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EAEFBF AR S (ERERERRREE)
FRR23F ER A AR E &

BRYERICHT 554 ONP IBEICKT 5
BRI TR ORE T I B BRI

WENERE  FR I FEHRERFREFMER iR

FRGEEHEE (Skeletal dysplasia) 13F « BB OMEEEZ & TARKERBOBRKHTH Y, ERARKEE
RWBFEMER I L AE LW BEEOXEL & 723, B, A RYIRRITHEL SN TR D3,
REEE I CABIT MU U AFIR~_TF K (C-type natriuretic peptide: CNP) 23B & Ci8 7 7a B R (R IESE
RZ2E-S>Z L 2R R U (J Biol. Chem. 1998, Proc. Natl. Acad. Sci. USA 2001) . ‘B RHEBDONARIESR T
B DEE I AUE (Achondroplasia) D€ T b~ v A Zxt L CRIZRIEES R A2 TRT 2 & 25 L7z (Var,
Med. 2004), A5 1% . EEFEEICXT 5 CNP OBRKRISHIEFEINS L & bio, B ERRELS O
BRI REBICKTT ARSI END N, FOFDEITHIEN TV, EE, BREEBRD—
RRTHD~r bR FHREREREDREN CNP ZERTHL /7= LYY 7—E B

(Guanylyl Cyclase-B : GC-B) DREELAIEETERTHHZ PR EINTRY (Um. J Hum. Genet.
2004), YIREHBHM CNP BRICIETMME CH A AREMIIBE CTH D, AL, 4 0 OFEIEL L LB ELIE
T DB ERBIELUS O REEBIZBIT 5 CNP IBFRASHEF OB % BRI 0% B R

iPS HERA A BT AT & fFE CREIICB Z R ) KRB TH 5,

broEaEE

)l Eia

(EsrfEsResmE o ¥ —Hr9eaT
N+HE AZ
(RERFERFREZIER
i Eth
(RERFRFREZER  BhE)

Ariz)

SEEM)

A. BFEER

BRGEBILE - MEONREEEICL Y BHRAR
EETTEREERBOBIFTHY , 1TLALHE
—BEFERICERT 2RO ERETH D, B
BEEEICIAEFARBER L MREREOTD, &
EETORMMICOIE2E LWKEL & 72908,
BAER D2 EMIBRIIESL SN TE L, DT
REXNLZERABOBR TH I2EFERMRNB Z
BRONTWDEDHTH D,

HEEELIIERRERICHTAEYIREL B
L7-RiEEARIFZEE LT, FR1 5— 1 9 FEES
BEEZE T, TR ULRRRTFRT7 73
—DAN—=TH%D CHT MU LFIRTF
K (C-type natriuretic peptide: CNP) 234 & T
BOMOBRENREREREERZFEOZ L

(Cusho et al., Proc. Natl Acad. Sci USA.
2001). SHILEEREORKRAPRETH LHE
I RE DF T v v 2w L CEIR 2 B2
RETRTZEHELTE7 (Yasoda et al., Nat.
Med. 2004, Endocrinology. 2009), HfE, B
DREZBEDD THRERBRZENE Ly
JABERIIC X D RIBEA — R—f X OFET b
V7 bE LT, BRBEERICHT S CNP © b
AV —3a A Y —F ORBMBRIHEE N F
BN TWD, &ZAT, CNP ZZD0%EK B
BT =)V 7 5 —F (guanylyl cyclaseB :
GCB #N LTHBAEI Y FAY BV Vv —
cGMP ZEA L, TOEMIEAERET BN, &
HEREERBRO—HFERTHH < b —ELENF
MR REERE (AMDM) OFEREM GC-B DB
FERTHD Z &0 HE S (Bartels et al., Am.
J. Hum. Genet. 2004), CNP JRHRIEGUEE R
RROTFELHLMNE o7, CNP AR % EH
T 59 Z CHMEGOEBIINETH D, A5
iE. 4 0 OFEEELL | & 3 < TR 2B AL
FELMN DB R RBIZRIT D ONP IR A F
PRBOMREL | RIERRDT 0% BAF R iPS
faZ RV TfEHT & R TRAMICRB I ) K
BEETH D,




B. WrFEGk

TRk 2 3EEIIRTEEICS s, RIERARIIZ &
LT, CNP/GC-B XD E{HEREERZ L 0 EM
WRETT 272 0ic, B/ B RE8 CNP/GC-B
oI T U N URADER LT ZRB I 2o,
X iz, AL 72 CNP/GC-B R DB HMERHEE
BaBErTH-OIZ.CNP /v 7T U Ty b2
TERLL | AT U7z, REAFFE L LTI BlE /KX,
B B RELSOERBEEREETT LU XIC
%35 CNP OER Zf#hT L7,

(1) B/ #HEHEREY CNP/GCB /vy T7 Uk
< 0 ADVERL & fEAT

CNP/GC-B ROF - #EHMIIBITOIEEEZS L
ICHEMCRETT A 7201, BH D WVITEE AR
CNP 5\ GCB /v 777U b~ A%/ER
L., TORABEHEHR, X BIZLD2EED
£ SO, BRERIE OBEBFOMIT. b1
pwCT ZRAWEEORITEIZCL VRE L,

(2) CNP 7 v b DYERK & fEHT

TE## % 72 CNP/GC-B RO B REREIER &Rt
T 5702, F721Z Zn finger nuclease &% AV 7z
CNP /v o707y bOEREBZ RV, £0
KRBV MRYT LT,

(3) BREHRBIZBIT S CNP/GC-B RiHiEL
FERVE DB LI D 72 8 D BTG FRFSE

WEERIEUDERGEBRICT T 3
CNP/GC-B RIRFE(LFIEDBEIGILR D721z, =
NETIHLRERTEBOET VERDER
FER~ IV ADRERHBEEZ AW CNP O
FHEREERORFNEB I o T& iz, FEEE
LY ragBEETRET LA E, CNP &5
ETFNELTCOMFRELEFE CNP hTF LAY
==y U AL ORREREBE LR, AE
Eb3 XX E B RRICRIT 2REDREER
L7,

(fr B ~DBLE)
BMERICEL CENEELOREZZALE

MERTEEL R RFHYEREZESICHE
L., T CIEAREEB TS (MedKyo09105),

C. WrakR

(1) B/ SHEHRES CNP/GCB /v 277Uk
< U ADVERL L fEAT

FEEEIZE| S, ARRRNECTREBEL T
45 Cre-loxP AT L2 HWTE,/HEFR
B CNP,/GC-B R~V AEZER LIz, T72bb,
FNENE/REREN T e -4 —ThHHTH
aZ—rr /NN Bas—rrrae—4—%M
W7z Cre ¥ 7 & (collal-Cre,col2al-Cre) %
CNP 5\M¥ GCB flox vV R L RE IS Z
LILE > TEH A WITERERFEN CNP & 50
GCB /v2oT7vUh<wURX (REF4TEE) =/
L7z,

F9. col2al-Cre 7o —F — % AW EHFE
B CNP /v 77w w2l LT, EEE
EE HEOBRREELZH#IEFELRD, T0D
BEIZE/ v 770 b= U XALIZEREET
Hoto (TRD,

K. #EREN CNP /v 77U b~ ADRE

12 r
10t
5
St 8 o
%
< 6
s wtm CNPfIoc/fox
ar B Col2-Cre; CNPfox/ior
2 1 i L 1 1 )} 1 I3 i 1
12345678910
Weeks
fhip

o, MEHENGCB /) v/ TV hwuADN
EEEE  -HERE. BRICEHLTLREAKETHY,
BHEEEIXGCB ./ v 77U U RAZBNT
CNP /v 779U b~ AL VEBIBD LN,
MBSEREATIZCB W T, EVERFREA CNP H 5
WEGCB/ v/ 7 U Y TRAIBWTER/ v
IT7 U MR ERBRICEEBRENRIRE O, FF
WX Blag—5 U R RE T 5 ER(EE B



‘:%Eﬁfﬁﬁ%d\“ﬁﬁ D Bﬂft_o BrdU géé
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(2) CNP /v 277U bT v hOER LT

Zn finger nuclease (5% VW TCNP /v 27T
Ny hE{ETZE CNP /v 77U hvy
AERROBHEEELZEXT7 v MBEHE
niz (TR,

RL.CNP /92 7% M5 v FOIVE, b AR
TF.CNP /v 77U N7y hDIE

(2) BRMUREIZEIT D CNP/GC-B A&k
FRIE DEISTLR D T ¥ ORI R 5T

LNIEHEEX, 7V a VI ) TV enfET 5
@%iﬁjﬁﬁiliofﬁ%ﬂﬁu a0 h
PBFNCERE S, ﬁ’@ﬁﬁ%gliéﬁiﬁﬁﬁ
@@gﬁﬁ?ﬁ’d\ FErRERE, TRERER, REERER L
VBIEEZINAEREREBTHD, DI b A
SIEHEE 1, 28X V6 BT LTI, ITEAR
CRWTHERMARENRB SN TNEN, 7
Bzt d AEERMRFEII RS CHEES T, &
EFRENEERE RoTWD, AE, L ZEET
BEF <R (mps-2j vV A) ZEWT, 0
FHREEECRNTS CNP OMEEZBRET L,
mps-2j ¥ '7% L. CNP 5T NV ThHHMFRE
ELEHAE CNP hF oAV 2=y /<D R
(CNP-Tg vV R) % 2E & # T mps-2j/CNP-Tg
v U ARER L mps-2] vV ADRFRLBHE
BEEICXT DR ERE L, mps-2j 7 AT
E%ém“‘? '7 A k H:@’LZ LT%%%UDFﬁ%WD&;’fC

73, mps-2j/CNP-Tg <=7 A Ci¥ mps-2j & i L
f%%&@ﬁﬁ&ﬁM%wwtoit\ﬁxﬁﬁ
BEILL 2 BROUEIZBV T, mps2j vV AT
ﬁﬁém7728m&LTE%“w BRIV
BE., EHE, BEOEIBRED LR,
mps-2j/CNP-Tg = 7 2 Tl mps-2j < 7 A & ik
LT, ZNLF 69, 44, 80, 39%HKE LT, =

W, MEREFEIRETIC R W T, BEHMERE mps-2j
TURIBWTEAR <Y X LB LU THRER
TBDEERHFED G H, mps-2j/CNP-Tg = 7 A
TIHRERIBO E b 2 RBHRENE (T
),

B. 3 e~ 7 2 O REREREE ORERE,
X VEAR mps-2j. mps-2j/CNP-Tg <7 R

D. EZ£
BERGERIL, B E

MR DRREREICL YK



FREOBHMEEER S ZEZ L, £FE~DOEH
Wbl AXEEZRB I TEREOHBVERERR
BThD, BEAE (2010 EEESTE) T4 I
— 7+ 456 FEOZIKICHE S, Bx DERED
BEITENLDODORBHENE N =DREE LT
IR OEICDIED EERTWD, ZThbDHk
B D BEOEERFIEIIERARICLS
B CTRIEBOBRWVEIERTCTH Y . B72EDIR
FRITRITHESLEN TV, HEEE b P BEL
EREEEERHEAFEA LT, BRHERDY b
DB ETERIEICIRE L THED TV D HHREY
RIIETHH CNP AL, BRERICKTS
B ERETHY, HRABICLER SR
(Endocrine news, May 2009) E P/ D> B DFVE
OENFZBILTWD, £, BEHFEICERND
FHIp b, #A CRE) 1BV T H RTARIEICHE
THEHFLHEE LIRS LTS EEERRK
FETAPREE, BrFEE S 2001-301586, 4% 2003-104908
%), CNP {3 THAREHREREERZ LD
= R I RUE LS OB RFERBICT LTH
B THDLAREENE L, SHBRIOBIERTH
5B REIRBA~OIBRE S OTERDBEAF LD,
AER Z7p - I-RIEEARITFE ik, BB B AUEIC
Mz, LI SPEEIC LT, CNP RENEZTH
DEREMENRIR I N, & T AT 2004 FXED
Warman &1 21 %D GC-B (CNP Z&{E) BE
WL BBREER (wu M—BhER PR REER
fE) #MELTEY (Bartels et al., Am. J Hum.
Genet. 2004) . B RMEBICKIT D CNP JRHIEST
EFIDFREMENREN TS, SHITH LI,
GC-B O~T uBEFERICLDEEFRITREAR
HOBKGERED 130 ICOIEBEHHRLTEBY
(Olney et al., J. Clin. Endocrinol. Metab. 2006) . ‘&
RFEFEBICBIT D CNP/GC-B REF OEZEIL,
CNP {52 B IR HIBIHLETHHDH2LT,
HEMICHLFRIMIKRE A V37 bEHOF
BEELHD, B, AAIZEBITH GC-B EFIC K
D~nm h—BE AP R R T RE TR R R
BB BHE XN TWAD (Hachiyaer al., J. Clin.
Endocrinol. Metab. 2007), AHFFRIE. EEERA,
EZXH L Lz CNP {RR%E T OMO B RHEREE
R ERAZEEZOEODEMET D2, &BF
%t% 18 L CTCNP/GC-BREHIZ L 2B RMERBH
N, BRERBICBT 2FREEROBMS LT
WX EINBZ EHEZOND,

E. &

R S AE DAS OB SRR BIZKIT S CNP 1A
BIZXT T A EMEDORIED BRI E B I o7,
BUEHE I RE % 582 & 975 CNP DERFR IR B
MR TEINTVEN, TOMOBRFEERICE
WTH CNPTRRICE W2 2 BEE D L THER
TIERBRE LT, AFREZZIT LI,
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1. FRXFER
Kondo E, Yasoda A, Tsuji T, Fujii T, Miura M,
Kanamoto N, Tamura N, Arai H, Kunieda T,
Nakao K. Skeletal Analysis of the Long Bone
Abnormality (lbab/lbab) Mouse, A Novel
Chondrodysplastic C-Type Natriuretic Peptide
Mutant. Calcif Tissue Int. 90:307-18, 2012

2. Kanamoto N, Tagami T, Ueda-Sakane Y, Sone M,
Miura M, Yasoda A, Tamura N, Arai H, Nakao K.
Forkhead box Al (FOXA1) and A2 (FOXA2)
oppositely regulate human type 1 iodothyronine
deiodinase gene in liver.
153:492-500 2012.
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1. RFF
FFIfE 2004 —107871
GC-B (guanyryl cyclase B)&i&EtE(L T 55 F%
v iz & B AHERD

2. RFlE 2004—107924
GC-B (guanyryl cyclase BY & 1EMH (LT 50F %
AW E R EE R K OB RAETRRA
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EEF BB FEMREme EHaERETRMZEESR)
FRL23FEESEMEREE

CNP/GC-B RO B RS ki % B B+ 2 %

WMo tEE - #) BIs (ESERSFE 7 —5EET

i)

NERMEAEIEEAST T FIZERRASTFTH Y BEBRISRICH > TEECEWERA R D2 E v S FILR
RE, HEPEEILINE T RABEBEESTF RERER L TELR, 7 b U LFRTF
K773V —HFDOO0EDTHY, TEHEE L OLFEBFFEIZ X - T ANP « BNP/GC-A SR DTERER
RICBITHBEOMHEASCOLAEODKE - 1AEE L LTOBRKRISA~ORBICERL T& 7, 4H,
HHUEDDF R T AFIRNTF RETHSD CNP/GC-B RORD TiA LB HERENER % BE
ISAT2IEHIZ0 REEIL CNP/GC-B ROERBICB LT THRICOVWTORFEB I o7,

A. HFEREH

SHEBFEEITINETT N U LARRRTF R
77 IV—DRREPL NI AL—a )
P—F £ TaHHEE L. ANP » BNP/GC-A 7 DL
MEFRVEE L TOBRORA, LDARITKT
HBWTEE  hRE L L COBEFRIGHICRI LT
Too IR 15 FEEND 19 FEEE TOEASE
FSERF9RI2 T, CNP/GC-B R DRRYD THR S 72 B fi
FEREERAEZRERLLTE - F - BEERICRT
5 CNP/GC-B RO EZZAREA L, FIHREEELEL L
TOBKRGRAEEHRTDH N AL — a3 T
Y —FZBHALTZ, CNP X 22 DT I /)
HRBRNRAERTF RTHHTEHEEEITEWN
Th AT 2 <. BMP-2, BMP-7, FGF %40
B BB R T LB L TR CTh DO ER
BFEANCHEIFIND, £7o. CNP DEARFFRF,
CNP OB « #E - BIER B~ F RS 3R L 0 20t
FeH EEEMEEILLDLOTH D, BREER
DHH, bo b bREWRERETHY, BoKEE
TV~ U A% AV ETERRPFZEICB VT CNP
TERAE D EMHESL L TV A B B RE I T
DEERIBRIT T CICEE SN TV D2, AEER
CNP/GC-B D ERHIE LIFTRRIZHOWTH
L7,

B. #WFsEE
CNP#&EET NV THDHMFEELEFAECNP 7

YAVz=y 7w A (SAP-CNP-Tg w7 X) IT
BT AERECHENZ, BRE~—I—BIU~

470 CTZRAVWTHEIT LIz, Ebiz, T~
DAERWTERFICEI Y T OB HEREICRT
% CNP JREDOH ZhIE B HERS STV D ECE 5
FRIEIZ DV T, CNP 1RO ERB/EBEECHT
DR E, MBEBRETT LV~ U AIKTD
SAP-CNP-Tg ~ U A DREERIZIIT D EIREE
DFRHTIC L FEE L7z,

C. WroemiA

Bf AR~ 2 L R L C SAP-CNP-Tg ~ 7 A T
BRRZDOERBP~— I —ThHDA AT A IV
VIZER L, EBBRNEDOY—I—THD
TRAPSH bEEICEF LW, &b, BFE
FHAITCITE S MIAE., MR NRAE o b FHE R &5
Dlc, ARALEEICHE OEITRORPoT, F
7z, ~A 71 CT %AW fEBH CTik, SAP-CNP-Tg
B REROBAMER Z > EE BV/TV) O
BAMERZRDT,

T, MEEBREET NV~ T A (Ach <7 R)
AR R U CBESEY BEOKT %
W, AR & 91 SAP-CNP-Tg ¥ VAL BED
ETER ZFRDZMN, Ach v 7 A LT
SAP-CNP-Tg = 7 A % Z3fc, W CHER U 7o 8RB 48
TERAED CNP & G1RHET /L (Ach/SAP-CNP-Tg
< R) Tit, ¥4 7 1 CT &AW T OfE R,
Ach =R LI LU TEEDKTIZRD R o7,

D. &%

CNP {afRic & b2 5 BB OB E T DR



% CNP&E5EFNThH%SAP-CNP-Tg~ v 2%  EBEET3 4
AWTR 2572, SAP-CNP-Tg = 7 228\ T
BEREOEERICE2BEOKTEREZRD -
B, BERIZELRIBEOVETORTFLE LN
HAEREME B H Y, WTHIZLTH CNP JAEED
BREBEOBRTBICRESREEEZLOIOLENRS D
bOLEZ BN, —FF, BEBEREWI &2, §)E
R RIEET L~ U ACKT D CNP B#EET L
& LT?D Ach/SAP-CNP-Tg v 2 TiE, IEFL
7o Ach D ADFBED I L2BETIERDT. B
BEDRHEFRF SN TW e, BRI A D = X M3BED
& ZATRERIEN, B EIRUE I3 IR HEFIC
ITEBEEDRTICONWTEESTH D RS
X,

CNP/GC-B % DB {HE(REIER & BRERR T 514
WCHBE LR AEEDLD~DREELSERT LT,
4% CNP/GC-B RO B EANERIFRE < 7 ALK
Bev R 2RV L0 ERRBRERSLEIC
B EEZBNDHN, CNP/GC-B RITBENHEER %
ﬁ@é@é@@ﬁ&@ CNP., HAWIFEDTF
JNC & AR 5B OFE I SR ERY
%&@57 BMEDS TR ST,

F.@%ﬁ@%ﬁ
L

G X

L F3CHER
Kishimoto I, Tokudome T, Nakao K,
Kangawa K. Natriuretic peptide system:
an overview of studies using genetically
engineered animal models. FEBS J.
278:1830-41, 2011.
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EAFBHRFHAEMDE ERERBRRITEER)
FRR23FEDERERES

BRFRBIZIT D CNP ARMEFIOREEIZRE ¥ 5 RIERRATZE

WELEE  \+H BE EHRERFEREFRER )
WO BE - FE Bl EBRERFREFENZEN  BE)

WFemiE O\HH) IFRAEREDS & L bICTR 1519 FEESRME 1§ - F -3
TR B E R L L7z CNP-GC-B system D b T AL —vaF AU —F] (8 b/ A
BAEERS) 215, CNP B8O oRRNZEREREFERZFE T2 L 25 A L (Yasoda
et al., Nat. Med. 2004), & HICRIEERABRE LT, ARk CNP 52, FHRREEZ S
TEEERIEDTT /L~ U ADERZIFIEZEICHET HZ & 2fEA L7z (Yasoda et al,,
Endocrinology 2009), BB ERREL2RF L THERBEBRITZOITZ L A EVE—EIRTF
RTHY., HrBEFERCERTIRIEFH THLIN, TOPFTERERESICLD
ZEAZEYECHREREZEL L TAFEE CORMPMIEERSZE LWXEL XL TERELS
STETET A, L LANOERE, REEHIOST2EDREDIERIIEIINTELT,
B TRENZBERARMIERIE CHIBERMNPIBZRbATVWEDARTH D, CNP A
FIL 2D ORBEIC T 2 EHEREMIBRIEL L TEBE STV 528, CNP IGHRENR
HERFRENLZHE GCB DEGFERICIZBREER (vu MR PHERER
FSE (acromesomelic dysplasia, type Maroteaux: AMDM)) HE R i, CNP {gHIx
THEMEFHRBOLEE BRI TWS, SHEFAE OIIAFE LS| s, KEE
KRS DRBDET N~ T A& A2 in vivo IFFE, BLOYER (BE) FEL iPS

Rk AW ARIT R OMLE B T2 o7,

A. BFEEEB

TR TLFRARTF K77 I Y —iX3EEDOA
KD A R, DEEF MY 7 LFIRTF R
(ANP), e bV 7 AFRA~TF F(BNP), C
B b Y U LFIRATF FICNPIZ K> THR S
n5, ANP, BNP [ ZENENEITLE, LEND
EERk. HWSh, XBEOZEETHL AT
= /VEES 7 5 —F (guanylyl cyclase-A, GC-A) %
LT, FIREA. F MY v 2FIRER, LEFE
EHEERICE S MERTER., S bIiZid7
IV RAT a U WEEER R E. 2R EMER
ERBETDH, —FH, BTARTF & LTEMAT % CNP

BIOEOREEBRI T = By T7—1F
(guanylyl cyclase-B, GC-BIXEE 22 NI B F
LAHRTTHY ., TOMELIC LV ERELZR
TNARET D 2 EPBETHE~ Y A2 AW
T b E o, BIE CNP OFEHRRE
EA OB RFEFERIZ T 2 BRAR RS EIT L
TWb, SRS SITRTEEICS &kix, 1)
FREROET N ~<T R % Bz CNP 1RRE 2hiEmR
SO D ORTEEKRMIZE, BXLU2) KE, HDHW
3, BRERREMIPS MizE A\ - CNP IEEE 2
HEOBRNEZBI25-H0, b b iPSMEE Ay
TR ERBI o7,



B. W35

1. BREERET L~ AR T HCNPOB RS

ex vivol L THEFMEPBETEIARE RO
BIEEEZAVWTRI 2o, SLIZCNPREET
NELUT, FEBR M CNPIR % &8 Bserum
amyloid P component (SAP) promoter® iV 7=
CNPIBRIRE NI AY == v (SAP-CNP-Tg)~
7 A (Kake et al., Am J. Physiol
Endocrinol. Metab. 2009) ZHWTERT
TN=UALDARLEREZ B2V, CNPTAFED
hERZMRAT U,

2. BRHRBBERROPSHMALAVZCNPIZ
T ARISEDRETE BT A5TedIc, FEEEIC
Fl&frE, IEHENMPSHaE AV #E Mg ~D
bSO BT,

(B ~DELE)
BYERICELUIRBRFEMEREZESIC
HEEL, RBEE TV A (MedKyo01094), #8 A%
% DNA EBREFEIZOWTHRERFZDAREET
W5, Eb iPS HERIOME Fideheriaz VA
RAFFEIC A D%t (CER224E 11 A IE) IC¥E
LU TVWA,

C. WroeisR

. BREEROET L~ A28 T 5CNPE 5
EFNELTCOMFRE EFRECNPIN VAV
=A% WIS

AEEIIFEE IS &FEE, A ZHREICKT S
MRERET LT,

LA SHERETREREEER S T4
—AFRE LT, BREEBRIZBVNTHE S DRE
NEEND, TDHH 78T, BEEEF (B2

N7 am A —PREF) ERIESNTHALDD,

BIED & Z ABRMIFRIBITFEE LR, 0K
BETNIUATHDL B IV n=F—Eilix
FER< TR (mps-2 vTR) IZBWT, KA
RO LN D ERAFOEEECHEEEE O
MEEENZBDONDN, SEMFREE AR
CNP v AV z=y 7 <7 A (human serum
amyroid P component 7'uE—4& —{Z &Y IFiE
T @O CNP transgene O ¥ H % & ¥ 3

SAP-CNP-Tg vV R) & OREERIZEL > TED
WESR R LTz, REICE > THLNIEAT
12T CNP transgene #7835 mps2J v A
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Abstract Long bone abnormality (Ibab/Ibab) is a strain
of dwarf mice. Recent studies revealed that the phenotype
is caused by a spontaneous mutation in the Nppc gene,
which encodes mouse C-type natriuretic peptide (CNP). In
this study, we analyzed the chondrodysplastic skeletal
phenotype of Ibab/Ibab mice. At birth, lbab/lbab mice are
only slightly shorter than their wild-type littermates. Nev-
ertheless, [bab/lbab mice do not undergo a growth spurt,
and their final body and bone lengths are only ~60% of
those of wild-type mice. Histological analysis revealed that
the growth plate in Ibab/lbab mice, especially the hyper-
trophic chondrocyte layer, was significantly thinner than in
wild-type mice. Overexpression of CNP in the cartilage of
Ibab/lbab mice restored their thinned growth plate, fol-
lowed by the complete rescue of their impaired endo-
chondral bone growth. Furthermore, the bone volume in
Ibab/lbab mouse was severely decreased and was recov-
ered by CNP overexpression. On the other hand, the
thickness of the growth plate of lbab/+ mice was not

The authors have stated that they have no conflict of interest.

Electronic supplementary material The online version of this
article (doi:10.1007/s00223-011-9567-0) contains supplementary
material, which is available to authorized users.

E. Kondo - A. Yasoda (&4) - T. Fujii - M. Miura -

N. Kanamoto - N. Tamura - H. Arai - K. Nakao

Department of Medicine and Clinical Science, Kyoto University
Graduate School of Medicine, Kyoto 606-8507, Japan

e-mail: yasoda@kuhp.kyoto-u.ac.jp

T. Tsuji - T. Kunieda

Department of Animal Science, Okayama University Graduate
School of Natural Science and Technology, Okayama 700-8530,
Japan :

12

different from that of wild-type mice; accordingly,
impaired endochondral bone growth was not observed in
Ibab/+ mice. In organ culture experiments, tibial explants
from fetal [bab/lbab mice were significantly shorter than
those from [bab/+ mice and elongated by addition of 1077
M CNP to the same extent as [bab/+ tibiae treated with the
same dose of CNP. These results demonstrate that lbab/
Ibab is a novel mouse model of chondrodysplasia caused
by insufficient CNP action on endochondral ossification.

Keywords C-type natriuretic peptide -
Long bone abnormality (Ibab) - Chondrodysplasia -
Endochondral bone growth - Organ culture

C-type natriuretic peptide (CNP) is a member of the
natriuretic peptide family and exerts its biological actions
through the accumulation of intracellular cyclic GMP via a
subtype of membranous guanylyl cyclase receptor, gua-
nylyl cyclase-B (GC-B) [1, 2]. We previously demon-
strated that the CNP/GC-B system is a potent stimulator of
endochondral bone growth: transgenic mice with targeted
overexpression of CNP in cartilage under the control of
type 1I collagen promoter [3] or those with elevated plasma
CNP concentrations under the control of human serum
amyloid P component promoter [4] exhibit a prominent
skeletal overgrowth phenotype. On the other hand, the
physiological importance of the CNP/GC-B system on
endochondral bone growth has been revealed by the phe-
notypes of hypomorphs. We generated complete CNP or
GC-B null mice and demonstrated that they exhibit an
impaired bone growth phenotype [5, 6]. We have also
reported that in two lines of spontaneous mutant mice,
cn/cn and slw/slw, disproportionate dwarfism is caused by
loss-of-function mutations in the murine GC-B gene [7, 8].
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The skeletal phenotypes of these mutant mice resemble
those of GC-B knockout mice. Furthermore, recent studies
have elucidated that loss-of-function mutations in the
human GC-B gene are the causes of acromesomelic dys-
plasia type Maroteaux (AMDM), one form of skeletal
dysplasia with a disproportionate short stature phenotype
[9]. The impaired skeletal growth phenotype observed
in patients suffering from AMDM is similar to the
skeletal phenotype of cn/cn, siw/slw, and GC-B knockout
mice.

The long bone abnormality ([bab/Ibab) mouse was first
identified in The Jackson Laboratory (Bar Harbor, ME) as a
spontaneous autosomal recessive mutant characterized by
impaired growth of the long bones [10]. Recent studies
have elucidated that the impaired growth of lbab/[bab mice
is caused by a hypomorphic mutation in the CNP gene; Jiao
et al. [11] found that its impaired growth phenotype is
associated with a single point mutation in the mouse CNP
gene, and- we showed that this phenotype is completely
recovered by CNP overexpression [12]. Yoder et al. [13]
characterized the mutant CNP in lbab/lbab mice and
demonstrated that it is less biologically active than
authentic CNP; in whole-cell cGMP elevation and mem-
brane guanylyl cyclase assays, 30-fold to greater than
100-fold more mutant CNP is required to activate GC-B
compared to authentic CNP. We also confirmed that the
mutant CNP in lbab/lbab mice retains only about 10%
activity to induce cyclic GMP production through GC-B
compared to authentic CNP in an in vitro transfection assay
using COS-7 cells [12]. Collectively, Ibab/lbab is a novel
chondrodysplastic mouse model with insufficient CNP
action on endochondral bone growth. Nevertheless, the
skeletal phenotypes of Ilbab/lbab mice have only been
partially described in short reports, including our own brief
communication [11-13], and have not yet been fully
studied. In this study, we performed further analyses of the
skeletal phenotypes of lbab/lbab mice.

Materials and Methods
Mice

Heterozygous (lbab/+) mice (C57BL/6 J background)
were obtained from The Jackson Laboratory, and the strain
was maintained by sib mating of heterozygotes. Transgenic
mice with targeted overexpression of CNP in the growth
plate chondrocytes under the control of the mouse pro-
o;(I) (Col2al) promoter (CNP-Tg) were created as
reported previously [3]. To perform genetic rescue of lbab/
Ibab mice, CNP-Tg mice were mated with [bab/4- mice,
and F; offspring heterozygous for the transgene and for the
Ibab allele were mated with those with only the lbab allele
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to generate lbab/lbab mice with the transgene expression
(Ibab/lbab-CNP-Tg/+ mice) [12]. Genotypes for the CNP
transgene and the lbab allele were determined by PCR
analysis using mouse genomic DNAs extracted from tails.
Because there was no tendency of gender differences in the
growth of each genotype (data not shown), we used only
female mice in our experiments. Animal care and all
experiments were conducted in accordance with the
Guidelines for Animal Experiments of Kyoto University
and were approved by the Animal Research Committee,
Graduate School of Medicine, Kyoto University.

Skeletal Analysis

For 10 weeks after birth, body lengths of female mice were
measured weekly. Body length was measured as the length
from the nose to the anus (nasoanal length) or that from the
nose to the tip of the tail (nose~tail length). Body weights
were also measured weekly. Skeletal analysis was performed
as previously described [14]. Briefly, mice were subjected to
soft X-ray analysis (30 kVp, 5 mA for 1 min; Softron type
SRO-M35; Softron, Tokyo, Japan), and lengths of the bones
were measured on the X-ray films. CT scanning of the
humerus was performed using a ScanXmate-L.090 Scanner
(Comscantechno, Yokohama, Japan). Three-dimensional
microstructural image data were reconstructed and structural
indices calculated using TRI/3D-BON software (RATOC
System Engineering, Tokyo, Japan).

Histological Examination

Tibiae were fixed in 10% formalin neutral buffer, decal-
cified in 10% EDTA, and embedded in paraffin. Sections
(5 um thick) were sliced and stained with alcian blue (pH
2.5) and hematoxylin—eosin. For immunohistochemistry,
sections were incubated with rabbit anti-type X collagen
antibody (LSL, Tokyo, Japan), goat anti-Indian hedgehog
(Thh) antibody (Santa Cruz Biotechnology, Santa Cruz,
CA), mouse anti-matrix metalloproteinase 13 (MMP-13)
antibody (Thermo Fisher Scientific, Waltham, MA), and
mouse anti-proliferating cell nuclear antigen (PCNA)
antibody (Dako, Copenhagen, Denmark). Immunostaining
was performed using the Histofine Mousestain Kit
(Nichirei Biosciences, Tokyo, Japan) according to the
manufacturer’s instruction. Peroxidase activity was visu-
alized using diaminobenzidine. Sections were counter-
stained with hematoxylin, dehydrated, and then mounted
with malinol (Muto Pure Chemicals, Tokyo, Japan). To
confirm antibody specificity, normal rabbit serum (Sigma-
Aldrich, St. Louis, MO), normal goat IgG (Santa Cruz
Biotechnology), and mouse IgG (Dako) were used as first
antibodies for negative controls.
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Fig. 1 Growth and skeletal phenotype of lbab/+ and lbab/lbab mice.
Nasoanal lengths (a) and body weights (b) of female wild-type (Wi,
open diamond), lbab/+ (open square), and lbab/lbab (open triangle)
mice (n = 2-8). ¢ Whole skeletons of wild-type, Ibab/+ , and lbab/

Organ Culture

Organ culture of fetal mouse tibiae or third metatarsi was
performed as described previously [15]. Tibial or meta-
tarsal explants from lbab/+ mice and their lbab/Ibab lit-
termates at 16.5 days postcoitus were cultured for 4 days
with vehicle or 1077 M CNP (Peptide Institute, Minoh,
Japan). Medium was changed every day. Before and after
the culturé, the maximal longitudinal lengths of tibiae
were measured as the total tibial length, the sum of the
lengths of proximal and distal cartilaginous primordia
(CP), and the length of the osteogenic center (OC), using
a linear ocular scale mounted on an inverted microscope.
For histological analysis, explants were fixed in 10%
formalin neutral buffer and embedded in paraffin. Sec-
tions (5 um thick) were sliced and stained with alcian
blue . (pH 2.5) and. hematoxylin—eosin. Immunohisto-
chemical- staining of - incorporated bromodeoxyuridine
(BrdU) was performed using 5-Bromo-2'-deoxyuridine
labeling and detection kit I (Roche Applied Science,

14

Ibab/+

bab/Ibab

Ibab mice at 2 weeks of age. Scale bar 1 cm. d Histological analysis
of the tibial growth plates of 3-day-old mice. Arrows indicate
hypertrophic chondrocyte layers. Alcian blue and hematoxylin—eosin
staining. Scale bar 100 pm

Indianapolis, IN) the manufacturer’s

protocol.

according to

Statistical Analysis

Data were expressed as the mean & SEM. The statistical
significance of differences between mean values was
assessed using Student’s r-test.

Results

Analyses of Skeletal Growth of lbab/lbab and lbab/+
Mice

As previously reported, [bab/lbab mice developed severe
dwarfism characterized by short tails and extremities [11,
12]. At birth, Ibab/lbab pups were slightly shorter than
their wild-type littermates: the nasoanal and nose-tail
lengths of Ibab/lbab mice were 88 and 83% of those of
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their wild-type littermates, respectively (Fig. la, Supple-
mental Fig. 1).The ratios of nasoanal and nose-tail lengths
of Ilbab/lbab mice to those of wild-type mice sharply
decreased to 65% and 55%, respectively, by the age of
3 weeks. After 5 weeks of age, these ratios stabilized at
66-72% and 57-62%, respectively (Fig. 1a, Supplemental
Fig. 1). The body weight of lbab/lbab mice was 68% of
that of their wild-type littermates at birth and decreased to
46% by the age of 3 weeks. The ratio did not increase until
5 weeks of age, becoming ~60% after 7 weeks (Fig. 1b).
On the other hand, lbab/+ mice were indistinguishable
from their wild-type littermates at birth and grew almost
similarly (Fig. 1a,b, Supplemental Fig. 1). Soft X-ray
analysis revealed that longitudinal growth of the vertebrae,
tail, and extremities was affected in lbab/Ibab mice at the
age of 2 weeks but was not affected in Ibab/+ mice
(Fig. 1c). Histological analysis revealed that at the age of
3 days the tibial growth plate, especially the hypertrophic
chondrocyte layer, of lbab/lbab mice was apparently
thinner than that of wild-type mice (Fig. 1d). On the other
hand, the thickness of the tibial growth plate of [bab/+
mice was not different from that of wild-type mice
(Fig. 1d).

Effect of CNP Overexpression on Impaired
Endochondral Bone Growth of lbab/lbab Mice

In order to further characterize the impaired skeletal
growth of Ibab/lbab mice, we analyzed how their impaired
endochondral bone growth recovered in response to tar-
geted overexpression of CNP in the cartilage in vivo [12].
We crossed [bab/lbab mice with cartilage-specific CNP
transgenic mice under the contro] of type II collagen pro-
moter (CNP-Tg mice) and obtained lbab/lbab mice with
transgenic expression of CNP in cartilage ([bab/Ibab-CNP-
Tg mice) [12]. At the first week after birth, the nasoanal
length of [bab/Ibab-CNP-Tg mice was almost the same as
that of Ibab/Ibab mice and considerably smaller than that of
wild-type mice: nasoanal lengths of wild-type, lbab/Ibab,
and lbab/lbab-CNP-Tg mice were 4.38 & 0.06, 3.87 &
0.37, and 4.00 & 0.12 cm, respectively. Subsequently,
Ibab/lbab-CNP-Tg mice began to grow larger than lbab/
[bab mice and promptly caught up with wild-type mice;
although the nasoanal length of Ibab/lbab-CNP-Tg mice
was still considerably smaller than that of wild-type mice
until 3 weeks of age (5.70 & 0.57 and 6.71 = 0.10 cm,
respectively, at age 3 weeks), it became almost comparable
to that of wild-type mice after 4 weeks (7.38 & 0.48 and
7.61 & 0.10 cm, respectively, at age 4 weeks). Further, the
body weight of Ibab/lbab-CNP-Tg mice was almost the
same as that of lbab/Ibab mice and smaller than that of
wild-type mice until the age of 3 weeks but then promptly
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increased to a level comparable to that of wild-type mice
(Supplemental Fig. 2).

Soft X-ray analyses revealed that at the age of 2 weeks
the impaired growth of bones formed through endochon-
dral ossification in Ibab/Ibab mice was partially recovered
by targeted overexpression of CNP in cartilage in Ibab/
Ibab-CNP-Tg mice (Fig. 2a): the recoveries in the longi-
tudinal length of cranium and the lengths of the humerus,
radius, ulna, femur, tibia, and vertebrae were 35, 73, 68, 37,
51, 63, and 27%, respectively (Fig. 2b). Furthermore, at the
age of 10 weeks, the impaired endochondral bone growth
in lbab/lbab mice was almost completely recovered by
targeted overexpression of CNP in cartilage, as observed in
Ibab/lbab-CNP-Tg mice (Fig. 2c, d). On the other hand,
there were no significant differences in the width of the
cranium, which is formed via intramembranous ossifica-
tion, among the three genotypes at either 2 or 10 weeks
(Fig. 2b, d).

Histological analysis showed that the thickness of both
the proliferative chondrocyte layer and the hypertrophic
chondrocyte layer, positive for immunohistochemical
staining for type X collagen, was significantly decreased in
Ibab/lbab mice compared to wild-type mice at the age of
2 weeks, as previously reported [12] (Fig. 3a, b).The
thinner proliferative chondrocyte layer in the Ilbab/lbab
growth plate was completely recovered by targeted over-
expression of CNP as observed in the lbab/lbab-CNP-Tg
growth plate (Fig. 3c). The thinner hypertrophic chondro-
cyte layer in the lbab/lbab growth plate was also consid-
erably recovered in the [bab/lbab-CNP-Tg growth plate,
although the extent of the recovery was less than in the
proliferative chondrocyte layer (Fig. 3d). Immunohisto-
chemical staining for PCNA revealed that the number of
PCNA-positive cells was severely decreased in the prolif-
erative chondrocyte layer of the [bab/lbab growth plate
(Fig. 3e). The number of PCNA-positive cells did not
recover in the proliferative chondrocyte layer of the Ibab/
Ibab-CNP-Tg growth plate, whereas the thinner prolifera-
tive chondrocyte layer in the lbab/lbab growth plate was
almost completely recovered in the Ibab/lbab-CNP-Tg
growth plate (Fig. 3c). The area positive for immuno-
staining of Ihh, one of the markers of hypertrophic differ-
entiation, was decreased in the lbab/lbab growth plate
compared to the wild-type growth plate (Fig. 3f). The
smaller size of the area positive for Ihh in the lbab/Ibab
growth plate was almost completely recovered in the lbab/
[bab-CNP-Tg growth plate (Fig. 3f). Immunohistochemical
staining of MMP-13, a useful marker for terminal hyper-
trophic chondrocytes, was not changed between the three
genotypes, indicating that the progression through the
hypertrophy program was not accelerated in the [bab/lbab
growth plate (Fig. 3g).
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Fig. 2 Effect of CNP overexpression on impaired endochondral bone
growth of lbab/lbab mice. Whole skeletons (a, ¢) and bone lengths
measured on soft X-ray films (b, d) of female wild-type (W1), lbab/
Ibab, and Ibab/Ibab-CNP-Tg mice at the age of 2 weeks (a, b) and
10 weeks (¢, d). a, ¢ Scale bar 1 cm. b, d White bars, wild-type mice;

At the age of 10 weeks, the tibial growth plate of lbab/
Ibab mice continued to be thinner than that of wild-type
mice and was completely recovered by overexpression of
CNP in cartilage (Fig. 4).

Recovery of Decreased Bone Volume in [bab/lbab
Mouse by CNP Overexpression

Three-dimensional CT analysis manifested a marked
reduction in bone volume of the humerus in [bab/Ibab mice
and considerable recovery in- lbab/lbab-CNP-Tg mice
(Fig. 5). At the age of 10 weeks, the quantified bone vol-
ume (BV/TV) and trabecular thickness (Tb.Th) of the
humerus in Ilbab/lbab mice were 2.4% and 34.5 pm,
whereas those in wild-type mice were 4.1% and 40.3 pm,
respectively. The decreased BV/TV and Tb.Th in lbab/Ibab
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black bars, lbab/lbab mice; gray bars, lbab/lbab-CNP-Tg mice. CW,
width of cranium; CL, longitudinal length of cranium; HL, humeral
length; RL, radial length; UL, ulnar length; FL, femoral length; TL,
tibial length; VL, vertebral length. n = 2-7 (b) and 3-5 (d) (Color
figure online)

mice were increased to 5.4% and 37.0 pm, respectively, in
Ibab/lbab-CNP-Tg mice.

Organ Culture Experiments of Tibiae from lbab/lbab
Mice

In order to further analyze the impaired endochondral
ossification of lbab/lbab mice, we preformed organ cul-
ture experiments using tibial explants from fetal mice
(Fig. 6a) [15]. Because skeletal phenotypes of mice het-
erozygous for the Ibab allele were not different from
those of wild-type mice, we compared the growth of tibial
explants from lbab/lbab mice with that from lbab/+ mice.
At the beginning of culture, both the total length and the
sum length of the CP of Ilbab/lbab tibiae were signifi-
cantly smaller than those of Ibab/+ tibiae (3.80 & 0.04
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Fig. 3 Histological analysis of tibial growth plates from 2-week-old proliferative (c) and hypertrophic (d) chondrocyte layers. n = 3 each.
wild-type (W), Ibab/lbab, and Ibab/lbab-CNP-Tg mice. a Alcian blue *P < 0.05, **P < 0.01. e The proportion of PCNA-positive chon-
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proliferative chondrocyte layers, and red bars (depicted as H) indicate Immunohistochemical staining of Thh (f) and MMP-13 (g). Scale bar
hypertrophic chondrocyte layers. b Immunohistochemical staining for infand g = 50 pm

type X collagen. Scale bar in a and b = 100 um. Heights of the :

vs. 425 £0.03 and 2.19 & 0.02 vs. 243 4+ 0.01 mm, tibiae more potently than that of [bab/+ tibiae; in the
respectively, n = 8-12 each) (Fig. 6b, c). Tibial explants  presence of 107’ M CNP, the difference between the total
from [bab/lbab mice grew to the same extent as those  length of lbab/+ tibiae and that of [bab/Ibab tibiae was
from Ibab/+ mice during a 4-day culture period; the  decreased (Fig. 6b), and furthermore, the CP length of
difference in the total length or in the length of the CP  [bab/Ibab tibiae became almost the same as that of Ibab/+
between lbab/lbab and lbab/+ explants at the end of  tibiae (Fig. 6c). The growth of the OC was not stimulated
culture was comparable to that at the beginning of culture by CNP in either lbab/lbab or lbab/+ explants (data not
(Fig. 6b, c). There was no significant difference in the  shown).
length of the OC between the two genotypes before and Histological examination at the end of the culture
after the culture period (data not shown). period revealed that the length of the primordial growth
The treatment of CNP at the dose of 107 M stimu-  plate (Fig. 7a), especially that of the hypertrophic chon-
lated the growth of both [bab/lbab and Ibab/4- tibiae  drocyte layer positive for type X collagen immunostaining
(Fig. 6b, c). CNP stimulated the growth of Ilbab/lbab  (Fig. 7b,c), was smaller in Ilbab/lbab explants than in
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Fig. 4 Histological analysis of
tibial growth plate from female
10-week-old wild-type (Wr),
Ibab/lbab, and lbab/lbab-CNP-
Tg mice. a Alcian blue and
hematoxylin—eosin staining.
Arrows indicate the width of
growth plates. Scale bar 50 pm.
b Total heights of the growth
plates. n = 2-5 each
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Ibab/+ explants. The area positive for immunostaining for
Thh, one of the markers for chondrogenic differentiation
[16], tended to be a little decreased in [bab/lbab explants
compared to that in Ibab/+ explants, although the inten-
sity of the immunostaining was not different between the
two genotypes (Supplemental Fig. 3). Immunohisto-
chemical detection of BrdU-incorporated chondrocytes
revealed that BrdU-positive chondrocytes tended to be
decreased in Ibab/lbab explants compared to those in
Ibab/+ explants (Fig. 7d). Addition of CNP prominently
increased the lengths of primordial growth plates (Fig. 7a)
and their hypertrophic chondrocyte layers (Fig. 7b, c) of
both [bab/+ and Ibab/lbab explants. The lengths of the
primordial growth plate and its hypertrophic chondrocyte
layer of Ibab/lbab explants treated with 1077 M CNP
became comparable to those of lbab/+ explants treated
with the same dose of CNP (Fig. 7a—). CNP increased
the areas positive for Ihh immunostaining in both lbab/+
and [bab/lbab explants. By addition of CNP, the sizes of
the areas positive for, and the intensities of, Thh immu-
nostaining were not different between Ibab/+ and lbab/
Ibab explants (Supplemental Fig. 3). CNP did not

ik

Ibab/ibabe.
CNP-Tg

babllbab
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increase BrdU-positive chondrocytes in [bab/lbab explants
(Fig. 7d).

Further, we explored whether CNP controls the pro-
gression of growth plate chondrocytes through the different
stages of maturation or not. Because the process of endo-
chondral ossification is delayed in the metatarsus compared
to that in the tibia in an individual, we performed organ
culture of metatarsi as well as tibiae from fetal mice at
16.5-days postcoitus and examined the expression of type
X collagen and Ihh. In the case of Ibab/+ organ culture, the
area positive for immunostaining of type X collagen was
reduced and that of Thh was localized near the ossification
center in metatarsal explants compared with those in tibial
explants, indicating that the metatarsal growth plate rep-
resents an earlier stage of endochondral ossification than
the tibial growth plate (Fig. 8). The area positive for
immunostaining of type X collagen was greatly reduced in
Ibab/lbab metatarsal explants compared with that in [bab/+
metatarsal explants and recovered by addition of 107" M
CNP to the same extent to that in [bab/4 metatarsal
explants treated with vehicle. The area positive for
immunostaining of Thh became closer to ossification center
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