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FEAEGBF AR m e (EEEMERE T RITIEHE )
P2 VA EERR R A FE R

B RIEIZBIT 5 CNP AZMES O & S2WHEORESLIC B9 5 BT

MEREE PR —f EEHRFERFREFER 2%

R (Skeletal dysplasia) 138 « WEREEE L X - REMVEROBRHTH Y | FWH K
B UEER /R I X 2F LW EATRORES X 72928, BUE, B3 IRRILHSL ST,

HaEHE OIT CHS R U o ARIJR~TF R (C-type natriuretic peptide: CNP) 23R CTH# /) 72 B i Bt 4E
HAEEHESZ L E2BA L (J Biol Chem. 1998, Proc. Natl. Acad. Sci. USA 2001, Nat. Med. 2004) . HAFE. &
IR D CNP IBED B2 3T L TWb, 9, BRRERORENEETH DT ER
J%JE (Achondroplasia) DE7 /L= 17 A% L C CNP BB TEEI R A R3 2 & ZFE L, #EEE
FRAEIZ R 5 CNP EIRD POC ZHENL LT, & 2 AN, K B RUE LI OB R BIZ% 5 CNP T4
FEZOWTIE, ZOARMEFHHFIND L OO, POC 1T STV ey, K BREEBRO—%EE
ThiHvn h—RmA PR RERIEDKINN CNP SRR THDH 7T =/VEEY 7 5 —F B (Guanylyl

Cyclase-B : GC-B) ORI RTB B TARTHD Z ERHESINTEY (Um. J Hum. Genet. 2004), 4
PR CNP IRRICHRPIME Ch 2 alREEITIRE Th D, ABH7EIL, 3 0 OFEHLL | & 8L < 7 a9 HHkE
HEFE RRE LA DB R ARR BT 35 1T D CNP VRIFIZ 59 2 A el OfEHE 4 | RiEEARIFE 0% FBRF LAY iPS

Hife 2 PN T2 AT & B TR B RIS IS 272 5 BRIRITIE TH B,

/N v

) B

(ESZEER e & v & — SRR
N HE

CRAER R PR F e R A IER e afiRm)

ATR)

A. WIRER

B RRERILE - B OREREICL D BERE
X THERMRBORITHAD, ZOFIZE
HEBELZFRETHIREGEENGTEND, T
HORE BTS2 B s T ERITERT 5/
DEEREECH Y BHEEFICLOERAR B E
EMEEME O 7=, EiEm CORBBIZ D 5%
LWXER & 724, UL, BE, BEEEICK
THHEMBREDIRFIIHELINTE LT, BT
REN BN FHNER Ch D BIEEM A Z
RO TWLDHRTH D,

RS OILE - EEBRIC L AR RIETRIRIC %
T OHIRRIZEE LT, Pk 1 65— 1 9FEERYS
BfFE 215 C, CNP 2@ TIN5 EaY7
FHEREFEH2E>Z ¢ (Cusho et al., Proc.
Natl Acad. Sci. USA. 2001) . KB EEDREHN
KB TH DIWFRERIEDOET V<0 A5 L
THIMZBEIRE RS ZH@ELTEL

(Yasoda et al., Nat. Med. 2004, Endocrinology.

2009), BIE, WREEPRELBED D TEAMEE
BAERER & Loy 7PV RERIENC K A A13EA
XX OFEE T Ve FELT, KEE
JEWZ®T 2D CNP O T v A Lb—3 3 F Ll 4—
FOBBAHEERF R I N TS, &2 AT,
CNP 13#F 0% &K GC-B 24 L CHilaN &
KAty —cGMP AL, £DO4EMIEH
ERET LN, KRG EEO—HREThH v
b3 P R R R AE (AMDM) @ 5K 23
GCB iR TERTHLDLZ EPHEIN
(Bartels et al.,, Am. J Hum. Genet. 2004) .
CNP 1HREHM RS RIEOFLENRH L L 2o
72, CNP JRIEZRBHT 5 5 2 TAEF DR
EIVHTH D, ARBFZEE, 3 0 0L B & %%
TFIET DR B BUE LS OB R BRI 3
7% ONPIRHEIZ 9 5 A EG OE %2 | AiEER
WFSER0 R LAY 1PS MlfE A F VN T2 fRAT & T
MEHNTI 272 D BIRITE Th 5,

B. WG

WEMZETIE, 1) CNP/GC-B RO IRAEFHE (i
H CNP 3 X NTproCNP, M+, KH cGMP
FEEMERIE., BXL O CNP Affidbric L 51,




R cGMP IS ORER)., BLO., 2)

CNP/GC-B R# s H%E (CNP., GC-B, BLO
T IR cGMP {K{FE7 a5 A4 ¥ —1
cGKID 12 X W REREIEEMNT L. CNP IBROH
ghitt 2 L ¢, CNP AahiEEs EJE & CNP K
P RE BREIC 088 - BT 2,

(1) #REEERIAE
BEEEDHI DL - & bEMEEICHED DD
B RAE (T, BREEAT L, B XSRS K0 ERR
BB R S Th D, REBIXFGF3 B 5
(ROEFEERERICRINT 558, B55H I
CNP 78 FGF <70 MAPK #5 % #il 45
LR VB EEREE T VY U AOFRE
fEELZGET LI LT L TEY (Yasoda et
al., Nat. Med. 2004), CNP OB ZPEILiENL LT
W5 (CNP BohEiKE FfiE), CNP/GC-B Rk
B4 L7- D 2 C. CNP AR LG D,

(2) BEERWE L ORERBEG AL LT
BHYEER

(2) -1. CNP/GC-B Hi#t{s &5
IHFETIE GC-B ORI R T A R

(AMDM) ®OAAN, ok (21 % %), BLOEW

(Hachiya et al., J. Clin. Endocrinol. Metab.
2007) I THE SHTW5, BRZEHIZHMEC
flolE L. Wi E LB 3t LT GC-B #is
TER A FIECCTHIET 2, AMDM {3 CNP 41
PEAR B BAE & 220 S5 A3, CNP/GC-B R OIREER
HeR L, EBICHHE GCB BB TERDLEEIT
ER GC-B % COS-7 Mgl R EL & T CNP IZxf
T ARIGMEZHEZR L, CNP JREIZRH kB
PRI 5, PSR & CNP /RO LA
HEE D,

(2) -2. ZOMOBIETRE

TRNETKEKEREEORKAE LT, BMP %
(BMP1 Blszzs{k, GDF5 %), SOX9., PTHrP
ZREEDODBIGFERENPEEINTHDLN, Zh
b OEBICKIT D CNP IREOH M Z F
FEBRICTHERT S, Thbb, BEET AT TR
Wkt LCARK CNP #5286 277\, 20O R%
RN %, EHICKBET LYY AOEEERE
BRI E - WU MRS 2 & O ORBIRIE R
T & CNP/GC-B 2O EVER 2t L. CNP IR

EHEDMEO S FREBERHE TS, &6
CNP/GC-B R DiREEL 1R L, A CNP G
PO B A EERT ST BRI L CTBSERYIC
ez BT 2,

(3) BRIRZW & 2 W TR RE G2 RE ST
VNPV R
HEIZLDERBW 2R LZ > 2 T,
CNP/GC-B ROBILTEROHEREIGRT D, &
E3 b W4 CNP/GC-B ROIRRE A AT
fiL, #OfERIZL D CNP/GC-B/GKII »7'1
T —fHBOEROEREGHRET 5, ULk
O EFHO CNP/GC-B ZRORF NEE S iz
BE. TORFEE L CERFEBSHICERS
Bt T D &R CNP G 2 ROt % 1
W35, T7bb, CNP BREEICSWTITREA
PRIRIRISHE DS R S (CNP A IS B BAE)
cGKIT BHEIL CNP EHMEERIE L Z 2 b
%e Fim, AMDM & (3R 72 A ERFRAAIED A
BEMEDN S D720, GC-B Bis A RICET 2 MGt
BB IR,

CNP/GC-B RICEFENRD benira, BEH
S iPS HNA - BRI A b S T DMK A AR
HriL., CNP Iz 3 ARIGHELZHEEL T, BAFR
FHERE b T84 (CNP iR EE BAE) |
CNP {RR OB % 54 5,

(fwEE i ~DELRE)

TRt Icx LT, REENOUGET Sk Th
PRMFFEICBE T 5 fmfa gt (CR > 7o AHEVEE, F
WRELOREARBZ 29, FORNKIL, AR
W R CHERL U 7o s Rl PR E s L OV
GRS R EE S (WP MEtEEJ LU v
Tx—AL R 3y bOEDOBEE, FE
ZHIRMT) SRR L, R R E A
EEEEOMAEES IR U CEFREL ST, B
HKFEOEREZTHTECHD, Fo, BipE
BRICEE L CidEE# L OB E Y & AR EYE
BRELIE 2 AR P ERE R SICHFEL, T
TR EH TS (MedKyo09105),

C. W R

rk 2 1 4EFEOWIIEEEICHE - T, BRBFEE L
T IR MEHIE O 72 8 0 CNP A RRBRIZ
/2 CNP/GC-B R H O MEEE 2 HE U, %



Bk (24—44 F n=10) (281 D1l CNP JREE,
1fiL ' NT-proCNP (CNP O N §ii 7" 12 =77 1) JRJE
M cGMP (CNP OfiflaNtEH » FAvEL V¥
—) JBE % RIA ¥, EIAJEICCTHIZEE L, BLFOFS
REBT-,

M4 CNP 2 075 + 0.05 pg/ml (mean =+
S.E)

A%+ NT-proCNP J2 . 1.95 £ 0.14 pmol/L
(mean £ S.E))
fLiEH cGMP
+ SE)

BRI e 58 ) 2@ U CHRE S /7" R
ZEHTIC GMP L ~UL 0 CNP ERLZ({KIE L TR Y |
A3 H DR AT T CNP AfakB 2 Bl dhd
LHTETHD,

F 7. CNP/GC-B ZDOBEGFEROREIZEAL T
IZ. CNP, GC-B. ¥ XU CNP/GC-B & DiffifanN
effecter 79T V), TOHKRBEBLTTERT v
MZBWTEHERE MR STV 5 cycelic
GMP dependent protein kinase II (¢cGKII) @, #{&
FR MO PCR VI A4 ~v—k v bE/ERL, EH
WCAREIT A L B EERR LTS,

& B H RIR BB H Sk iPS il & V- CNP
TEEDOH RIS L O D A h = X LAOFRNTFIEIC
B L Cid, WFEEEE = 5 2 EH &k iPS #ifld &
R8BS bR OB 28 2k oo, BUES
EAETTIERT L TR0, S0 T LIRE,
TFFeHEE ] (BRSNS R R E R v 2 —/N
IREIINEL) X0 B IR B R BEE O
Fe G HNa 2 AF LU C iPS i 2 455 L. djEHIE
~OMEFEEXRB 225, FLT, EFHE MIPS
A & 5 U - iem ilia & (b - B9RRE S
D Z B I ~>7-5 2T, CNP @O Fiz>
WCOHRFT BT 5 TETH D,

— 75, BIlGRMFSE & L CiL, human serum amyloid P
component 7" 17— & — % [N THTIE T CNP Z it
FIFEH L, M CNPREMN EH45 CNP # 5.+
FNANDRNT VAV 2=y I ARERL, 2D
ikt % 35 = 72 > 7= (Am. J. Physiol. Endocrinol.
Metab. 2009), & 512 CNP B O R, i b IHE
THHEMEINDERWEBETNVE LT, ¥F
HREMEBEL X3 CNP /v I TV vy
AHRAWT ERIENZCONP T AV 2= Y
VAL DOREERIC L HIEEDR AR L, B
WEEEOWEDORR LT, 2HNRRERE

2.44 £ 0.16 pmol/ml (mean

WUROEHE LT 20 L (BERRE
o

D. B

BRGEERITL, B M ORREEIC LYK
FEVLCRHMEEER Y EE L, AFR~ORH
Wb % XA B 23 R RO R #ER R R
HThb, BEES (2006 FEEESFH) T37 v
— 7 372 FEOLZIE I I, {Hx ORBO
BEITEOD L ODOERBENZ W0 LT
I D OEICDIED L SN TWD, Thb D
FRAZ %9 2 BLE OREMETR IR I BRI L D
R CTREOEWEIERNT CH Y | A7 EMIR
PRITRIZHESL STV e, HEEE & N RTES IR
EREERSEEKHEZERN LT, BRHEERAD Y b
DOEE MR R AE ICFRE L CTHED T B HTEY
BIEETH D CONP AT, BRIERIIT D
EHEEETHY O HRMICLER S
(Endocrine news, May 2009) [ENA 06 OfVE
DERHEBL T D, T, HEFIZEEICEND
KRB, WA CRE) 1BV T L RTGEIEICE
35 R A RS 723 HS L b (BE I Ak
FEVERESE . BrFEE B 2001-301586, 2 2003-104908
%), CNP (3 T he B MmEREERE LD
7= OB BT RUE LIS OB REFE BRI L TH
BECTHDLAEREMENE . SERMOFHVER Th
% BRI B OIRFEEIC OIER DB SN D,
L7>L 2004 42K [E 0 Warman 5233 U T 21 F
F# D GC-B (CNP Z&(R) BT XL D8 RHEE
(wwv b —HRGEA PR REERIE) 2 #E L
(Bartels et al., Am. J. Hum. Genet. 2004) . & RAiiE
BUZRIT D CNP IRIERPUE S O ATREVE S R S 4
7o I5HIZHE5IE. GC-B O~T o EBEFERIC
LA EHEIIFERARHOEREEIED 1/30 (20X
5 EHERR L TEY (Olney et al., J. Clin. Endocrinol.
Metab. 2006) . B RFZEBIZEITH CNP/GC-B F#
A OEFRIL, CNPIREEZB IR H)BICHAEATH
DI T RN E TREMIKRE A 8
7 hELOAREELH D, B, AHICBT S
GC-B BHc & Bd~u h—Rlmir o R RE
IEFEREEE R A 62 b S 41TV % (Hachiya
er al., J. Clin. Endocrinol. Metab. 2007), ARWF52IL,
HEERRIEL XIS Lz CNP {RREZ 0o
BREEBICERSEDZ 2O ED>OERME
T B, AHFFE A8 L C CNP/GC-B RREICLD



BRI BB, B RBUR BT I 1T D BB
D& E LTI ENDZ EbBERLOND,

E. #5im

HRE R AOE LA O SRR BAZ 81 D CNP TR
BN 2 A EGIOENR % | AR B
B ELA 1PS HIR & O TR & R CREMIICE
TR S ERIRII R 2 BRbA LT, BREIRE S E &
*E L9 B ONP OEERIGERBIAN TE SN TV D
M, FOMOERFEIRBIZEB W T ONP R L
W2 HBEEDVLTHEST I EZHME LT,
CNP TRIR DA M & W3 2 AWFge & ke 45 7
ETHD,

F. REFfariE
mL
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B A BRI R B Wi B4 (BREMER A
WRE21E E st s &

e IR FE)

CNP/GC-B BER 7 DORIE R DI B4 D458

s mE - I B (ELERSF Y 2Rl k)

WIRPEAEBEME R 7 F RIZAERNSFTH 0 BERICHIZS 72> THESCEHER D 200 &y S Fil 5L
BEO, SR EIT I E IOk & RATEHATF FERER L TN, T b O ARIR_TF
K75 IU—bFDUEDTHY, EEMFEE & OLFRFIEIZ L > T ANP - BNP/GC-A RO{EEL
BT AEBEOMACOLREDOBWER - 15EK L L COBKRIGH~ORBRICER L TE, 4R,
%50&0®TFJﬁAﬂmA7?FﬁT%6CM%&B%®@@T%ﬁﬁ%@E%@¢%%%%
ISRTAICHT-0 . TRETOEERTT RFREORBREZ A0 LT, AMEEITAEKRRNIZBIT S
CNP/GC-B Falilc i h Uiz, WRAFEE LIBE T AR BR S ORI LB 72 GMP L -L D7 F K

Az D2 TETH D,

A. WFRE®

SHEBIEEITZNETH MY U ARRRTF R
T IV —OEINL TV AL—va A
H—FF ThRHEME L. ANP - BNP/GC-A %D Ll
M RNVE & L TOBEBOMH, ORI
AW  JRIRE L U COBEISHICRT) LT
7o WITPRE 15 MDD 19 FEE TOEATH
BHFAFF212 T, CNP/GC-B R DD TRy 70 F
FEREERZRRALCF - 8F - BEEREICRT
% CNP/GC-B RO EFR YL, FlRIRKEES L
TOREKEICHEERTDH T AL —3 a3 T
YUY —F ARG LT, CNP X 22 HOT I/ EEh
LR ARREMESTF K TH Db EEEIZBN
THEA 1T 72 <. BMP-2, BMP-7, FGF %0
B WU BIERA T &L TR TH B - DER
BHEHNCHEIFEND, F72. CNP OREARFFFT,
CNP O, 8B, BIEIERA~O AR FFTIL Ha
e L THEMREEICL DL OTH D, BRMER
DHb, bo b bLREMDERTHY, BLOEE
TF )= AR W RiERIZEIC V)T CNP
TBEAEDMED POC S L TV 2 H0E JE AUE
et B EERIEER LT TR S TV DA, K
MEICBW T, T OMOEREERBIIKT 5
CNP 1B ER % BRIE T 5 12 O REIRIT I
Th b,

B. WFgEH L
CNP/GC-B ZOWRREFM (f+ CNP B LW

NT-proCNP, M, R cGMP Ef#EHIE,
L OVCNP Afiiidific L A2, Ry cGMP Kt
POMERR) 2B 7> T CNP IREOHIMEL T
H L, CNP/GC'B RiEfn B FOREL LD
HIEHEAZRET 2 Z 210k - T CNP Aotk sy
FJiE & CNP iR BIEIC /o4 - 2 5,

C. Wroehts

Rﬂf% BT % CNP/GC-B % Bt D ZLE D H)
W Uiz, RIA ., EIA MBI L 0 HIE L7

ﬁ%@(Mwmjan:m)mﬁﬁém¢Q@%

[, 1 NT-proCNP (CNP @ N ¥ 7 12 27" K)

JapE it cGMP (CNP Oty KA vt

YUy ) REZLTORBRLE o7,

i CNP #E 075 % 0.05 pg/ml (mean =+
S.E)

M NT-proCNP J2F  1.95 = 0.14 pmol/L
(mean = S.E))
MiEH cGMP JRE 244 &
+ S.E)

0.16 pmol/ml (mean

BHAERREH AT F FIFFERTIZ GMP L~L DK
B0 CNPER AR L TR Y 58 % £F> T CNP
ARG T D TETH D,

D. &%

CNP FFicRFR+FE L TEZLNTEBY, +




DO FEE L ANP, BNP &bl LT3 L <{&E
ThdH, AEHFH LW RIA flEX » b CKE
Phoenix 8! CNP-22 Ultra-Sensitive RIA Kit)
ZRAWD Z IR EEE O CNP JEN wRE &
pote, Fiz, EIA JEICE Y EIE L7t
NT-proCNP B L OULIET cGMP BB L
THEEH S IFITEREOHETH - T2,

E. f&im

CNP/GC-B M O 4Rl 1E 7 BLp B I DUV Thaat
U7z, WFFERHBIR B LA, (&% AISXE4 2 CNP
AR B Z R, EPTERORG Y — %
ERTHTETH D,

F. EELBRE®R
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Kake T, Kitamura H, Adachi Y, Yoshioka T, Watanabe T,
Matsushita H, Fujii T, Kondo E, Tachibe T, Kawase Y, Jishage K,
Yasoda A, Mukoyama M, Nakao K. Chronically elevated plasma
C-type natriuretic peptide level stimulates skeletal growth in transgenic
mice. Am J Physiol Endocrinol Metab 297: E1339-E1348, 2009. First
published October 6, 2009; doi:10.1152/ajpendo.00272.2009.—C-
type natriuretic peptide (CNP) plays a critical role in endochondral
ossification through guanylyl cyclase-B (GC-B), a natriuretic peptide
receptor subtype. Cartilage-specific overexpression of CNP enhances
skeletal growth and rescues the dwarfism in a transgenic achondro-
plasia model with constitutive active mutation of fibroblast growth
factor receptor-3. For future clinical application, the efficacy of CNP
administration on skeletal growth must be evaluated. Due to the high
clearance of CNP, maintaining a high concentration is technically
difficult. However, to model high blood CNP concentration, we
established a liver-targeted CNP-overexpressing transgenic mouse
(SAP-CNP tgm). SAP-CNP tgm exhibited skeletal overgrowth in
proportion to the blood CNP concentration and revealed phenotypes
of systemic stimulation of cartilage bones, including limbs, paws,
costal bones, spine, and skull. Furthermore, in SAP-CNP tgm, the size
of the foramen magnum, the insufficient formation of which results in
cervico-medullary compression in achondroplasia, also showed sig-
nificant increase, CNP primarily activates GC-B, but under high
concentrations it cross-reacts with guanylyl cyclase-A (GC-A), a
natriuretic peptide receptor subtype of atrial natriuretic peptides
(ANP) and brain natriuretic peptides (BNP). Although activation of
GC-A could alter cardiovascular homeostasis, leading to hypotension
and heart weight reduction, the skeletal overgrowth phenotype in the
line of SAP-CNP tgm with mild overexpression of CNP did not
accompany decrease of systolic blood pressure or heart weight. These
results suggest that CNP administration stimulates skeletal growth
without adverse cardiovascular effect, and thus CNP could be a
promising remedy targeting achondroplasia.

blood level elevation

THE SKELETON OF A VERTEBRATE is formed by two different
processes of ossification, membranous and endochondral. Most
of the craniofacial bones are developed through membranous
ossification (desmocranium). On the other hand, endochondral
ossification leads to the development of vertebrae, long bones,
and base of skull (chondrocranium) by the sequential formation
and degradation of cartilaginous structure growth plates. It has
been reported that many factors are implicated in the reguiation
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of endochondral ossification, and mutations of these factors
often cause skeletal dysplasias (10, 18, 35).

Achondroplasia is the most common form of human dwarf-
ism, and it results from a constitutively active mutation in the
gene encoding fibroblast growth factor receptor-3, which is a
strong negative regulator of endochondral ossification via sup-
pression of proliferation and differentiation of growth plate
chondrocytes (1, 32). Currently, distraction osteogenesis, an
orthopedic procedure, is applied to limbs of achondroplasia
patients. The procedure improves height, but it does not re-
cover any of the other symptoms related to achondroplasia,
such as midface deficiency, short fingers, spinal stenosis, and
cervico-medullary compression (CMC) (1, 6). Moreover, this
procedure imposes heavy burdens on the patient, such as
having to wear an external fixator, or complications, including
microbial infections (34). Growth hormone treatment seems to
have only modest short-term success and lacks long-term
benefits. Furthermore, the treatment may cause growth hor-
mone-related metabolic adverse effects by affecting lipid pro-
files and muscie mass (14).

The natriuretic peptide family consists of three structurally
related peptides: atrial natriuretic peptide (ANP), brain natri-
uretic peptide (BNP), and C-type natriuretic peptide (CNP).
The biological actions of the natriuretic peptides are mediated
by two types of membrane-bound receptors, guanylyl cyclase-A
(GC-A) for ANP and BNP and guanylyl cyclase-B (GC-B) for
CNP (17, 22, 24, 30). These receptors are linked to the cyclic
guanosine monophosphate-dependent signaling cascade. ANP
and BNP are produced mainly in the atrium and ventricle,
respectively, and are thought to be implicated in cardiovascular
homeostasis through GC-A. On the other hand, CNP is pro-
duced in a wide variety of tissues, where it acts locally as an
autocrine/paracrine factor through GC-B. It has been reported
that the CNP/GC-B system is involved in endochondral ossi-
fication. Inactivation of the CNP/GC-B pathway in mice by
depletion of CNP (5), GC-B (29), or cyclic guanosine mono-
phosphate-dependent protein kinase II (21), a downstream
mediator of the CNP/GC-B system, results in dwarfism caused
by impaired endochondral ossification. By contrast, activation
of GC-B in transgenic mice with highly elevated blood BNP
concentrations (26) or in mice with depletion of the clearance
receptor for natriuretic peptides (13) leads to skeletal over-
growth. In humans, loss-of-function mutations in GC-B cause
autosomal recessive skeletal dysplasia, acromesomelic dyspla-
sia, type Maroteaux (2). These results strongly suggest that
GC-B activation is one of the major positive regulators of
endochondral ossification.
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Local overexpression of CNP in chondrocytes stimulated
endochondral ossification and rescued the dwarfism of the
achondroplasia model mouse with mutated constitutive active
fibroblast growth factor receptor-3 (33). These results provide
a scientific rationale for the clinical application of CNP for
achondroplasia. In contrast to ANP and BNP, CNP is currently
thought to be a local regulator and to exert its biological actions
in an autocrine/paracrine manner (7, 27). Therefore, any endo-
crine-like effect of CNP on endochondral bone growth must be
examined before clinical application. It has been reported that
CNP is rapidly metabolized by neutral endopeptidase (NEP)
and cleared by a clearance receptor (4) and has a very short
half-life (2.6 min) in humans (9). These suggest a low bio-
availability and will hamper examination of the effects of CNP
administration on endochondral ossification. Additionally,
CNP primarily activates GC-B, but it could cross-react with
GC-A at high concentrations (27). Excess activation of GC-A
could cause hypotension and heart weight reduction (25).
Therefore, we must also examine whether stimulation of en-
dochondral ossification due to chronically elevated plasma
CNP levels can occur independently from cardiovascular ef-
fects.

To examine these issues, we generated transgenic mice with
chronically elevated plasma CNP levels from liver-specific
CNP overexpression, using a human serum amyloid P (SAP)
promoter [SAP-CNP transgenic mice (tgm)] (36). Here, we
report the phenotypes of SAP-CNP tgm, which show stimula-
tion of endochondral ossification without apparent cardiovas-
cular effects due to CNP overexpression in liver.

MATERIALS AND METHODS

Generation of CNP transgenic mice. A transgene was designed to
express CNP specifically in the liver under control of the human SAP
component promoter (36). The coding sequence fragment of mouse
CNP was inserted into the blunt-ended EcoRI sites of the pSG2
vector, which resulted in the SAP-CNP fusion gene. The Hind![lI-Xbal
fragment of the SAP-CNP fusion gene was purified and microinjected
into the pronucleus of C57BL/6J embryos using standard techniques.
Founders were identified by Southern blot analysis and mated with
C57 BL/6J mice (CLEA Japan, Tokyo, Japan) to establish lines. We
established two lines of transgenic mice, lines 17 and 40, with similar
skeletal phenotypes, and these phenotypes were milder in line 17 than
in line 40. The heterozygosity of the transgenic mice was maintained.
Animals were housed at 22-26°C in a 12:12-h light-dark cycle with
access to standard rodent chow CE-2 (CLEA Japan) and tap water ad
libitum. After animals reached 3 wk of age, body weight and body
length as the naso-anal length were measured every week. The
Institutional Animal Care and Use Committee of Chugai Pharmaceu-
tical reviewed the protocols and confirmed that the animals used in
this study were cared for and used under the Guiding Principles for the
Care and Use of Research Animals promulgated by Chugai Pharma-
ceutical.

Analysis of transgene expression. The transgene expression in
cartilage, muscle, kidney, heart, lung, brain, intestine, and liver was
analyzed by reverse transcription-polymerase chain reaction (RT-
PCR). Total RNA was prepared from mouse tissues using Isogen
(Nippon Gene, Tokyo, Japan), and ¢cDNA was synthesized with
ReverTra Ace (Toyobo, Osaka, Japan). PCR was performed using Taq
polymerase (Takara Bio, Otsu, Japan). All procedures were carried
out according to the manufacturers’ instructions. To detect the trans-
gene expression distinguished specifically from endogenous CNP
expression, the untranslated sequence of pSG2 vector and the mouse
CNP ¢DNA sequence were used as the forward primer and reverse

RAISED BLOOD CNP LEVELS STIMULATE BONE GROWTH IN MOUSE

primer, respectively (forward: 5'-GCTGGTTGTTGTGCTGTCTC-
3'; reverse: 5'-CCGATCCGGTCCAGCTTGAG-3'; product, 427 bp).

Internal control RT-PCR was performed with B-actin (forward:
5'-GCCATGGATGACGATATCGCT-3'; reverse: 5'-CGCCTAGAAG-
CACTTGCGGTG-3’; product, 1,134 bp).

Measurement of blood CNP concentration. Blood CNP concentra-
tion was measured using RIA kits (CNP-22 RIA and CNP-22 ultra-
sensitive RIA kits; Phoenix Pharmaceuticals, Belmont, CA) according
to the manufacturer’s instructions. For the RIA assays, blood with-
drawal tubes contained 1 mg of EDTA-4Na (Junsei Chemical, Tokyo,
Japan) for 1 ml of blood and were stored on ice immediately.
Aprotinin was added (0.6 TIU/ml; Sigma, St. Louis, MO) and mixed
to inhibit proteinase activity. Plasma was separated by centrifugation
(3,000 rpm, 4°C, 20 min) and stored at —80°C until use. CNP
extraction was carried out according to the manufacturer’s recommen-
dation using CI18 sep-column (Nihon Waters, Tokyo, Japan), 1%
trifluoroacetic acid (Wako Pure Chemical industries, Osaka, Japan),
and 60% acetonitrile (Junsei Chemical) in 1% trifluoroacetic acid.

Quantitative real-time RT-PCR. The expression of natriuretic pep-
tide receptor-C (NPR-C) mRNA in heart and costal cartilage was
analyzed by quantitative real-time PCR. Heart and costal cartilage
(inctuding growth plate) were quickly removed from wild-type litter-
mates and transgenic mice of SAP-CNP tgm line 17 (8-10 wk old,
male; n = 4 each) and quickly frozen in liquid nitrogen. Total RNA
was extracted using Isogen (Nippon Gene) and then purified using
RNeasy Mini Kit (Qiagen, Tokyo, Japan).

TagMan Gene Expression Assays for NPR-C (cat. no. Mm00435329_
m!) and GAPDH (Mm99999915_g1) were purchased from Applied
Biosystems (Foster City, CA). The expression levels of each mRNA
were quantified in duplicate using Applied Biosystems 7900HT Real-
Time PCR System according to the manufacturer’s protocol. The
arbitrary value for NPR-C was normalized to that of GAPDH, and
then relative values from costal cartilage of wild-type littermates were
calculated.

Radiography. To examine the morphological skeletal phenotypes
of SAP-CNP tgm, radiography was carried out using a pFX-1000
system (25 kV, 80 mA, 6 s; Fujifilm, Tokyo, Japan). Image analysis
was performed by an imaging analyzer (BAS-5000; Fujifilm).

Bone mineral density. Bone mineral density of femur and lumbar
spine (L».4) was measured by dual-energy X-ray absorptiometry
(DCS-600EX; Aloka, Tokyo, Japan).

Proteoglycan synthesis in growth plates. Proteoglycan synthesis in
growth plates were assessed using ex vivo cultures of costal growth
plates by measuring the incorporation of [**S]sulfate, as described
previously (33). In brief, the costal growth plates were isolated from
the third, fourth, and fifth ribs of 5-wk-old mice. Under a microscope,
soft tissues were carefully removed from the ribs, and the growth
plates were separated from the costal bones. Subsequently, the growth
plates were cultured in Dulbecco’s modified Eagle’s medium (Invitro-
gen Japan, Tokyo, Japan) supplemented with 10% fetal bovine serum
(HyClone, South Logan, UT), antibiotics (Invitrogen Japan), and 1.1
MBqg/ml [**S]sulfate (PerkinElmer Japan, Yokohama, Japan) at 37°C
for 3 h. The growth plates were then rinsed three times with PBS
solution and digested with papain (Sigma) at 60°C for 16 h. The
digested sample was added to the precipitation solution for glycos-
aminoglycans {0.3% cetylpyridinium chioride (Sigma). 3 pg/ml chon-
droitin sulfate C (Wako Pure Chemical Industries), 0.7 mmol/i
MgSO., (Nacalai Tesque, Kyoto, Japan), 70 mmol/l Tris-HCI (pH 7.8;
Sigma), 1.5 mmol/l CaCl, (Nacalai Tesque)]. The precipitate was
captured on a glass filter (Advantec, Tokyo, Japan) and washed three
times with 1% cetylpyridinium chloride in 20 mmol/l NaCl (Wako
Pure Chemical Industries). The radioactivity of the precipitate was
measured by a liquid scintillation analyzer (Packard TR-2700;
PerkinElmer, Wellesley, MA). Bone morphometry was performed
using a caliper (Mitutoyo, Tokyo, Japan).

Histological analysis. The hindlimbs were fixed in 20% formalin
neutral buffered solution (pH 7.4; Wako Pure Chemical Industries)
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and decalcified in 20% EDTA (pH 7.4; Junsei Chemical). Decalcified
tissues were embedded in paraffin. Four-micrometer-thick sections
were stained with hematoxylin and eosin (H & E; Sakura Finetek
Japan, Tokyo. Japan). To detect sulfated proteoglycans, safranin O
(Merck, Darmstadt, Germany) staining was catried out using standard
procedures.

For immunohistochemistry, sections were stained using the follow-
ing antibodies. Primary antibodies included rabbit anti-type II colla-
gen antibody (LSL, Tokyo, Japan), rabbit anti-type X collagen anti-
body (LSL), goat anti-Runx2 (Santa Cruz Biotechnology, Santa Cruz,
CA), goat anti-parathyroid hormone (PTH)/PTH-related peptide re-
ceptor (PTHIR; Santa Cruz Biotechnology), goat anti-Ihh (Indian
hedgehog; Santa Cruz Biotechnology), and rabbit anti-PCNA anti-
body (Santa Cruz Biotechnology). Secondary antibodies included
biotinylated anti-rabbit IgG (Vector Laboratories) and biotinylated
anti-goat IgG (Vector Laboratories). Immunoreaction signals were
detected using a Dako LSAB2 kit (Dako, Copenhagen, Denmark). To
confirm antibody specificity, rabbit preimmune serum (LSL), rabbit
preimmune IgG fraction (Santa Cruz Biotechnology), or preimmune
goat [gG fraction (Vector Laboratories) was used as the first antibody
negative control.

Morphometric analyses were performed using software (IPAP;
Sumika Technoservice, Hyogo, Japan) connected to a light micro-
scope (Olympus, Tokyo, Japan). The thickness of resting, proliterat-
ing, and hypertrophic layers of the tibial growth plate was calculated
as the mean thickness of five different X 10 objective lens fields in the
H & E-stained specimens. Total thickness of growth plate was
calculated as the sum of the three zones above. The cellularity of
chondrocytes in the tibial growth plate was calculated as the mean
chondrocyte number/field in five different X 10 objective lens fields of
the H & E-stained specimens. The proportion of proliferating chon-
drocytes was calculated as the frequency of PCNA-positive cells
using the following formula: PCNA positive cell percentile (%) =
PCNA-positive cell n0./200 chondrocytes X 100.

Measurement of systolic blood pressure. Systolic blood pressure
(SBP) was measured in conscious animals using the tail-cuff method
(BP-98A.; Softron, Tokyo, Japan).

Heart weight. Under anesthesia by inhalation of 3% isoflurane,
mice were euthanized by exsanguination from the ventral vein. The
heart was excised and weighed using an electric balance (EB-50;
Shimadzu, Kyoto, Japan). Relative heart weight was calculated by the
following tormula: relative heart weight (%) = heart weight (g)/body
weight (g) X 100.

E1341

Statistical analysis. The statistical significance was determined by
Student’s t-test using SAS statistical software (SAS Institute, Tokyo,
Japan). Values of P < 0.05 were considered statistically significant vs.
control (P < 0.05, P < 0.01).

RESULTS

Generation of SAP-CNP tgm. To examine the effect of
elevated blood CNP concentration on endochondral ossifica-
tion, we generated the SAP-CNP tgm, a model with liver-
specific CNP overexpressed under the control of a liver-
specific SAP promoter (Fig. 1A). We obtained two lines of
SAP-CNP tgm, lines 17 and 40 (Fig. 1B).

Blood CNP levels. We measured plasma CNP concentra-
tions using two RIA kits with different sensitivities to CNP
(standard: CNP-22, linear range of 10-80 pg/ml; ultrasensi-
tive: CNP-22, linear range of 2.5-40 pg/ml). In line 40, the
blood CNP level in the wild type (n = 5) was very low, less
than the detection limit (10 pg/ml) of the standard RIA kit. In
contrast, the blood CNP level in SAP-CNP tgm was very high
at 23.7 = 15.8 ng/ml (means = SD; n = 4). SAP-CNP tgm had
blood CNP levels =2,300 times higher than wild-type litter-
mates. The retrieval rate of CNP-22 in column C18 was 8§3%.

In contrast, in line 17, differences in blood CNP levels of
SAP-CNP tgm and wild-type littermates were not detected by
the standard RIA kit. Therefore, we used the ultrasensitive
CNP RIA kit to analyze line 17. The transgene of SAP-CNP
tgm contains the cDNA sequence of mouse prepro-CNP, and
presumably, various molecular forms of CNP, including
CNP-53 and CNP-22, are expressed in SAP-CNP tgm. With
this in mind, we investigated the sensitivity of the ultrasensi-
tive RIA kit to CNP-22 and CNP-53 prior to analysis of the
blood CNP levels in SAP-CNP tgm line 17. The sensitivity of
the ultrasensitive RIA kit to CNP-53 was approximately one-
third that of CNP-22 (data not shown), indicating that both
CNP-22 and CNP-53 can be detected by this RIA kit with
different sensitivities to respective CNP molecular forms. The
retrieval rate in column C18 was 93% for CNP-22 and 83% for
CNP-53 with the ultrasensitive RIA kit. In this assay system,
SAP-CNP tgm revealed an 84% higher blood CNP level (7.5 =
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line 17 40 17 40 mouse; WT, wild-type littermate. Tail genomic
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2.5 pg/ml, means = SD; n = 8, P = 0.002) than that of the
wild-type littermate (4.1 = 0.5 pg/ml, means = SD; n = 8).
Taken together, these results demonstrated that SAP-CNP tgm
line 40 is an extremely overexpressing line and line 17 is a
mildly overexpressing line.

Cardiovascular phenotypes of SAP-CNP tgm. SAP-CNP
tgm line 17 showed no significant difference in SBP levels
compared with wild-type littermates. On the other hand, the
SBP in line 40 with highly elevated blood CNP concentrations
was significantly lower (~23%) than that of wild-type litter-
mates (Table 1). Heart weight measurements for line 17 were
not different from those of wild-type littermates. In contrast,
line 40 revealed a significant decrease in heart weight com-
pared with wild-type littermates (Table 2).

Expression of the transgene. Because the skeletal over-
growth in SAP-CNP tgm line 17 was not accompanied with
cardiovascular alterations, we hypothesized that line 17 could
be a suitable model to examine the effects of CNP on skeletal
system in an endocrine manner. We examined the transgene
expression in various organs (liver, skeletal muscle, kidney,
heart, lung, brain, small intestine, and costal cartilage) in line
17 using RT-PCR. Liver-specific expression of the transgene
was observed in SAP-CNP tgm but not in wild-type littermates
(Fig. 1C). This demonstrated that SAP-CNP tgm line 17 is a
suitable model for the elucidation of the effect of chronically
elevated plasma CNP levels in mouse concerning effects other
than that related to the cardiovascular system. Therefore, we
examined the phenotypes of SAP-CNP tgm line 17.

Expression of NPR-C in heart and costal cartilage. To
estimate local availability of CNP in heart and cartilage in
SAP-CNP tgm line 17, mRNA expression of NPR-C clearance
receptor was compared between wild-type littermates and
transgenic mice by real-time PCR. As a result, an ~53%
increase in NPR-C mRNA expression was observed in the
heart of transgenic mouse. In contrast, a 42% decrease of
NPR-C mRNA expression was observed in costal cartilage of
transgenic mouse (Fig. 2).

Growth of SAP-CNP rgm. SAP-CNP tgm exhibited systemic
elongation of cartilage bones such as limb, paw, and spine (Fig. 3A).
During postweaning development, increased body length was
observed in proportion to plasma CNP level in both lines 17
and 40. In line 17, elongation of the body was apparent at 5 wk
of age. In line 40, skeletal overgrowth was first detected at 3
wk of age (Fig. 3B). Transgenic mice in both lines became
progressively hump-backed due to excessively elongated
spines. This phenotype was revealed more apparently in line 40
than in line 17. There was no significant difference in body

Table 1. SBPs in SAP-CNP tgm

Age, wk No. of Mice SBP. mmHg
Wild type 11 6 104.7+2.0
SAP-CNP tgm line 17 11 6 107.2x2.0
Wild type 7 4 106.3+1.4
SAP-CNP tgm line 40 7 4 81.95.0%

Values are means = SE. SBP, systolic blood pressure; SAP-CNP tgm,
serum amyloid P-C-type natriuretic peptide transgenic mice. SAP-CNP tgm
line 40 revealed 23% lower SBP than that of wild-type littermates, but line 17
did not. SBP was measured in conscious animals. *P < 0.01 vs. wild-type
littermate; Student’s r-test.

RAISED BLOOD CNP LEVELS STIMULATE BONE GROWTH IN MOUSE

Table 2. HW in SAP-CNP tgm

HW. mg BW. g HW/BW, mg/g
Wild type 123.6+6.6 26.0£0.6 4.74x0.16
Line 17 126235 27.2x0.6 4.64%0.14
Wild type 131.7x7.6 264=05 4.99+0.24
Line 40 87.1x4.4% 23.0%1.6 3.84+0.24%

Values are means = SE; n = 7, mice are 10 wk old. HW, heart weight; BW,
body weight. SBP, SAP-CNP tgm line 40 revealed absolute and relative HW
to be 34 and 22% lower, respectively, than wild-type littermates. SAP-CNP
tgm line 17 did not exhibit lower HWs. *P < 0.01 vs. wild-type littermates;
Student’s t-test.

weights at any age among the SAP-CNP tgm line 17, line 40,
and wild-type littermates (Fig. 3C).

Skeletal phenotypes of SAP-CNP tgm. We examined the
skeletal phenotypes of SAP-CNP tgm line 17 in detail. Radio-
graphs showed systemic elongation of cartilage bones (hu-
merus, femur, tibia, paw, spine, and skull) in line 17 compared
with those in wild-type littermates (Fig. 4). No gross skeletal
defects were observed in SAP-CNP tgm line 17 (Fig. 44).

At the age of 10 wk, the lengths of the lumbar (L;.4) and
femur in SAP-CNP (gm line 17 were 6 and 13% larger,
respectively, than that of wild-type littermates (Fig. 5, A and
B). Skull growth was also stimulated in SAP-CNP tgm (lengths
are given in Fig. 5C; widths were wild type: 12.2 + 0.3 mm,
and SAP-CNP tgm: 12.7 = 0.3 mm, P < 0.01). Width of the
foramen magnum in SAP-CNP tgm was significantly dilated
(Fig. 5D).

Bone mineral density was measured in the femur and lumbar
spine (Lz.4) in males and females in line [7 at 9 wk of age.
Although both femur (wild type: 28.9 + 0.7 mg/cm?, SAP-
CNP tgm: 25.6 = 0.6 1ng/cn]2, means & SD; n = 7, female)
and spine (wild type: 29.0 = 1.1 mg/cm?, SAP-CNP tgm:
26.3 + 0.6 mg/cm?, means = SD; n = 7, female) bone mineral
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Fig. 2. Expression of natriuretic peptide receptor-C (NPR-C) mRNA in heart
and costal cartilage in SAP-CNP tgm line 17. Relative NPR-C mRNA
expression was standardized with GAPDH mRNA expression in individual
samples. The mean values in each organ were standardized with the mean
value of costal cartilage in the wild-type (wild) littermates. In heart, transgenic
mice (tgm) showed 53% increased expression of NPR-C mRNA compared
with that of wild littermates. In contrast, tgm showed 42% decreased expres-
sion in costal cartilage. Means + SE; n = 4.
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