Tk Joumnay. or NOLOICAL CleMNTEY
© 2000 by The American Sociely for Biochemiatey and Molecular Diology, Inc.

Val 775, No 12, laaue of March 24, pp BG9S- 8702, 2000
Printed in (.5 A

Cbfal Is a Positive Regulatory Factor in Chondrocyte Maturation*

{Reeeived for publication, Auguat 10, 1999, and in revised form, Decomber 1, 1999)

[lirayuki Enomotot, Motomi Enomoto-lwnmotéi, Masahiro Iwamotot, Shintaro Nomura?,
Milkd [limeno$, Yukihiko Kitamura!, Tadamitsu Kishimoto$, and Toshihisa Komorit**{t

From the tDepartment of Molecular Medicine, IDepartment of Pathology, Osaka University Medical School,

2.2 Yamada-oka Suita, Osaka 565-0871, Japan, the §Department of Biochemistry and Wepartment of Oral

Anatomy and Developmental Biology, Osaka University Faculty of Dentistry, 1-8 Yamada-oka, Suita, Osaka 565-0871,
Japan, and **"Form and Function,” Precursory Rescarch for Embryonic Science and Technology, Japan Scicnce and

Technologry Corporation, Osaka 565-0871, Japan

Cbfal is a transcription factor that belongs to the runt
domain gene family. Chfal-delicient mice showed a com-
plete lack of bone formation due to the maturastional
arrest of osteoblasts, demonstrating that Cbhfal is an
csaential factor for osteoblast differentiation. Further,
chondrocyte maturation was severely disturbed in
Cbfal-delicient mice. In this study, we examined the
possibility that Cbfal is also involved in the regulation
of chondrocyte differcntiation. mRNAs for beth Cbfal
isotypes, type I Cbfal (Pebp2aA/Cblal) and type II Cbfal
(Osf2/Chfal or til-1), which are different in N-terminal
domain, were cxpregsed in terminal hypertrophic chon-
drocytes as well as osteoblasts. In addition, mIRINA for
type [ Cbfal was expressed in other hypertrophic chon-
drocytes and prehypertrophic chondropcytes. In a
chondrogenic eell line, ATDCS5, the expression of type [
Cbfal was clevated prior to differentiation to the hyper-
trophic phenotype, which is characterized by type X
collagen expression. Treatment with antisenae oligonu-
cleotides for type [ Cbhfal severely reduced type X colla-
gen expression in ATDCS celle. Retrovirally forced ex-
presaion of either type I or type II Cbfal in chick
immature chondrocytes induced type X collagen and
MAMDPI3 expression, alkaline pbosphatase activity, and
extensive cartilage-matrix mineralization. These results
indicate that Cbfal is an important regulatory foctor in
chondrocyte maturation.

A transcription factor for osteoblast differentintion and os-
teogenesis has recently been revealed (1), This factor, Cbfal
(core-binding facter), also called Pebp2aA (polyoma enhancer-
binding protein), is a transcriptional regulatory factor that
belongs to the runt domain gene family (2). It has a DNA-
binding domain, runt, that is homologoua with the Drosophila
pair-rule gene runt (3). Targeted inactivation of Chfal resulted
in a complete lack of bone formation due to the maturational
arreat of osteoblasta {4, 5). Further, overexpression of Cbfal
induced markers for ostecblast differentiation, and the treat-
ment of Chfal antisense oligonuclectides reduced the expres-
sion of thege markers and mineralized nodule formation in
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vitro (6, 7). These observations revealed th‘at Cbfal is an es-
sential transcription factor for cateoblast differentiation {1).
Mice heterozypously mutated in the Chfal locus showed a
phenotype similar to the human inherited disease cleidocranial
dysplasia, and mutations in the Cbfa ! locua have been found in
patients with this discasc (4, 5, 8, 9).

Two isotypes of Chfal with different N-terminal domaina,
one atarting from exen 2, which we designated type I Chfal
{originally cloned as a T-cell-specific factor, Pebp2aA) (2), and
the other starting from exon 1, designated type II Cbfnl (orig-
inally cloned as mn ostecblast-apecific factor, Osf2/Cbfal or
til-1) (6, 10}, have been identified. Although two translational
start sitea were originally reported in the transcript starting
from cxon 1, the second ATG was extremely efficient for trans-
lation (11), and we designated it as type I Cbfal. These iso-
types showed differcnt transcriptional activation in their tar-
get genes (12),

In endochondral ecasification, skeletal formation begins with
the condensation of mesenchymal cells and their differentia-
tion into cheondrocytes, forming o cartilage template, These
chondrocytes then undergo a program of proliferation and mat-
uration. The maturational process of chondrocytes can be de-
fined hy the expresaion of extracellular matrix genea ng well aa
chondrocyte merphology. Prechondrogenic cells express type |
collagen, and the inductien of type II collagen occurs with the
change of cellular phenotype from prechendrogenic cells to
proliferating chendrocytes (13). The expresston of type X colla-
gen 15 restricted in hypertrophic chondrocytes, and the induc-
tion of type X collagen mRNA is regarded as signaling the
change in cellular phenotype from proliferating chondrocytes to
hypertrophic chondrocytes (14).

In Chfal-deficient mice, it has been shown that endochon-
dral ossification is completely blocked and cboadrocyte matu-
ration ia disturbed (4, 5, 15, 16), suggesting that Cbial is
related to chondrocyte maturation. In this atudy, we investi-
gated Chfal expression in chondrocyte maturation and found
that Cbfaf mRNA was detected in prehypertrophic and hyper-
trophic chondrocytes as well as in osteoblasts. To investigate
the function of Chfal in chondrocyte maturation, we used a
mouse chondrogenic cell line, ATDCS (17, 18) and chick pni-
mary chondrocytes (19, 20). We show that antisense oligenu-
cleotides for Chfal suppressed the differentiation of ATDCS
cells into hypertrophic chondrocytes and that the introduction
of either type [ or type 1T Chfal isotypes into imumnature primary
chondrocytes markedly induced their differentiation to hyper-
Lraphic chondrocytes, indicating that Chfal plays a crueial role
i chondrocyte maturation.

MATERIALS ANLD METHODS

Hybrduation Prabes—Four Chfal cDNA probes (protes A, B, C, ll_"d
1)) were used for Northern blot analysia or 1n sefe hybridization (wee Fii.
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1). Probe A ia a 0.6-kilobnse pair Patl—#indlll frogment of the 3°-
untranalated region in exon 8 of mouse Chfal cDNA (4}, and probe B is
a 0.9-kilobase pair fragment including the coding region 37 of the runt
domain. Probe C ta o 0.32-kilobase pair fragment of the 5'-untranslated
region in exon 2 of mouse Chfal cDNA (2), and probe D is a 0.3-kilobnse
pair fragment of exon 1. Probes for type 1 collagen, type 11 collagen, type
X collagen, and glyceraldehyde-3-phosphate-dehydrogenase (GAPDH)!
were described previcualy (15)

In Situ Hybridization—-Digexigenin-11-UTP.labeled single-stranded

-RNA probes were prepared using a DIG RNA labeling kit (Roche
Molecular Biochemicals, Mannheim, Germany) according to the manu-
facturer's inatructions. llybridization was carried out ns described
previously (21).

Cell Culture—A chondrogenic ecll line, ATDCS, was purchased from
the RIKEN Cell Bank (Teukuba Science City, Japan). ATDCS cells were
cultured in DMEM/Ham's F-12 (1:1) hybrid medium (Life Technolegies,
Inc.) supplemented with 5% fetal bovine gerum (FBS) (Life Technolo-
gies), 10 pgfm! human tranafernin (Roche Molecular Biochemicala), and
3 %X 10 " u sodium selenite (Sigma). To induce chondrogenesis, ATDCE
cells were plated at a denaity of 6 X 10 cellsiwell in aix-weli plates and
cultured for 22 dnys in the abave medium aupplemented with 10 pgfml
of human recombinant insulin (Wake Pure Chemical, Osska, Jopan).
RNA waa extracted from cultured cells when ATDCS cells became
confluent (4 dayn after plating} and then extracted every 3 daya after
confuence.

Chicken embryo fibrobleats ware obtained from the torso of virua-free
White Leghorn 1l-day-old embryos (lineg M) (Nisseiken, Yamanashi,
Japan} and cultured in medium 199 containing 10% FBS. Chondrocytes
were isolated from one-third of a caudal portion of 17-day-old embryo
(lina M) sternum and cultured in high glucose DMEM containing 10%
FBS as described previously (19, 20). [n primary cultures, these chon-
drocytes actively proliferate and display an immature phenotype char-
acterized by lack of type X collngen and alkaline phosphatase { APase)
(20).

RNA Extraction and Northern Blot Analysis—Total RNA wes ex-
tracted uaing [ISOGEN (Nippon Gene, Tokyo, Japan), and poly{A) RNA
wak extracted from about 200 4z of total RNA using Dynabeads mRNA
DIRECT kit {DYNAL A.S, Oslo, Norway) according to the manufactur-
er's proweol. The mouse ¢DNAs described above were labeled with
la-**P}dCTP, and hybridization was perfonined as described previously
(15). Each membrane was rehybridized with o-7*P-labeled GAIDH
cDNA. The intensitics of Chfal, type X collagen, and GAPDEI bands
were quantitated by densitometry using FMBIO Analynis seftware
(titachi Seftware Enginecring Co. Lid., Japan).

Treatment with Antisense Oligonucleatide—For antisense studies,
phoaphorothioats oligonucleotides (S-oligoa} were commercially synthe-
sized (BEX Co. Ltd., Tokyo, Jspan). ATDCS cells were plated at a
denaity of L X 10" cellafwell in six-well plates, and S-oligos (10 M) were
added every day with fresh medium during the period from day 0 to 11
{with day 0 as confluence). The sequences of the antisense (AS) S-oliges,
sense (SE) S-oligos, and control-scrambled {(CS) S-oligoe are as follows:
AS for type [ Cbfal (5'-CTACAGGAATACGCA-3'), SE for type [ Cbful
(5" TGCGTATTCCTGTAG-3"), CS foy type | Cbfal (6-CACGAACTAG-
ACAGT-1'), AS for type I Cbfal (5" -CTGCGCTGAAGAGGCTGTTTG-
A-3°), SE for type Il Chfal (5 TCAAACAGCCTCTTCAGCGCAG 3",
CS for type 1l Cbfsl (6" -CGCGTATCGTGATGTAGACGTG-37) (6).

Construction of Polymerase Chatn Reaction (PCR) Competitors—
Competitora for type | and type [[ Chfal were genernted socording to
the methed previously descnbed (Rel 22; and see Fig. 4A)Y Competitors
for type [ and type I Cbfnl cDNA were prenerated with Amp Tag DNA
polymerase (Perkin-Fimeri nnd n Gene Amp PCR aystem 2400 (Perkin-
Elmuer) (30 a2 ot 94 °C, 30 2 nt 62°C, und 30 s at 72 *C) using the
following pnmers: competitor for type [ Chfal (5 -GCACCGCCGAGA.
TGGACTGCTGAAGGCCCCTACTGCAAGCTGTTA-S and 5'-GGCGG-
AAACGAGGATGGAGGTGACG-1" and competitar for type 11 Chial (57
GAGGGCACAAGTTCTATCTGOACAGCAGCCTGCAGCCOGGCAAG.
A3 und 5 -GOTGGTCCGCGATGATGTC 37,

After gel punfication by standnrd techniques, serinl dilutican of the
PCR products were added to the snmples as competitors

Competilite Reverse Transeriptase PCR (RT-PCH)- - Total RNA whns

' The ahbrevistiony used nre GAPDLL glyceraldehyde-3-phoaphate.
dehydrogenase, APaye, alknline phoaphatase, AS, SE. and CS, wnti
aenue, wenae, snd contral-serambied, respectively, Chfal, core-tunding
fuctor;, FIRS, fetal bovine serum, HT. reverse transcnptase, PCR, palym
crnwr chaia reaction, DMEM. Thilbecco’s modified Eagle's mediom,
Sohgos, phospharathicate ohgoauclotides, bp, base paicu
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isalated from cultured cells, and first-strand cDNA was made as de-
scribed previoualy (15). The cDNA and serial dilutiona of the competitar
were co-amplified by Amp Tag DNA polymerase wsing the follewing
primers: eDNA for type | (§°-GCACCGCCGAGATGGACTGCTGAA-3"
and 5'-GGCGGAAAGAGGATGGAGGTGACG-3") and eDNA for type 1]
(6'-GAGGGCACAAGTTCTATCTGGA-3' and b'-GGTGGTCCGCGAT-
GATGTC-3") (6).

Thirty-five cycles of co-amplification were done for both type | and
type [l Cblal and their competitors uaing a Gene Amp PCR system
2400 (30 8 at 94 "C, 30 9 at 7T00r 63 *C, and 30 s at 72 *C). PCR procucts
were electrophoresed and quantitated. L the amplified bande were faint
or difficult to recopgnize, PCR cycling was increased Lo 45 cyclea.

Construction of Recombinant Type | and Type It Cbfal
Retroviruses—cDNA3 including entire coding sequences of mouse type |
or type [l Cbfal, in which the Kozak consensus sequence CCACC s
attached Lo the 5'¢end of ATG (23), were recently used for the functional
analysis of Cblal isotypes (12). Type [ and type IJ cDNAa were cach
subcloned into the RCAS retroviral vector (24). €onatructed vectors
were transfocted into chicken Aibroblasts by the FuGENESG tramafection
reagent according to the manufacturer’s protocal (Hoche Molecular
Riochemicala). The recombinant virus in the medium was cencentrated
by centrifugnl concentrators and used to infect freshly isolated
chondrocytes (25).

Histochemical and Immunochemical Procedures—To detect APnse
activity, cultures were washed with saline twice, incubated with 50 mw
Tris-HCl, pH 9.5, containing 0.5 mg/m! of naphtol AS-B[ phosphate and
1 mg/ml of Fast Red trisodium salts (Sigma) for 15 min at 37 *C, and
then fixed with 3.7% neutralized formaldehyde solution,

For determination of expreasion of the eonstructed genes, cultures
were harvested by trypsinization and replated on poly-L-lysinecoated
dishes at a denaity of 2.0 % 10° cellaml. After 15 min, the eultures were
wanshod with PBS twice, fixed with 3.7% neutralized formaldehyde
solution, and permeabilized by incubation with PBS centaining 0.56%
Triton X-100 for 15 min. Culturea werwe then incubated with the poly-
clonal antibody (aAlcl7) raised against a recombinant polypeptide (rag-
ment of mouse Cbfal {(amino acids 359-513} (26). Localization of the
antibody was visualized by ARC methods using Histofine kita (Nichirei,
Taokyo, Japan).

To detect calciumt accumulation, the cultures were washed with
saline and fixed with 95% ethanol. Alizarine red staining (27) and von
Kossa staining were then carried out.

To detect type X collagen, the cultures were washed with saline, fixed
with 70% ethanol, and incubated with antibody to chicken type X
collagen (28) and then with rhodamine-labeled anti-robbit 1gG.

Nuclear Extraction and Immunoblotting—MNuclenr extracts were pre-
parcd from the virus-infected cultures (P'1 cultures) according to the
method previously described (29). 10 pg of nuclear extract wss sepa-
rated on a 10.0% gel by SDS-polyacrylamide gel eleciropharesia and
transferred to a polyvinylidene diflucrnide membrane (Millipare Japan,
Tokye, Japan). After blocking the membrane with 10% horse serum
overnight at 22 *C, the membrane was incubated with polyclonal rehbit
nntibody (aAlcl7) againat Cbhlal and then with peroxidase-conjuguted
anti-rubbit IgG goat antibady (Biomedical Technologies Inc., Stoughton,
MA)

Measurement of DNA Content, Sulfated Glycosaminaglycan Centent,
and APase Activity—Cullures were harvested in saline aolution con-
taining 0.2% Triton X-100 and 0 02 5§ NsOl! and sonicuted. Cell lysntes
were then centrifuged, and the supernatant was used for the determi-
nation of DNA hy the fluorometnc, procedure of Johnson-Wint and
Wellis {300, To evalunte cartilage specific proteoglycsn synthenis, sul-
futed glycosamineglycan, n muor camnponent of the prateoglycnn, wan
measured by direct spectrophatometne microasnay.(I1). APuse activity
of the cell Inyer wina measured sy described previously (4). 1 umt af
Algne nctivaty corresponded to the hydralysis of 1 amol of p-mitrephenyl
phosphnte/J0 min at ptf 3.0

RT-PCR for Chick Chondrocvle Culturen—Tawal BENA from chick
chondrocyte culturcs wus reverse trposcnibed nnd omplified for 30
cycles with 8 Gene Amp PCH system 2400 (10 a4 at 95 *C and L min at
60 °Cj using the following prumers cinck type IX collngen (67 ATTCT
GCUTGCTCGTCAAAGAAC-D nnd & AGCACTGAGAAGCCATCANC:
ACT -3 (32), chick MMP13 (5 - CITCGTGGAGAAATGCTCGGTATT 37
and 5 - TCGCAGAACTCTGCTTTCCTETA -3 (33), chick asteocalen
(5" ACGAGAGGTGTOTGAGCTUA ¥ and 5 -GCGCTCTGCCTTTATT
TCTG-371 (345, chick hypoxanthime guanine phospharibosy] transfersae
5 GOAGITCOTGAT TG KGO GATGATGAS and 57 -GTCIA/GIAGG
COAGITATCGCAACAACAD Y (Genelinnk ™ pcceswion  pumber
AJ1A2697)
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Fig. L. Qrganization of ¢DNAs for type U and 1 Cbfal. A, sche-
matic representation of the organization of cDNAs for type [ and 11
Cbfal. Traaslatled and untranslated regions are indicated as fadf boxes
and short hoxcs, reapectively. The length of the untranslated region of
exon B is arbitrary. Exons are numbered ahove the boxes, and the runt
domain i3 katched. A vertical dofted line ahows the position where exon
L {closed box) s spliced to the middle of exon 2 in the generation of type
I1 Cbfal. The upstream regions of the vertical dotted line, which include
5'-untranslated regions end N-terminal sequences, are different (rom
cach other, whereas the downstream regions of the dotied line have
commen sequenced. Probes A and B recognize both mRNAs for type [
and type LI Cbfal, probe C specifienlly recopnizes mRNA for type |
Cbfal, and probe D apecifically recognizes mRNA for type [ Cbfal, 8,
sequences of N-terminal amino acids of type [ and [ Cbfal. Type | and
type [1 Cbfal have different amino acid sequences in the N-terminal
domains. Type 1 Cbfal has a unique 5-amino acid sequence, and type 11
Cbfal has a unique 19-amino acid sequence in the N terminus.

RESULTS

Céfal Expression in Chondrocytes—Cbfal has two isotypes
with different N-terminal domains, ene starting from exon 2,
which we designated type [ Cbfal (eriginally cloned eas
Pebp2aA) (2}, and the other starting from exon 1, designated
type Il Cblal (originally cloned as Osf2/Chfal or til-1) (6, 10}
(Fig. 1). We first investigated the expression of these isotypes of
Cbful in growth plates of tibia at E1G.5 mice by fn situ hybrid-
ization. To distinguish the mRNAs for type | and type I Cbfal,
we used four probes (A, B, C, and D). Probe A, which hybridizes
with an untranslated region in exon 8 and recognizes mRNAs
for both type [ and type Il Cbfal, detected Chfaf transcripts
strongly in ostecblasts and hypertrophic chondrocytes near the
vascular invasion front (terminal hypertrophic chondrocytes)
and weakly in other bypertrophic chondrocytes and prehyper-
trophic chondrocytes (Fig. 2, A and B). Similar results were
obtained using probe B, which hybridizes with the translated
region 37 of runt domain and also recognizes mRNAs for both
type D and type [1 Cblal (Fig. 2, D and E). When we'used probe
CC, which hybndizes with an untranslated region in exon 2 and
specifically recognizes the mRNA for type I Chfol, Chfal ex-
pression was similarly detected compared with that detected by
probea A and B (Fig 2. G and {1). Probe D, which hybridizes
with ¢xon 1 and specifically recognizes the miINA for type [
Cbfal, detected Chfal transcnipts strongly in osteoblasts and
terminal hypertrophic chondrocytes, whereas the hybnidization
sigmals in other hypertrophic chondrocytes and prehypertro-
phic chondrocytes were faint (Fig. 2, o/ ond K) Thus, the
mRNAs for both Cblal isotypes (types [ and [ were expressed
in asteoblasts, whereas the mRNA for type [ Chfal was ex-
pressed in chondrocytes with maturational stages ranging fram
prehypertropluc o terminal hypertrephic chondrocytes The
prominent expression of type 11 Cbfal in chondrocytes was
restricted in termimat hypertrophic chondrocytes,

Chfal Expression during ATIDCS Cell Differentation o Hy.
portrophic Phenatype - The expreasion of Chfa £ in chondroeytes
led 125 to the hypothesis that Chlal plays an impertant role in
choadrocyte dhflercntiation. Te e¥amine this poasibnhity, we
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Fic. 2. Cbfal expreanion in E16.5 wild-type embryo. A and B, in
situ hybridization of tibia with antisense probe A (aeo Fig. 1). Cbfal n
strongly expressed in termina! hypertrophic chondrocytia as well as in
osteoblaata, Cofal ia wenkly exprenaed in other hypertrophic chondro-
eytes and prehypertrophic chondrocytes. The boxed region in A is mag-
nified in B C, in situ hybridization of tibia with acnae probe A D and
E, in sifu hybridization of tibia with antisense probe B. The Chfal
expreasion patlern is mimilar ta that seen in A and B, The boxed regron
in £ is magnified in £, F, in situ hybridization of tibia with acnse PProbe
B3. G and H, in sita hybridization of tibia with antisenne Probe C. mRNA
for type [ Cbfal is detected strongly in terminal hypertrophic chondro-
cytes and osteoblasts and wenkly in other hypertrophic chondrocytes
and prehypertrophic chondrocytes, aimilar to the results with probes A
and 1. The boxed region in G is magnified tn If. [, in situ hybridization
of tibia with sense probe C. f and K, in aitu hybridization of tibia with
antisense probe D. mRNA for type [] Cblal is detected in tenninal
hypertrophic chondrocyten and in ostecoblasta. Ita expression in other
hypertraphic chondrocytes and prehypertrephic chendrocytes is also
detectable, but it ia faint The doxed region inJ ia magnified in K. L, in
silu hybridization of Libia with sense probe D. P, layer of proliferating
chandrocylea; PH, layer of prehypertrophic chondrocytes; [, {aver of
hypertrophic chondrocytes, {1, bone marrow. Bar, 250 pm (in A, C, 1), F.
G. I J, and L). Bar, 100 um (in B, E, I, and K). See the legend o Fig
L for the defimtions of protes A, B, C. and D.

first investigated the relation between Cbfaf expression and
chondrocyte differentiation using the chondrogenic cell hne
ATDCS, an in wvitro model for chondrogenesis (17, 35 Undif.
ferentiated ATDCS cells began to form eartilage nodule 3 days
afler confluence. Type [ collagen mRNA was detectable when
the cells reached confluence (day 0) but was not detectod at 3
days after confluence iday 3) (Fig. 34). [n contrast, type
callagen mRNA wos detected at day 3 and increased durig
culture. Type X collagen mKNA began to be detected at dav 4
and increased dunng culture We exomined Chfnl express<ion
duringe ATDCS cell differentiation. Uming probe A (see Fig D
two bands were detected until day 3. but after day G three
bands were deteeted (Fipr 1A To distinguish the two mRNAA
for type | and H Chfal. we used probe C and probe D for
Northern blot analysis (Fip 381 Amoug the three bands de
tected at day 6 using probe A, the two higher bands were
detected and the lowest hand was harely detectable using prote
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FiG. 3. Northern blot analysias of ATDCE cells. A, expression of
choodrocyte differcatiation markers and Céfal during ATDCS cell cul-
ture, Cella were cultured in the presence of inaulin, and total RNA was
cxtracied at the days indicated (with day 0 aa confluence). 20 ug of total
RNA waa loaded and hybridized with mouac cDNA of type I collagen,
type Il collagen, type X collagen, and GAPDLEL. 2 g of poly{A) RNA was
loaded and byhndized with Cbfa! probe A and GAPDIL Hybridization
with the GAPDH probe waa used aa an iaternal control. The ratics of
the intenaitiea of the two higher bands of Cbfal, which represent
raRNAs for type [ Chfal, are ahown sgainat GAPDH {ace Figs. 1 and
3B). B, Northern blot gnalysis of Cbfal with various probea, ATDCE
cells were cultured in the presence of insulin, and RNA was extracted at
day 6 {with day 0 a2 confluence). 2 pg of poly{A) RNA was loaded and
hybridized with probes A, C, and D. The higher two bands are detected
by probe C; the lowest band ia dotected by probe D. See the legend 1o
Fig. I for the definitions of probea A, C, and D,

C, whereas only the lowest band was detected using probe D,
Thege results indicate that the higher two bands contain
mainly mRNA for type [ Cbfal, while the lowest band containa
mainly mRNA for type I Chfal. The intensitics of the lowest
bands were gimilar during culture, but those of the higher two
bands wicreased 4-fold at day 6 and were maintained after day
6 (Fig. 3A). These data indicate that mRNA for type [ Cbfal
increased before the onset of type X collagen expression.
Effect of Chfal Antisense Qligonucleotides on ATDCS Cell
Differentiation to Hypertrophic Phenotype—To inveatigate the
role of Chfal in chondrecyte differentiation, we examined
whether the down-regulation of Chfal by treatment with two
Chfal antisenac oligonucleotides, one for type I Chfal and the
other for type II Cbfal, affects-the differentintion of ATDCS
cells. First, we compared the amounts of mRNA for type [ and
type 11 Chfal using competitive RT-PCR analysis{Fig. 4) after
the treatment of control-serambled or senge oligonucleotides
from day O to day 11 {with day 0 as confluence; sce Fig 3A). In
the competitive RT-PCR analysis of mIINA for type | Cbfal, the
equivalent points, in which aimtlar intensities of the bands of
cDNA and compotitor are detected (see Fig. 4, 8 and (), were
observed between | X 10! and 3 %X 10 2 (roughly 6 x 10 ?)
dilutiens of competitor when cella were treated with control-
scrambled or sense oliponucleatiden for type [ Chfal (Fig 2A).
In the comnpetitive RT-PCR analyais of mRNA for type U Chfal,
the equivalent points were ohserved at a 1 % 10 * dilution of
competitor in the treatment of control-scrambled or sense oli-
gonucleotides for type [ Chfa L (Fig. 8A4). Thercfore, the amount
of mRNA for type 1 Chfal was several times greater in ATDCS
cells at day 11 than that for type [T Cbfal, and a similar ratio
was observed at day 12 by Northern blot unalysis (Fig 34).
We next examuined whether type Lor type 1 Cbfu L expression
wna reduced by treatment with their antisense ohgonucleotides
from day 0 ta day [1 When the cells were treated with ant-
acase ohponucicoudes for type [ Thfal, the oquvalent point
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F1G. 4. Sclicmatic represcntation of the method of competitive
PCR. A, competitor construction. Primer X-Y, whigh matches sequence
Y located N bp downstream from sequence X and gontains sequence X
at the b'-end, is generated, Competitor is generated by PCR amplifica-
tion using primery X-Y and Z uaing cDNA ps a template. 8, competitive
PCR. After generation of the competitor by PCR using primers X-Y and
Z, serially diluted PCR product is added to the samplea aa 8 competitor.
Both the target sequence and competitor are competitively amplified by
PCR using primers X and Z. The amplified product of competitor is N bp
shorter than the target sequence. ¢ and D, scrial dilutions of the
competitor are added to the fixed amount of sample cDNA and then
co-amplified and examined by electrophoresia. The addition of a similar
number of competitorn to that of the target sequence results in two
bands derived from the competitor and the target sequence, and the
approximate number of moleculea of the target sequence can be eati-
mated from the number of molecules of competitor (lane 3). PCR prod-
ucta of type I Chial (356 bp) and competitor (286 bp) (C) and thoac of
type Il Cbfal (385 bp) and competitor (276 bp) (L) are shown.

was observed at less than a 1 X 1072 dilutien of competitor in
the competitive RT-PCR analysis of mRNA for type [ Chial
{Fig. 5A). Therefore, treatment with antisense oligenucleotides
reduced mRNA for type I Cbfal to less than one-thirtieth,
because the equivalent points were observed at more than a
3 % 10" % dilution when cells were treated with control-scram-
bled or scnse oligonucleotides for type I Cbfal. The treatment
of antisense oligonucleotides for type [ Cbfal had no effect on
mRNA for type {I Cbfal (Fig. 5B). Northerm blot analysis
revealed that the treatment with antisense oligonucleotides for
type I Cbfal in ATD}CS cells did not significantly affect type I
collagen expression but decreased type X collagen expression to
one-fifth of that after treatment with control-scrambled or
sense oligonucleotides (Fig, 5C). The addition for 3 days (days
4-6) of antigense oligonucleotides for type I Chfal into the
culture before type X collagen expression also reduced expres-
sion to 60% of that after treatment with control-acrambled or
sense oligonucleotides (data not shown). Thus, the treatment of
antisense oligonucleotides for type [ Cbfal inhibited the mat-
uration of ATDCS cells Lo hypertrophic phenotype.

In the competitive RT-PCR analysis of mRNA for type Il
Chfal, the equivalent point was observed at less than a 3 %
10 “* dilution of competitor in thé treatment of antisense oligo-
nucleotides for type Il Cbfal (Fig, 6A4). Therefore, treatment
with antisense oligonucleotides reduced mHENA for type [l
Chfal ta leas than one-thirtieth, beeause the equivalent pointa
were observed at a 1 % 10 2 dilution when cells were treated
with contrel-scramhled or gense oliponucleotidea fur type (I
Chfal. The treatment of antisense ohgonucleotides for type [
Cbfal had no effect on mRNA for type [ Chifal (Fyr 6/

Type H collagen expression was similarly detected in ATDCS
cells following treatmoent with control scrambled, sense. or nn-
tisenae oligonuclentide for type [1 Cbfal by Northern blot nnal
yais (Fig. 6C) However, the expreasion of type X collagen
ATDCS cells follewing treatment with antisense ohgonucico
tdes for type 11 Cbfal was about two-thirds of that after treatls
ment with control scrambled or senge oligonucleotides Thus,
treatment with antisense oligonocleotide far type 1 Chlal aise
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FiG, 6. Effect of antiscnso oligoauclcotides for type I Cbfal on
ATDCS cell diffecrentiation to hypertrophic phenotype. ATDCS
oclls were reated with 10 puk CS, SE, and AS oligonucleotides for Lype
1 Cbfal from day 0 to 11. Cells were harveated 24 h after the final
eddition of oligonucloctides, and RNA was extracted for RT-PCR and
Northern blot. Using the competitive RT-PCR for hypoxanthine gua-
nine phoaphoribosyl transferase, the amouot of each eDNA samplo was
adjusted (data not shown). A, competitive RT-PCR analysis of mRNA
for Lype [ Cbfal. The number above each truck represents dilutions of
the competitor for type I Cbfal (1 X 107"® mol of competitor was used
as a standard). The upper bands are dorived from mRNA for typo [
Cbial; lower bonds are derived [rom the compelitar (see Fig. 4C). 35
cycles of co-amplification were carried out excopt in the PCRa in which
the competitor was used at dilutionsof 1 X 1074 and 1 X 1075, for which
PCR cycling was increased to 45 cycles. B, competitive RT-PCR analyais
of mRNA for type LI Cbial. The number above each truck represents
dilutions of the competitor for type II Cbfal (1 X 10~ " mol of competitor
was uscd as a standard). The upper bands ara derived from mRNA for
type IT Chial; lower bands are derived from the competitor {sce Fig.
40), C, Northera blot anslysis of type LI and type X collagen expresaion
afler the treatment of oligonuclectidea for type [ Chfal. 30 pg of total
RNA was loadod. GAPDH wans used as an internal control, and the
ratioa of inlensities of type X collagen expression to GAPDH expression
are shown. Similar reaults were obtained in three indcpendent experi-
menta, and represcotative data are abown in A-C.

intihited the hypertrophy of ATDCS cells, but the effect was
not as strong as that of antisense oligonucleotide for type [
Cbfal,

Doth Type I and Type I Chfat Induced Expression of Hyper-
trophic Phenotype in Immature Chondrocytes—To investigate
whether Cbfal affecta the expression of hypcrtropﬂic pheno-
type in chondrocyles and whether type [ and type II Cbfal have
different actions on chondrocytes, we retrovirally introduced
type I or type II Chfal cDNA into primary cultured chondro-
cytes. Immature chondrocytes that de not express the hyper-
trophic phenotype were isolated from the lower portion of chick
sterna and infected with viruses encoding type 1 Chfal, type [
Chfal, or vector alone. We first determined whether the in-
fected cultures produced Cbfal protein. 6 days after infection,
cultures were atained with an antibedy to the carboxy!-termi-
nal frapment encoded by exon 8 of Cbfal, which is commeon to
both isotypes (26) (Fig. TA, ¢ and f). Most cella infected with
viruses encoding type I Cbfal (Fig. TA, €) or type I1 Cbfal (Fig.
TA, /) showed a atropg signal in the nuclei, whereas control
virus-infected cells (Fig. TA, d) were negative, We also exam-
ined the production of Cbfal protein in infected chondrocytes
by immunoblotting. As shown in Fig. 78, the bands from the
nuclear extracts of type [ and type Il Cbfal virus-infected cells
corresponded well Lo the expected sizes of the two products: 56
kDa for type I Chfal and 57 kDa for type [l Cbfal, indicating
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F16. 6. Effect of antisensc oligonuclcotides for type II Cbfal in
ATDCS ccll differentiation to hypertrophic phenotype, ATDCS
cells were treated with 10 M of CS, SE, and AS oligonucleotides for
type J1 Cbfal from day O to 11. Cells were harveated 24 h after the final
addition of oligonueleotidos, and RNA was extracted for RT-PCR anal-
ysia and Northern blot analysis. Using the competitive RT-PCR for
hypaxanthine guanine phoaphoriboayl transaferase, the amount of each
cDNA sample was adjusted (data not shown). A, compotitive RT-PCR
analysis of mRNA for type 1 Cbfal. The number above each track
representa dilutions of the competitor for type I[ Cbfal (1 X 107 mol
of competitor was used as a standard). The upper bands are derived
from mRNA for type Il Cbfal; lower bands are derived from the com-
petitor (sce Fig. 4D). 35 cycles of co-amplification wore dono except in
the PCRs uaing the competitor at diluticns of 3 X 10" *and 1 X 107%, in
which PCR cycling was incroased to 45 cycles. B, competitive RT-PCR
ennlysiz of mIANA for type 1| Cbfal. The number above each truck
represents dilutiona of the competitor for type [ Cbfal (1 X 107 mol of
competitor wns used aa a standard). The upper bands are derived from
mRNA for type | Cbfal; lower bands are derived from the competitor
{soe Fig. 4C). C, Northern blot, analysis of type Il and type X collagen
expreasion after the treatment of oligonucleotides for typo II Chfal. 30
ug of total RNA was loaded. GAPDH was used as an internal control,
and the ratios of intenaitics of type X collagen expression to GAPDH
expresaion arc shown. Similar results were obtained in three independ-
eat experiments, and representative dats are abown in A-C.

that both type I and type 11 Cbfal virus-infected cells expressed
the constructed geno products. .

Chondrocytes expressing either type [ Cbfal or type II Cbfal
became large and round and scemed to grow very alowly (Fig,
TA, b and ¢, respectively), whereas those infected with the
contrel virus proliferated actively and showed a fibroblastic
shape'or amall pelygonal shape (Fig. 7A, a). The cultures in-
fected with type I Cbfal virus (Fig. 7A, &) were morphologically
indistinguisbable from the type I1 Cbfal virus-infected cultures
(Fig. 7A, ¢). Ta obtain quantitative data on the effects of type
/11 Cbial on chondrocyte proliferation, a DNA content analyaia
wos performed in the secondary culturesa. The increase in DNA
content in both the type I and type [I Cbfal virus-infected
cultures woa much aslower than in the control cultures (Fig, 84).
The control cultures had accumulated about 3-fold more DNA
than type [ or type 11 Cbfal-expreasing cultures by day 8 (Fig.
AA). The biechemical quantification of sullated glycosaminogly-
can content revealed that either type [ or type Il Cbfal-express-
ing cells aynthesized cartilage-specific proteoglycan and accu-
mulated more proteoglycan from early periods of cultures as
compared with the control ¢cella. (Fig. 88). The effects of type |
and type II Cbfal on proliferation and proteoglycan accumula-
tion were indistinguishahle, like the effects of the two isotypes
on cell morpholepy.

Type Utype [I Cbfal-expreasing colls increased in size and
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F1a. 7. Effects of forced expression of either type I or type I1 Chfal enceding viruses on chondrocyte phenotype. A, freshly isolated
immature chondrocytea were infected with RCAS retroviral vector encoding type 1 Chinl (b, e, k) or type 1L Cbfal (c, £, i). Companion cells were
infected with insertlesa virus and served as control (a, d, g). 6 daya afler infection, phasc-contrast microphotographs (a—c) were taken. Cells were
then harvested by enzymatic treatment and replated on poly-L-lysine-coated dishes. Protein expressions of type Itype Il Chfal {d-f) and type X
collagen {(g—) in chondrocytea were analyzed by immuanohistochemical and immunofluorescence techniques as described under "Materiala and
Methoda,” B, production of Cbfal protein in infected chondrocytes. Nuclear extracts were prepared from the virus-infected culturea, and 10 pg of
ouclear extract from each culture was scparated by SDS-polyacrylamide gel oloctropboreaia and transferred to a polyvinylideno difluorido
membrane. The membrano was incubated with polyclonal Cbfal antibody (aAlcl7).
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Fic. 8. Chondrocyte maturation by type [ and type [T Cbfal -encoding viruses, A—C, effecta of forced, expression of type [ and type II Cbial
on proliferation, proteoglycan synthesis, and APasc activity in chondrocytes, Freshly isolnted immature chondrocytes were infected with RCAS
retroviral vector encoding type | or type [1 Chfal. Companion cells were infocted with insertleas virus and served aa control. 6 dayn after infection,
cells were inoculated onto 35-mm diameter six-well plates at a deasity of 1 X 10° collswell and maintained in high glucose DMEM contaicing 10%
FIIS. Values were avernges of three wells = S.D. A, DNA contents in control (O), type I Chinl (4), and type 11 Chial (@) cultures. B, sulfated
glyccsaminoglycan contents in controi (O), type I Cbfal (4), and type I1 Cbfal (@) cultures. C, APasc activity in conotrol (O}, type [ Cbfal (4}, and
type 1f Cbia 1 {®) culturea, Similar resulta were obtained ia twa independent experimenta, D, effects of foreed expression of type [ and type U Chial
oo APase activily and cartilage-matrix mincralization. Freshly isolated immature chondrocytes were infected with RCAS retroviral vector
encoding type | or type 11 Cbial. Companicn culls were infocted with insertless virus and served as control. 6 days afler infectian, cella were
inoculated onto 16-mm diameter type 1 collagen-coated multiwell plates at a denasity of 2 X 10° cellatwell. The culturea were maintained in high
glucose DMEM oontaining 10% FBS and 10 pg/ml sacorbic acid for 8 days and then treated with 1 ms A-glycerophoaphate for ane mare day. The
culturcs were stained with alizarin red or von Koeaa on day 10 Lo viaualize tho mineralized ares. Wells stained by crystal violet are alpo presented
to show the confluence of cella. E, expreasion of phenotype markers for chondrocytes and osteoblanta. Freshly isolated immature chondrocytes were
infected with RCAS mtroviral vector encoding type [ ar type [1 Chfal. Companion cella were infected with insertless virus and served as control
6 daym after infection, celin were inoculated onto 16-mm diameter type [ collagen-coated multiwell plates at a density of 2 % 10* cellatwell. The
culturea were maintained in high gluoee DMEM containing [0% FBS and 10 wg/ml ascorbic acid for an additional 7 days. Total RNAa were then
extracted from the cultures infected with RCAS retroviml vector enesding type 1 (Type 1 or typo 1l {Type I} Cbfal or vector alane (Nonme) Total
RNAs were also extracted from the whele hind limb of 11-day-old chick embryos (Limb). Expreasions of type (X cotlagen (X)), MM P13, asteocalcin
(OC), and hypoxanthine guanine phoaphoriboayl tranaferase were analyzed by RT-PCR. HPRT, hypoxzanthine guanine phoaphoribosyl trenaferase

attenuated their proliferating activities, suggesting that the  hypertrophic phenotype charncterized by type X collagen ex-
cells shifted to a hypertrophic state. We next examined pression, high APase aclivity, and matrix calafication. As
whether type Utype [ Cbfal-expressing cells expressed the  shown in Fig. TA, & and i, most of the type [ und type [l
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Cbfal-expressing cells were positive for type X collagen,
whereas the control cells were almost entirely negative. Fur-
ther, type I or type II Cbfal expression strongly stimulated
APuase activity in chondrocytes (Fig. 8, B and D) and induced
matrix calcification {Fig. 80, alizarine red and von Kossa),
while the control cultures showed very low levels of APnse
activity (Fig. 8, C and D) and no matnx calcification (Fig. 80,
L alizarine red and von Kosaa). Again, the stimulatory activities
of type | and type Il Cbfal on the induction of hypertrophic
phenotype in chondrocytes were comparable, as determined by
type X oollagen expression, APase activity, and matrix
calcification.

To examine the possibility that Cbfal induced the osteeblas-
tic phenotype in hypertrophic chondrocytes at the late stage
cultures, we analyzed expression of the phenotype markers for
chondrocytes and osteoblasts by RT-PCR. Either type [ or type
II Cbfal-expressing chondrocytes expressed type IX eollagen,
which is a characteristic of chondrocytes (36), but did not ex-
press osteocalcin, a marker of mature oateoblasts, whereas a
positive signal for ostcocalcin was observed using RNAs ex-
tracted from the whole limbs of 11-day-eld chick embryos (Fig.
8E). Intereatingly, expression of MMP13, which is a marker of
the late stage of chondrocyte hypertrophy (15) and alse a direct
target gene for Cbfal (37), like osteocalcin, was strongly in-
creased in both types of Cbfal-expressing chondrocytes (Fig.
8K). These findings suggest that foreed expression of either
type I or type II Cbfal strongly promoted chondrocyte matura-
tion from the immature stage to the terminal stage but did not
induce osteoblastic phenotype.

DISCUSSION

We have shown that mRNAs for type [ and type I Cbfal are
expressed in terminal hypertrophic chondrocytes as well s
osteoblasts and that mRNA for type 1 Cbfal is also expressed in
other hypertrophic choendrocytea and prehypertrophic chondro-
cytes. mRNA for type { Cbfal was increased during ATDCS cell
differentiation to hypertrophic phenotype, and antizense alige-
aucleotides for type I Chfal strongly suppressed the matura-
tion of ATDCS cells. Further, forced expresaion of either type [
or type [I Chfal induced maturation of chick immature chon-
drocytes. These data demonstrate that Chfal is & maturational
promoter for chondrocytes, implying & crucial role of Cbfal in
chondrocyte as well as esteoblast differentiation.

Cbfal Isotypes with Differcat N-terminal Domains and Their
Expression in Chondrocytes—Cbfal is known to be an essential
factor for osteoblast differentiation and to be strongly ex-
pressed in osteoblasta (1). However, we and another group
found that Cbfal s also expressed in chondrocytés in mouse
embryoa (15, 16). In this study, we attempted to distinguish the
localization of transeripts for two Cbfal isotypes by using
probes that were cither specific to an individual isotype or
common to both isotypes. We ashowed by in situ hybridization
that mRNAs for both type | and type II Cbfal were expressed
in terminal hy pertrophic chondrocytes as well ag in osteoblasts.
In other hypertrophic chondrocytes and prehypertrophic chon.
drocytes, the signal of mRNA for type [ Cblal was weakly but
significantly detected, while that of mRNA for type 1I Cbfrl
waa leas prominent. It is suggeated that the expression of type
I Cbfal bemna to be up-regulated in chondrocytes from the
early astage of differentintion, 1e. the prehypertrophic stage,
whereas the expression of type [ Cbfal is only up-regulated at
the terminal atage of chondrocyte maturation.

The two watypes of Chifal, type | and type U, have o differ
ence of only 19 amuizo acids in their N-terminal domaina (Fig.
1). Recently, type L and type 11 Chial have been proved to have
different tranzactivational capacitics in the regulation of the
osteocalcin pene (123, and 1n nonosteablastic cell lines func-
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tional difference between type [ and type [1 Cbfal has also been
auggeated (38). Moreover, type IL Cbfal has a unique activation
domain in the N-terminal portion {11). Therefore, it is sug.
gested that the two isotypes of Cbfal, type I and type I, are
fux}ctionally different.

Cbfal Promotes Chondrocyte Maturation—Immature chon-
drocytes infected with retrovirus encoding eitber type I or type
I1 Cbfal became large and round, and they showed decreased
proliferation and increased APasc activity (Figs. 74 and 8),
Their maturation was also demonstrated by the expression of
type X collagen and MAMP I3 and matrix mineralization. Either
type I or type II Cbfal-expressing chondrocytes kept synthe-
sizing proteoglycan and type IX collagen, characteristics of
chondrocytes, but not osteccalcin, a marker of mature ogteo-
blagts. These data indicate that both isot)ﬁ:es of Cbfal can
induce maturation from immature chondrocytes Lo terminal
hypertrophic chondrocytes but not induce osteoblastic plieno-
type. When we introduced DNA-binding protein ¢-Myc in chon-
drocytes using the same retrovirus system, the infected chon-
drecytes proliferated actively and failed to express
hypertrophic phenotype (25}, which is in contrast to the behav-
ior of Cbfal-expreasing chondrocytes. Thus, the phenotype of
chondrocytes induced hy forced expression of Cbfal ia specific
to the introduced gene.

Cultures of ATDCS cells have been shown to be a useful in
vitro model for examining the multistep differentiation of chon-
drocytes. Cultured in the presence of insulin, ATDCS cells form
many spols of cartilage-like eellular condensation, and they are
able to differentiate to hypertrophic chondrocytes (18, 35). Dur-
ing ATDCS cell differentiation, type I, but not type II, Cbfal
expression was increased before the expression of type X colla-
gen, In accordance with these findings, antiacnse oligonucleo-
tide for Lype I Cbfal suppressed type X collagen expression
more efliciently than that for type Il Cbfal. Therefore, the
difference that was observed in the treatment of antisense
oligonuclectides for type [ and type Il Chfal may have reaulted
from the different levels of expression of the two isotypes in
ATDCS cells, because the level of type 1 Cbfal expression was
scveral Limes greater than that of type Il Cbfal (Figs. 54 and
6A). In addition, it may be that the type 1l soform is more
stable than the type [ isoform, and treatment with antiscnse
oligonucleotide for the type II isoform would decrease the level
of type Il protein only partially. Another possibility is that the
miNA for type [T Chfal may not be efficiently translated in
ATDCS cells, and type I protein levela normally may bo low. [n
this casc, also, treatment with antisense oligonucleotide would
have had a minor effect on chondrocyte phenotype, because
type I protein normally is of less importance than type [ Cbfal
in ATDCS cells.

The posaibility exiasts that Cblal directly regulates the acti-
vation of the type X collagen gcr;c, like that of the osteocalcin
gene, Once ATIICSH cells acquire the hypertrophic phenotype,
however, the treatment of antisense oligonucieotides for type [
Cbfal produced no significant suppression of type X collagen
expresston, irrespective of the warked reduction of Chfal ex:
preasion {data not shown), Further, type X collagen was ex.
pressed in restricted regions of Chfal-deficient mice, tia,
fibula, ulna, and radiua, where hypertrophic chondrocytes were
abacrved. Indecd, there s no Chlal hinding gite in the 5'-region
of the type X collagen gene (391, Further, the treatment of
antisense oligonucleotides for either Chinl isotype did not af-
fect Lype (I collopien expression in ATDCS cells, indicating that
the chondrogenic activity was maintained in ATDCS cells dur
ing culture. Therefore, these results suggest that Cblal s not &
direct activating factor for type X collagen geae and that the
inhihition of type X coliagen expression 18 a result of the sup:
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pression of ATDCS cell differentiation to the hypertrophic phe-
notype caused by the treatment with antisense oligonucleotides
for Cbfal.

Funetion of Cbfal in Chondrocytes—In E18.5 Cbfal -deficient
mice, whoge entire skeleton was composed of cartilage, hyper-
trophic chondrocytes were not observed, and the expression of
parathyroid hormene/parathyroid hormone-related peptide re-
ceptor, Indian hedgehog, and type X eollagen was net detected

"in most parts of the skeleton except for tibia, fibula, ulna, and
radius, indicating that chondrocyte differentiation was blocked
before the stage of prehypertrophic chondrocytes in most parts
of the skeleton (15, 16). These findings, together with the
findings in the present study, indicate that Cbfal is an impor-
tant factor for the differentiation of immature chondrocytes to
hypertrophic chondrocytes.

In Cbfal-deficient mice, calcification of cartilage was ob-
served in restricted parts of skelcton including tibia, fibula,
radius, and ulna, However, osteopontin, bone sialoprotein, and
MMPI3 were not cxpressed at all in the terminal hypertrophic
chendrocytes of these mice (15, 16). Chfal appears to regulate
the transcription of ostcocalein, bone sialoprotein, osteopontin,
and type I collagen in osteoblasts and the transcription of bone
sialoprotein, osteopontin, and MMPI3 in termina! hyper-
trophic chondrocytes (4, 6, 37, 40). mRNA for type I and type II
Cbfal was strongly detected in terminal hypertrophic ehendro-
cytes as well as in osteohlasts. Thus, high levels of Chfal
expreasion in mature osteoblasts and terminal hypertrophic
chondrocytes secm to be important for mineralization and the
production of mineralization-related matrix proteins.

In conclusion, we have demonstrated that Cbfa ! is expressed
in prehypertrophic and hypertrophic chondrocytea and induces
maturation from immsture chondrocytes to terminal hyper-
trophic chondrocytes, These findings, coupled with the cbsaer-
vations in Cbfai-deficient mice, indicate that Chfal is a major
positive regulatory factor in chondrocyte maturation.
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