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knockout mice, proliferation of chondrocytes
was decreased, while differentiation was
accelerated (67). Since then, an increasing
number of specific miRNAs has been identified
to have roles in chondrocyte differentiation. Mice
lacking miR-140 showed a mild short stature
and age-related osteoarthritis-like changes,
suggesting that miR-140 regulates both the
development and homeostasis of cartilage (68).
miR-145 was reported to directly target Sox9
and regulate chondrogenic differentiation of
mesenchymal stem cells (69), while miR-199a
was shown to be responsive to BMP and to
regulate chondrogenesis by targeting Smadl
(70). These findings indicate the importance of
miRNA-mediated regulation of chondrogenesis.

Conclusion

In this review, I have overviewed the
current knowledge concerning the molecular
mechanisms underlying the development
of growth cartilage. The proliferation and
differentiation of chondrocytes is elaborately
controlled by various factors, and their defects
are often associated with growth failure and
skeletal dysplasias. Further clarification of the
molecular basis of cartilage development may
lead to the discovery of new therapeutic targets
for these conditions.
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Zet]zal ZHEEL, £0Oe bAAvay OSTMI ODEENFE MIBWTHEER
REASEBEEAEL SR ERBITI L2 HE L7 [osteopetrosis,

autosomal recessive 5 ; OPTB5, OMIM #259720]. OSTMI 1& CIC-7 £ 53
LT EE LR TIRAY.

3) TNFSFI11, TNFRSFIIA
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5 (LRP5) ODFEREZERIIBRT A ZLHL P ELo?. Z0Z L
o, AREIIEBRICIEEHRETRROBEETIE 2L, FFMREREDOR
BILL2EBHLTHS LHEESIN, REBMIEIARBRERICIINSTRILO 2
LEZLNS.

3. FEEXERER
FRANTNERICREL, BN ERHE BFR BE~PSEOAM, B
SEm, EFORE, HERERE BEELCLErOBREICETS. A6TF
BARWI LS, LRBAEREREERFISA TS,
FEHABEAEROZMIZ, CLCN7 BEFOBMTLVOERICL VA
RIBNLEBPEETS. CLCN7OEEFSFSILEEEOKEAEN
FHERITILREKREL, I VFERLEETE/REAMFER E TIN5,
FoEd», PHEREAREROBEBEFO—2L LT, 2007 £IC
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oPTB3
HoCOs
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NF-«B
NEMO
{KBKG

AFTVK
CT8K
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PLEKHMI (Pleckstrin homology domain containing, family M member I)
FEFHPEZEESN, KHET [osteopetrosis, autosomial recessive 6 ; OPTBS,
OMIM #611497] &HE /2T, KREFIR, HAREAEAEHRT v
T b incisors absent DEEBEF T HD. ABEFORKZIHEHED N
BREED LM ICEABRERE 7 s X 77 5 —¥0ER2 0T EHESR
TwaAY, AGFORBEMBICBTLBEOHFRIFTHTSH 5.

4. ZOMOKREGER

carbonic anhydrase I (CAI) RIBEL. BRE4ASHEEERZRL,
WOARLLRMEN.ET ¥ F— Y A% PEBKEAEREZET5 [osteo-
petrosis, autosomal recessive 3; OPTRB3, OMIM #259730]. X=X
HCOs #EAL, BEASKA HCO EMBATH &L HCO, IZa@aEhsd
LIV ERIUCHEST 5.

F 72, OL-EDA-ID [ectodermal dysplasia, anhidrotic, with immunodefi-
ciency, osteopetrosis, and lymphedema : OMIM #300301] T REHER, YV
> 7%3JE, anhidrotic ectodermal dysplasia (EDA : R4S R IERE
BHE) 2L, HEHICSEEREEICL YRTT 2 TN EESEERER
BThb REEBROELEETF L LT nuclear factor kB (NF-«B) essen-
tial modulator (NEMO) # 2— F$ 5% JIKBKG Bz FIFRHESRTWwEY,

5. Pycnodysostosis

pycnodysostosis [OMIM #265300] %, "% AMEEIL, WEEHREVNA
fE, HE - HHOEREE, EFERAEERLZETRLRTEREASEER
WEBT, 777V Vv K%2I—F35 CTSK BETORRBERAERICED
(P, BEMBREEEETHY), BIRESERINTYS2, s ORE/M
BEOBIKREFEEAEML TS, T4, CALOBEMRE, a5—r v
HEETETLZHMBENZRZA TS, ChOOFTR?L, REBEOHEEH
RIIBVWTREREABOOHARE SN TS 2 LARER éhé HE, 7
7TV KHEERPEHBERREL LTHESRLTWA.

I. BEMROIECH S BEEERE

ﬁ%&ﬁgkﬁ@?%”ﬁﬁﬁﬁw®&#aﬂ,mTGEE%WQEtgﬁ
CHOWEETS
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sclerostin

van Buchem
disease

BREESHER

sclerosteosis

van Buchem
disease type I

BREFBEEE

OMZY

Camurati-
Engelmann
disease

LAP

1. SOSTERIEFOEEILLZEERE

SOST #BfEFI1E Wnt ¥ 7 F VHERT & L THE < sclerostin ¥ 2— F$ 5.
SOST DEEL van Buchem disease [OMIM #239100] # sclerosteosis
[OMIM #269500] #5|&# 23", van Buchem disease {3 F Ha At
BEEAEZTL, ETECBOIIHELASLEEE, #HE WESCETRHO
BALICX VBB LRAEAT, SOST BzF O TR enhancer % & 52-
kb 2SRALLTWwA™. ¥/, sclerosteosis & SOST DiEdkEAL EICER
L', van Buchem disease [CEMTAHERELZEL, FTLLTHT 7Y D
KEET2A 7V FRBRIZBVWTREDLNS.

2. LRP5 BEFODEERICLDERE

low—density lipoprotein receptor related protein 5 (LRP5) & Wnt # ./ =
HNBBOXRZFEO—D L LTHEET S, LRPS BETOREEGHEER
BEELZ RT3 ESELERTRESNTEY, ZO%5121d endothelial
hyperostosis [OMIM #144750], van Buchem disease type I [OMIM
#607636], autosomal dominant osteosclerosis [OMIM # 1447501, #ixk L 7>
autosomal dominant osteopetrosis type 1 [ADO 1 ; OMIM #607634] #%&
¥z, SOST OZEEICET van Buchem disease ¥ Sefab g nTY
RERTOECHL, LRP5DERIZH D van Buchem disease type TiZH
FEFEEREREERT. 203, EENCEEEZRTRAIBVTY
LRP5 DREERBEERNHZ SN T A, LRP5IZLAEEHBO A =
ABZDOWTIE, EE BECBT L0 b VEENREAT A L OHED
HZENRTWBEY,

3. TGF-B V7 FIDEEILLBEE

Camurati-Engelmann disease [OMIM #131300] 2B WE%, F4HEMER
FOMREILORETEZERATRL T3, ERaFEEEEERZRTBEMY
KETH L. HRHCHHETRETRE TR IPN, WEOBFRRBET &
ZRT. 20004F, ARBD TCF-Bl BETFERIEI T EMHESh 2™
[FE N7/ EEX latency-associated peptide (LAP) 22~ F3$Ah17 V¥
WEFRLTEY, TCF-F1 7N oEELz b 7072 LTI D BELE &
TEEZLNTWS, TGF-BI BIETIZEED R WESIL Camurati-En-
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gelmann disease type I [OMIM %606631] & L THHEEIN T 5.

BhHYIC

FHELZRTEEESEROSFREBILOVWTTE LD ZIIETLEAR
BWTNIBOLERTH LY, TROLOFELSFLAVTEBETLZ LI,
FEHRMA I XA LADOBEBIIKRELFEL, BHRERZ LD L T2 BN
REHEBEBOFEBTEOERIZL OL M5, exome sequencing 7 ¥ O
WFEROBAILLY, SORLERREAETFOREIBHEINS.
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Summary

Genetic features of bone sclerosing diseases
Toshimi Michigami™®

Sclerosing bone disorders are ¢aused by impaired os-
teoclastic bone reserption or increased bone formation.
Impaired bone resorption results in osteopetrosis and re-
lated diseases such as pycnodysostosis. Osteopetrosis is a
heterogeneous disease, and various molecules have been
recently identified as being responsible. Infantile malig-
nant. autosomal recessive osteopetrosis can be classified
into osteoclast-rich and osteoclast-poor forims, which are
caused by the dysfunction of osteoclasts and impaired os-
teoclasiogenesis, respectively. Analysis of rare, heritable
sclerosing bone disorders contributes to the understand-
ing of molecular mechanisms underlying bone mass con-
trol. It may also lead to the development of drugs for
common metabolic bone diseases, including osteoporosis.

Key words : osteopetrosis, impaired bone resorption, in-
creased bone formation, genetic disorders

* Department of Bone and Mineral Research Osaka Medical.
Center & Research Institute for Maternal & Child Health
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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 [bab/Ibab mice. At birth, [bab/Ibab mice are
only slightly shorter than their wild-type littermates. Nev-
ertheless, /bab/Ibab 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 lbab/Ibab 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
[bab/lbab mouse was severely decreased and was recov-
ered by CNP overexpression. On the other hand, the
thickness of the growth plate of Ibab/+ mice was not
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different from that of wild-type mice; accordingly,
impaired endochondral bone growth was not observed in
lbab/+ mice. In organ culture experiments, tibial explants
from fetal Ibab/lbab mice were significantly shorter than
those from Ibab/+ mice and elongated by addition of 107’
M CNP to the same extent as [bab/+ tibiae treated with the
same dose of CNP. These results demonstrate that [bab/
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) [I, 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 II 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 (Ibab/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 [bab/lbab 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 Ibab/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 [bab/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, (bab/Ibab is a novel
chondrodysplastic mouse model with insufficient CNP
action on endochondral bone growth. Nevertheless, the
skeletal phenotypes of Ibab/Ibab 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 [bab/Ibab mice.

Materials and Methods
Mice

Heterozygous (Ibab/+) mice (C57BL/6J 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;(II) (Col2al) promoter (CNP-Tg) were created as
reported previously [3]. To perform genetic rescue of lbab/
[bab mice, CNP-Tg mice were mated with /bab/+ mice,
and F; offspring heterozygous for the transgene and for the
[bab allele were mated with those with only the /bab allele

@ Springer

to generate [bab/Ibab mice with the transgene expression
(Ibab/lbab-CNP-Tg/+ mice) [12]. Genotypes for the CNP
transgene and the [bab 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-M5; 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-1.090 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 pm 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
(Ihh) 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 Ibab/+ and Ibab/Ibab mice.
Nasoanal lengths (a) and body weights (b) of female wild-type (W,
open diamond), Ibab/+ (open square), and lbab/lbab (open triangle)
mice (n = 2-8). ¢ Whole skeletons of wild-type, lbab/+ , 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 [bab/lbab 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 culture, 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 pm 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 II (Roche Applied Science,

—=\ik
—~ (b +
e {Eab That

12 3 4 5 86 7 8 910
Age (weeks)

{

lbab/+

Ibab/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) according to the manufacturer’s

protocol.
Statistical Analysis

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

Results

Analyses of Skeletal Growth of [bab/Ibab and [bab/+
Mice

As previously reported, lbab/ibab mice developed severe
dwarfism characterized by short tails and extremities [11,
12]. At birth, lbab/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 Ibab/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, /bab/+4 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 [bab/Ibab mice at the
age of 2 weeks but was not affected in lbab/+ mice
(Fig. 1c). Histological analysis revealed that at the age of
3 days the tibial growth plate, especially the hypertrophic
chondrocyte layer, of [bab/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 lbab/+
mice was not different from that of wild-type mice
(Fig. 1d).

Effect of CNP Overexpression on Impaired
Endochondral Bone Growth of [bab/Ibab Mice

In order to further characterize the impaired skeletal
growth of lbab/Ibab 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 control of type II collagen pro-
moter (CNP-Tg mice) and obtained [bab/lbab mice with
transgenic expression of CNP in cartilage (Ibab/Ibab-CNP-
Tg mice) [12]. At the first week after birth, the nasoanal
length of lbab/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/lbab,
and [bab/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 lbab/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 4= 0.48 and
7.61 £ 0.10 cm, respectively, at age 4 weeks). Further, the
body weight of lbab/lbab-CNP-Tg mice was almost the
same as that of lbab/lbab 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 lbab/Ibab mice was partially recovered
by targeted overexpression of CNP in cartilage in lbab/
lbab-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 [bab/lbab mice was almost completely recovered by
targeted overexpression of CNP in cartilage, as observed in
Ibab/Ibab-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
{bab/Ibab 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 lbab/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 Ilbab/lbab growth plate
(Fig. 3e). The number of PCNA-positive cells did not
recover in the proliferative chondrocyte layer of the lbab/
Ibab-CNP-Tg growth plate, whereas the thinner prolifera-
tive chondrocyte layer in the lbab/Ibab growth plate was
almost completely recovered in the I[bab/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 [bab/lbab growth plate
compared to the wild-type growth plate (Fig. 3f). The
smaller size of the area positive for Ihh in the lbab/lbab
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 lbab/lbab
growth plate (Fig. 3g).
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Fig. 2 Effect of CNP overexpression on impaired endochondral bone
growth of [bab/lbab mice. Whole skeletons (a, ¢) and bone lengths
measured on soft X-ray films (b, d) of female wild-type (Wr), 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 /bab/
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/Ibab
Mouse by CNP Overexpression

Three-dimensional CT analysis manifested a marked
reduction in bone volume of the humerus in /bab/lbab mice
and considerable recovery in [bab/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 [bab/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, Ibab/lbab mice; gray bars, Ibab/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; 7L,
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 um, respectively, in
Ibab/lbab-CNP-Tg mice.

Organ Culture Experiments of Tibiae from [bab/Ibab
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 lbab allele were not different from
those of wild-type mice, we compared the growth of tibial
explants from [bab/Ibab mice with that from [bab/+ mice.
At the beginning of culture, both the total length and the
sum length of the CP of [bab/lbab tibiae were signifi-
cantly smaller than those of lbab/+ tibiae (3.80 £ 0.04
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Fig. 3 Histological analysis of tibial growth plates from 2-week-old
wild-type (W¥), lbab/Ibab, and lbab/lbab-CNP-Tg mice. a Alcian blue
and hematoxylin—eosin staining. Yellow bars (depicted as P) indicate
proliferative chondrocyte layers, and red bars (depicted as H) indicate
hypertrophic chondrocyte layers. b Immunohistochemical staining for
type X collagen. Scale bar in a and b = 100 pm. Heights of the

vs. 425 £ 0.03 and 2.19 & 0.02 vs. 2.43 & 0.01 mm,
respectively, n = 8-12 each) (Fig. 6b, c). Tibial explants
from [lbab/lbab mice grew to the same extent as those
from [bab/+ mice during a 4-day culture period; the
difference in the total length or in the length of the CP
between [bab/lbab and [bab/+ explants at the end of
culture was comparable to that at the beginning of culture
(Fig. 6b, c). There was no significant difference in the
length of the OC between the two genotypes before and
after the culture period (data not shown).

The treatment of CNP at the dose of 107’ M stimu-
lated the growth of both Ilbab/lbab and Ibab/+ tibiae
(Fig. 6b, c). CNP stimulated the growth of Ilbab/lbab
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proliferative (¢) and hypertrophic (d) chondrocyte layers. n = 3 each.
*P < 0.05, **P < 0.01. e The proportion of PCNA-positive chon-
drocytes in proliferative chondrocyte layers. n = 3-4. **P < (0.01.
Immunohistochemical staining of Thh (f) and MMP-13 (g). Scale bar
in f and g = 50 pm

tibiac more potently than that of [bab/+ tibiae; in the
presence of 107’ M CNP, the difference between the total
length of lbab/+ tibiae and that of lbab/lbab tibiac was
decreased (Fig. 6b), and furthermore, the CP length of
Ibab/lbab tibiae became almost the same as that of [bab/+
tibiae (Fig. 6¢). The growth of the OC was not stimulated
by CNP in either [bab/lbab or lbab/+ explants (data not
shown).

Histological examination at the end of the culture
period revealed that the length of the primordial growth
plate (Fig. 7a), especially that of the hypertrophic chon-
drocyte layer positive for type X collagen immunostaining
(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/Ibab, and Ibab/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
Ihh, one of the markers for chondrogenic differentiation
[16], tended to be a little decreased in lbab/lbab explants
compared to that in /bab/+ 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 Ilbab/lbab explants compared to those in
lbabl+ 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 lbab/+ and lbab/lbab explants. The lengths of the
primordial growth plate and its hypertrophic chondrocyte
layer of lbab/lbab explants treated with 107’ M CNP
became comparable to those of lbab/+ explants treated
with the same dose of CNP (Fig. 7a—c). CNP increased
the areas positive for Ihh immunostaining in both [bab/+
and [bab/lbab explants. By addition of CNP, the sizes of
the areas positive for, and the intensities of, Ihh immu-
nostaining were not different between lbab/+ and lbab/
lbab explants (Supplemental Fig.3). CNP did not

Ibabilbab ibabiibabe.
CNP-Tg
Wikt tbabfbab Ibab/bab-
CNP-Tg

increase BrdU-positive chondrocytes in bab/Ibab 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 /bab/+ 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
[bab/lbab metatarsal explants compared with that in lbab/+
metatarsal explants and recovered by addition of 1077 M
CNP to the same extent to that in lbab/4 metatarsal
explants treated with vehicle. The area positive for
immunostaining of Ihh became closer to ossification center
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Fig. 5 Micro-CT analysis of humeri from wild-type (Wf), lbab/Ibab, and lbab/Ibab-CNP-Tg mice at the age of 10 weeks. Scale bar 1 mm

in [bab/lbab metatarsal explants than in /bab/+ metatarsal
explants and was returned to the same position as lbab/
+ metatarsal explants by addition of CNP (Fig. 8).

Discussion

Previously, we and other groups had reported in brief
communications that the short stature phenotype of lbab/
Ibab mice is caused by a mutation in the CNP gene
[11-13]. Here, we further analyzed the skeletal phenotypes
of lbab/Ibab mice and report the results in this full-length
article.

Analysis of the growth curves of nasoanal and nose—tail
lengths revealed that the shortness of [bab/lbab mice is
mild at birth but rapidly progresses by the age of 3 weeks,
and then, after 4 weeks, the ratio of the length of lbab/Ibab
mice compared to that of wild-type mice becomes almost
constant. This suggests that CNP is especially crucial for
the skeletal growth spurt that occurs in early life. Since
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CNP is expressed in the growth plate cartilage and works
as an autocrine/paracrine regulator [5], CNP might affect
the endochondral bone growth potently when the volume
of growth plate cartilage is relatively abundant.

We confirmed the thinness of the growth plate of lbab/
Ibab mice, especially in its hypertrophic chondrocyte layer,
followed by the impaired growth of long bones. The thin-
ness of the growth plate of Ibab/lbab mice was almost
completely recovered by targeted overexpression of CNP
in the growth plate by the age of 2 weeks. On the other
hand, the recovery of the shortness of the total length of
Ibab/lbab bones by CNP was only partial at 2 weeks,
becoming complete at the age of 10 weeks. This finding
suggests that the recovery is evident earlier in the thickness
of the growth plate than in the total bone length. In addi-
tion, immunohistochemistry for PCNA revealed that at the
age of 2 weeks the proliferation of growth plate chondro-
cytes is decreased in [bab/Ibab mice and that the decreased
proliferation is not rescued by CNP overexpression, even
though the thickness of the growth plate does fully recover.



