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BAF BB FEREDE (EREREEBRRITEER)
W22~ 23 ER AT RREE

BRBRBICET 235 CNP IB5RICXT 5
HMEGIER R WTEDRESLICEE 4 SH5E

WEARE TR —f RERFRFREFNERN iR

B HRAEIRE (Skeletal dysplasia) 135 « BB OREEEZ X TERMEEBORKHTH Y, EHARES R
PLUFEERFERSICEIPELVEBEREOXES & -0, BE, A7 EYIERIIHES STV,
HEEE BIXC AT MU U ARIRTF K (C-type natriuretic peptide: CNP) 23R8 T /) 72 B R ERENE
MEE->Z & 2R L (J Biol. Chem. 1998, Proc. Natl. Acad. Sci. USA 2001) ., ‘B RFEIRBDONRIRHERT
& DB EZAUE (Achondroplasia) D€ b< v AZx L CRIB IR R Z R T2 & #5EA Lz (Var.
Med 2004), 5%, HEBEAREICRTT 5 CNP OEERISANEIFIND & & biT, W ERAELSO
BRFEBICHT ARBFENHZINAN, FOEDMITHELINTWRY, BB, BRHEAD—
KRB THD~o RN FRREMREDRREN CNP ZRAE THE /T =VEEY 7 5 —E B
(Guanylyl Cyclase-B : GC-B) DOHREFRAELETERTHDHZ LB EINTEY (Um. J. Hum. Genet.
2004) . MBI CNP JRFICIESTETH A ATREMIIBE TH D, AHFEIE. 4 0 OFEU L LEE<F
BT AEUEETAUE DL OB RATEBIC T B CNP 1BRAZHEF OIRIE 4, BTRERIIZE-oR B RN
iPS HifE 2 VT fiFAT & R TRERIIC 272 O BRIR BT TH 2,

A. BIEEE

BRARELE - RWEOMREEEICLVERET
EEXTHEREEBOBHTHY  1ZEAERE
—EEFERICERT2HmIVEERFETH D, FiF
RIEEICL2EARESR EMUEEROLD, £
FEECORMBICOEZZE LVXEL & 72908,
RAEBRREDRRIIEL SN TE 6T, BHT
BREMLERABRRE CH HBERNINB Z
BRHOILTWDLDATH D,

HEEDITERRERICH T 2EYIREL B
LT-RERRAFZEE LT, Rl 5— 1 OFEEY
BfEZ2EC, Th) UDLRIRXTF R7 73
—DAUN—=THD C B NI ULFRRTF
K (C-type natriuretic peptide: CNP) 23 T
MAOMORRNLZEHEREERZE L

W sEE (Cusho et al., Proc. Natl Acad. Sci. USA.
=)l BIA 2001), EHILEEEREOREREEBTHIEHE
(BSR4 —fF%i k) I RRIE DO E T b~ U AR L TR 2 1R E)
N+H BRE BETRTIEHELTER (Yasoda et al,, Nat.
(RESKFEREREFVCR  #AD) Med. 2004, Endocrinology. 2009), BifE, H3iE
FiE Eh NRELBO D THIRERBZENE Ly 7T
(RERKFRFREFER  BIE) JRESIEN L AR A — R — X | OXE T 1

YxZ M LT, BREERIZET D CNP O b
T UA L= a T Y —F ORBRIHEE D F
BN TWD, LZAT, CNP ZZD%EE B
RTT7 =N 7 F—+F (guanylyl cyclase'B :
GCB 2/ LTHIIENED S RAvEVY Yy —
cGMP ZEA L, TOAVIERZRETLIN, &
HERHEBEO—FHETHE~r b —REMAF
MEEFEE (AMDM) OFERED GC-B DEfs
FERTHD L HHE SN (Bartels et al., Am.
J. Hum. Genet. 2004), CNP J5RIEHUEE RHt
FREOEENHEBNE R, CNP B % B
959 Z CHMEFOEBIINETH D, AR
3. 4 0 OFEEELA b & #% < RS DERE EIDRL
TELS OB RMRBIZET 5 ONP RFRICx 954
ShRBOIER % | AIERRIFC0% B R 1PS HH
Bz W2 AT & R TREBNCEB 272 5 R
BB TH 5, '



B. BFgEAIE

HTFEERRFZE L LT, CNP/GC-B 2D E{RERESE
A% X VEMCRETT 272010, B/ ERED
CNP/GCB/ v 777U b~ ADOER L fEtT %
BIpoTo, £, Az 7c CNP/GC-B RDF
BEREERAEZBRITTA7DIZ.CNP /v I T D
by MEERLL., BT LT, BEARFZE L LTI,
BRBERET A~ AIKT S CNP OER%
Rt U, IBRRIZIRZRET Lz, ShI2, BRHKi
REBRBREIZBITD CNP JREDOMISE EERE
THRHDFRE LT, BEHRFEIPS MM 6 D5
FEEMAEORB 2 B L, iPS Hiia) G EEH
fA~DOB LR DML B o T,

(1) B/ #KERHRH CNP/GCB /v 27Uk
~ 7 ADIER LT -

CNP/GC-B R DE - HEHEMICBITOEREL D
WCEERICRRET T B 7201, B H D WITEE FEE
CNP 20X GCB /v 777 w0 2 %&{FH
L. TOREM LR, XL D2E5ED
£SO, HRERRE OMBEFEOMEIT, SbI
p CT AW BEEOMITEIC LV RE LT,

(2) CNP 7 v b DYERL & fiEHT

&%l 2 7= CNP/GC-B R DB R EREIEH M5
T A7, HTIZ Zn finger nuclease &% AV 7z
CNP /w27 0Ty hOEREBIRN, TD
R 2T LT,

(3) BRMERIZEITD CNP/GC-B RIEEL
FRAE DIEISIER D 72 8 D BITEEPRATFE

INETICERMEERDEREL LT, BMP %
(BMP1 H=%5k, GDF5 %), SOX9. PTHrP
TR ENRE (L EERRFORGTFE
BRHE INTWD, BUEEEEELIOF R
FHBIZRT 5 CNP/GC-B RERIE{LFRE Ok
KDI=DIZ, BERFEHREDOFEREE LT, GDFFE
RV AOREFHREEEZHAVWT BMP % &
CNP/GC-B ZDOHEMERZRET LTz, &b, A
agPETHET VAL CNP #EET IV

ELTOMPEELER CNP v AV 2=y
JRUREDRREREZRBZ 2\, B - BB
BT AIBEMRE SRR Lz,

(4) BRHRBFFER IPS IO L

BERUEBIE—ERTEENEE THHZL
DEBZELN, REINEREEEFICESD
EEFERET NV~ U X% AV CNP 15RE
ShHEDORE L3N, BRRERBEICHT D
CNP OEZME*EERFI T2 HFiEE LT, BE
BRE {PS MR Z 85 L CHERE MR~k &4,
CNP (Zx9 B RIS ERETT 5 72 OFHE D
X EBI o,

(fmEE~DEE)
WRMBEIIR LT, BEENGHET SN (5
RIFZEICBE 4 5 fm3dfast) (B> 7z AHEDEE. F
RERFELOEEERZ 25, TONEIL, [RiE#
W THER L EEMAERGERFES LOE
P EEMRBFEE FRERHEEB LV v
TEx—AbLKeartrro-boRAIE, RE
EHIRM) ICRRE L, RERFEREREF R
EXHECHRBEESICEHLTESREZZT. K
HBREOARRBEZITOITETHD, £/, BihE
BRICE L CHEIMEELOREESATLEYE
BREAEEF A KREHYERTZESICHEL, T
TIAREB TS (MedKyo09105),

C. WrofER

(1) &/ #EHENCNP/GCB / v/ 7V b
~ U ADYER & AR

kR BEETREZAEE TS CreloxP &
AT AERNTE/HEFEN CNP/GCB K
BV RAEER L, T7bb, TRLENLE /K
BREN S oE—4—Thd 1 B=aT—5 /11
Mo —ror7rae—F—%Fne Cre vV A
(collal-Cre,col2al-Cre) % CNP H B Wi
GCB flox vV AR ELRELIEHZ EICEL->TED
BWTEERFEN CNP HB5W0NEGCB /v 77T
v bR (BE4%EE) 2ERLE,

£, col2al-Cre 70T — ¥ —% W= HEFLE
B CNP /v 7 v h~U AL T, UEE



EE - HEOREEELEIKFEEZRD, £0
BENRZES/ v /770U MU R EIZIERBET
Hotr,

12
_or
=
L8
B
c 6 F
Y we CNPflas/lox
4 r @ Col2-Cre; CNPfiox/fiox
2 1 L 1 1 i 1 1 i 1 J
12345678910
Weeks

. IEREMCNP /v 2777 b= U ADRE
it

o, BB RHGCB /) v /7 U k=T ADMN
HEEE -HEE. FEICHELTLEETH -7,
R AT IRV T, EHUERRA CNP 55
VWEGCB /v 7797 MU RZBWTESR/ v
770 e R LEBRICEEBEREREE O, &
W B RACERCE B 1 Z A 2 B/ MERBD b
7o BrdU ¥efalZ LV | pREARBEFEECE M OB
EOMMBECIKTHRIERINE, 51T,
collal-Cre 70 F— & —% A\ = B4EEN CNP
HANEIGCB /7T U MU AICEHLTH,
pCT ZAWVWEEEOREEZ FLE LT —4FD
BT BRAERB 2> T3,

(2) CNP / v 77 v b7 v bOVERLL fBHT

Zn finger nuclease ¥5% FAVWWTCNP / v 7T v
NIy PEERTSE, CNP Vv T7 0 <D
ALFAROBEHEREZ X457y PBEHE
i (RExH),

M.CNP /) v 770U 7y bONE, b BFAR
T.CNP /v 7707y hD4E

(3) BRMEBIZIITSD CNP/GC-B HffiE{L
FRVE DR JSHER D 72 9 ORI ERR I

9, NEBHEBLIC L VRSN BOMES
ex vivo \CTCHRT T2 L ZAgEL T H <7 Ak
FIREREERCBONT, GDFs ER~ 7 AH¥E
BRSBTS CNP OBREERE Uiz, e
BEICB T, GDF5 AR~ A RERCERE
AR AR ERE LB L TELR
. EHICCNP #5122 L b GDFs HE~ 7 AH
R EIFAR -~ U AEREE LRSICH
RMMBE S L, MERRFEAIEITICRB W TS, CNP
WX > T GDF5 ER~ v AR ERER
R ITE AR~ U AR E REARESE & R
WZFE DRENMELE Lz,
LaZHEREX, 7V av ) S o ESRTD
BROEBIZL>TE&HIC I/ VayI )70
UHBRICER I, BRRERIC L AERARE
LRAERE, R, RS, MRBHRER L
V&R ENDERERBTHD, TDIHA
ILFEE 1, 2B IV 6BUIH LTk, ImERR
IR W CHERMFRIERBB I TWE R, 7
BN A BERM IR S CEERE . 5
ERIEREER L RoTWB, SE, LaLEET
HMEF LA (mps2j vV A) #HNT, £0D
EHREEEICNTS CNP OEZBRE LT,
mps2j v AL, CNP &EET NV Th 5 MHE
EELEHREA CNP P vAYV =y IR



(CNP-Tg v U R) 2B & ¥ T mps-2j/CNP-Tg
< U AEER L mps-2j vV ADKREESCEHE
BEEIC R 23R &2 BFT Lz, mps2) <V AT
FARM R LEB L TYBEREOEELZRD -
M, mps-2j/CNP-Tg = 7 A Tid mps-2j &HEL

TYEROEEREMERD I, £/, RXHKE
Bl 3FBEOHEICBN T mps2j vUAT
EHAR e R EHE L THEEFIIEZERBLO
mE. EHE, BREoR IBED LEN,
mps-2j/CNP-Tg < 7 A Tld mps-2j ¥ 7V & & thig
LT, N 69, 44, 80, 39%HWELL, &
BT, MEFEREFHIRB W T, BESRFEE mps-2j
T RACRVWTHAER - 2 LB L THRER
8 DR HBFRD AL A, mps-2j/CNP-Tg v U A

N iﬁk%*ﬁmmm é B éi%j(z) R 3’1/71_ (F

DFESL

iPS #BfEIE ES MBI L TWA Z &b iPS
MiaE R W MEFBE L ES Mila TEDILTWA
FEEZRALTWAZ EMREW, £/, ES M
RV EE R~ O S R E RSB A
MSO)THE SN - FiEE Az LTn5b, £Z
T,MSC % ES M T#isd SN TV 2 8UE M
HEykzEiC iPS Mk, ES MifgZE AWV TRETET
ST, FDFER, alcian blue s TYE S,

RT-PCR IZ L W #E (b~ —H—TH 5 Sox9, 2
Eg:’ 5""7}\/\ 7&9 7 y@%\éﬁ%mu\&éﬁkﬂﬁm
fa~DF LR SN, Sbic2Bas—r v

LRI LT ORBOETERB I o
7=, FORBRITT

Méa"bfi’a LV IED o7 (TR,

mps-2J/
SAP-
CNP-Tg

=),

M. 3 WEREEE~ ¥ X DE REREKE O/,

EX v EHAR mps-2j. mps-2j/CNP-Tg <7 X
(4) ® biPSfifas bEEHE~D > LiFEE

Ihlo, WEBE RN (EEEBL/NERREERE
v E—/NRERAR) L0 BERRECEE SR
AERE OREMRE AF LT, iPS RO/
WS LT, SBEE~OS{bEB o T,
CNP \Zx ¢ A RGHEAIER £ b iPS M55
LSV EE L BT A2FETH D,

D. £



BREEBIL, B MWEEBRORREFICLVIE
FRELBHMEEELRSEELL, AFE~ORY
Wbl dXEE B TREREORHK D EIRERE
BThD, BEA (2010 EERSE) T4 S0
—7 - 456 FEEOZILIZpES L, Hx DERO
BEEIZENLODORBENRZ NI E LT
DR OEIZDIED L ENTWD, T bDE
BioxrT 2 BEOEERRIERERARICL S
B CTREBOBWVEILERNTH Y . BR72EME
FRIIRITREL SHLTVRYY, HEEE & NHRIELE
ERARBERHEZEA LT, BRRRADY b
DB ERIEICIRE L THED TV D HFHREY
BRETHD CNP BT, BRFERBIIXTS
HHOBRBEETHY, HAMICLER S L
(Endocrine news, May 2009) E N2> 6 DREVVE
DENFRBIL TS, £, FHEFEBICERND
He 69 A CRE) ITBWTH RIEREICE
TAHORFEHBEE IEEE LTS EERRK
FEVEIREE . KFREZE = 2001-301586, 2 2003-104908
%), CNP {IMB) CHAZEHEREERZ b
T OB BT RE LIS OB RFIRBIZH LT H
B THDHEERE L, SBMOBIERTH
B REREBASOIRFEG OILRBEFENS,
A BB /e o T-RIERRPIZE T, GDFS ZBEIZ K
5ERERBICK LT, CNPIRERZENTH AT
REMENRMB SNz, &2 AT 2004 FEXED
Warman 513 21 & D GC-B (CNP Z& 1K) B
ICLBDERKER (vo h—BIE PR ERRK
fE) #HELTEY (Bartels et al., Am. J Hum.
Genet. 2004) . B RFEERIZEBIT 5 CNP 1RFEHR
FEFDOAREMENRRENTWND, &I bIT.
GC-B O~T o B FERICK A ERERITIREAR
HOKRERIED 130 IC0IE5 EH#HHRLTEY
(Olney et al., J. Clin. Endocrinol. Metab. 2006) ., &
RMIEBIZRBITS CNP/GC-B REEDEHEIL.
CNP JBEZB IR OBICNATHIDHRIR LT,
LI b FRIMCKRERA VT FELOTH
LD D, B, KFICBITD GC-B EEICK
Bwnr h—BEmA P R R RE ISR E &
BN B b#EENTWA (Hachiyaer al., J. Clin.
Endocrinol. Metab. 2007), AHFIEIL. #EERAL,
EZXIZE LTz CNP 1R E Z OO B RFEE
R SEDLZEEZOESDOB LT DN, AHF
0% L CCNP/GC-B RERFIZ L 2B RMEBEE

B, ERRRBICRT DHBRBHEOME L LT
WX EhDZEbBEXOND,

E. &%

B B AE LIS OB RFEREBICE T D CNP 1A
FIKHT DB EF OHIEZ | ATEERPTIE-CKR A
REEBY iPS MIREZ VAT & R TIRERIICE
72 D BERRIGE AT Uiz, BEREEVAES
X5 &35 CNP DRRRIEBRBER FE STV D
B, TOMDERFERBIZBWTE CNP {EFRIC X
DR D2BEEZDLTHESTIEREMNE LT,
R EZIT L,

F. REALRIER
2L
G WFFEFER

1. EFER
Nakao K, Yasoda A, Ebihara K, Hosoda K,
Mukoyama M. Translational research of novel
hormones: lessons from animal models and rare
human diseases for common human diseases. J
Mol Med. 87:1029-39, 2009.

2. Yasoda A, Nakao K. Genetic basis for skeletal
disease. CNP therapy for achondroplasia. Clin
Calcium. 20:1212-8, 2010.

3. Fyjii T, Komatsu Y, Yasoda A, Kondo E,
Yoshioka T, Nambu T, Kanamoto N, Miura M,
Tamura N, Arai H, Mukoyama M, Nakao K.
Circulating C-type natriuretic peptide (CNP)
rescues chondrodysplastic CNP knockout mice
from their impaired skeletal growth and early
death. Endocrinology. 151:4381-8, 2010.

4. Yasoda A, Nakao K Translational research of
C-type natriuretic peptide (CNP) into skeletal
dysplasias. Endocr J. 57:659-66, 2010.

5. 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 (Ibab/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 (FOXAZ2)
oppositely regulate human type 1 iodothyronine
deiodinase gene in Endocrinology.
153:492-500, 2012.
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EAFZEREMAEFHE EHAERBRRIFILEE)
K22~ 23 FE A st s &

CNP/GC-B ZOENREIAT 2B T 285

Wy iE - )l BiR (BXBRESSRY v 7 —FR

A i)

ot

NEMEAEBEESTF FXEERNS T TH Y BEBRAICSH 2> TEESCEWER B D220 &V SRR
2RO, MHEMFREEILIINE TR REBEESTF FERR L TE 28, 7 ) U LARIRSTF
K77V —HFDOOEDTHY ., TEWEE L OLFEHIRIZ L > T ANP « BNP/GC-A R DIEERE
RICBIT HEBEOHASLLAEOZEE - TREIE L LTOBRISH~ORBICEM L T& iz, 4,
HHIVEDDF R T LRIRSRTF KR TH D CNP/GC-B R DHRD TR 2B M EREER 2 EE5K
ISRTAILHTZ0 ., BIERKRMZE L LT, CNP/GC-B ROEBERBICB RITTHRIZCOVWTOREZRZ

A. BFEEH

SHEFEEFILIINETT MY U ARIRRTF R
Z77IV—DOERNPL I UAL—a Y
Y —FF THHEE L, ANP « BNP/GC-A % DLk
MEFRNVEE L TOBEREOREHA, LARICHT
DM - BRI L L TCOBFIGHICERII LT
2o BRI 15 FEENDS 19 EEE TOEAETH
BHERFFRIZ T, CNP/GC-B R DM TR 72F
RIEEEAZERLLTE - 8F - BERRIZRT
% CNP/GC-B ZDEZEZMA L, FHIAEEL L
TOBRKISAEERTH NI AL —T 3T )L
VY —F%BE L7, CNP X 22 EOT 2 ) Bh
L AREERTTF RTHAHEDEEMEIIRB WY
THREAIED 2 <. BMP-2, BMP-7, FGF & »

B EHEEREF LR L TEETHLTDER

RFEIC bR SND, £72. CNP OEARERF,
CNP OB - #UE - BIER B~ FR R R I3 o80T
REEEEFREICLIAZLDTH D, BERHERE
DHIH, bo bk bREMREERTHY, EoKEA
TN T R VT RTRERM I BV T CNP
TR D ENHESL L T W A ERE ERRRE T
B ERRIEBRIL I CICFE S TV 503, AIFFRIC
BUWTiX, CNP/GC-B ZOEMRBENCB T TR
IZDWTRRET L7,

B. WFEEHE

CNPREETNTHLMPRE EFBCNP 7

VAV z=v 7w A (SAP-CNP-Tg <7 &) I
B2 ERBOMRTEZ, BR#~— I —BLU~
470 CTZHAWTHEfT L, B2, TV
VARAEAWERFHICL YV ZOBHEES IS
% CNP 1R OB ZERHERE XN TV D ECE B
FFEIZDOWT, CNP 1RO ERB/EEEIC R
DRRE, MEEFEREETT VL~ U AT 5
SAP-CNP-Tg = 7 ADKREERICEIT 5 FIRHE
DFEFTIC LV FHE LTz,

C. WHEERER

B4R~ 7 R L H# LT SAP-CNP-Tg <= 7 A Tl
BERROERIH~— I —ThdFTATL LY
VEEF L, EBRNEDOY—I—ThD
TRAPSH bHEEIZEF LT\, &6, BIFkE
FHRCIE MR E, AR MR o _ESERE R
Wiz, ARIGEEICHEE OZEITRD RN, &
7o w4 7 v CT & AV 7= fi#H7 Tix. SAP-CNP-Tg
TERECEOBAMEMZ S BEE BV/IV) ©
BAMERZRDT,

I, MEERREET VT X (Ach <7 R)
AR T A L U CEESE Y BEOKT %
R, BIRD & 51 SAP-CNP-Tg = 7 A b BED
IKTEAZRBDEMN, Ach T AZX LT
SAP-CNP-Tg = 7 2 % AH0 & ¥ CHERL L 7= 80 4
FEEED CNP #& S5 1858E5 /v (Ach/SAP-CNP-Tg
YD R) T, w470 CT 2BV of#,
Ach v U R LHE LU TEEDETIXRD 20 o7z,



D.

EE

CNP BRI & b2 5 BB OLBIZET DB
% CNP #5571V ChH D SAP-CNP-Tg~ 7V A%
BANWTEB 7227, SAP-CNP-Tg v UV R IZBWT

@ﬁﬁwﬁ@%

6T EELH D
BEBDHREI
LB LB,

LA BEOETHEMZRD
CBHEEICELAROBEOETORFLEEN
WHIZ LT CNP BHEFD
ERED R BEBEEZHLOILERDD
—J5. BEREWC LT, EE

MREET )V~ U A5 5 CNP #5E5 /v
& LT?D Ach/SAP-CNP-Tg v~V ATiL, IETF L
7o Ach v U ADBED I LRHETIHRDT,F
ENHERF SN W, 3l A 0 = X LTEBED
& ZARBIENR, SE BEREIC KT D IRHRERIC

BEEDETIC oW TEL Ch 5 A AR

wE i,

E.

o

CNP/GC-B 2D EHEREIER 2 BRERT A

KB L 2 A BEFDLD~DMBEFASERT LT,

4&@@@03%@“%&%@%%%7?X%K
B 2R RAWE XD MRS LEI
bLELZBNDM, CNP/GC-B RITERHIEERZ
TLEZEDERABEH Y, CNP, HAWVIZEDOT F

TN X DIRER IR G B ORI 2 LIERD &

B L2 D AREMEDRIR ST,

F. fERAERIER
mL
G FE#
L 3R
1. Ariyasu H, Iwakura H, Yamada G,

Kanamoto N, Bando M, Kohno K, Sato T,
Kojima M, Nakao K, Kangawa K, Akamizu
T, A postweaning reduction in circulating
ghrelin temporarily alters growth hormone
(GH) responsiveness to GH-releasing
hormone in male mice but does not affect
somatic

growth. Endocrinology,

151:1743-50, 2010.

Iwakura H, Li Y, Ariyasu H, Hosoda H,
Kanamoto N, Bando M, Yamada G, Hosoda
K, Nakao K, Kangawa K, Akamizu T,
Establishment of a novel
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Abstract Since the 1980s, a number of bioactive mole-
cules, now known as cardiovascular hormones, have been
isolated from the heart and blood vessels, particularly from
the subset of vascular endothelial cells. The natriuretic
peptide family is the prototype of the cardiovascular
hormones. Over the following decade, a variety of
hormones and ' cytokines, now known as adipokines or
adipocytokines, have also been isolated from adipose
tissue. Leptin is the only adipokine demonstrated to cause
an obese phenotype in both animals and humans upon
deletion. Thus, the past two decades have seen the
identification of two important classes of bioactive mole-
cules secreted by newly recognized endocrine cells, both of
which differentiate from mesenchymal stem cells. To assess
the physiological and clinical implications of these novel
hormones, we have - investigated their functions using
animal models. We have also developed and analyzed mice
overexpressing transgenic forms of these proteins and
knockout mice deficient in these and related genes. Here,
we demonstrate the current state of the translational
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research of these novel hormones, the natriuretic peptide
family and leptin, and discuss how lessons learned from
excellent animal models and rare human diseases can
provide a better understanding of common human diseases.

Keywords Natriuretic peptide family (ANP, BNP, CNP) -
Leptin - Translational research - Animal models -
Genetically engineered mice

Although a multitude of animal models have been
developed to emulate various diseases, there are a few
excellent animal models that mimic human disease remark-
ably well, such as spontaneously hypertensive rats (SHR)
[1] and hereditary obese mice, ob/ob mice [2]. These
models are very useful for translational research into the
common human diseases, hypertension and obesity. Les-
sons from research on SHR, an excellent animal model for
hypertension research, developed at Kyoto University led
us to investigate the clinical importance of cardiovascular
hormones and adipokines using appropriate animal models
that mimic human diseases beyond species differences. In
this review, we discuss the current state of translational
research of the natriuretic peptide family and leptin and
discuss the ways in which animal models and rare human
diseases can educate about common human diseases.

Translational research of natriuretic peptide family

The natriuretic peptide family consists of three structurally
related peptides, atrial natriuretic peptide (ANP), brain
natriuretic peptide (BNP), and C-type natriuretic peptide
(CNP) [3]. The biological actions of natriuretic peptides are
mediated by activation of two subtypes of membranous
guanylyl cyclase (GC), GC-A and GC-B, leading to
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intracellular accumulation of cyclic guanine monophos-
phate (cGMP) [4]. The rank order of potency to induce
¢GMP production via GC-A is ANP > BNP >> CNP, while
that via GC-B is CNP > ANP > BNP [5]. Thus, ANP and
BNP serve as endogenous ligands for GC-A, while CNP is
specific for GC-B. A third natriuretic peptide receptor with
no intracellular GC domain, dubbed the clearance receptor
(C-receptor), is thought to be engaged in the receptor-
mediated degradation of natriuretic peptides [4]. The ANP,
BNP/GC-A system plays a pivotal role in the regulation of
cardiovascular homeostasis, as demonstrated by their
augmentation in various pathophysiological states such as
heart failure [6-10], myocardial infarction [11, 12], cardiac
hypertrophy [13, 14], and hypertension [15-17]. ANP and
BNP are cardiac hormones secreted primarily by the atrium
and ventricle of the heart, respectively [10, 17], with strong
diuretic, natriuretic, and vasodilatory activities [6, 7, 10].
ANP and BNP are used in the treatment of heart failure [18,
19] and serve as sensitive biochemical markers for heart
failure and cardiac hypertrophy [8-10]. ANP infusion
therapy has currently reached a greater than 30% share
among drugs given for acute congestive heart failure in
Japan.

CNP, the third member of natriuretic peptide family, was
first purified from porcine brain [20]. While CNP is the
primary natriuretic peptide in the human brain [21], it is
also produced by vascular endothelial cells [22-24] and
macrophages [25]. This hormone functions in the regulation
of vascular endothelial function and arteriosclerosis via
local effects, not by acting as a circulating hormone [26—
28]. These observations indicate that CNP acts as an
autocrine/paracrine regulator and as a neuropeptide [21].

The distribution of the natriuretic peptide system over-
laps with the distribution of the renin-angiotensin system
[21, 29-33], prompting us to examine the functional
relationship of the natriuretic peptide system and the
renin—angiotensin system. We demonstrated an antagonistic
relationship between these two systems, both in their
peripheral functions as well as their central actions [34—
39]. Furthermore, the natriuretic peptide system has
therapeutic implication in vascular regeneration in patients
with arteriosclerosis obliterans [40].

Mice with genetic alterations in the ANP, BNP/GC-A
system

Genetically engineered mice are useful tools to study the
complex phenotypic effects of an altered gene in living
animals. Overexpression or deficiency of each member of
the natriuretic peptide family or its receptors has been
generated through transgenic (Tg) or knockout (KO)
technologies [41—45]. We generated Tg mice expressing
BNP under the control of the serum amyloid P (SAP)
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component promoter, which targets hormone expression to
the liver [43]. BNP-Tg mice exhibited a 100-fold increase
in plasma BNP concentrations with concomitant elevations
in plasma cGMP concentrations. These mice displayed
significantly lower blood pressures and smaller hearts than
non-Tg littermates. These results indicate that BNP func-
tions in the long-term cardiovascular regulation and may be
useful as a long-term therapeutic agent. In addition, the
proteinuria and renal dysfunction observed in anti-GBM
nephritis [46], the nephrosclerosis induced by subtotal
nephrectomy [47], and the manifestations of diabetic
nephropathy [48] were ameliorated in BNP-Tg mice
compared to those in wild-type mice, indicating a possible
application for the natriuretic peptide family in the
treatment of renal disorders.

We also generated mice bearing a targeted disruption of
the BNP gene [44]. At baseline, BNP-KO mice did not
show any signs of systemic hypertension or ventricular
hypertrophy; however, these animals developed multifocal
fibrotic lesions within the cardiac ventricle even in the
absence of additional stresses; these lesions increased in
size and number in response to ventricular pressure
overload, demonstrating that BNP is an antifibrotic factor
acting within the ventricle of the heart as an autocrine/
paracrine regulator for ventricular remodeling [44]. In
addition to these cardiovascular manifestations, BNP-Tg
mice exhibited marked skeletal overgrowth via endochon-
dral bone formation [49]. Nevertheless, BNP-KO mice did
not possess any skeletal abnormalities [44]. The skeletal
overgrowth seen in BNP-Tg mice that express elevated
plasma concentrations of BNP was similar to that seen in
cartilage-specific CNP-Tg mice [49]. As the BNP/GC-A
system does not have an abnormal skeletal phenotype [41,
42, 45], we postulated that the markedly increased
circulating levels of BNP (100-fold greater than wild-type
mice) may cross-react with GC-B to stimulate endochon-
dral bone growth, even though the affinity of BNP for GC-
B is lower than that for GC-A. This interpretation is
supported by the finding that the skeletal overgrowth
observed in BNP-Tg mice was not abrogated by a genetic
deficiency of GC-A in BNP-Tg mice [50].

ANP transgenic mice expressing elevated levels of
circulating ANP under the control of mouse transthyretin
promoter [41] exhibited decreased arterial blood pressure
without the induction of diuresis or natriuresis. ANP-KO
mice and GC-A-KO mice displayed salt-sensitive and salt-
resistant hypertension, respectively [42, 45]. Studies using
GC-A-KO mice implicated the involvement of GC-A in
antihypertrophic actions in the heart [51-53]. A more
detailed analysis of GC-A was performed using mice
bearing a conditional knockout of GC-A and indicated the
importance of GC-A in vascular endothelial-cell-mediated
blood pressure control [54-56].
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As for the regulation of ANP and BNP gene expression,

neuron-restrictive silencer elements (NRSEs) are located in

the 5'-flanking region. of the BNP gene and the 3'-
untranslated region of the ANP gene [57]. The neuron-
restrictive silencer factor (NRSF) can thus repress ANP
promoter activity through binding to NRSE [58]. Studies
examining dominant-negative NRSF Tg mice expressed
under the control of the a-myosin heavy-chain promoter
have demonstrated that NRSF plays an important role in the
gene expression of both ANP and BNP and in the
progression of cardiac dysfunction and lethal arrhythmia
associated with heart failure [59].

Genetically engineered mice of the CNP/GC-B system

We generated mice with a targeted disfuption of the CNP
gene; the resultant CNP-KO mice exhibited markedly short
stature due to impaired bone growth [60]. Mammalian
bones are formed through two different mechanisms,
endochondral ossification and membranous ossification.
Most mammalian bones are formed through endochondral
ossification, a process during which chondrocytes in the
growth plate undergo proliferation, hypertrophy, cell death,
and osteoblastic replacement [61]. The short-stature pheno-
type of CNP-KO mice resulted from impaired bone growth
through endochondral ossification [60]. CNP-Tg mice with
targeted overexpression of CNP at the growth plate
cartilage exhibited prominent overgrowth of those bones
formed through endochondral ossification [62]. GC-B-KO
mice exhibit the same short-stature phenotype as observed
in CNP-KO mice [63], demonstrating that the CNP/GC-B
system is a physiologically important stimulator of endo-
chondral bone growth. Dominant-negative GC-B transgenic
rats displayed blood-pressure-independent cardiac hyper-
trophy, suggesting evidence linking GC-B signaling to the
control of cardiac growth [64].

c¢GMP-dependent protein kinase (¢GK) has been identified
as a molecule activated downstream of the natriuretic peptide
family and GC system [65]. Mice depleted with the gene of

Fig. 1 Rescue of achondroplastic
mice (Ach mouse) by targeted
overexpression of CNP in growth
plate cartilage. From top to
bottom arc shown the gross
appearance (left panel) and
skeletal phenotype (right panel,
soft X-ray picture) of female
wild-type mice (W1), Ach mice Ach
(Ach), and Ach mice overex-
pressing CNP in the growth plate
cartilage (Ach/CNP-Ig) at an

age of 3 months

Wit

Ach/
CNP-Tg

one subtype of cGK, cGKII (cGKII-KO mice), exhibit a
short-stature phenotype secondary to impaired endochondral
bone growth [66], similar to that observed in CNP-KO mice
[60]. We demonstrated that ¢GKII affected endochondral
bone growth by functioning downstream of the CNP/GC-B
system by showing that the impaired endochondral bone
growth observed in ¢cGKII-KO mice could not be rescued by
targeted overexpression of CNP in the growth plate cartilage
[67].

Multiple spontaneous animal models with impairments
in the CNP/GC-B system have been identified [68-71].
Two strains of dwarf mice, with an autosomal recessive
mutant gene, named cn/cn [68] and short-limbed dwarfism
(SLW) mice [69], possess spontaneous loss-of-function
mutations in the GC-B gene. Spontaneous mutant mice
with a loss-of-function mutation in the CNP gene, named
long bone abnormality (Lbab) mice, exhibit short-stature
owing to their impaired endochondral bone growth [70],
and this phenotype could be abrogated by targeted over-
expression of CNP in the growth plate cartilage [71].

Clinical application of CNP and its analogs for skeletal
dysplasia

To explore the potential applications of CNP and its analogs
for clinical use, we attempted to apply the strong effect of
CNP and GC-B on endochondral bone growth to skeletal
dysplasia, a group of genetic disorders characterized by
severely impaired bone growth [72]. Achondroplasia (Ach),
the most common form of skeletal dysplasia characterized by
short-limbed dwarfism, is caused by constitutive activation
of fibroblast growth factor (FGF) receptor 3 [73]. The current
therapy for Ach is limited to distraction osteogenesis [74], an
orthopedic procedure; no efficient medical therapies have
been developed as yet. We demonstrated that targeted
overexpression of a CNP transgene in the growth plate
cartilage of a mouse model of achondroplasia (Ach mice)
rescues their impaired bone growth and short-stature
phenotypes [62] (Fig. 1). To elucidate the molecular
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mechanism by which CNP ameliorates achondroplasia, we
examined the effect of CNP on extracellular signal-regulated
kinase (ERK) signaling. CNP inhibited FGF2-stimulated
phosphorylation of ERK in a dose-dependent manner
through ¢GMP activation via GC-B ligation, ultimately
increasing matrix synthesis by chondrocytes [62].

We also demonstrated that systemic and continuous
administration of synthetic CNP is safe and effective to
reverse the impaired bone growth seen in Ach mice [75]
(Fig. 2). The safety and efficacy of systemic CNP adminis-
tration in preclinical studies with the observation that CNP
has only a minimal effect of blood pressure in humans [76]
suggest that systemic administration of CNP or CNP
analogs provides a novel therapeutic strategy for the
treatment of human skeletal dysplasia, including Ach.

One form of human skeletal dysplasia, acromesomelic
dysplasia type Maroteaux, is caused by loss-of-function
mutations in the GC-B gene [77]. This implicates the CNP/
GC-B system as a physiologically important enhancer of
endochondral bone growth in humans, suggesting a clinical
application for CNP and CNP analogs to multiple types of
human skeletal dysplasia [75].

In the near future, idiopathic short stature, a common
disease of short-stature phenotype with an unknown etiology,
and bone fracture, the healing of which is made through
endochondral ossification, would be the next avenues to
explore for a therapeutic effect of CNP treatment.

Translational research of leptin

Leptin, an adipocyte-derived hormone originally identified
from hereditary obese mice (ob/ob mice) [78], plays crucial
physiologic roles in the regulation of energy expenditure
and food intake [79-83]. Mice [84] and rats [85, 86]

Fig. 2 Rescue of Ach mice by
administration of synthetic CNP.
Three-week-old female wild-
type (W) or Ach mice were
continuously administered CNP
intravenously. The gross
appearances (a), soft X-ray
pictures of femurs (b), and
histological pictures of tibial
growth plates stained with
safranin-O and hematoxylin and
eosin (¢) are shown for wild- -
type mice treated with vehicle
(lef?), Ach mice treated with
vehicle (middle), and Ach mice
treated with 1 pg/kg per minute
CNP (right) after a 4-week
administration period. Scale bar
in ¢, 50 pm

Wi
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bearing mutations in leptin receptors demonstrate identical
phenotypes as ob/ob. mice. The Koletsky rat, an obese
substrain of SHR serving as a model of metabolic
syndrome exhibiting both hypertension and morbid obesity,
was discovered to carry an additional nonsense mutation of
the leptin receptor [86].

In obese animals and subjects, plasma leptin concen-
trations are increased in proportion to the degree of
adiposity [87-89], indicating that leptin is a satiety signal
communicating the size of adipose stores to the brain [90-
92] and that leptin resistance is related to obesity [87, 93—
95]. Leptin deficiency in human subjects is associated with
morbid obesity with insulin resistance, indicating the
physiological role of leptin in both animal models and
humans [96, 97]. Leptin is implicated in a number of
manifestations seen in obese animal models [91, 98-101],
especially obesity-related hypertension [99], abnormal
reproduction [98], bone changes [100], and Cushing
syndrome [102]. Leptin is also produced by human placenta
[103] and choriodecidual tumors [104].

Generation of Tg mice overexpressing leptin

To explore the clinical implications of leptin in vivo, we
generated leptin-Tg mice displaying elevated plasma leptin
concentrations comparable to those seen in obese subjects
[105]. A fusion gene comprised of the human SAP
promoter upstream of the mouse leptin ¢cDNA coding
sequences was designed to target hormone expression to
the liver [43, 106]. Overexpression of leptin in the liver
resulted in the complete disappearance of both white and
brown adipose tissues in mice [105]. Such a phenotype did
not occur when transgene expression was targeted to
adipose tissue, the endogenous site of leptin production,
using adipocyte-specific promoters [107]. The hyperlepti-
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