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Collagenase 3 (MMP-13) is a recently identified member of the matrix metalloproteinase (MMP) gene family
that is expressed at high levels in diverse human carcinomas and in articular cartilage from arthritic patients.
In addition to its expression in pathological conditions, collagenase 3 has been detected in osteoblasts and
hypertrophic chondrocytes during fetal ossification. In this work, we have evaluated the possibility that Cbfal
(core binding factor 1), a transcription factor playing a major role in the expression of osteoblastic specific
genes, is involved in the expression of collagenase 3 during bone formation. We have functionally characterized
a Cbfa motif present in the promoter region of collagenase 3 gene and demonstrated, by cotransfection
experiments and gel mobility shift assays, that this element is involved in the inducibility of the collagenase 3
promoter by Cbfal in osteoblastic and chondrocytic cells. Furthermore, overexpression of Cbfal in osteoblastic
cells unable to produce collagenase 3 leads to the expression of this gene after stimulation with transforming
growth factor 3. Finally, we show that mutant mice deficient in Cbfal, lacking mature osteoblasts but
containing hypertrophic chondrocytes which are also a major source of collagenase 3, do not express this
protease during fetal development. These results provide in vivo evidence that collagenase 3 is a target of the
transcriptional activator Cbfal in these cells. On the basis of these transcriptional regulation studies, together
with the potent proteolytic activity of collagenase 3 on diverse collagenous and noncollagenous bone and
cartilage components, we proposed that this enzyme may play a key role in the process of bone formation and

remodeling.

The human matrix metalloproteinases (MMPs) or matrixins
are a family of structurally related neutral proteinases that are
collectively capable of degrading essentially all extracellular
matrix components (9). These enzymes play a major role in
normal tissue-remodeling processes such as embryonic devel-
opment, ovulation, and wound healing (44, 81). In addition,
abnormal expression of these proteases may contribute to a
variety of pathological conditions characterized by matrix de-
struction, including rheumatoid arthritis (52), atherosclerosis
(25), and cancer invasion and metastasis (43, 72). Recently,
and based on the hypothesis that samples of human tumor
specimens could be an appropriate material to identify novel
proteinases potentially involved in the spread of cancer, we
have cloned from a breast carcinoma cDNA library a new
member of the MMP family of enzymes that has been called
collagenase 3 (MMP-13) (21, 55). Biochemical characteriza-
tion of this enzyme has revealed that it degrades very efficiently
the native helix of fibrillar collagens, with preferential activity
on type II collagen. In addition, collagenase 3 may also act as
a potent gelatinase, thus contributing to further degrade the
initial cleavage products of collagenolysis to small fragments
suitable for subsequent metabolism (33). Furthermore, recent
studies have shown that collagenase 3 is also able to degrade
the large cartilage proteoglycan aggrecan and other compo-
nents of the extracellular matrix and basement membranes,
including type IV collagen (19, 33, 35).
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Analysis of the expression of collagenase 3 in human tissues
has revealed that in addition to its presence in diverse malig-
nant tumors including breast carcinomas (21, 26), chondrosar-
comas (77), basal cell carcinomas of the skin (1), and head and
neck carcinomas (13, 29), this enzyme is produced during fetal
ossification (30, 70) and in destructive joint diseases such as
osteoarthritis and rheumatoid arthritis (41, 49, 59). Recent
studies have provided information on the mechanisms control-
ling human collagenase 3 expression in pathological condi-
tions. Thus, we have reported that this gene is predominantly
expressed in fibroblasts adjacent to invasive breast cancer cells,
in response to diffusible factors released from the epithelial
tumor cells (76). A search of molecular factors with ability to
induce collagenase 3 expression in human fibroblasts has
shown that interleukin-1 (IL-1), tetradecanoyl phorbol acetate
(TPA), and transforming growth factor 8 (TGF-) are able to
up-regulate the expression of this gene (76, 78). Functional
analysis of the collagenase 3 gene promoter region has re-
vealed that the inductive effects of all of these factors on the
expression of collagenase 3 are mediated in part by an AP-1
site present in the 5’-flanking region of this gene (56, 78).
Similar studies using human chondrosarcoma cells have indi-
cated that basic fibroblast growth factor (bFGF) may be a
major in vivo modulator of collagenase 3 expression in these
malignant tumors (77). Furthermore, different groups have
reported that IL-1B and tumor necrosis factor alpha (TNF-a)
may induce collagenase 3 expression in osteoarthritic cartilage
(11, 59). However, in marked contrast to these data on human
collagenase 3 expression in pathological conditions, very little
information is available on the mechanisms mediating its ex-
pression in normal conditions and, more specifically, in the
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TABLE 1. Oligonucleotides used in the functional analysis of the
Cbfa element present in the collagenase 3 gene promoter

Oligonucleotide Sequence”

..5"-ATTCTACCACAAACCACACTCGGG-3'
..5'-CCCGAGTGTGGTTTGTGGTAGAAT-3’
..5"-AAGTGATGACTCACCATTG-3’
..5'-CAATGGTGAGTCATCACTT-3’
..5"-GGAAAGAACTATTTGTTCCAA-3’
5'-CCTTGGAACAAATAGTTCTTT-3’
5'-ATTCTACCACAAGACACACTCG-3'
5'-CCCGAGTGTGTCTTGTGGTAGA-3’
5'-AAGTGATTTCTCACCATTG-3'
..5"-CAATGGTGAGAAATCACTT-3’

Cbfa direct
Cbfa reverse
AP-1 direct
AP-1 reverse
HRE direct
HRE reverse...
mutCbfa direct...
mutCbfa reverse
mutAP-1 direct..
mutAP-1 reverse...

“ Mutated nucleotides are indicated in boldface. HRE, hormone response
element from the human pepsinogen C gene promoter (5).

process of bone formation, in which high levels of collagenase
3 have been detected. Recent structural analysis of the 5’'-
flanking region of the human collagenase 3 gene (56) has
shown that it contains a sequence motif located at positions
—133 to —139 that exhibits striking similarity to a sequence
motif called nuclear matrix protein 2 (NMP-2) binding site (8,
47) or osteoblast-specific element 2 (OSE2) (15, 17). This
sequence, originally described as a structural element essential
for the osteoblastic expression of osteocalcin, is recognized by
a transcription factor of the runt domain gene family, called
Cbfal or Osf2 (7, 15, 17, 69, 83), that plays a major role in the
expression of different osteoblast-specific genes (6, 7, 17, 37,
53).

In this work we have evaluated the possibility that Cbfal is
involved in the expression of collagenase 3 during bone for-
mation. It was recently reported that parathyroid hormone
(PTH) regulates the rat collagenase 3 promoter in osteoblastic
cells through the cooperative interaction of an AP-1 site and a
runt domain binding sequence recognized by runt domain pro-
teins including Cbfal (67). Here, we provide in vitro and in
vivo evidence that collagenase 3 is a target of Cbfal in osteo-
blastic and chondrocytic cells. In addition, on the basis of these
transcriptional regulation studies, together with the potent
proteolytic activity of collagenase 3 on bone and cartilage col-
lagens, we propose that this enzyme may play a key role during
fetal ossification.

MATERIALS AND METHODS

Materials. Oligonucleotides were synthesized by the phosphoramidite method
in an Applied Biosystems DNA synthesizer (model 392A) and used without
further purification. Restriction endonucleases and other reagents used for mo-
lecular cloning were purchased from Boehringer Mannheim (Mannheim, Ger-
many). Media for cell culture, fetal calf serum, and trypsin were obtained from
GIBCO-BRL (Gaithersburg, Md.). Other supplements for cell culture (TPA,
IL-1B, IL-6, epidermal growth factor [EGF], and TGF-B) were from Sigma.
[«-*?P]dCTP (3,000 Ci/mmol) and the random priming labeling kit were from
Amersham International (Buckinghamshire, United Kingdom). The expression
plasmid for Osf2/Cbfal (pCMV-Osf2/Cbfal), which contains the cDNA encod-
ing the Cbfal isoform with MASNSL as the N-terminal sequence (17, 73, 74, 83)
was kindly provided by G. Karsenty (Department of Molecular Genetics, Uni-
versity of Texas M. D. Anderson Cancer Center). Antibodies against Cbfal (also
called PEBP2atA) (42) were kindly provided by Y. Ito (Department of Viral
Oncology, Institute for Virus Research, Kyoto University, Kyoto, Japan).

Cell culture. Osteosarcoma cell lines U20S, KHOS 321H, MG-63, and
MC3T3 El, chondrosarcoma cell lines SW1353 and RCS, and Hel.a cells were
obtained from the American Type Culture Collection (Rockville, Md.) or kindly
provided by J. Kimura (Henry Ford Hospital, Detroit, Mich.). Cells were main-
tained at 37°C under 5% CO, in Dulbecco’s modified Eagle’s medium supple-
mented with penicillin (100 IU/ml), streptomycin (100 wg/ml), and 10% fetal calf
serum. MC3T3 E1 cells were grown in alpha minimal essential medium supple-
mented with 10% fetal calf serum.

Construction of luciferase fusion plasmids. All plasmid constructs were pre-
pared by standard methods (64). The promoterless basic plasmid pGL3 Basic
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FIG. 1. Nucleotide sequence comparison between human, rat, mouse, and
rabbit collagenase 3 promoter regions and human, rat, and mouse osteocalcin
promoter regions around the Cbfa element (boxed).

(Promega Corp., Madison, Wis.) was used for cloning the different promoter
fragments obtained from the human collagenase 3 gene at the 5’ end of the firefly
luciferase gene. The different collagenase 3 promoter constructs (p1004-luc,
p675-luc, p182-luc, and p83-luc) were generated by PCR amplification with
specific oligonucleotides or by endonuclease restriction. p1004-luc was created by
inserting a Kpnl-BamHI fragment, extracted from plasmid pUCIS8 containing
approximately 1 kb of collagenase 3 promoter, in pGL3 Basic digested with Kpnl
and BglIl. p675-luc was generated by cloning an Nhel-BamHI fragment from the
same PUCI8 vector into Nhel-BgllI-digested pGL3 Basic. p182-luc and p83-luc
were PCR generated by using the 5" primers 5'-AACAAGAGATGCTCTCA-3’
(nucleotides —182 to —166) and 5'-GTGACTAGGAAGTGGAAAC-3' (nucle-
otides —83 to —65), respectively, and the same 3’ primer, 5'-GGTCTAGATT
GAATGGTGATGCCTGG-3' (nucleotides +10 to +27). To create the (Cbfa)g-
p82-luc construct, oligonucleotides Cbfa’ direct (5'-AGCCACAAACCACACT
CGGG-3') and Cbfa’ reverse (5'-GTCCCGAGTGTGGTTTGTGG-3') were
annealed, tandemly ligated, and subsequently cloned in the Xmal site of plasmid
p83-luc. A clone containing eight copies of the Cbfa element in the right orien-
tation was selected. Constructs p1004-mutCbfa-luc, p182-mutCbfa-luc, p1004-
mutAPI-luc, and (Cbfa)g-p82-mutAPI-luc were generated by site-directed mu-
tagenesis, using mutCbfa and mutAP-1 direct and reverse primers (Table 1),
following standard procedures. All collagenase 3 promoter PCR fragments were
cloned in Klenow enzyme-filled Bg/II restriction site of pGL3 Basic. All con-
structs were verified by extensive restriction mapping and partial DNA sequenc-
ing using the dideoxy-chain termination method. pRL-TK (Promega), a plasmid
containing the herpes simplex virus thymidine kinase promoter region upstream
the cDNA encoding Renilla luciferase, was used as an internal control reporter
vector. All recombinant plasmids used for transfection assays were purified by
using a Qiagen plasmid kit (Qiagen Inc., Chatsworth, Calif.).

DNA transfections and luciferase assays. For each transfection experiment,
cells were seeded at 2 X 10° cells/30-mm-diameter dish and transfected 18 h later
with 0.7 pg of the indicated reporter plasmid DNA, 0.2 pg of the effector plasmid
(pCMV-Cbfal or pcDNA3), and 0.05 g of pRL-TK, using the Lipofect AMINE
Plus reagent (GIBCO-BRL) as specified by the manufacturer. Three hours after
the start of transfection, serum-free DNA-containing medium was replaced by
fresh growth medium with 2% serum. Transfected cells were harvested in passive
lysis buffer (Promega) approximately 40 h after the start of transfection. Lucif-
erase activity was measured with the Promega Dual-Luciferase reporter assay
system as indicated by the manufacturer, using a Turner Designs model TD-
20/20 Luminometer. Stimulation of firefly luciferase activity was based on at least
three independent experiments.

Electrophoretic mobility shift DNA binding assay. To obtain nuclear extracts,
HeLa cells were previously transfected as described above with 1 ug of the
corresponding effector plasmid. Nuclear extracts from the indicated cells were
prepared as described by Schreiber et al. (66). DNA probes and competitors
were complementary oligonucleotides (Table 1). Oligonucleotides were an-
nealed, labeled with [y->P]ATP by T4 polynucleotide kinase, and further puri-
fied by Sephadex G-25 column chromatography (Pharmacia Biotech Inc.). Nu-
clear extracts (2 wug) were preincubated at 4°C for 15 min with the unlabeled
competitor oligonucleotide or with specific antibodies against Cbfal in 25 mM
Tris-HCI (pH 8.0)-60 mM KCI-5 mM MgCl,~1 mM EDTA-10% glycerol-1 mM
dithiothreitol. The 25-min binding reaction was initiated by the addition of 2 pl
(0.1 pmol) of 3?P-labeled probe (5 X 10° cpm/pmol), in the presence of 10 ug of
dried nonfat milk and 1 p.g of poly(dI-dC). The amount of unlabeled competitor
DNA added is indicated in the figure legends. Samples were electrophoresed on
prerun 4% polyacrylamide gels containing 2.5% glycerol in 25 mM Tris—190 mM
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FIG. 2. Functional analysis of the Cbfa element in the collagenase 3 promoter. (A) HeLa cells were cotransfected with several collagenase 3 promoter deletions
fused to firefly luciferase (luc) reporter gene constructs and with pCMV-Cbfal (grey bars) or pcDNA3 (white bars) as the effector plasmid. Plasmid pRL-TK was used
as an internal control of transfection efficiency as described in Materials and Methods. Values represent firefly luciferase-to-Renilla luciferase ratios. (B) Similarly, two
Cbfa mutant constructs of different lengths (p1004-mutCbfa-luc and p182-mutCbfa-luc) were analyzed for transcriptional activity and compared to the wild-type
constructs, in the presence or absence of Cbfal. (C) Analysis of a plasmid containing eight copies of Cbfa element from the collagenase 3 promoter cloned upstream
of the —83 promoter segment. Data are expressed as means * standard errors of at least three independent experiments. Asterisks indicate significant differences from

the control (x, P < 0.05; #x, P < 0.01; #+x, P < 0.001).

glycine-1 mM EDTA buffer at 200 V for 2 h at 4°C. Gels were dried and
subjected to autoradiography.

Isolation of RNA and Northern blot analysis. Total RNA from cells was
isolated by the guanidinium isothiocyanate procedure of Chomczynski and Sac-
chi (14), separated by electrophoresis in 1.2% agarose-formaldehyde gels, and
blotted onto Hybond N nylon filters (Amersham). Filters containing 20 pg of
total RNA were prehybridized at 42°C for 3 h in 50% formamide-5X SSPE (1Xx
SSPE is 150 mM NaCl, 10 mM NaH,PO,, and 1 mM EDTA [pH 7.4])-10x
Denhardt’s solution-2% sodium dodecyl sulfate-100 wg of denatured herring
sperm DNA per ml and then hybridized with the indicated radiolabeled probe
for 18 h under the same conditions. Filters were washed with 0.1X SSC (1x SSC
is 0.15 M NaCl plus 0.015 M sodium citrate)-0.1% sodium dodecyl sulfate for 2 h
at 50°C and exposed to autoradiography. RNA integrity and equal loading were
assessed by hybridization with an actin probe.

Reverse transcription-PCR (RT-PCR). cDNA synthesis and PCR of total
RNA were performed with a RNA-PCR kit from Perkin-Elmer. Reverse tran-
scription was carried out for 30 min at 42°C with 500 ng of total RNA and
random hexamers as primers in a total volume of 20 pl. For the amplification of
human collagenase 3 cDNA, a 16-ul aliquot of each reverse transcription reac-
tion was amplified in a volume of 50 pl with the oligonucleotides Int32 (5'-CC
TCCTGGGCCAAATTATGGAG) and Int33 (5'-CAGCTCCGCATCAACCT
GCTG) as primers. For B-actin amplification, 2-ul aliquots were amplified in the
same way with the oligonucleotides 5'-GTGGGGCCGCTCTAGGCAC and 5'-
TTTGATGTCACGCACGATTT. PCR was carried out in a GeneAmp 2400
PCR system (Perkin-Elmer Cetus) with cycles of 94°C (15 s), 60°C (15 s), and
72°C (30 s). To perform a semiquantitative analysis of the PCR product during

the exponential phase of amplification, a 10-ul aliquot of each reaction product
was removed after 24, 26, and 29 cycles and analyzed by agarose gel electro-
phoresis and Southern blotting using the corresponding specific probes. The
radioactive signals obtained were quantified by electronic autoradiography in an
InstantImager instrument (Packard, Meriden, Conn.).

Histological analysis. Embryos were fixed in 4% paraformaldehyde and em-
bedded in paraffin. Tissue sections of 5 pm were collected on Superfrost Plus
(Menzel-Grazel) slides. Alkaline phosphatase activity was determined histo-
chemically by incubation with a substrate solution containing 0.16 mg of 5-bro-
mo-4-chloro-3 indolylphosphate and 0.33 mg of nitroblue tetrazolium per ml in
100 mM Tris—50 mM MgCl, (pH 9.5) for 30 min. Tissue sections were counter-
stained with nuclear fast red (Merck), rinsed, and mounted.

In situ RNA hybridization. Digoxigenin (DIG)-11-UTP-labeled single-
stranded RNA probes were prepared with DIG RNA labeling mix and the
corresponding T3 or T7 RNA polymerase (Boehringer Mannheim) according to
the manufacturer’s instructions. The mouse collagenase 3 probe was a 700-bp
fragment from the 3’ untranslated region cloned in pBluescript (Stratagene)
vector. In situ hybridization was performed on paraffin-embedded tissue sections
from Chfal™'~, Cbfal*'~ (37), and wild-type 18.5-day-postcoitum (dpc) mouse
embryos essentially as described by Braissant and Wahli (12). Tissue sections
were cut, placed on Superfrost Plus slides, postfixed in 4% paraformaldehyde in
phosphate-buffered saline, rinsed in phosphate-buffered saline containing 0.1%
active diethyl pyrocarbonate, and prehybridized for 2 h at 58°C in 50% form-
amide, 5X SSC, and 40 pg of salmon sperm DNA per ml. Hybridization was
carried out at 58°C for 16 h in a humid chamber with 400 ng of DIG-labeled
probe per ml diluted in the same solution used for prehybridization. After
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FIG. 3. Analysis of the role played by the AP-1 element in collagenase 3 promoter activation by Cbfal in HeLa cells. The complete collagenase 3 promoter construct
or a construct containing eight copies of the Cbfa element linked to the p83-luc promoter and containing a double mutation in the AP-1 element (p1004-mutAP1-luc
and Cbfag-p83-mutAP1-luc) was transfected in HeLa cells, as described in the legend to Fig. 2 and assayed for luciferase (luc) activity. The corresponding wild-type
constructs were also transfected in parallel experiments. Data are expressed as means = standard errors of at least three independent experiments. Asterisks indicate

significant differences from the control (#x, P < 0.01; #x, P < 0.001).

hybridization, the sections were successively washed in 2X SSC at room temper-
ature for 30 min, 2X SSC for 1 h at 65°C, and 0.1X SSC at 65°C for 1 h. For the
reaction of anti-DIG antibodies, slides were preincubated in buffer A (100 mM
Tris, 150 mM NaCl [pH 7.5]) and then with alkaline phosphatase-coupled anti-
DIG antibody (Boehringer Mannheim) diluted 1:5,000 in buffer A containing
0.5% Boehringer blocking reagent for 2 h at room temperature. The slides were
washed in buffer A and then preincubated in buffer C (100 mM Tris, 50 mM
MgCl, [pH 9.5]). Alkaline phosphatase was then revealed as described above for
16 to 24 h at room temperature. The enzymatic reaction was stopped with
Tris-EDTA for 15 min. The slides were rinsed in water for several hours and then
dried, cleared in xylene, and mounted directly with Eukitt.

RESULTS

Functional characterization of a Cbfal element present in
the promoter region of the human collagenase 3 gene. An
analysis of the promoter region of the human collagenase 3
gene (56) has shown that it contains a motif located at posi-
tions —133 to —139, identical to the sequence of the element
called Cbfa/NMP-2/OSE2 (8, 15, 17, 47). Similar motifs are
present at equivalent positions in the promoter regions of
mouse, rat, and rabbit collagenase 3 genes (57, 65, 79) (Fig. 1)
but not in the corresponding regions of other MMP genes such
as those encoding collagenase 1, gelatinases A and B, or
stromelysins 1, 2, and 3 (2, 3, 24, 27, 28, 68). Since the presence
of this sequence motif in the promoter region of the collage-
nase 3 gene was unique among MMP genes and could help to
explain the production of human collagenase 3 by hypertrophic
chondrocytes and osteoblasts during fetal ossification (30, 70),
we were prompted to perform a functional analysis of the Cbfa
element present in the promoter of this gene. To do that, we
first examined by cotransfection experiments whether Cbfal
protein is capable of stimulating collagenase 3 gene expression
by transactivating through the Cbfa element both in nonosteo-
blastic cells and in bone-derived cells. Thus, we prepared a
series of DNA constructs containing various lengths of the
promoter inserted in front of the firefly luciferase gene. These
constructs were cotransfected into HeLa cells together with
plasmid pCMV-Osf2/Cbfal, which contains the cDNA encod-
ing the Cbfal isoform with MASNSL as N-terminal sequence,
placed under transcriptional control of the cytomegalovirus

promoter (17, 74). As shown in Fig. 2A, all collagenase 3
promoter constructs containing the Cbfa element were in-
duced three- to fourfold by cotransfection with Cbfal. By con-
trast, constructs lacking this element were not induced by co-
transfection with the plasmid containing the cDNA for this
transcription factor.

Since these results showed that the Cbfa element could
mediate the observed inducibility of the human collagenase 3
gene promoter by Cbfal, we prepared additional constructs in
which a double mutation (AACCACA—AGACACA) within
this sequence motif was introduced. As shown in Fig. 2B, the
activity of the different Cbfa mutant constructs was abolished
independently of the length of the promoter region studied.
These results confirm that collagenase 3 promoter activation
by Cbfal is mediated by the Cbfa element. The Cbfal tran-
scriptional activity on the Cbfa sequence identified in the col-
lagenase 3 promoter was additionally assessed by cotransfec-
tions with a construct containing eight copies of Cbfa
oligonucleotides cloned upstream of the 83-bp collagenase 3
promoter (Fig. 2C). Luciferase activity of this construct was
stimulated 25-fold upon cotransfection with the Cbfal vector.

We next examined if transcriptional activation of the human
collagenase 3 promoter by Cbfal was independent of the AP-1
element present in this promoter. This element has been found
to mediate, at least in part, the induction of this MMP gene by
diverse cytokines, growth factors, and tumor promoters (56,
78). To address this question, we made an inactivating AP-1
double mutation (TGACTCA—TTTCTCA) within the 1,004-bp
collagenase 3 promoter construct as well as in the plasmid
containing eight copies of Cbfa oligonucleotides cloned in
front of the minimal 83-bp collagenase 3 promoter. These
constructs were cotransfected in HeLa cells with the Cbfal
expression vector, and transcriptional activity was determined
as described above. As shown in Fig. 3, inactivation of the AP-1
element in both constructs resulted in a decrease in the basal
activity of the collagenase 3 promoter, whereas cotransfection
with the Cbfal transcription factor resulted in marked induc-
tion of promoter activity, 18- and 60-fold with p1004-mutAP1-
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FIG. 4. Electrophoretic mobility shift assay demonstrating specific binding of
Cbfal to the Cbfa element in the collagenase 3 promoter. A complex (marked by
an arrow) appears when nuclear extracts from HeLa cells transfected with
pCMV-Cbfal are incubated with a labeled collagenase 3 promoter Cbfa element
(lane 2). This complex is absent in control cells transfected with pcDNA3 (lane
1). To demonstrate the specificity of this binding, 20-fold molar excesses of
different unlabeled probes (Cbfa [lane 3], mutant Cbfal [mCbfal; lane 4], AP-1
[lane 5], and HRE [lane 6]) were added to the binding reaction as competitors.
To assess the presence of Cbfal in the complexes, nuclear extracts were incu-
bated with nonimmune serum (lane 7) or with specific antibodies against Cbfal
(anti-aA1C17 [lane 8] and anti-«AIN35 [lane 9] [42]).

luc and (Cbfa)g-p82-mutAP1-luc, respectively. Taken together,
these results demonstrate that under these experimental con-
ditions the Cbfa element present in the human collagenase 3
promoter may function independently of the AP-1 site.
Analysis of binding of nuclear proteins from Cbfal-trans-
fected cells to the Cbfa element of the human collagenase 3
gene. To further examine the transcriptional activity of Cbfal
on the collagenase 3 promoter, we next performed a series of
gel mobility shift assays with specific oligonucleotides and nu-
clear extracts prepared from diverse cell types. To this end, we
first examined the DNA binding activity of nuclear extracts
from HeLa cells transfected with the pCMV-Osf2/Cbfal vector
or with a control plasmid (pcDNA3). A 20-bp synthetic oligo-
nucleotide containing the Cbfa motif of the human collagenase
3 gene was radioactively labeled and incubated with nuclear
extracts from transfected HeLa cells. After electrophoretic
analysis, a strong protein-DNA complex was detected in nu-
clear extracts from cells transfected with plasmid pCMV-Osf2/
Cbfal but not in control pcDNA3-transfected cells (Fig. 4). In
addition, this complex was competed by an excess of nonla-
beled Cbfa oligonucleotide and was supershifted when specific
antibodies against Cbfal protein were added (Fig. 4). No vari-
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ation was observed in the complex when the competitor was a
molar excess of either mutant Cbfa, AP-1, or an unrelated
HRE (hormone response element) oligonucleotide. Finally, it
is noteworthy that these complexes were not observed when
binding experiments were performed in similar conditions with
nuclear extracts incubated in the presence of radiolabeled mu-
tant Cbfa oligonucleotide (data not shown).

Functional relevance of Cbfal on collagenase 3 expression
in human osteoblastic and chondrocytic cells. To extend the
above observations for Cbfal-transfected Hela cells, we ex-
amined the possibility that the Cbfa binding activity was also
present in nuclear extracts from different osteoblastic and
chondrocytic cell lines. As shown in Fig. 5, nuclear extracts
from KHOS 321H, U20S, and MC3T3 E1 osteosarcoma cells
and from SW1353 and RCS chondrosarcoma cells were able to
bind labeled Cbfa oligonucleotides, generating a protein-DNA
complex similar in mobility to the one produced by incubation
with extracts from Cbfal-transfected HeLa cells. This complex
was also competed by an excess of nonlabeled Cbfa oligonu-
cleotide, but not by a mutant Cbfa or AP-1 oligonucleotide,
and was supershifted with antibodies against the Cbfal protein
(Fig. 5 and data not shown). However, nuclear extracts from
MG-63 osteosarcoma cells produced another specific but
slightly faster-migrating protein-DNA complex that was not
supershifted by the antibodies (Fig. 5). This complex, which
was also observed in some of the studied cell lines, could
represent the binding of other proteins, members or not of the
Cbfa family, to the Cbfal element or sequences around this
element. In summary, Cbfa binding studies indicate that dif-
ferent osteoblastic and chondrocytic cell lines have a variable
ability to produce Cbfal. The expression of collagenase 3 by
these cells was also variable and dependent, in some cases, on
stimulation with some cytokines and growth factors (Fig. 6 and
data not shown). Thus, collagenase 3 expression could be de-
tected by Northern blot analysis in U20S and MC3T3 E1 cells
in a constitutive fashion. In addition, KHOS 321H, SW1353,
and RCS but not MG-63 cells were able to produce collage-
nase 3 transcripts after stimulation (Fig. 6). Expression of very
low levels of collagenase-3 by MG-63 cells could be observed
only by RT-PCR followed by Southern blot analysis.

To further examine the functional relevance of Cbfal on
collagenase 3 promoter activation through the Cbfa element in
these osteoblastic and chondrocytic cells, functional assays of
Cbfal activity on collagenase 3 promoter were performed by
transfection of constructs containing a wild-type or Cbfa mu-
tant element of this promoter and the luciferase reporter
gene (Fig. 7). To first analyze endogenous Cbfal activity, basal
transcriptional levels of the 1004- and 1004-mutCbfa-luc were
compared in the transfected cells. Thus, comparison of the
luciferase reporter activities of both transfected constructs
(p1004-luc and p1004-mutCbfa-luc) revealed a decrease in lu-
ciferase activity of the Cbfa mutant plasmid to about 70% in
MC3T3 E1 cells and to about 35% in U20S cells. The decrease
in luciferase activity was also observed in RCS and SW1352
cells transfected with the Cbfa mutant vector (50 and 20%,
respectively [data not shown]). No variations in the basal lu-
ciferase activity of both constructs were observed in transfected
KHOS 321H cells. These results suggest that the availability of
functional endogenous Cbfal is variable within different cell
lines and could explain the observed differences in collagenase
3 expression or inducibility. Thus, those osteosarcoma cell lines
able to constitutively express collagenase 3 contain available
endogenous Cbfal activity, while in cells like KHOS 321H, this
activity could be repressed by the formation of complexes with
proteins that might inhibit its transcriptional activity (4, 74) or
by a different ability of these cells to perform putative post-
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FIG. 5. Analysis of the presence of Cbfal binding activity in six different bone-derived cell lines. The binding assays were performed with KHOS 321H, U20S,
MC3T3 E1, MG-63, RCS, or SW1353 nuclear extracts and Cbfal-transfected HeLa nuclear extracts (t-HeLa) as a reference. A 20-fold molar excess of unlabeled Cbfa
oligonucleotide was used as competitor where indicated. Antiserum against Cbfal was added to the reaction mixture as indicated (the same results were obtained with

anti-aAIN35 and anti-aA1C17).

translational modifications required for full activity of this fac-
tor.

Reinforcing the implication of Cbfal in collagenase 3 ex-
pression, basal luciferase activity was almost 2 orders of mag-
nitude higher in MC3T3 E1 cells than in U20S cells. This
correlates with results of the above transfection experiments as
well as with the results of electrophoretic mobility shift assays
showing that MC3T3 E1 nuclear extracts seem to contain more
Cbfa binding activity (Fig. 5). Moreover, cotransfection exper-
iments with exogenous Cbfal gave consistent results (Fig. 7).
Activity of the wild-type collagenase 3 construct was stimulated
in all Cbfal-transfected cell lines but to different extents. Thus,
MC3T3 El cells, having more endogenous Cbfal activity,
showed less inducibility of the wild-type collagenase 3 pro-
moter by overexpressed Cbfal, while U20S cells displayed a
higher response. In any case, this stimulation of activity was not
observed in cells transfected with the Cbfa mutant construct.
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FIG. 6. Northern blot analysis of collagenase 3 expression in osteoblastic
KHOS 321H, MG-63, U20S, and MC3T3 E1 and chondrocytic SW1353 cell
lines. Northern blot analysis was performed with 10 pg of total RNA from KHOS
312H, MG-63, U20S, MC3T3 E1, or SW1353 cells incubated for 24 h in the
presence of EGF (10 ng/ml), IL-1p (10 ng/ml), IL-6 (20 ng/ml), PTH (10~% M),
platelet-derived growth factor (PDGF; 10 ng/ml), TPA (10~° M), TGF-B (5
ng/ml), TNF-a (20 ng/ml), or vehicle alone (C). Filters were hybridized with a
collagenase 3 cDNA probe and with a B-actin probe to verify RNA loading.

Finally, we examined whether overexpression of Cbfal into
cells like MG-63, which do not produce significant amounts of
this factor, followed by induction of the cells by cytokines or
growth factors could affect expression of collagenase 3. Thus,
we transiently transfected expression plasmid pCMV-Osf2/
Cbfal into MG-63 cells and analyzed the ability of the trans-
fected cells to express collagenase 3 mRNA. Total RNA from
the transfected cells was prepared, and expression of collage-
nase 3 was studied by RT-PCR followed by Southern blot
analysis in a semiquantitative assay. The results show that cells
transiently transfected with a control plasmid (pcDNA3) ex-
pressed very low levels of collagenase 3 RNA, detectable only
after stimulation with factors like TGF-B (Fig. 8, lanes 1 to 4).
When cells were transfected with Cbfal, collagenase 3 expres-
sion was also detected at low levels in control cells and after
stimulation with IL-1B (lanes 5 to 7). By contrast, when cells
transfected with the Cbfal plasmid were stimulated with
TGF-B, a stronger band corresponding to collagenase 3 was
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FIG. 7. Functional analysis in osteoblastic cell lines of the Cbfa element
present in the collagenase 3 promoter. MC3T3 E1, U20S, and KHOS 321H cells
were cotransfected with the collagenase 3 promoter construct p1004-luc or
p1004-mutCbfa-luc fused to firefly luciferase reporter gene and with pCMV-
Cbfal (grey bars) or pcDNA3 (white bars) as an effector plasmid. Plasmid
pRL-TK was used as an internal control of transfection efficiency as described in
Materials and Methods. Values represent firefly luciferase-to-Renilla luciferase
ratios, normalized so that a relative activity of 1 was assigned to the basal activity
of the wild-type construct in every cell line. Data are expressed as means *
standard errors of at least three independent experiments. Asterisks indicate
significant differences from the control (s, P < 0.01; #x, P < 0.001).
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FIG. 8. Effect of Cbfal and TGF-B on collagenase 3 expression in MG-63
osteosarcoma cells. Cells were transiently transfected with pcDNA3 (lanes 1 to
4) or pCMV-Osf2/Cbfal (lanes 5 to 8). Transfected cells were stimulated with
vehicle alone, IL-1B (5 ng/ml), bFGF (5 ng/ml), or TGF-B (5 ng/ml) for 24 h.
RNA from the stimulated transfected cells was further prepared and used for
RT-PCR as described in Materials and Methods. Aliquots of samples were taken
at 26 and 29 cycles of amplification. Samples were separated in agarose gel,
transferred to nylon filters, and hybridized with collagenase 3 and actin probes.
The results shown are from a representative experiment and were consistently
reproducible in several independent experiments.

detected (lane 8). This induction of Cbfal-transfected cells by
TGF-B was significantly (fourfold) higher than the effect on
control MG-63 cells (lane 4), as measured in the semiquanti-
tative assay. These results provide additional evidence that
high levels of Cbfal favor expression of the collagenase 3 gene
and also suggest that the presence of other factors such as
TGEF-B is required to achieve a full inducibility of the gene.
Analysis of collagenase 3 expression in mice deficient in
Cbfal. To examine the possibility that Cbfal influences the in
vivo expression of collagenase 3, we analyzed the level of col-
lagenase 3 transcripts by in situ hybridization on sections of
late embryos (18.5pc) either from wild-type mice or from mice
in which the Cbfal gene has been targeted (Fig. 9a to d). As
previously reported (37, 53), wild-type embryos at this stage of
development showed calcified bones in which the periosteal
bud (blood vessels and perivascular mesenchyme) had entered
at the middle of the cartilaginous template and formed the
primary center of ossification (Fig. 9b and d). High levels of
collagenase 3 transcripts were found in areas of endochondral
and intramembranous bone formation. Labeling was restricted
to osteoblastic cells localized along the newly formed trabec-
ulae, hypertrophic chondrocytes found in the most distal por-
tion of the epiphyses, and cells from the periosteal bud, likely
of mesenchymal origin (Fig. 9e and f). Hybridization signal was
not found in any other cell type. A similar expression pattern
was found in 18.5-dpc heterozygous Chfal™~ embryos, al-
though the intensity of signals was significantly lower (data not
shown). By contrast, collagenase 3 transcripts were virtually
absent in sections from homozygous embryos deficient in
Cbfal (Fig. 9g and h), and only a very low number of scattered
cells located near the periosteal bud showed weak specific
signals. The virtual absence of collagenase 3 expression was
coincident with a complete lack of ossification in these mutant
mice (Fig. 9a and c). In addition, neither vascular nor mesen-
chymal cell invasion was observed in the calcified cartilage
(Fig. 9g and h). Finally, Cbfal-deficient mice exhibited hyper-
trophic chondrocytes (37) (Fig. 9i), which together with osteo-
blasts are the major cells producing collagenase 3 during fetal
development (23, 30, 45, 70). Consequently, the absence of

REGULATION OF COLLAGENASE 3 EXPRESSION IN BONE FORMATION 4437

collagenase 3 production in these hypertrophic chondrocytes,
which are cells with ability to produce Cbfal in normal mice
(38), provides further in vivo support for the above results
indicating that this gene is a transcriptional target of Cbfal.

DISCUSSION

In this work we have shown that collagenase 3, a metallo-
protease overexpressed in malignant tumors and arthritic pro-
cesses, is a target of Cbfal, a transcriptional activator belong-
ing to the runt domain gene family (32, 48, 69) that plays a
major role in the process of bone formation (37, 53).

This study was originally aimed at analyzing the mechanisms
controlling the expression of human collagenase 3 during fetal
ossification, a physiological process in which this protease has
been found to be produced at high levels (30, 70). The first
indication that collagenase 3 expression could be induced by
Cbfal was based on the finding of a Cbfa/NMP-2/OSE2 ele-
ment, recognized and bound by this transcription factor, in the
promoter region of this MMP gene (56). The functional rele-
vance of the Cbfa element found in the collagenase 3 promoter
was subsequently confirmed by several lines of evidence. Thus,
cotransfection experiments with a Cbfal expression vector re-
sulted in the transcriptional activation of all analyzed frag-
ments of the collagenase 3 promoter containing the consensus
Cbfa element. This transcriptional activity was completely
abolished when point mutations were introduced in this Cbfa
site of the collagenase 3 gene. In addition, introduction of
multiple copies of this element upstream of the collagenase 3
promoter led to a high increase in the Cbfal-induced transcrip-
tional activity. Furthermore, gel mobility shift assay analysis
with Cbfa oligonucleotides and nuclear extracts from Cbfal-
expressing cells revealed the formation of a specific protein-
DNA complex, which was supershifted by antibodies against
Cbfal and competed by an excess of oligonucleotides derived
from the Cbfa element of the collagenase 3 promoter. Finally,
overexpression of Cbfal in human osteoblastic cells without
ability to produce collagenase 3, followed by TGF- treatment,
resulted in the expression of this metalloproteinase gene, thus
suggesting that participation of other factors in addition to
Cbfal may be necessary to achieve a full inducibility of this
protease. In this regard, it is likely that the cooperative effect of
these additional factors can be mediated through another pro-
moter elements such as the AP-1 site, whose role in collage-
nase 3 inducibility in both human and murine tissues has been
widely demonstrated (54, 56, 78). Nevertheless, it is also pos-
sible that some of these factors could act by increasing levels of
Cbfal or by inducing posttranslational modifications of this
transcriptional activator, which could result in an increased
efficiency to induce collagenase 3 expression. Further studies
will be necessary to clarify the precise mechanism by which
other factors such as TGF-B contribute to enhance collagenase
3 expression in Cbfal-producing cells. Also in relation to this
question, recent studies have shown that PTH regulates the rat
collagenase 3 promoter in osteoblastic cells through the coop-
erative interaction of an AP-1 site and the runt domain binding
sequence present in this promoter (67). In our study on the
human collagenase 3 promoter, we have shown that Cbfa and
AP-1 sites can function independently since the activation of
human collagenase 3 promoter constructs containing the Cbfa
site by Cbfal was not diminished when the AP-1 site was
mutated. However, we cannot exclude the possibility that a
cooperative interaction is needed in vivo to achieve full colla-
genase 3 expression. Nevertheless, it is also possible that the
minor structural differences between human and rat collage-
nase 3 promoters led to different properties in terms of regu-
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latory mechanisms. In fact, there are numerous data indicating
that the human and murine collagenase 3 genes are subjected
to different regulatory controls, the human gene being more
restricted in its expression in normal tissues (21, 30, 70). Fi-
nally, the possibility that the observed in vitro differences in
activity of the two promoters were due to variations in the
functional properties of the human and murine osteoblastic
cell lines used in these studies cannot be ruled out.

In agreement with results of the cell culture experiments
presented in this work, we have also provided evidence that
mice deficient in Cbfal do not express significant amounts of
collagenase 3. Recent studies have demonstrated that homozy-
gous Cbfal '~ mice show dwarfism and die soon after delivery
due to respiratory failure, presumably caused by the inefficient
functioning of the rib cage (37, 53). Analysis of the skeletal
system of these mutant animals has revealed a complete lack of
ossification in both membranous bones of the skull and endo-
chondral bones of the rest of the body. They also exhibit
retention of the partially calcified cartilaginous skeleton. Het-
erozygous Cbfal ™'~ mice also show some skeletal abnormali-
ties that recapitulate the phenotype of cleidocranial dysplasia,
an autosomal-dominant skeletal disorder caused by mutations
in Cbfal (40, 51). Detailed histochemical analysis of Cbfal '~
mice has shown that both intramembranous and endochondral
ossification processes are blocked as a consequence of the
maturational arrest of osteoblastic cells. However, these mu-
tant mice contain intact hypertrophic chondrocytes (37). Inter-
estingly, mature osteoblasts and hypertrophic chondrocytes are
the only cells expressing collagenase 3 during fetal develop-
ment in both human and murine tissues (23, 30, 45, 70). In
addition, both cell types have the ability to produce Cbfal (38).
Therefore, and although the absence of this protease in Cbfal-
deficient mice could be explained in part by the fact that these
animals do not contain mature osteoblasts, its absence in hy-
pertrophic chondrocytes from Cbfal ~/~ mice provides evi-
dence for a role of this factor in the transcriptional activation
of collagenase 3 in these cells. These results also support the
idea that Cbfal may also mediate responses in cells distinct
from osteoblasts, which have been demonstrated to be the
major targets of this factor (15, 17, 37).

Previous studies have reported that Chfal ~/~ animals have a
marked reduction of expression of different noncollagenous
bone matrix proteins, such as osteocalcin and osteopontin,
which also contain Cbfal binding elements in their gene pro-
moter regions (17). These bone matrix proteins have been
proposed to play different roles during osteogenesis. Thus,
osteocalcin appears to control bone matrix deposition by slow-
ing down the anabolic responses of osteoblasts (16), whereas
osteopontin is thought to promote the attachment of these
cells to the extracellular matrix (50, 60). However, our finding
that Cbfal mutant embryos also lack a proteolytic enzyme such
as collagenase 3 suggests that this protease may serve a distinct
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and specific role during skeletal development. It is well known
that bone formation and remodeling are a highly coordinated
process which involves a series of successive events of cell
proliferation and differentiation, extracellular matrix destruc-
tion and turnover, angiogenesis, and apoptosis (18, 62, 71).
Collagenase 3 may play important roles in several of these
highly regulated events. A likely possibility in the context of
osteogenesis is that collagenase 3 can degrade different matrix
components of the bone anlage in order to initiate the forma-
tion of mature bone. Consistent with this possibility, we and
others have provided evidence that collagenase 3 is a potent
protease capable of degrading an exceptionally wide range of
collagenous and noncollagenous components of the extracel-
lular matrix (19, 21, 33-35, 49). In addition to this direct role
in bone matrix degradation, collagenase 3 could regulate the
availability and/or activity of bone growth factors, through re-
leasing factors sequestered as inactive molecules in the matrix
or by degrading their binding proteins, as demonstrated in the
case of insulin-like growth factor binding proteins expressed by
skeletal cells and susceptible to the proteolytic action of di-
verse metalloproteinases (31, 75). In this regard, it is of interest
that collagenase 3 also has the ability to degrade perlecan,
leading to the release of bFGF stored in the extracellular
matrix through binding to the heparan sulfate chains of this
proteoglycan (82). The down-regulation of collagenase 3 ex-
pression in Chfal-deficient embryos would hamper all of these
proteolytic processes occurring during the cartilage bone tran-
sition and would explain at least in part the fact that these
mutant animals retain a calcified cartilagenous skeleton with-
out exhibiting any evidence of bone formation.

Another plausible role of collagenase 3 during bone forma-
tion could be related to the matrix-invasive process occurring
after cartilage calcification. Thus, during the development of
long bones in mammals, subperiosteal bone is formed around
calcified cartilage before the formation of bone marrow. Os-
teogenic cells and blood capillaries then invade from the peri-
osteal region into the calcified cartilage to form endochondral
bone and the bone marrow cavity (18). This invasive process is
somewhat reminiscent of those taking place during the inva-
sion and metastasis of tumor cells in which diverse MMPs,
including collagenase 3, appear to play essential roles (43, 72,
76). The absence of this proteolytic enzyme in Chfal '~ mice
may explain the observation that neither vascular nor mesen-
chymal cell invasion was observed in the calcified cartilage of
these mutant embryos. Finally, it must be taken into account
that osteogenesis involves not only the deposition of newly
formed bone but also the resorption of existing bone as em-
bryonic bone matures into lamellar bone. This process first
requires the degradation of the nonmineralized osteoid layer
covering bone surfaces by the action of proteases secreted by
osteoblasts. This proteolytic activity leads to exposure of the
underlying mineralized matrix which is subsequently degraded

FIG. 9. Collagenase 3 expression in Chfal-deficient mice. (a and b) Saggital sections of 18.5-dpc Cbfal ™'~ (a) and wild-type (b) embryos showing alkaline
phosphatase activity (dark blue) and stained with nuclear fast red. An intense alkaline phosphatase activity is observed in the skeletal tissues of the wild-type embryo.
This activity is virtually absent in the skeletal tissues of the Chfal-deficient embryo, composed only of cartilage (stained in red), although it is present in epithelial cells
from the small intestine (arrowheads). (¢ and d) Higher magnifications of ribs from embryos shown in panels a and b, respectively. In the wild-type embryo (d), cartilage
templates are ossified at the central region, as revealed by an intense alkaline phosphatase activity (arrowhead), and show hyaline cartilage at the edges (arrow). By
contrast, ribs from Chfal-deficient embryos (c) are devoid of alkaline phosphatase activity and appear mainly formed by hypertrophic chondrocytes. (e) In situ
hybridization of a wild-type embryo with collagenase 3 antisense probe in a saggital section of the proximal half of the tibia. Labeling is found in both hypertrophic
chondrocytes from the cartilage (white star) and osteoblastic cells localized along forming bone trabeculae present in the bone marrow cavity (black star). (f) Higher
magnification of a region of the tibia from panel e, showing specific labeling in distal hypertrophic chondrocytes (arrow) and small cells from the periosteal collar
(arrowheads). (g) In situ hybridization of Cbfal-deficient embryos with collagenase 3 antisense probe. No specific signal is found, although long bones show a central
part (arrowheads) occupied mainly by hypertrophic chondrocytes (star). (h) Higher magnification of the central region of the bone template shown in panel g.
Hypertrophic chondrocytes are devoid of specific signal. (i) Parallel section of the bone presented in panel h stained with fast red and showing cells having
morphological features of hypertrophic chondrocytes (star). Original magnifications: a and b, X2.8; ¢ and d, X40; e, X100; f, X225; g, X16; h and i, X256.
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by osteoclastic cells (22, 46). Since collagenase 3 is produced by
osteoblastic cells but not by osteoclasts, Cbfal-mediated induc-
tion of collagenase 3 expression in fully differentiated osteo-
blasts could be a critical step in the initiation of the resorptive
process, acting in concert with the subsequent participation of
an osteoclastic protease like gelatinase B or cathepsin K (58,
61). In this regard, of interest is the recent finding that colla-
genase-3 is an activator of progelatinase B, which should be
consistent with the possibility that these enzymes can form a
proteolytic cascade in vivo during bone remodeling processes
(36). The participation of gelatinase B in these processes is
underlined by recent findings showing an abnormal pattern of
skeletal growth plate vascularization and ossification in ani-
mals deficient in this protease (80). In addition to a putative
direct action of collagenase 3 on the removal of type I collagen
of the osteoid layer, this protease could also indirectly partic-
ipate in the process through the release of collagen fragments
from the calcified cartilage which, after diffusion to the bone
collar would act as chemoattractant for the preosteoclasts (10,
63). Consistent with the participation of collagenase 3 in the
resorptive process, a number of studies have reported that this
enzyme is strongly induced by bone-resorbing agents such as
PTH and IL-6 in diverse in vitro systems, including osteoblastic
cell lines and mouse calvarial osteoblasts (20, 39, 54). Further
studies will be required to elucidate the participation of these
agents in the context of factors such as Cbfal, which according
to data presented in this report are necessary for the transcrip-
tional induction of collagenase 3 in bone-forming cells. Finally,
ongoing work directed to create mutant animals in which the
collagenase 3 gene has been inactivated by homologous recom-
bination will be essential to determine the precise role of this
enzyme during bone formation and remodeling.
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