal-Cre;Erk5™" mice femurs (n = 6). (H) Oc.S/BS of femurs from
Erk5™" and Collal-Cre; Erk5™" mice (n = 6). (I) Erk5 mRNA levels in MC3T3-E1 cells
infected with shErkS. (J) ALP staining of MC3T3-E1 cells infected with shErkS. (K) mRNA
levels of osteoblast markers in MC3T3-E1 cells infected with shErkS5 (n = 4). (L) Proliferation
capacity of MC3T3-E1 cells infected with shErk5 (n = 4). (M) Deletion efficiency of Erk5 in
the hypothalamus of Syn-Cre; Erk5"" mice. (N, O) uCT images (N) and von Kossa staining
(O) of femurs from Erk5"" and Syni-Cre;Erk5"" mice. (P, Q) BV/TV of femurs from Erk5""
and SynI-Cre; Erk5"" mice measured by pCT (n = 8) (P) and von Kossa staining (n = 5-6) (Q).
(R) N.Ob/B.Pm of femurs from Erk5"" and Synl-Cre;Erk5"" mice (n = 5-6). (S) Oc.S/BS of
femurs from Erk5™" and SynI-Cre; Erk5™" mice (n = 5-6). All mice used in Fig. 16 are 12 weeks

of age. Scale bars, | mm (C, D, J, N and O). **P <0.01 and ***P < (.001.

-54 -



3-3 Erk5REBM-MSCIZ B MR 2L 3 TeES S

=i

VT, AT —H _X—2 BIZ/FTET HscRNA-seq7 — # % F\ > Thioinformaticsfi# T
M L, BM-MSCIZIUT D Erks DFEBL & M fERE & O B DUV TR L7255, 5l
R iy 72~ — 1 — BB T DIBLL NV E 552, BM-MSC (PrxI*, Lepr') & OVE 3
#E (Collal*. Bglap*) %R L7= (Fig. 19A,19B) , =2 U v F % MiEhT (GSEA)

OFER, B L L L TBM-MSC TIXErkS > 7 VIZ B0 2 s - 23E B I

ENTWD (ZEkST 7 FURNEHAL L CTW5) Z ERBALNE 2272 (Fig. 19C) .

WIZ. BM-MSC% ErkSi 28 B8t (Erk5-expression™€ BM-MSC) & ErkSIRIEEEE (Evks-
expression'® BM-MSC) D2EEIZS51), GSEAZ EAT L7z, T DOfES., BM-MSCDHJil
REMAAPEAERF IC R D o 7 OUIZITZEN RO b e o o —J, B3I b8
{LICBE > % ¥ 7 F )V idErkS-expression® BM-MSC CA BEIZIEMAL L TV A Z EAVURE
7= (Fig. 19D-19G) ., & BT, ssGSEA%L HWNTHlfe Z & IZErkS > 7 /v OiEMA L L
xR aTEL, @A 3T ZoR A EkKS S 7S WEMILEE (ErkS-signalinghieh
BM-MSC) . &\ 2 27 &Rk Hilil & ErkS ¥ 7V IETEMALEE (ErkS-signaling!®” BM-
MSC) & L7z, Z DO2HEM Thd TGSEAZ HEIT LT= & 2 A ErkSDHBL L~ T
L7256 & [AERIC . BM-MSCOHEFECHMIAMEMERFIZ B 5 & 7 MITIZZER R b
2o To— BRI eIC B 5 & 7 ) L IdErkS-signaling'® BM-MSC CHA

BITEHEEL TWD Z e BN E o7 (Fig. 19H-19K)

-55-



Erk5 targets MSC proliferation
: oA 2 A
Prx1 8 3| os
S| o4 o2
~ : 8 ! & | o
) Lepr g | o2 £ o0
< 1 £ [ £
H . 2 | oo 2 | 01
Colta1 £ P=0.035 e[ ,|P=0813
w | o2 O w =
] > NES = 1.739 o | 0siNES=0771 |
Bglap £ w ‘ ‘H £ | ‘ ‘
— 2 & i |
MSCs OBs MSCs OBs High Low
Erk5 expression
E St k F Osteoblast diff tiati G ificati H i i
emness markers steoblast differentiation Ossification MSC proliferation
A A oA A
& | o1 g |02 3 p g | oso
"E’ LI\ 2 04 @ | o] ) @
£ ” g | ooV S [ oof’ p G | o2
< | 01 Iy = o E p [ E
2 . r 2 CH I m S | o000
5 021P = 0.062 AN S 102 P =0.002 A { c P P =0.009 \ ./ H P=0.243
o | 0sNES =-1.664 » = NES = -2.452 { = NES: -2.305 v’ 4| 025 INES: 1.343
< < 2 1 2
4 T A 4 T
c c c c
& l & - I 2 u
High Low High Low High Low High Low
Erk5 expression Erk5 expression Erk5 expression Erk5 signaling (ssGSEA)
Stemness markers Osteoblast differentiation Ossification
A LA LA
] o102 ]
O 0.1 o o
2] » @ | o1
- w | o1 -
c c c
o | 004 @ " @
£ £ | oo N g%
£ E- Jy 4
g |01 2 |01 o L |01 W ol
uEJ P =0.309 E P=0.003 \ ./ uEJ P =0.003 N
= 021NES: -1.182 N = 021NES: -2.032 W = 021NES: -2.404 W
c c c
3 XA A 1 s R TR
c c c
3 3 S |
[ [ ©
High Low High Low High Low
Erk5 signaling (ssGSEA) Erk5 signaling (ssGSEA) Erk5 signaling (ssGSEA)

Figure 19. In silico analysis reveals that Erk5 expression and signaling are related to
osteoblastogenesis.

(A) The UMAP plot of color-coded clustering of MSCs (n = 236) and OBs (n = 392) from 3-
month-old mice. (B) The violin plots of cell-specific marker gene expression. (C) The
enrichment plot for Erk5-targeted gene set between MSCs and OBs. (D-G) The enrichment
plots for MSC proliferation (D), stemness (E), osteoblast differentiation (F) and ossification
(G) gene sets between Erk5-expression™" MSCs and Erk5-expression'® MSCs. (H-K) The
enrichment plots for MSC proliferation (H) and stemness (I), osteoblast differentiation (J) and
ossification (K) gene sets between Erk5-signaling"¢" MSCs and Erk5-signaling” MSCs. *P <

0.05, **P <0.01 and ***P < 0.001.

-56 -



BEVWNT, 63 R DErksS"< 77 2 K (NLepR-Cre; Erk5™'= 77 A5 N FHEL L 7-BM-
MSC% N 7zinvitroFER 24T o 1z, an =—JBT v A 21T, 21 =—JBRHL
(CFU-F) ZIE L7z L 2 A, MFETAHERZITRD b/ed- 7z (Fig.20A,20B)
[FREIZ, B~ — 41— "Cd D Lepr. Nes, PdgfraD & BIn T RHBUCH 2T A S8
-7z (Fig.20C) ., —J . BM-MSCZ ‘& #Mifa~L pfb 37 & 2 A, LepR-Cre; Erk5™!
~ U A HSROMNE TIEE M (b2 A2 I JeHE LTz (Fig. 20D, 20E) ., LepR-
Cre; Erk5™~ v7 2 {13k O #lifitd CTldrunt-related transcription factor 2 (Runx2) <°Osterix?
BRI E R ORI FRANAERICER L TRBY ., 5 MRMb~——Th D
Collal RAIpLEAR T DI [FERICAH EIZ EH LTz (Fig. 20F-201) , Fig. 17057
L —F L. LepR-Cre;Erk5"1~ 7 2 H3EBM-MSC T, i HLs i i oo B BEHI4E 1 RS
58 fnA DI B ErkS"~ 77 A HSEBM-MSC & [FIREE T - 7= (Fig.20]) , LLEX
Y . BM-MSCIZF (T 2% Erk5 sl i 4 oo fill il Tl e < B 2Fla o b 2 filil L T2 ]

REPED R STz,
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Figure 20. ErkS5 deficiency in LepR* BM-MSCs promotes osteoblastogenesis.

(A, B) Crystal violet staining (A) and CFU-F (B) using MSCs derived from 6-week-old mice.
(n=15). (C) mRNA levels of MSC markers (n = 4). (D, E) ALP staining (D) and CFU-Ob (E)
(n = 6). (F-H) Representative images of the immunoblotting analysis (F) and protein levels of
Runx2 (G) and Osterix (H) in MSCs (n = 3). B-Actin served as a loading control. (I, J) mRNA
levels of OB markers (I) and representative hematopoietic stem cell niche factors (J) expressed

in MSCs (n = 4). Scale bars, 1 mm (A), 200 um (D). *P <0.05, **P <0.01 and ***P < 0.001.
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BM-MSC» 58 M ~D 43{kIZI%. bone morphogenetic protein (BMP) -Smad1/5/8
VIFTANEETHDL I ENALNTVSD (Fig. 21) ©, BMPZZEIRIZBMPOME ST
% & . Smadl/5/8 (receptor-regulated Smads; R-Smads) 73 U Vb &5, D%, Smad4

(common-mediator Smad; Co-Smad) & EEEZIEH L TEWNIZEATT %, BRICBAT
L 7-Smad1/5/8-Smad4 {4 {A£1ZBMP responsive element (BRE) ECAICHES L. 550N
T & L CIENERRF ORI L1495, Smad6/7 (inhibitor Smads; I-Smads) 13
Smad1/5/8D V » b A HET % Z & TBMP-Smadl/5/83 7 F /L &3+ 5, Fexid
NETIZ, Erk523Smurf2™29% U U lefb4 25 2 & TSmurf2 25 L4202 Z L 2R/ L
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Figure 21. BMP-Smad1/5/8 signaling.
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LepR-Cre; Erk5"'~ 7 A H2RBM-MSC TlX, ErkS"~ 7 2 & g L CSmurf2™240
VERIE A BIZIE T LT (Fig. 22A,22B) , Fig. 19 & [Fl4£ T bioinformaticsfEAT 217
>72 & 2 A, Erk5-expression® BM-MSC M U'Erk5-signaling!®” BM-MSC Tl = &% F -
KA 2 2 L X T BRI ST D Z E R B2 L e 572 (Fig.22C)  LepR-
Cre;Erk5"'< 7 A 115 KBM-MSC ClX, Erk5"~ 7 A & i L CTSmadl DRBL Y >
f21t.Smadl/5/8 DFBIMN A EIZ EH LTz (Fig.22D,22E) , & HIZ, w7 =T —
BRI 2 —F WL AR—%—7 vt A DOfEH, BRE-luciferase (luc) (Smad1/5/84&
171Y) OFBEZRFBEBEMPEEE S (Fig. 22F) . —J . Smadl. Smad5. Smad8®
MRNA U~/UZIIZE LA 72 < | [AIBRIZSmad4 % O\Smad6. Smad7 DmRNA L~/ 6
BRI R N o7z (Fig. 22G) , 2L binvitroZBRORERZEAT T 5 X 912,
Erk5-expression'® BM-MSC & T'Erk5-signaling'® BM-MSC TIZBMP ¥ 7 F /L 235 M4k
LT3 Z & JbioinformaticsfifiTic K » TH/RIE S 7= (Fig.22H) , LLEX V| Erks
1% Smurf2™24_Smad1/5/8-Runx2/Osterix > 7 F /L % 41 L CBM-MSC D& i~ D 4y

{bEAICHIE L TWD Z EDRB STz,
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Figure 22. Erk5 deficiency in LepR" BM-MSCs decreases Smurf2 activity and increases
Smad1/5/8-depdent signaling.

(A, B) Representative images of the immunoblotting analysis (A) and protein levels of p-
Smurf2™?249 and Smurf2 (B) in MSCs (n = 3). (C) The enrichment plots for negative regulation
of ubiquitin-dependent protein catabolic process gene set between Erk5-expression"€" MSCs
and Erk5-expression'®” MSCs (left) or Erk5-signalinghe" MSCs and Erk5-signaling'®” MSCs
(right). (D, E) Representative images of the immunoblotting analysis (D) and protein levels of
Smadl, Smad5, Smad8 and p-Smad1/5/8 (E) in MSCs (n = 3). (F) BRE-luc activity in MSCs
(n = 4). (G) mRNA levels of Smads in MSCs (n = 4). (H) The enrichment plots for BMP
signaling gene set between Erk5-expression™" MSCs and Erk5-expression® MSCs (left) or

Erk5-signaling"€" MSCs and Erk5-signaling'” MSCs (right). *P < 0.05 and **P < 0.01.
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THHT D Z Lz Lz,
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Smurf2™290 U U ERLIREEA Bt L, 32X F o U H—F & LCOEEZ b o (F
PlhEihd) T &2 L TWDH2, & 2 TANZE Tl CRISPR/Cas9 s A7 Az FVW T,
5 O TSmurf2?9F %2 5 BLd~ 25 Smurf2?4F 24 ) o 7 A = A B BT IT/ER L
7= (Fig. 23A-23C) ., SR DSmurf2?49E124%E ) < J A 2~ 7 2D KRG % uCT CHEAT
L7zt Z A, arvbe— v R LKL CHRRICAERZTROONT, 2168
BB W CHLBEERRBANIRD 5N/ - 7= (Fig. 23D, 23E) , #i\ T, Smurf2T24F
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Figure 23. Introduction of Smurf2™4F phosphomimetic mutant rescues the osteosclerotic
phenotype of Erk5-deficent mice.

(A) Schematic diagram of CRISPR/Cas9-mediated gene editing to generate Smurf27#°F mice.
Black arrows indicate primer binding sites for detecting Smurf2"T (Primer #1 and #2) or
Smurf2#F (Primer #1 and #3) at Fig. 19C. (B) The representative image of sequencing of
genomic DNA from homozygous founder. (C) Detecting genomic insertion of Smurf27?#F

T249E

mutant in Smur, mice at genomic DNA level. (D, E) uCT images (16 weeks of age) (D)

and BV/TV (8 weeks of age) (E) of femurs from Smurf2"" and Smurf2"?#*F/14F mice (n = 7-
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9). (F, G) uCT images (F) and von Kossa staining (G) of femurs from Erk5™", LepR-Cre; Erk5™"
and LepR-Cre; Erk5""; Smurf2T?#ET24% mice. (H, I) BV/TV of femurs from Erk5"", LepR-
Cre; Erk5"" and LepR-Cre; Erk5™":Smurf2"?#E'T4%F mice measured by uCT (n = 3-7) (H) and
von Kossa staining (n = 3-15) (I). (J) N.Ob/B.Pm of femurs from Erk5"", LepR-Cre; Erk5™"

and LepR-Cre; Erk5"":Smurf27#°F/?4%E mice (n = 3-9). **P < 0.01 and ***P < 0.001.
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Adult mice

Wild-type
bone marrow mesenchymal stem cell

Erk5-deficient
bone marrow mesenchymal stem cell

Phosphorylation

Osteogenic differentiation

Figure 24. Schematic model of the findings in this study.
In adult BM-MSCs, Erk5 phosphorylates Smurf2™?24° to suppress excessive osteogenic

differentiation by regulating the Smad1/5/8—Runx2/Osterix axis.
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