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Role of cartilage-derived anti-angiogenic factor, chondromodulin-i,

during endochondral bone formation
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Summary

Objective: Cartilage is a typical avasclar tissue that exhibits powerful resistance to angiogenesis or vascular invasion. We previously
identified a cartilage-specific 25 kDa glycosylated protein, chondrormodulin-i (ChM-1), as anti-angiogenic facior. Taking advantage of ectopic
bone formation and xenograft tumour mode! by human chondrosarcoma cell line OUMS-27, we examined how ChM- is invoived in switching
of angiogenesis in cartilage.

Design: Gene expression pattern of ChM-i was examined in 4-week-oid mice and mouse embryos by northern biot analysis and in sifu
hybridization. To evaluate the effect of ChM-I on ectopic bone formation, guanidine extracis of demineralized bone matrix were mixed with
the ChM-I-bound heparin-Sepharose beads and were implanted onto the fasciae of back muscle of 8-week old nude mice. To analyse the
effect of ChM-1 on tumour angiogenesis, the level of ChM-1 mRNA in cartilagirous tumours was assessed by competitive PCR, and compared
with that of articular cartilage. Then, human chondrosarcoma OUMS-27 cells were inoculated into the back of nude mice to form a tumnour
about 456 mm?® in size. Recombinant ChM-1 protein was administrated into OUMS-27 xenograft tumours for the initial 5 days to study its effect
against tumour-angiogenesis.

Results: ChM-1 gene was specifically expressed in cartilage of 4-week-old mice. Eye and thymus were also identified as minor expression
sites. Howaver, during endochondral bone development, cartiiage changes its character from anti-angiogenic into angiogenic prior to the
replacement of calcified cartilage by bone. In embryos, ChM-1 mRNA was expressed in proliferative and upper hypertrophic cartilage zones
in the developing cartilaginous bone rudiments, but completely abolished in lower hypertrophic and calcified cartilage zones. Purified ChM-i
protein apparently inhibited vascular invasion into cartilage induced by the implantation of demineralized bone matrix in nude mice, leading
to the inhibitior: of replacement of cartilage. The level of ChM-| transcripts in the lower-grade chondrosarcomas was substantially reduced
to severai hundreds or less in the lower-grade chondrosarcomas, compared with that of articuiar cartilage or other benign cartilage tumours.
The local administration of recombinant human ChM-I almost completely blocked turmour angiogenesis and growth in the human
chondrosarcoma xenocgrafts in mice.

Conciusions: ChM-I is involved in the anti-angiogenic property of cartilage and its absence creales a permissive microenvironmerit for
vascular invasion into cartilage under physiological and pathological conditions. © 2001 OsteoArthritis Research Society International
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Introduction vascular endothelial growth factor (VEGF), fibroblast
~ i - . growth factor-2 (FGF-2), transferrin and a 120-kDa angio-
Cartilage is generally avascular and exhibiis resistance to genic molecule®™7. VEGF is produced by hypertrophic

vascular invasion'. However, the phenotypic switching of
cartilage from anti-angiogenic to angicgenic phenotype
occurs in lower hypertrophic and caicified cartilage zones
during endochondral bone formation in the embryo. The
endothelial cells are maintained in alternative states of
guiescence and angiogenesis by the cumulative level of
angiogenic inducer and inhibitor signals supplied by sur-
rounding tissues®. This balance swiich for angiogenesis

chondrocytes undergoing calcification prior to vascular
invasion, and then hypertrophic and calcified cartilage
zones are invaded by biocd vesseis®”. Systemic admin-
istration of soiuble VEGF recepior to 24-day-old mice
resulted in the suppression of vascular invasion, which was
associated with impaired trabecular bone formation and
expansion of hypertrophic zone in epiphyseal growth

may predict that cartilage is penetrated by capillaries by the plate”. Overexpression of VEGF in the limb bud resulted in
increase in inducing signals and/or by the decrease in hypervascularization as evidenced by an increase in vas-
inhibiting signals. Despite the importance of phenotypic cuiar density in mesenchymal tissues, but not in cariilage®.
switching of cartilage during skeletal development, our This impiies that the withdrawal of anti-angiogenic activity
understanding of this process is limited. is prerequisite for vascularization of cartilage 1o oceur.
Despite its apparent avascularity, a number of angio- We recently purified a vascular endothelial ceil growth
genic molecules have been found in cartilage such as inhibitor from fetal bovine cartilage®, and found it 1c be

identical to chondromodulin-t (ChM-1) which was previously
reported as a growth and colony sitimulating factor for
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Bovine MTENSDKVPIALVGPDDVEFCSPPAYAAVTVKPS—SPARLLKVGAVVLISGAVLLLLGAI 59
Human MTENSDKVPIALVGPDDVEFCSPPAYATLTVKPS—SPARLLKVGAVVLISGAILLLFGAI 59
Mouse MTENSDKVPITMVGPEDVEFCSPPAYTTVTVKPSGSPTRLLKVGAVVLISGAVLLLFGAI 60
Chicken ﬁAgGgEKVPIARAQBEDVEQGLPPAYTA—AyPEPG—BGRLLKAGATVLIAQALLLLAGAI 58
Bovine GAFYFWKGSDNHIYNVHYTMSINGKLQDGSMEIDAGNNLETFKMGSGAEEAVEVNDFQNG 119
Human GAFYFWKGSDSHEYNVHYTMSENGKLQDGSMEEDAGNNLETFKMGSGAEEAEAVNDFQNG 119
Mousa GAFYFWKGNDNHIYNVHYSMSINGKLQDGSMEIDAVNNLE?FKMGSGAEEAIEVNDFKTG 120
Chicken GAFYFWKATERQVYNVHYTMSINGKVQDGSMEIDAALTé TFKTGSGSEEAVEVHDEQIG 118
Bovine ITGIRFAGGEKCYIKAQVKARIPEVGTMTKQSISSELEGKIMPVKYEENSLIWVAGDQPV 179
Human ITGERFAGGEKCYIKAQVKARIPEVGAVTKQSESSKLEGKIMPVKYEENSLEWVAVDQPV 179
Mouse ITGIRFAGGEKCYIKAQVKARIPEVGTVTKQSIS—ELEGKEMPANYEENSLIWVAVDQPV 179
Chicken ITGIRFAGGEKCYIKAQPKARVPEVDAMIKA&L@SDLEDEIMPVRFDENSLIWVAAQEBI 178
_—__? Mature ChM-I
Bovine KDNSFLSSKVLELCGDLPIFWLKPTYPKEEQRERRELVRKEVTT‘TT————RRLRSG——— 232
Human KDNSFLSSKVLELCGDLPIFWLKPTYPKEIQRERREVVRKIVPTTTK ————— RPHSG--- 231
Mouse KDSSFLSSKILELCGDLPIFWLKPMYPKEIQRERREVVRNSAPSTTR ————— RPHSE--- 231
Chicken KHNGFLSPKILELCGDLPIFWLRETYPKDKQRERREMKBNKRQSESNFDAEHBAAAAEEV 238
-t * K
Bovine ~-PQGTPAP---—- GRPNNGTRPSVQEDAEPFNPDNPYHQQEGESMTFDPRLDHEGICCEE 286
Human —PRSNPGA--—-—— GRLNNETRPSVQEDSQAFNPDNPYHQQEGESMTFDPRLDHEGICCIE 285
Mouse -PRGNAGP----— GRLSNGTRPNVQDDAEPFNPDNPYHQQEGESMTFDPRLDHEGICCIE 285
Chicken NTRSTPTQLTQELQBQSNETRPMQQESDQTLNPDNPYNQLEGEGMAFDPMLDHLQVCCIE 298
* * *) * *

Bovine CRRSYTHCQKECEPLGGYYPWPYNYQGCRSACRVIMPCSWWVARILGMV 335

Human CRRSYTHCQKICEPLGGYYPWPYNYQGCRSACRVIMPCSWWVARILGMV 334

Mouse CRRSYTHCQKICEPLGGYYPWPYNYQGCRSACRVVMPCSWWVARILGMV 333

Chicken CRRSYTQQQRICEPLLGYYPWPYNYOGCRTACRIIMPCSWWVARILGMV 347

Fig. 1. Part .

avascular zone of the developing cartilaginous bone rudi-
ments. However, its expression is completely abolished in
the lower hypertrophic and caicified cartilage zones prior to
vascular invasion'2'2. In contrast to normal cartilage, the
expression of ChM-I transcripts was only barely detectable
in chondrosarcomas which produce a large amount of
cartilaginous matrices such as type I collagen and aggre-
can'®. We demonstrate that the local administration of
recombinant human ChM-i (rhChM-1} protein dramatically
blocked tumour angiogenesis and growth of chondro-
sarcoma by a xenograft tumour model using humnan chon-
drosarcoma cell line OUMS-27'°. Thus, ChM-! is invoived
in the anti-angiogenic property of cartilage under both
physiological and pathological conditions, and the loss of
its expression leads to the creation of an angiogenesis
permissive phenotype in cartilage.

Materials and methods
WMATERIALS AND CLINICAL SAMPLES

Recombinant human ChM-1 was expressed in Chinese
hamster ovary cells and purified from the culture super-
natant to homogeneity by seguential chromatography &as
previously described’®. Clinical samples were obtained
from the patients with informed consent. Six cases, sach, of
grade | chondrosarcoma (CS), of enchondroma (Enchy),
and of exostosis (Exo) and five cases of articular cartilage

(AC) were examined. Each specimen was processed
separately for pathological examination and for mRNA
extraction. o-[**P-dCTP (Amersham, Amersham, UK
was purchased from Japan Atomic Energy Institute (Tokyo,

Japan).

CELL CULTURE

ATDCS5 cells were maintained in the medium consisting
of a 1:1 mixture of DME and Ham’s F-12 medium (JRH
Biosciences, Lenexa, KS) containing 5% FBS (JRH
Biosciences), 10 ug/ml human insulin  (I: Boehringer
Mannheim GmbH, Gaithersburg, MD}, 10 pg/mi human
transferrin (T: Boehringer Mannheim GmbH), 3x1078 ¥
sodium selenite (S: Sigma Chemical, St Louis, MO) and
50 ug/mi kanamycin sulfate (Meiji Chemical Co., Tokyo,
Japan), as previously descriped’®?7. ATDC5 cells were
maintained for 21 days under 5% CO, in air. The culture
medium was replaced twice a week. Mouse embryonic
C3H10T1/2 cells were plated at a density of 6.4x1C°
cellsicm? in 6-multiwell plates and grown to confluency in
DME containing 10% FBS for 3 days. Mouse osted-
nlastic MC3T3-E1 cells were plated at a density of 6x10*
colis/well in B8-multiwell plates and grown 0 confiuency
in alpha modified essential medium (¢MEM, Dainippon
Pharmaceutical, Tokyo) containing 5% FBS for 3 days.
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Human EVVRKIVPT? T----- XKRP~ —---HSGPRSN PGA-=-=—-~ GR LNNETRPSVYQ
Bovine ELVRXIVTTT TT--«-=-RRL- —---RSGPQOGT PAP-~===- GR PNNGTRPSVQ
Rabbit EVVRXTIVPT- TT----KRP- ---HSGPRGN PGP-=-—--- AR MRNDSRPSV(Q
Rat EVVRSSAPS- T7T--«<-RRP~ ---HSEPRGN AGP--~—- GR LSNSTRPSVQ
Mouse EVVRNSAPS- T7----RRP- -~---HSEPRGN AGP--~-=-- GR LSNGTRPNVQ
“hizken EFFRNKRQSE SNEDABHEAA AAZEVNTRSI BTOLTOELGS SNSTRENGG
Kk %k * *®
Human EDSQAFNPDN PYHQQEGESM TFDPRLDHEG ICCIECRRSY THCQKICEPL
Bovine EDAEPFNPDN PYHQQEGESM TFDPRLDHEG ICCIECRRSY THCQKICEPL
Rabbit EDSEPFNPDN PYHQ-EGESM TFDPRLDHEG ICCIECRRSY THCQKICEPL
Rat DDEEFPFNPDN PYHQQEGESM TFDPRLDHEG ICCIECRRSY THCQKICEPL
Mouse DDAEPFNPDN PYHQQEGESM TFDPRLDHEG ICCIECRRSY THCQXICEPL
Chickon ESOQTLNSON PYNQLEGECH AFDBMLDELG VCCIECRRSY TOCGRICEEL
% %k 3
Human GGYYPWPYNY QGCRSACRVI MPCSWWVARI LGMV 120 a.a.
Bovine GGYHPWPYNY QOGCRSACRVI MPCSWWVARI LGMV 121 a.a.
Rabbit GGYNPWPYNY QGCRSACRVV MPCSWWVARI LGMV 119 a.a.
Rat GGYYPWPYNY QOGCRSACRVV MPCSWWVARI LGMV 120 a.a.
Mouse GGYYPWPYNY QGCRSACRVV MPCSWWVARI LGMV 120 a.a.
Chivken LQTYPWPYNY QUCRTACKII MPCEWWVARL HGvY 134 o-a.
Fig. 1. Part Il

Fig. 1. Comparison of amino acid sequence of bovine, human, mouse and chicken ChM-|. Conserved amino acid residues are underlined.
Transmembrane domains in the precursors are boxed. The potential processing signal (RERR]) is indicated by bold type. Positions of Cys
residues and the potential N-linked glycosylation in the mature ChM-l domain are denoted by {*) and (1), respectively.

RNA EXTRACTION AND HYBRIDIZATION ANALYSIS

Total RNA was prepared from the cultures of ATDCS
cells or tissues of 4-week DDY'®. For northern blot analy-
sis, 20 ug of the total RNA was denatured with 6% formal-
dehyde, fractioned by 1% agrose gel (SeaKem GTG, FMC
Bioproducts, Rockiand, ME) electrophoresis, and trans-
ferred onto Nytran membranes (Schieicher & Schuell,
Dassel, Germany) with Turbobiotier (Schleicher & Schuell).
Hybridization was performed overnight at 42°C with
a-[32P]-dCTP iabeiied cDNA probe {10° cpom/mi) in a solu-
tionn containing 50% formamide, 6xSSPE (0.8 m NaCl|,
20 mm NaH,PQO,, 6 mm EDTA at pH 7.4), 0.1% bovine
serum albumin (BSA, Calbiochem-Novabiochem Co., La

Jolia, CA), 0.1% Ficoli 400 (Pharmacia, Sweden), 0.1%
polyvinylpyrolidone (Wakec Pure Chemical), 0.5% SDS, and
100 ng/mi denatured salmon sperm DNA. ¢cDNA probes
were labelled with a-[3?P}-dCTP (Amercham) by random-
primer method using a BcaBEST labelling kit (Takara, Otu,
Japan) using the appropriate ¢cDNA fragments; a 1.4 kb
EccR! fragment of pKT1180 as a probe for ai{lijcollagen
cDNA'™; a 0.65 kb Hind Iil fragment of pSAm10h as a
probe for a1(X) collagen ¢DNAZ2Y; a 2.5 kb EcoRlI fragment
of rAP54 as a probe for alkaline phosphatase®; a 2.2 kb
EcoRi fragment of pcDNA1R15B for probing parathyroid
hormone (PTH)YPTH related peptide receptor (PTH/
PTHrPR) cDNA=2, After hybridization, fillers were washed
for 30 min ai 55°C in 2xSSPE, 0.1% SDS, then washed for
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30 min at 55°C in 0.1xSSPE, 0.1% SDS twice, and
exposed to BIOMAX fiim {Eastman Kodak Co., Rochester,
NY) at -80°C.

COMPETITIVE POLYMERASE CHAIN REACTION (PCR)

Cirst strand cONA was synihesized using SuperScript li
RNAse H- Reverss Transcriptase {Gibco, Grand island,
NY, U.S.A.) with the corrected amount of total RNA isolated
from human tissues or culture cells according to the manu-
factuer's instructions. Portions of total RNA were reverse-
transcrived. For the competitive PCR analysis of ChM-|
mRNA, the composite primers {5"-CATCGGGGCCTTC
TACTTCTCAAGTTTCGTGAGCTGATTG-3 and 5-GGCA
TGATCTTGCCTTCCAGTTGAGTCCATGGGGAGCTTT-3)
were synthesized using & PCR MIMIC Construction kit
(Clontech, CA, US.AJ. One-fiitisth of the product was
re-ampiified by using the gene-specific primers (5-CATCG
GGGCCTTCTACTTCT-3 and 5-GGCATGATCTTGCCTT
CCAG-3)). Following the second PCR amplification, the
competitive iemnplate was purified by Chroma SPIN+
TE-100 and diluted to 100 attomoi/ul for competitive exper-
iments. A fixed amount of cDNA was co-amplified with
serial logarithmic dilutions of the competitive template (from
1 to 10-° attomol/ul). The expected sizes of the producis
were 312 bp and 479 bp for ChM-1 and the competitive
fragment, respectively. The amplification reaction was car-
ried out with initial denaturation at 94°C for 5 min, 35 cycles
of denaturation at 94°C for 45 sec, annealing at 60°C for
45 sec, extension at 72°C for 90 sec and a final extension
at 72°C for 4 min. The PCR products were electrophoresed
on a 1.5% agarose gel containing ethidium bromide and
photographed. The fluorescence intensity of each PCR
product was estimated on NIH image 1.80, as previously
described®®.

IN SITU HYBRIDIZATION

Balb/c mouse embryos at days 13.5 and 16 of gestation
were collected, and fixed in 4% paraformaldehyde in 0.01 m
sodium phosphate buffer, pH 7.4, containing 0.15 v NaCl
(phosphate buffered saline, PBS) overnignt at 4°C. Whole
embryos were dehydrated in a graded series of ethanol and
embedded in paraffin. Sections were cut &t 6 pm and were
then processed for in situ hybridization. For in situ hybrid-
ization, a 0.5 kb cDNA fragment containing the coding
region for mature ChM-l was used as a hybridization
orobe. A digoxigenin-labeiled antisense cRNA probe for
mouse ChM-1 was prepared with a DIG RNA labelling kit
(Boehringer Mannheim, Gaithersburg, MD). Hybridization
was performed at 50°C for 16 h. After hybridization, slides
were washed under conditions of high stringency. For
digoxigenin-labelled probes hybridization was immuno-
histochemically detected by an alkaline phosphatase-
conjugated antibody using a nucleic acid detection Kit
(Boehringer Mannhaim). Appropriate conirols to exciude
false positive staining due to endogenous alkaline phos-
phatase activity were performed and were negative.
The sections were counterstained by methyi green of
haematoxylin.

ECTOPIC BONE FORMATION

Guanidine extract {G-ext) of demineralized bone matrix
used in this study was prepared from povine dehydrated

diaphysea! bone powder by the method of Sampath and
Reddi?*, and was a generous gift from Dr Y. Kuboki
(Hokkaido University Faculty of Dentistry). G-ext (15 mg)
was suspended in water {2mi) in & conical tube and
centrifuged at 1500xg for 16 min. The supernatant was
discarded, and then mixad vigorously with 200 of the
hydrated beads of heparin-Sepharose CL-88 {10 mg/mi,
Pharracia) or heparin-Sepharose CL-8B that had pre-
viously bound purified ChiM-1 {2 ug). The suspension was
peileted at 1500xg for 20 min and lyophilized. These
lyophilized pellets were implanted onto the fascia of the
back muscle at bilaterai sites of the male 8-week old nude
mice (BALB/c:nu/nu, Clea, Oseka, Japan). Nine days or
3 weeks later, anaesthetized mice were photographed by
soft X-ray apparatus (Softex, type C-SM) for assessment of
bone formation. Then the implanis were dissected out,
cleaned of adherent tissue, and fixed in neutral formaiin.
The fixed implants were decalcified, dehydrated and
embedded in paraffin. Sections (6um thick) were
orocessed for histological examinations.

XENOGRAFT TUMOUR MODEL

Cultured OUMS-27 cells (5x10° cells) in 0.1 ml PBS
were inoculated subcutaneously in the back of 4-week-ocid
Balb/c nu/nu mice. When tumours developed at the injec-
tion sites to become about 45 mm? in volume (6 days after
inocutation), mice were randomized into two groups. Cne
group received 5 ug rhChM-I in 50 ul PBS, injected sub-
cutanecusly around the tumour daily for the initial 5 days.
The other group received PBS alone. Tumour volumes
were determined as width?xlengthx0.52%°. At the last time
point, tumours were excised and fixed for histological
examinations.

Resulis

COMPARISON OF AMINO ACID SEQUENCES OF MATURE CHM-I
AMONG SPECIES

Mature ChM-i was coded as the C-terminal portion of &
larger precursor (334-335 amino acid residues in mam-
mals and 347 amino acid residues in chicken), which is
assumed to be a transmembrane protein® 12192527 The
membrane spanning domain was well conserved between
species. The mature ChM-| sequence was preceded by a
processing signal (RERR), which was completely con-
served between species (Fig. 1). Most amino acid substi-
tutions were found in the N-terminal hydrophylic domain of
the mature ChM-i, but an N-glycosylation site (NXT) is
completely conserved (Fig. 1). The C-terminal two-thirds
of mature ChM-1, which contained all sight cysteine resi-
dues, were also weli conserved, suggesiing a functional
importance of this hydrophobic domain.

TiSSUE DISTRIBUTION OF CHM-1 GENE EXPRESSION

We examined the ChM-i gene expression in various
tissues of 4-week-old mice by northern blot analysis
(Fig. 2). As previously reporied'®'?, ChiM-I gene was
abundantly expressed in epiphyseal cartilage and orimary
growth plate chondrocytes (Fig. 2). Although the type 1l
collagen gene was expressed in various tissugs during
embryonic development®, its expression was restricted 10
cartilage in 4-week-old mice. in conirast, expression of
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Fig. 2. Northern biot analysis of ChM-I mRNA in varicus tissues of
4-week-old mice. Total RNA (20 ug) isclated from the indicated
tissues of DDY mice, and hybridized with mouse ChM-1 ¢cDNA
or rat type il collagen ¢DNA. The equivalent loading of each RNA
was verified with ethidium bromide staining (bottom panel). The
positions of 28S and 18S ribosomal BRNAs are indicated.

ChM-1 gene was also detected in eye, an organ avascular
tissuss (Fig. 2).

EXPRESSION OF CHM-i GENE DURING ENDOCHONDRAL BONE
FORMATION

In situ hyoridization clearly indicated that the expression
of ChM-1 mMRNA was associated with cartilage and that the
increase in the ChM-| transcripts was associated with
expansion of cartilaginous areas in the body (Fig. 3A).
Positive signals were also found in the cartilaginous rudi-
ment of the occipital bone, but more likely to be minimal or
absent in sclerotome prior to overt chondrogenesis at day
11 of gestation in mouse embryo (data not shownj. During
overt chondrogenesis expression of the ChM-| gene was
found in all cartilaginous structures such as the vertebral
column, the chondrocranium, tracheal rings and ribs. In the
developing cartilaginous bone rudiments, positive signals
were detected in proliferating and mature cartilage zones,
but absent in the notochord at day 13.5 of gestation
(Fig. 3B). A low level of hybridization signals was detected
in immature osteoblasts in the transitional zone between
cartilage and membranous bone at this stags (Fig. 4C). At
day 16 of gestation, chondrocytes in the centre of vertebral
body begin to be hypertrophic and then vascular invasion
and ossification begins to develop within a day. Al this
stage of development, a high leve! of ChM-i gene expres-
sion was detected from the proliferative to the early hyper-
trophic zone of cartilage (Figs 4A, B). However, the ChM-i
mRNA expression was completely abolished in the late
hypertrophic and calcified zone, in which vascular invasion
oceurs (Fig. 4A,B).

As reported previously'®'729 the mouse embryonal
carcinorna-derived ceil line ATDC5 provides an excellent
in vitro modei for analysis of the expression patiern of
geres related to sksletogenesis. We examined the

expression pattern of the ChM-i gene during chondro-
genesis of ATDC5 cells, compared with the expression of
type |i coilagen, PTH/PTHrP receptor, type X collagen
and ALP genes. Transcripts for the ChM-l gene were
undetectable in undifferentiated ATDC5H cslis, C3H10T1/2
cells and MC3T3-E1 cells {Fig. 5). Howsever, following the
induction of type I coilagen and PTH/PTH!P receptor
genes, the expression of ChM-1 gene was induced during
chondrogenic differentiation of celis (Fig. 5). The ChM-l
mMRNA level reached a maximum in ATDC5 cells on day 15
(Fig. 5}, in parallel with formation of cartiiage nodules in
culture. As differentiated ATDCS5 cells became hypertrophic
as evidenced by the increase in type X collagen and ALP
mRBNA levels, the ChM-I mRNA expression declined
{Fig. 5). in situ hybridization analysis revealed that ChiM-i
transcripts were present in differentiated cells of cartilage
nodules, but absent in undifierentiated ceils surrounding
nodules™, Thus, the expression of ChM-l1 gene was
clearly associated with chondrogenic differentiation and
maturation of ATDCS cells.

BLOCKAGE OF AN ENDOCHONDRAL PATHWAY OF BONE
FORMATION BY CHM-i

When bone morphogenetic protein (BMP) is implanted
subcutanecusly, ectopic bone is formed through an endo-
chondral pathway of bone formation. BMP first induces
chondrogenesis at a local site to form ectopic cartilage®.
Upon vascular invasion, cartilage is then resorbed by
chondroclasts supplied by haematopoietic precursor ceils.
Therefore, by using ectopic bone formation as a model, we
siudied the effect of ChM-I on enodochondral bone for-
mation using a crude BMP preparation, i.e. a guanidine
extract (G-ext) of demineralized bone matrix.

Since ChM-| rapidly diffuses out of the pellet, we used
heparin-Sepharose beads as a carrier. Three nude mice
were employed in the following implantation experiment.
Heparin-Sepharose beads alone did not interfere with
ectopic bone formation when they were premixed with
G-ext (15 mg) and pelieted. By 3 weeks after implantation
of G-ext onto the fasciae of back muscle of 8-week old
nude mice, formation of ostecid and trabecular bone was
histclogically confirmed. Bone marrow was weli developed
in the centre of implants. Alcian blue-positive cartilaginous
tissue occupied less than 5% of total area of the section.
On the other side of the animals, we implanted the G-ext
(15 mg) that had been mixed with the ChM-! (2 pg)-bound
heparin-Sepharose beads. After 3 weeks of implantation,
the bony parts of the implants covered only about 30% of
total area of section (Fig. 6B). Cartilage persisted around
the ChM-1 containing beads (Fig. 6B). These results indi-
cate that ChM-i, when exogenously added to demineral-
ized bone matrix, inhibited an transition from cartilage 1o
bone along the endochondral pathway of bone formation.

LOSS OF CHM-| EXPRESSION IN CHONDROSARCOMA

We evaluated the ChM-i mRNA level in chondrosar-
comas by competitive PCR, and compared it with that of
benign cartilaginous tumours and ncrmal articular carti-
iage™*. Each clinical specimen was diagnosed pathologi-
cally and processed separately for mRNA extraction.
Tumour grades were assigned on the basis of Evans’s
report®*. In ail cartilaginous iumour sampies and articular
cartiiage used here, expression of «1{il} coliagen and




S96

C. Shukunami and V. Hiraki: Regulation of endochondral bone formation by ChiM-!

Fig. 3. in situ hybridization for ChM-i transcripts in mouse embryos at
at day 13.5 was nybridized with
rudiments. The framed a

day 13.5 of gestation. In {A}, i©
the antisense ChM-1 cRNA probe. There were obvious hybridizatl
rea is shown at a higher magnification in (B).

@ sagital section of the mouse embryo
on signais in the cartilaginous oore

in (C), the section of nindlimb also shows the posiiive signals in
/ g

cartilage. The sections were counter-stained with methyl green or haematoxylin. Bars, 1000 um in (A}, 150 um in {B), and 400 um in (©).
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Fig. 4. In situ hybridization for ChM-1 transcripts in mouse embry-
onic tissues. in (A), vertebral columns at day 16 of gestation were
hybridized with the antisense probe. The expression of the ChM-I
transcripts deciined in the late hypertrophic chondrocytes at the
centre of vertebral columns. In (B), Meckel's cartilage at day 16 of
gestation is shown. Positive hybridization signals were detected in
the prehypertrophic and early hypertrophic zones, but were com-
pietely abolished in the late hypertrophic zone. In (C), in addition to
the chondrocranium, immature osteoblasts in the dermocranium
were also hybridized with the probe at day 13.5 of gestation. The
sections were counter-stained with methyl green or haematoxylin.
Bars, 100 um in (A) and (B); 200 um in (E).

aggrecan mRNAs was readily detected (data not
shown). Moreover, ChM-l mRNA was aiso detected in
enchondroma, exostosis, and articular cartilage. However,
the mRNA level of ChM-] gene was extremely low in grade
| and il chondrosarcomas, and undetectable in grade !li
chondrosarcoma. Competitive PCR indicated that the
ChM-I mBNA level was from 1/100 to 1/3500 less than that
of enchondroma, exostosis, or articular cartilage (Fig. 7).
Thus, the ChM-I gene expression was downregulated in
chondrosarcomas aithough cartifage markers were highly
expressed.

Fig. 5. Expression pattern of ChM-l mRNA along the
course of differentiation of mouse chondrogenic cell line ATDC5.
Total RNA (20 g} was isolated from MC3T3-E1 osteoblastic
cells, C3H10T1/2 cells, or ATDC5 celis on the indicaied day
of culture, and hybridized with cDNA probes for mouse
ChM-1 (ChM-1), rat type Ii collagen (Coi2al), rat parathyroid
hormone {(PTH)/PTH related peptide receptor (PTH/PTHrPR),
mouse type X collagen (Col10al), and rat alkaline phosphatase
(ALP).

SUPPRESSION OF TUMOUR ANGIOGENESIS BY RECOMBINANT
CHM-i PROTEIN

Taking advantage of human chondrosarcoma cell line
QUMS-27 (15), we tested the effect of rhChM-! on tumour
angiogenesis in vivo. OUMS-27 cells were derived from
grade Hi chondrosarcoma tissue from & patient and devel-
ops grade |l chondrosarcoma, when subcutaneously
inoculated onto nude mice'®. Here we inoculated 5x10°
OUMS-27 cells in the back of nude mcuse. When cealls
formed a tumour about 45 mm® in size, mice received
5 ug rhChM-| dissolved in PBS at the site of the tumour
for the initial 5 days. The tumour in the conirol mice was
considerably invaded by capillaries (Fig. 8A), whereas in
the treated mice vascular invasion was visibly blocked
{Fig. 8B). The increase of tumour size was significantly
suppressed by ChM-| treatment {Fig. 8C). The wst weight
of the ChM-i treated tumour was about 30% of that in
the control mice, when tumour tissues were recovered on
day 29,
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Fig. 6. Effect of ChM-1 on the replacement of
{DBM) were implanted into the fascia of the back muscle of nude mi
implants were stained with Al
{15 mg) mixed with he
3 weeks after implantation, when the peliets had been mixe

indicate heparin-Sepharose

Discussion

As one can see in iumour angiogenesis®, the total
balance of angiogenic inducers and inhibitors controls
whether or not a certain tissue is vascularized. Hyaline
cartilage is a typical avascular tissue and remarkably
resistant to vascular invasion®. However, during endochon-
dral bone formation in the embryo, cartilage undergoes
phenotypic switching from anti-angiogenic to angiogenic as
celis undergo late-phase differentiation of cartilage to
become hypertrophic and calcifying cells {Fig. 9). In carti-
laginous rudiments, vascular invasion is a pivotal event
which triggers the replacement of cartilage by bone.

Chondrocytes generally express FGF-2 as a poweriul
angiogenic factor®. in the resting and proliferating zones of
cartilage, FGF-2 was confined {0 cell surface or pericelluiar
space with scarcely any in inter-territorial space. As
chondrocytes became nyperirophic and calcified, FGF-2
diffiuses into the interterritorial space and became amen-
able o interactions with capillaries®®. Moreover, anotner
angicgenic factor VEGF is also expressed in association
with cellular hypertrophy of chondrocytes®”. These resuits
suggest that the expressicn and localization of angiogenic
inducers in cartlage underiies switching of cariilage
phenctype from anti-angiogenic o angiogenic. In fact,
when VEGF-A gene was conditionally inactivated in mice

cartilage by bone during ecto
ce. Impi
cian biue and Kerneachtrot. in (A), trabecular bone (ib) and bone marrow {
paring-Sepharose beads alone. in (B), typicai cartilage (ca) induced in the pefiet of DBM {15 mg) were still remained
o with bovine purified ChiM-! (2 ug)-bound heparin-Sep
beads in the implantad DBM beads. Bars, 50 um.

i

pic bone formation. Pellets of bovire demineralized bore matrix
ants were recovered 3 weeks after implantation. Sections of the
brm) deveioped in the peliet of DBM

harose beads. Arrowheads

at the type i collagen-expressing sites, the hypertrophic
cartilage zone evidently expanded in the growth plates®.
Systemic administration of a soluble VEGF receptor-1
(Fit-(1-3)-lg@) chimaeric protein exhibited similar pheno-
type in mice due to a delay of vascular invasion’.

As shown in Figs 2 and 5, ChM-1 mRNA was specifically
expressed in chondrocytes, but not in osteoblasts. induc-
tion of the gene expression apparently associated with
formation of type il collagen-expressing chondrocytes and
declined as the celis became type X collagen-expressing
hypertrophic chondrocytes™®. In developing cartilaginous
radiments, expression of ChM-l gene is restricted to the
avascular zone of cartilage including resting oroliferating
and prehypertrophic cells (Figs 3 and 4). lis expression
was abolished in the late hypertrophic and calcified zone of
cartilage just prior to vascularization (Fig. 4)'213 Mature
ChM-i protein was deposited in the inter-territorial space
of cartilage matrix®. Thus, the negative side of angio-
genic balance switch also dramatically changed during
vascular invasion into cartilaginous bone rugiments
(Fig. 9). Accordingly, when exogenous ChM-i protein was
adced, vascular invasion was apparently inhibited or
delayed (Fig. 8)'2. In contrast, malignant cartilaginous
sumour readily accept vascular invasion, with which chon-
drosarcomas rapidiy grow and metastasize. Loss of Chi-i
expression may account for the angiogenic phenotype of
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Fig. 7. ChM-| gene expression lost in human chondrosarcoma.
Total RNA was isolated from human grade | chondrosarcoma (CS),
enchondroma (Ench), exostosis (Exoj, and articular caitilage (AC).
The relative level of ChM-I mRNA was estimated by competitive
PCR using cDNA from grade i CS and other cartilaginous fissues.
Each reverse-transcribed cDNA was co-ampiified by gene specific
orimers in the presence of a 10-fold difution series of competitive
template {upper panels). Estimated ChM-I mRNA levels were
piotted in a logarithmic scale with meansts.o. (n=6 for grade 1 CS,
n=8 each for Ench and Exo and n=5 for AC) in the iower panel.
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Fig. 8. Eifect of rhChM-f on OUMS-27 human chondrosarcoma
xenografis in nude mice. OUMS-27 cells (5x10° cells) were
incculated subcutaneously in the back of 4-week-old nude mice.
Gross appearance of tumours excised on day 29 and cross-
sections of the representative tumour treated with PBS alone {(a) or
with rhChM-i {(b) are shown. In (c), when the fumour volume
reached about 45 mm?®, each mouse was injected with 50 ul PBS
aione () or 50 ui PBS containing 5 ug rhChM-| (&) around the
tumour for the initial 5 days, as indicated by arrows. Vaiues
represents means=s.D. {(N=5).

Tumor Volume {mm3)

chondrosarcorma (Fig. 7)'¢. Treatment with ChM-| protein
reverted the angiogenic phenotype of chondrosarcoma to
be anti-angiogenic, which interfered with the growth of
tumour (Fig. 8).

In addition to the gene expression of angiogenesis
inducers and inhibitors, remocdeiling of carlilage matrix is
undoubtedly important for the angiogenic switch to shift
from anti-angicgenic o angiogenic. For exampie, VEGF
synthesized in hypertrophic cartiiage has to be activated®.
Moreover, it is believed that CnM-1 synthesized in chondro-
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Lartilaginous Bons Rudiment
Fig. 9. Angiogenic switching of cartilage phenotype prior to vascu-
lar invasion into calcified cartilage during endochondral bone
formation. Angiogenic FGF-2 are widely express in cariiiage,
periosteurn, bony collar and surrounding soft tissue. VEGF expres-
sion is augmenied as chondrocytes matures to become hyper-
trophic. Tissue-specific expression of ChiM-! confers resistance of
hyaline cartilage o vascular invasion. Accumuiation of ChM-I
protein in the inter-territorial matrix of cartilage serves as a barrier
to endoihelial cell proiiferation. Upon the loss of Chii-l gene
expression and degradation of mature ChM-| protein, calcified

cartilage accepts the ingrowth of capillaries.

cytes is integrated in cartilage matrix by interaction with
some anchoring matrix components®. ChM-I protein was
clearly degraded in matrix at the late-hypertrophic and
calcified cartilage zone®. Therefore, matrix remodeiling has
{o be critically involved in the release of anti-angiogenic and
angiogenic molecules from the extracellular matrix. Matrix
metalloproteinases may play a role in this process. Vu and
coworkers reported that inactivation of MMP-9 gene in
mice resuited in delay of vascular invasion into growth
plates®. In this context, it is important to study how MMPs
interact with and metabolize ChM-| in cartilage matrix
for elucidation of molecular machinery of angiogenic
switcning.

In developing limb buds, de novo formation and regres-
sion of blood vessels occur in close vicinity and simul-
taneously during formation of the cartilaginous bone
rudiment®*. The vascular system is developed by sprouting
angiogenesis from the aorta in association with limb bud
outgrowth. We reporied that the expression of ChM-]
mRNA was first recognized in the avascular peripheral
zone of mesoderm just beneath the apical ectodermal ridge
in chicken limb buds®”. Later the ChM-1 gene is expressed
in the area of mesenchymal condensation where vascular
regression occurs prior to overt chondrogenesis®’ 3,
These results suggest that ChM-I may participate in the
control of vascularity also in the extra-cariilaginous tissues.
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