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Mutations of Fibroblast Growth Factor Receptors and Skeletal Disorders

Yukiho TANIMOTO

I.
TRMES MM BEFE R T (fibroblast growth factor; FGF) X,

Abstract | Mutations of the human fibroblast growth factor receptors (FGFRs) have been identified
to be the cause of a number of craniosynostosis syndromes such as Crouzon, Pfeiffer, Jackson-
Weiss, Apert, Beare-Stevenson, and Muenke syndromes. The importance of FGFs/FGFR2 signaling
in the cranial suture and limb bud development has been widely reported. It is postulated that
FGFRZ signaling is essential for osteogenic cell differentiation and proliferation during the process
of suture growth and closure because FGFR2 transcripts are expressed at the osteogenic fronts in
developing calvarial bone. So, the mutation of FGFR may stimulate differentiation and/or proliferation
in osteoblasts. We have recently reported an abnormal rapid mineralization of the callus during
distraction osteogenesis of the deformed thumb in an Apert syndrome patient. Consistent with the
previous genetic and biochemical studies, these clinical findings have raised a possibility that the
S252W mutation of the FGFR2 may directly cause the unusual differentiation of the bone cells. These
results provide that activation of FGFR2IIIc caused by the S252W mutation promotes osteoblast
phenotype and that a soluble form of FGFRZ with S252W mutation controls osteoblast differentiation.
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B L, FGFR1-4 O 4 EIFRIE I N TV 5, #HiE&id,
FapEIRICRIE S 1 7)) VEkGEI (Ig domain) , BRI R v
7 AR, BEEEER, MRNERCE2E0FrY v
FF—VYHEEEZAETS (K1), FGFRI-3 D ¥/ A2
Igll DHEES % 2— F3 5 exon 2522 (Ilb, Ilc)
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RIEDERIRAHRT, <7 2ADREEE I MOMEET
CRLVABKHTHEBTRETAZLICERBL, Z0H
13, FGF ¥ 7" V%" bone morphogenetic protein (BMP)
DT vy TR THA Noggin DER % BiEREE Tl
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SP lg | Ig & gm} ™ K1 K2
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X1 FGFR D&
WET ALY Y EHFTRLRZ, SP: ¥ 7 F
VRFF R, Ab . BRMER v 7 A4EE, (acidic box
domain), Igl~ III: Ig $EIR I~ I, T™M : JRE &
#F|E, TK1, 2:F9v v FF—EERL, 2

YaFVI v Ty R T ADBRKTOER, FGF10/ v
7y by AY CERICHE - AR ER N &
MHEEN TV D, BRFEWT &2, FGFI8/ v 77
My A TIEEFMBERTERMAL IC BV THREN IS
WHEOETHARD NS LT, RBAEFMBE~D
SALEE X n®, $72, FGFR2Iec 2 ¥ 74 ¥ a +
W29 rZ T b=y Ak, FGFI8/ v 2777 A= TR
FiE, ERREBEEEZELSY (FE1). DLOFR?S,
FGF/FGFR2 ¥ 7> Vik, BFEMBOSILERIZE T
B2 H1EH, T 2bb, MlasEiE L RSOt v o
Te—RMRTAERERT LALLM o7z (K
2)s
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BEMBEIRSMCHERBRMRCHRET 5, ROMCHERZMAL L, BMP (Bone Morphogenetic
Protein) % L OFERICL Y, Runx2 ENEERFAEEILE NS Z L2 X ) BFMBE AT~ L 25
LB G T 52T B, 20%, SLEEIBLT, BL2RERTF, ¥4 A4, RIVEY, M
FNEEERICL2HH 22T 205k, EEEEHARS, BEEARK R &FFMEE
B ER 2 EBE L OORAT S, T2, BEMBEFOSMBRBICHENLEEFERETLIL
BHILNTBY, Thbv—h —BEFRBEISMBEL STV, BEFHRBEIERNICIIEEE
HNTEMERY, PRV AL VLR 5, FGFR2IIc X510 7 & FHI R BT ERF RS (2
TEREREMER 2R T RIS, MEBRBRE B TIIRAREMBEANORBERE ST 5,

II. FGFR %5 OH#IEAN JFIVEE

FGF/FGFR ¥ 7' F Vi3 # 4 2R % £/ 525, #
Bon A F (FGFs) PREDZEAE (FGFRs) 12H
IR EEY, RICIEREZ - TRAL, 861
FGFR AT DY 7 F VREE, MOy A4 Mo A v 858
AFLEBOBEIFFEELIUA N2 THZ L0
HIHEMETH D, £ THRRTIE, ARH% FGFR DT
W 7 F MEERB IO WTEH T 5,

FGFRICV XY FO#EET 2 L, ZHEBRIZEGRLEE
KL, MIBREBROFT Y v ERENY VBILER, ¥
TP VAREBRE BRI ETT 5. TNLBEOMBAN
TEERfmEREE THFMEIL, Ras/MAPK (mitogen-activated
protein kinase) #&H, PLCy (phospholipase Cy)/Ca’* &,
B LU PI3K (Phosphatidylinositol 3 kinase)/ Akt #XH& T3
%% %, Ras/MAPK $EHTIx, By V7 BETHhD Ny
¥ 7 4 F FRS2 (FGF receptor substrate 2) i, FGFR
DEBWALITHENTF B Y V) VB R RT B &, TV
§—5 VNI ETHAH Grb2 (growth factor receptor bound

protein 2) BIXUFF T Y RkA7 7% — ¥ Shp2 (Src
homology 2 domain protein tyrosine phosphatase 2) 12 & o
TRBENEET S, /7= X2 vt F FERETF
SOS (son of svenless) 1% Grb2 & BEAMEKERE LT\ 5
2%, FRS L AT H I LT X o THIFLIEMEICRBE L,
MRLREICAE A5 5 Ras 2 &ML L T T IO MAPK #E#
NV TFVPRES N, c-myc R APL, Ets 77 3V —
EHEERTFEANLTY —F vy MEEBEFAEL Y TF VPG
b b, PLCy/Ca®* #EH& T, 1EMAL & L7z PLCy 7% PIP,
(phosphatidylinositol 4, 5 diphosphate) % Hn7K 43 L,
IP, (inositol 1, 4, 5 triphosphate) & DAG (diacylglycerol)
DEEE END o P /MDD D Ca®” DI EREL,
DAG & PKC % 1E M43 %, PI3K/Akt #E#& 13 MAPK #%
BEFFLUTHRAL, EY YALA =V FF— ¥ Akt/
PKBIZFGFR b DY 7 F VAMREE N, BEEH S\
EEBERCENY Y7 EOFEEERIE LTS (K
3 ) o
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3 FGFR OMEA Y 7 F MniZEls (U8, 9 X W 5IH (—#HE))
FGFR O Tt Ti¥ Ras/MAPK (mitogen-activated protein kinase) #%X%, PLCy (phospholipase Cy)/Ca** #&
B, B XU PI3K (phosphatidylinositol 3 kinase)/ Akt &2 D 3 D DB FEEINT VWS, T SEKIC
i Sprouty, Sef, MKP3 D HEDFH ST FHIHFAET %,

V. FGFR DZER L ERFKE

19944F | Bk B B T B E K UF Crouzon JE & 2 0 EE
BIEFDFGFR Th 5 Z L S8 E S 1 W Preiffer,
Jackson-Weiss, Apert, Beare-stevenson, Muenke JE 18 &
SOHEETHE AT EHIEA (craniosynostosis) % FiE
RETEBERMEBOREREMLGFARL LHSPIZE
nTws (M4), SThHEEFEFERICLY, FGFR IZ
gain of function & L THEEET %728, FGFR N 7 F )V
WEE - MULCEELRZRE L HE D BREREKICHE L
BEVHAND LEZHLNTW A, Apert IEERIIEICE
REEMOELEE, THEMOLHE L IEREH %
EL, BAOBRECTHROARELE ) FiafEEE
BHEDORRRERTH 5, BEEIIHI0H HEFISSA
T, HERPBRAEESNON, Wi5%% 5057, 13
EAEPEREBITH Y, RBEOBER L XBEHKOHE
RNEROBOMBEAIGEH SN ERD—2TH 1Y,
Apert #l p1 5 82131312100% 4% FGFR2 D 2 D DZEEE L
(S252W/P253R) 2B LTH Y™, $252W i P253R &
DL REHENEV, PB3R TRAWEIZIVEEE
%Y, S252W TIIOFERIBEE5% L BHEEICHED LN
%o Apert B1ZE £ (FGFR2S252W) #SFGFR2 D ) # v

PR 28R &Y 5 720, FGFR21IcS252W & FGF7,
FGFI0k O RIGHANET B L HE SN TV EY, 7z,
Anderson 513V ¥ v FEMEO LAERELY, 2oz
D2 & o T FGFR2 13 gain of function & 72 5 Z & 2%
HONTWAED, REBDORBRIIBFIZED L) IZHE
Lo TWBENEIRHATH 5,

V. FGFR2EREICERAU B RBERD
FRAEERRE AT TORA

Fragale & |%, ApertfEE# B 3& (P253R) HETWH
EEMPEFEREOBHERET 2 0tOREZHRE LT
B0 F72 Lemonnier 5 1 FARIC Apert FEEEREE
(S252wW) HEEBTHEFMRBEMROSLTELRL,
CORBEITUTAL UV FF B CHEEKFENLEGERR
Bi12 & 5 FGFRZ DEBRIHI 2 L) L HEL T3,
T/, EE DX, Apert EEEEE R OWIEEIERM MM
HICBE SN ERARL L I BRFTRY KEEB L
Apert FEMEREBE (S252W) FH B HRBFMILHME
DERBFR LB LR, BFMBSMLE BIRILEESS
TELTWAEI L, &5, Apert ZE % & tr FGFR2
(FGFR2I1IcS252W) & & ™ & A fE Sk MG63 ‘B FH R
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FGFR2

FGFR3

YrApertfE{Ra

<« PfeifferfE R &

© CrouzonfE{X3¥

AJackson-WeissE{E &
@Beare-Stevenson cutis gyrata syndrome

@ Thanatophoric dysplasia, Type |

© Thanatophoric dysplasia, Type Il

* Achondroplasia

X Hypochondroplasia

® Crouzonodermoskeletal syndrome

@ FGFRS3 associated coronal synostosis syndrome

B4 FGFR DRFRRA & EREERFESR CUB21L V51H (—HHE))
THEZ A HE T dwarfism % 4580 e L 72 B0E BT MAE X FGFRI ICEE PSR- TH Y, EETEHRS
FEZ 25 5B RMERIIFGFR2 LZ DL VPEBETFERE o TS, ZHTH Il IERPET
LT3, Apert SEMEEEIZI31T100% T Igll & Iglll D) ¥4 — B THOEE (S252W, P253R) % 30,

BIZTERLRBEOHEBEEIER SN TV 5,

DEFEZIFIL, HMERCABERILEZEIIREZES Z
EERRENTVEY, LA oT, INbBFMAE
FE D Apert SEERE DR \CHEH IS5 5 WEEK
BEZOND, MEEEZ O, Apert IERZHEEIY
H Y FERERICEEL SN B SIIER L, BREEINHIRY 72
77u—F& LCHEE FGFR2 218 L 725 FGFR2 @
EEBEBRIA T2 RE LATERZAEMEE, FGF L0
HEEBERET 5720, REARZAEER~D FGF O
BEEIHIL, FIF UV IATT 1 72/ E LT
ThHEERONIz, T72, BWREERAERELNE) ZAK
2, TOEREOREDIS, EREEOLAS L UIERAR
EOMRIERF &N, BRI, MATHISERRS:
WETAI LR, HABRZY VX7 L LTULETETDH
B EDVFETH D, VEH L 2FEE! FGFR2IIcS252W
X, MG63 MIFZHEERER, BLIUY 7 ARELRERILB
W T FGF2 (2343 % HEHi/EAH 2 7R L, FGFR2I1cS252W
EEHFAMGI M IR L7241t - AIKILOERE T
EEABCUH LAY (K5). LAdoT, THE
FGFR2MIcS252W 13 Apert IZRIC L o ThH 263N B
FFMAROSEE ZHE T2 LTHEMEFERO—2IC
RABTRENEZOND, 1%, INOLEREZFIHLL
TEEZFRICOVTER L XV TOREE D MER #E
ISHESERET L, EEEHETERCREL & T4
REEDOFREBRIEFEICES W7 RIGEEOBERED
—BhE R psZ Lo ENS,

V. 8HIC

FHEEERICEE 2 ERE L BT 5 EREERME
BRZOBROHE, BIUEESEEECIRENRER
FR—- P2 RIICOI o THEE T 5, E, BEEN
ASEREEEBICIDE S NIZ Lo, 1EGEIEDERRE I 2
7 ETENEOBVERT - CAMRMEENS LI 1T
BoT&/z, LPLED—FT, REOREIFFEED
FHEHEEORE RARREE RE LT 5 0P8Ik
THb, PRETIE, EREERFER T 2IEFERY
RBEEL LTEER2 AR TRRZARIC OV THE
L7228, e REE T 2 HEEOREBIIIMGEN 2R
B, REBOMEI LS RINTVE, SHBEREE
RFRBORBR LA FHMICHEH SN, X YREN
RIEBEORBN R NS X ), HBEH - BEN 2%
DELLRLERIFLEIND,

B

MR HIHIY, HRHE - HEOREHBY £ L
BRFREBEANNVAINA F4 4 L0 AR O EEEE
BEFTEHUEIRIORBH N LE T2 MR-
TRV ERERERAIN AL T =
¥ AR ENE B R B IR, RARFIREE
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B 5 FGFR DEEIM & EREERHEESE U221 X 0 51H (—HHE))
7] ¥ £ FGFR2IIIc-FLAG, FGFR2IIIcS252W-FLAG (sFGFR2IIIc-FLAG, sFGFR2IIIcS252W-FLAG O 1
Bl ZOEWMFEHEROKRE (UH20L W51H (—H%%E))
(A ) FGFR2IIIc-FLAG ¥ 7 iZ FGFR2IIIcS252W-FLAG DM A B A2 o — FT 2 B E 2
R (sPGFIlIc-FLAG, sFGFR2IIIcS252W-FLAG) DX, FHHE N2 ¥ — % COS-1 fifg iz —
BWHEICHEFBEER S, FORBEZERT (conditioned medium : CM) 12 B 1F B sFGFIIIc-FLAG,
sFGFR2I11cS252W-FLAG DR HICOWTH FLAG YR Wiz 2 A5 70y MEICTRE L2,
(B) MG63 #ifa o BE5E |2 3F 9 % sFGFR2IIc-FLAG, sFGFR2IIcS252W-FLAG % & tr CM (Ille-CM,
Ap-CM) DIVEF # MITEWL Lo THRE L2 FEFS VXA 7223 3 ¥ COS-1 & DiESN72 CM(C-CM)
BILOERIF— NG VAT 22787 COS-1 X 0ELNZCM (MOCK-CM) BT Tl FGF2 (20
ng/ml) & MG63MIFE D Bl % & B ICRHE ¥/ 4%, IIe-CM, Ap-CM DRI (10%) 2L ->TI D
BREREERIERICHESN, ZOMBEERIX Me-CM IZHRT Ap-CM DF AL WEEETH o 72,
*1p<0.01, *:p<0.00l, (C) 42 HMHEF v AEETHREHERICRIZTT Ap-CM OER %
W& L7z, FGF2 (20 ng/ml) WIS & o T Y AEETEHEMPBOBA L L, BOFAEIBEL
iz (HE) 25, Ap-CMBINIC X ) COERIREZFCEESR, a2V ro—v (EE) LELARV
(TR) tkotz, (D) BERBTHETIE, & wmﬁm%%ﬂm)ﬂ MG63 (MG63-P) 13&< A
KAt % 7~ & 97, FGFR2IIIc-FLAG [EE 53 MG63 (MG63-Illc) TiXlE & A L ARILBIZBEE S do
=—7, FGFR2IIcS252W-FLAG E ¥ %3 MG63 (MG63-Ap) ;t S57u—rEedICHEELIARKEE R
L, ZOHZIF Ap-CM ORI & o THRIBIZHH & hizs
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