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Fibroblast growth factor 23 (FGF23) acts as a phosphaturic hormone upon
la, 26-dihydroxyvitamin D, (1,25(0H),D,) stimulation, and the truncated form (sKL)
of Klotho, a coreceptor for FGF23 in kidney, is released into the circulation. Here,
we show that an intravenous injection of sKL rapidly increases ERK phosphorylation
as FGF23 signaling in bone but not in kidney in mice, when preloaded with 1, 25 (OH),D,.
The unique activity of sKL in bone is mimicked in AZotho-deficient mutant (kZ/kI)
mice, in spite of the k7/k/ high serum concentrations of phosphate, calcium,
1, 25(0H),D,; and FGF23. These mice exhibit selective accumulation of FGF23 and sKL
and subsequent hypomineralization in parietal bone, without changes in serum
parameters examined. sKL in serum is necessary for complex formation with FGF23
and the corresponding hypomineralization effects in osteoblast/osteocyte cultures,
when FGF23 levels are increased by 1, 25 (0H) ,D,. These data define a novel bone—kidney
axis in which sKL acts as a cofactor for FGF23 in parietal bone, and the unique
bone milieu mediates the local actions of FGF23.

SRR
(BHDRLL : D)
EBERE B & &l

200 8 1, 300, 000 390, 000 1, 690, 000
200 9% 1,100, 000 330, 000 1, 430, 000
20104 1, 100, 000 330, 000 1,430, 000

B

B
ik 3, 500, 000 1,050, 000 4,550, 000

MR E - B

ZHESR AL 2

¥ —U— K : FGF23, Klotho, fijK{k, ~ v 7% F—F(ERK)



1. WFIERHAR S D1 5

U CEEEH OREFEI LM - BT O REE SR
FEDORAIKAEDIRK L 725 2 Enb, ZD
FIFEAE S TE H ST & 72, 2000 4F 0 fHE A
Ka g% K+ (FGF) 23 D38 K, (Nat Genet 26,
345) k> & L, sFRP-4 (J Clin Invest 112,
758, 2003). DMP1. MEPE (Genomics 67, 54,
2000) 72 £ A Y AT BEE 7 2SR U
THAINTWD, &V bliF, FGF23 D¥ R,
WX, U O ERHTIAED O TR A SR L 72 AT
FsO CHEHER @, AL, PiEE OB
F U7z FGF23 OFi7=7ekkRE (18ak) # 3z b
L. & - BEREOHFHIGRIEORREZ B &
L= st ch 5,

FGF23 [XiE ., TSR Y > i fE o SR Al
K+ THH, & L THEMM DWW S 1,

BB AEER) L U CARAE UEEER R RT (1%
), —J5, BBk, BEFE RE) MiEdH D
W B R B HEE 2 H N, FGF23 23 /iRl 1 &
L CEEREZMEITEZ L2 6N Lz

(Bone 40, 1565, 2007; J Biol Chem 281, 5120,
2006; J Bone Miner Res 23, 939, 2008),

S5 B & LT B AR L OBRERY
FRU LRI VR N T AR— S —

(NPT) & LT Pitl Z[AiE L7z (Mol Cell Biol
27, 4465, 2007).

%< DFGF 772U —mD 95, FGF23 23V
VIR & D RERI OBSEE 2 ST 5 72
DI2IE, LB R 1Y) klotho & FGF 5%
AR (FGFR) & OB A RN VAT D L HE
EINTWA (Vature 444, 770, 2006), B3
HIRIZ I FGF2 213 U b & 4 A5 Ff D FGF 7344
JE - b ERET D Z ERNmbENTWS, FA
=B O/ R, BHEMIRICI T D FGF23 D%
MERENZEND EXBIEND Z L E2RELT
W5,

2. W30 HBY

AU E FUTZFGR231 ML 2 A L C B RN
ZRERE L, IR N U o MMEAFEY B b
T AR—H— (NPT2) OFBEIMH L, V
VRO RN A LET S, AR, B lakfz
(LEEZE ORI 2 L, la, 25-dihydroxy—
vitamin D (1, 25(0H),D,) DFEEZ LT SH 5,
FOREER, IRV CVIJEEFIEEZ L. AKIE
NEEINDHEEZ LN TND, LER-T,
N E T, FGR23D BRI BT % B ER 1%
BAOMNZEINTW e o7,

IO XD, EEEMIEE & OFGF231Z% 9 %
ARSZEICIER L, BIREEM L L5 &7
LHRABIE, AMEORFETREFATH D, F
TR 1 AFGF23 D REA D & B A KA
OWHIETDT T v 7Ry 7 AEHLMIZTT

HZ LT, BERK. &b
AKALEREIZIE D, 2 2 THEONAEHRIT
B LUWVEEROEN T 219 5,

—0, Bl bl BEREERSE LS mE T
W DA JRACE T VI T HFCF23 D A 30t
R LTS FFFHEOESMR) |, L
oo T, AT, & A IR O
iRt ISPV HIE D BRI LD,

3. WHED ik

(1) & b FGF23 X T T/ 7 A LA
(Adv-hFGF23) DE#Y & & 2RI 81T 5
R BLE T L O /ER

D Tet-OFF 77/ VA VATV AT KX D
T N T A 7V ARSI DI BLHIAE % (BD
Bioscience s fHHY)

(2) FGF23 i@FIFRE DT ~ MEIFMIIC I T
% IR NG DN ZR A fRAT

D w477 1A AMffymetrix (5 v R4
J 5230 2.0 7 VA)IZ K AEEEMR O
FRAT

@ 7L A THEREHORLONIZBIET %
EIR L, U T ILE A A PCRICTEEOFHHR
PEA R 5,

(3) ‘B MM I T B FCF23 D 7 F W AriE
R DRk SZ IR, Y= A X T e
v A 7 PCR fEMT
D FGF23 4By 7 F AR ERRE D Wi
A) FGF23-FGFR-Klotho #-A& AT D A
DIRGE
B) Early growth response gene (Egr)-1
DFEBULE
C) MAP ¥ F—E DV LG
D) FGF23 fnfifl, MAPK PHEAIZ Kz X
B 7 V]

(4) FGF23 7' 1 & — & —fEIR DfFHT & 5B
iR+ DOk E

D FGF23 O 7 1 & — X —HEIk O 3R
B X 22D AR OREE

@ VR—F—arARNF7 FOERLE B
EMIERIZ I T S 1, 25 (0H) D, D7 11—
& — (R HETE M D AT

3 CHIP (Chromatin immun o precipitation)
T oA D EH I U DZEEESH
PEDOFRFR,

@ VT NAHALPCRIZED 1,25(0H),D, 12 &
% FGF23 FEBULZE OB MR o3 L Be b
FEE

(5) IEH~ 7 AFITHITH FCF23 ¥ 7 FLn
2 A b KLotho (sKL) > 228
@D 1, 25(0H) D, i F# 51281 D FGF23 D¥&



BUSE

© ODOEMIZH T D AlfE b Klotho (sKL)
DEREFHEEFEIZ XL 5 FGF23 v 7 F D
F
A) MAP =+ —F DV b
B) FGF23 Ry {s T D7 Bl
C) IfLH/XT A —H — DI

(6) Klotho Z R (ki/k]) ~ 7 2B IT 5
FGF23 3 7 F VI
O e GEEE) OAK(LkEEE T VI
BT 5 sKL Zh 5
A) MAP 2+ —F DU LIS
B) Early growth response (Egr)—-1 ®3&
BilEhhe
C) FCF23 oy EhAe
@ kl/kl =7 AZBITD sKL R TFHRE5DE
ZER
A) MAP =+ —F DV gl
B) FGF23 FERyE s D7 BlEh e
C) LA/ NT A —H — DI H)
D) ‘B, BMiE~ — B — DI B ENRE
E) ‘B EREEHH
4. WF7ERk R
(1) B BT T T BT, FOF23 iz
T ) v A )L A (Adv—hFGF23) % B A0
BRI R AT 5 R 2 ER LT,

(2) 1) OFEFMITBWT, FGF23 o 7Lz
Ko TEET 8B T2 EEFRTE LT,

(3) K5 H Il - BHIIRIZ 1T % FGF23 @
T AR TERERE

O FGF23 ¥ 7 /v : Extracellular
signal-regulated kinase (ERK)1/2 ® U
VR LIS X OV Egr—1 OFEBEIINIC 1L FGF
ZRIK(FGFR) 1 72 5 TNZ-Klotho A
FERRN AR R TH D,

@ Klotho ITB I « HHIILIZFILZ R D
9. ME CREREmE,. ~ v AiMmjE) F
@ skL 23 Z OB E WA S LT,

@ FGF23/sKL I3 IE A K b A 0l L7223,
Z DOYEAIZ, Wnt, TCRP-1, VGFR-2 72 &
® Klotho #& 8 H B 575 FTREM: I
HE I,

(4) 7 v b FGF23 B 1D iz b7e< &b
3SHFTOE X I DAL (VDRE) 2332
oL, Z0 5 by Eid VDRE 1L
1, 25 (OH) ,D, K AEME 0D FGF23 R EBLHE NI B4
5452 LM, LIR—Z—T v A ChIP
T ALKV RSN,

(5) E#r~ w7 2FITHITH FCF23 o 7 F Vs
2§

@ 1,250 ,D, F FEEHIZL Y, BIZITD
FGF23 D3 BIMEE X 7,

@ BICIs1T D FCF23 FEREG T DRBLT

1, 25 (OH) ,D; 2 T 51 & v il S v 7z,

ERL1/2 DV B LIZENE T O AMEE S U

7=,

@ sKL HEEIEFHEIZELDD, HFlZBWT
ERK1/2 DV At Mgt X 7= 2%, Bk
WCEEIR DN T,

® sKL #5112 X 2B lifo FGF23 fZErYE s 1
DEEIH LN o T,

® sKL BEHIZE DI RT XA —H% —DAH)
IR BN T,

©

(6) Klotho &R (kl/k]) ~ 7 2B IT 5
FGF23 o 7 F LIS
O #EH:#E (FEIEE) 1BV T, ERK1/2 DY
VHR{b, Egr—1 OFEBBIMMA I S iz,
@ k1/kl~ ™7 Z1XFGF23 O ifi. F i BE 23 i v N —
Ji.mU v, meEX I DMEE R LT,
® kl/kl~ 7 AR TIZ KL ZHifgitg 545 & |
BIZBUWTERKL/2 DV b3 i S h
7203, B, Mg T A —X —IZEENT
SN0 T, ZHITHEN, BORIK
{EFEE SR ST,
PLEOFER LV . FGF23 13 sKL O T,
Y R R AT E O A KA 2 88 L
TWDZEWRBEINT, ZofREIZ, B
BB g~ > 7L (FGE23) & %t aic, Bl
MNEF~DY T F (KL BEFEEL, b
DNT 2T CRERERE KA TH
b EHEE I NI,

5. ERFEERE
(WFFe . WRge o4 M ORISR 1
=Y

UEEams) (Bhe )

(1) Tizuka S, Kudo Y, Yoshida M, Tsunematsu
T, Yoshiko Y, et al. Ameloblastin
regulates osteogenic differentiation
by inhibitig Src kinase via cross talk
between integrin bl and CD63. Mol Cell
Biol 32(4), 783-792, 2011. #FHAH

(2) Yoshiko Y, Oizumi K, Hasegawa T,
Minamizaki T, et al. A subset of
osteoblasts expressing high
endogenous levels of PPARy switches
fate to adipocytes in the rat calvaria
cell culture model. PLoS One 26, 5(7),
el1782, 2010. #HA

(3) Yamamoto R, Minamizaki T, Yoshiko Y,
Yoshioka H, et al. 1 +,25-dihydroxy—
vitamin D3 acts predominately 1in
mature osteoblasts under conditions of
high extracellular phosphate to
increase fibroblast growth factor 23
production in vitro. J Endocrinol
206(3), 279-286, 2010. AFHA

(4) Minamizaki T, Yoshiko Y, Kozai K, Aubin
JE, Maeda N. EP2 and EP4 receptors
differentially mediate MAPK pathways




underlying anabolic  actions  of
prostaglandin E2 on bone formation in
rat calvaria cell cultures. Bone 44(6),
1177-1185, 2009. ##HA

(5) AKX U S MAELZ F 2 i DI EL D 53 - HeA.
S, AT, EHRAE, AT
&, IS LR (36), 112, 2008,

AWLAS

(6) Yoshiko Y, Minamizaki T, Maeda N. New
Insights into the Roles of Fibroblast
Growth Factor 23. (/inic Kev Bone
Miner Metab 6, 17-23, 2008. A

Cra¥E) Gr1 34

(1) Yoshioka H, Yoshiko Y, Minamizaki T, et
al. Overexpression of the type III
sodium—dependent phosphate
transporter Pitl markedly perturbs
enamel formation during tooth
development. The 32nd Annual Meeting of
the American Society for Bone and
Mineral Research, Toronto, Oct 17,
2010.

(2) Minamizaki T, Yoshiko Y, Konishi Y.
Yoshioka H, et al. Soluble Klotho Acts
as a Coactivator of FGF23 in Bone but
not in Kidney to Regulate
Mineralization. The 32nd Annual
Meeting of the American Society for
Bone and Mineral Research, Toronto, Oct
15-16, 2010

(3) kiR, HRMAM, ZH4_—, FEkiA
Tl TIT B R U o AMEIFEME D V8 b
T AR—H —Pitl OIBFFEHIIEH O
FTANVERRIZHEL, & Ix TR
WERFEORIEL & HITHET S Fe2ME
R E PRI R S, B, 9 H 22
H, 2010 4.

(4) FETAA -, H—, SRS, §iHE
Z PTH L{HMRIE ¥ 2 2 D, 13 B 2EM e
(23T % FGF23 DFEBL L ¥ 7T VRIEIC
FRENCBE G- L, REAKLZREST 5
o 27 [l A AF R 2P E S, KR,
7 H 23 H, 2009 4.

(5) AR, &7, FIEAA7fth TIT
RS NY U LMKFEEY VRN T AR —
Z—Pitl OWWFFHBLILE - IR 7 AR
AT L TR O =) A VBRI REE
T 2R ARFRFFIFMES,
HH, 7T A 21 H, 2010 4.

6) /NEEAT, S, R, &
IR ZALRBEE & /X7 Klotho (2 L 5
B OARACFRETAE 56 43 [BA &Kt
AME, JRE, 6 H 12 H, 2010 4.

(7) Minamizaki T, Yoshiko Y, Yoshioka H,
Aubin JE, Maeda N. A Parathyroid
Hormone—1a, 25—dihydroxy —vitamin
D,~FGF23 Loop Regulating Bone
Mineralization in Cultured Rat

Calvaria Osteoblasts. The 31st Annual
Meeting of the American Society for
Bone and Mineral Research, Denver, USA,
Sep 14, 2009.

(8) EMILS, &, MM, §iHE
2. I117%Na/Pi Lo 4E (R Pit 1 %8
7 v MIZ= T ANVEOERAEE & T
I 55 51 Bl RS S I R, BT
%, 9 H 10 H, 2009 4.

(9) HEIRFAAT-, &7, AR, miHE
2. PTHEIGMAI B & X DB A
W 2RI DFCGF23D3HL L v 7 F NWABREIZ
FERPNCBE G- L, EEAKILZRET 5.
F27E B AE 2 IE s, KR, 7
H23H, 20094F.

(10) &AM, &1, MY, A%
i, PRI, mIHA&EZ.  I11%Na/Pidk
T LARPI t LEEIEEL T » MI=F AL
BORWMARE KT, H20EHAFR
AP RFINES, K, TH23H, 20094

(11) /NI, HUAK, &#—, rEiEa
. TT1 % Na/Pi gt HiR Pitl gl
FEHLT v MI= T ANVEOAIRIEA %
K9 42K RF PR, NG,
6 H, 2009 4

(12) FHPRB, 51—, B, 111
HINa/Pi el S AP t LEEIREBL T > b
IZTF ANVEDRARZ RS F27E
A AR RE 2SS, KBk, 7H, 2009
S

(13) Minamizaki T, Yoshiko Y, Suzuki S, et
al. FGF23 and FGF2 share a common but
also have distinct signaling pathways
for negative regulation of bone nodule
mineralization in cultured osteoblasts
The 30th Annual Meeting of the American
Society for Bone and Mineral Research,
Montreal, Sep 13, 2008

(14) FREAA¥-, HFH—, AIHEZ
1, 25(0H) ,D,. PTH ¥ &L OV Klotho & FGF23
O FEARACIHIER 2 EEGHET 5 )
55 50 R FHEEREE o, O, 9 A 23
H, 2008 4.

(PEZER PEME)

OHRaRYL GE11)

L F5 - AR GRS RS 381 A ATl Klotho, F
GF 2 3B XUF GF REAKTHEEMEL
R U 7= ik

I - HE R, IR, A
MERE IR RS, 77 4—FA v H—F v
ERyI%

FE¥E - HFeF

FHe  KE2010-136637
HEE4EHA A - 2010426 A 15 A
ENAOR] : EN




6. WFITHLAK

(D) WFFefREE

& # . (YOSHIKO YUJI)

JRES R« K BelE i G aF e Rt - HEZ
=

WgeEEks 202637009

) T oy

FEIR AR (MINAMIZAKI TOMOKO)
TSR« R SRR A FZERL - Bh#
WgeE#Eks 30452593

WNH 2 (UCHIDA SOSHI)

PEEERIRT: - R0 - Bh#

e &Z: 60330990
[H20 O ]

w5 JsBy (YOSHIOKA HIROTAKA)

JRESRT: « RS HRAIER - Bh#

MgeE&s: 50523411
[H21-H22]

(3) HHENT T




