DEVELOPMENTAL DYNAMICS 208:387-397 (1997)

Collagenase-3 (MMP-13) Is Expressed by Hypertrophic
Chondrocytes, Periosteal Cells, and Osteoblasts During
Human Fetal Bone Development

NINA JOHANSSON,*23 ULPU SAARIALHO-KERE,* KRISTIINA AIROLA,* RIITTA HERVA,® LIISA NISSINEN,3
JUKKA WESTERMARCK,123 EERO VUORIO,? JYRKI HEINO,?3 anD VELI-MATTI KAHARI1.2:3*

1Department of Dermatology, Turku University Central Hospital, and University of Turku, Turku, Finland

2Department of Medical Biochemistry, University of Turku, Turku, Finland

3MediCity Research Laboratory, University of Turku, Turku, Finland

4Department of Dermatology, University of Helsinki, Helsinki, Finland

5Department of Pathology, University of Oulu, Oulu Finland

ABSTRACT Collagenase-3 (MMP-13) is a
novel matrix metalloproteinase, the expression
of which has so far only been documented in
human breast carcinomas and osteoarthritic car-
tilage. In this study we have examined the expres-
sion of MMP-13 during human fetal development.
Northern blot hybridizations revealed abundant
expression of MMP-13 mRNAs in total RNA from
fetal cartilage and calvaria at gestational age of
15 weeks. By in situ hybridization MMP-13 tran-
scripts were detected in chondrocytes of hypertro-
phic cartilage in vertebrae of the spinal column
and in the dorsal end of ribs undergoing ossifica-
tion, as well as in osteoblasts and periosteal cells
below the inner periosteal region of ossified ribs.
In contrast, no expression of MMP-13 could be
detected in osteoclasts. Furthermore, expression
of MMP-13 mRNA was detected in osteoblasts and
fibroblasts primarily on the inner side of cal-
varial bone of the skull at 16 weeks of gestation.
Expression of MMP-13 mRNA by primary human
fetal chondrocytes in culture was enhanced by
transforming growth factor-g (TGF-B) and inhib-
ited by bone morphogenetic protein-2 (BMP-2).
No expression of MMP-13 mRNA could be noted
in other fetal tissues, including the skin, lungs,
neural tissue, muscle, and liver. These results
suggest that MMP-13 plays an important role in
the extracellular matrix remodeling during fetal
bone development both via endochondral and
intramembranous ossification. Dev. Dyn. 208:387-
395, 1997. ©1997 Wiley-Liss, Inc.
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INTRODUCTION

Proteolytic remodeling of extracellular matrix is es-
sential in several physiological situations, including
tissue morphogenesis during fetal development, tissue
repair, and angiogenesis. On the other hand, excessive
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breakdown of connective tissue components plays an
important pathogenetic role e.g. in autoimmune blister-
ing disorders of skin, dermal photoageing, rheumatoid
arthritis, osteoarthritis, and periodontitis, as well as in
tumor cell invasion and metastasis (see Birkedal-
Hansen et al., 1993). Matrix metalloproteinases (MMPs)
are a family of zinc-dependent metalloendopeptidases
collectively capable of degrading essentially all extracel-
lular matrix components (see Woessner, 1994). At pre-
sent, the MMP gene family consists of at least 14
members, which can be divided into subfamilies of
collagenases, gelatinases, stromelysins, and membrane
type MMPs (MT-MMPs) according to substrate specific-
ity and primary structure (Birkedal-Hansen, 1995).
The original members of the collagenase subfamily,
fibroblast interstitial collagenase (MMP-1) and neutro-
phil collagenase (MMP-8), have long been the only
known secreted neutral proteinases capable of initiat-
ing the degradation of native fibrillar collagens of type
I, 11, and 111 in the extracellular space. Recently, a novel
member of the MMP gene family, collagenase-3 (MMP-
13), was cloned from human breast carcinoma tissue
cDNA (Freije et al., 1994). The substrate specificity of
MMP-13 differs from that of other collagenases, MMP-1
and MMP-8. Specificallyy, MMP-13 degrades type Il
collagen sixfold more effectively than type | and IlI
collagens and displays almost 50-fold stronger gelatino-
lytic activity than MMP-1 and MMP-8 (Knauper et al.,
1996; Mitchell et al., 1996). Interestingly, the deduced
amino acid sequence of human MMP-13 shows high
degree of homology (86%) to rat and murine interstitial
collagenases, while its homology to human MMP-1 is
markedly lower (50%), indicating that rat and murine
interstitial collagenase cDNAs cloned represent counter-
parts of human MMP-13 instead of MMP-1 (Freije et
al., 1994). In comparison to MMP-1, the expression of
MMP-13 appears to be limited: so far MMP-13 tran-
scripts have only been detected in human breast carci-
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Fig. 1. Collagenase-3 (MMP-13) mRNAs are expressed in fetal cartilage and calvaria. Total cellular RNAs

were extracted from human fetal tissues at 15 weeks of gestation. Aliquots of total RNA (25 ug/lane) were
analyzed by Northern blot hybridizations for the levels of collagenase-3 (MMP-13), interstitial collagenase
(MMP-1), proa1(1) collagen, proa1(ll) collagen and GAPDH mRNAs.

noma tissue (Freije et al., 1994) and in osteoarthritic
cartilage and chondrocytes (Mitchell et al., 1996; Re-
boul et al., 1996).

It is conceivable that collagenases play an important
role in the remodeling of collagenous extracellular
matrix during mammalian fetal development. Immuno-
staining for MMP-1 has been detected in human fetal
skin at the gestational age of 8 and 12 weeks, in basal
epidermal keratinocytes and dermal fibroblasts, as well
as in cells in and around developing hair follicles, blood
vessels, and nerves (McGowan et al., 1994). Expression
of MMP-1 mRNA has also been noted during human
fetal intrahepatic bile duct development (Terada et al.,
1995). In murine embryonal development, interstitial
collagenase and stromelysin-1 transcripts have been
detected at the zygote and cleavage stages and their
expression was increased at the blastocyst stage and
during endoderm differentiation (Brenner et al., 1989).
In addition, expression of interstitial collagenase mMRNA
has been noted in developing bone during murine fetal
development (Gack et al., 1995). However, since the
murine interstitial collagenase cloned is the homologue
of MMP-13 and it is likely that mice lack the counter-
part of MMP-1, it is difficult to interpret the results on
the developmental expression of murine interstitial
collagenase in the context of human development.

In this study we have examined the expression of a
novel collagenase, collagenase-3 (MMP-13), during hu-
man fetal development. We show that MMP-13 gene
transcripts are exclusively expressed by chondrocytes
in hypertrophic cartilage and by periosteal cells and
osteoblasts during ossification of ribs and vertebrae. In
addition, MMP-13 mRNA is expressed by osteoblasts
and fibroblasts in calvarial bone of the developing skull.

We also show that the expression of MMP-13 gene by
cultured primary fetal chondrocytes is enhanced by
transforming growth factor-g (TGF-B) and suppressed
by bone morphogenetic protein-2 (BMP-2). These re-
sults suggest that MMP-13 plays an important role in
human fetal bone development both via endochondral
and intramembranous ossification.

RESULTS
Expression of MMP-13 mRNA in Fetal Cartilage
and Calvaria

To elucidate the tissue specificity of MMP-13 gene
expression during human fetal development, we ini-
tially assayed MMP-13 mRNA levels in total RNAs
extracted from different tissues of 15-week-old fetuses.
Using Northern blot hybridizations two distinct
MMP-13 mRNAs of 2.0 and 2.5 kb were detected in
RNA from epiphyseal cartilage (Fig. 1). Interestingly,
the highest levels of MMP-13 transcripts were noted in
RNA from calvarial bone of the skull (Fig. 1). In
contrast, no expression of interstitial collagenase
(MMP-1) mRNA could be noted in either cartilage or
calvaria RNA samples, indicating that the predominant
collagenase expressed in these developing tissues is
MMP-13 (Fig. 1). No expression of MMP-13 or MMP-1
mRNAs was noted in RNAs prepared from fetal skel-
etal muscle or liver (Fig. 1).

To confirm the identity of the cartilage and calvaria
RNA preparations, the Northern blot was rehybridized
with cDNA probes for cartilage-specific type Il collagen
mRNA and calvaria and bone-specific type | collagen
mRNA. As expected (Sandberg and Vuorio, 1987),
marked expression of proal(ll) collagen mMRNA was
detected in cartilage RNA sample, but not in calvarial



MMP-13 IN HUMAN BONE DEVELOPMENT

Fig. 2.
human bones. A: Dark-field exposure showing MMP-13 transcripts in
perichondrium of iliac bone of a 10-week-old fetus. B: Corresponding
bright-field micrograph of A. C: Dark-field exposure showing MMP-13
mRNA expression in the dorsal end of a developing rib of a 12-week-old

Expression of collagenase-3 (MMP-13) mRNA in developing

RNA (Fig. 1). Furthermore, in accordance with previous
observations (Sandberg et al., 1989), marked expres-
sion of proal(l) collagen mMRNAs was detected in cal-
varial RNA, but not in cartilage RNA (Fig. 1), corrobo-
rating the tissue source of these RNA preparations.

Expression of MMP-13 mRNA in Hypertrophic
Cartilage and Developing Bone During Fetal
Development

In order to identify and localize the cells expressing
the MMP-13 gene during human fetal development we
performed in situ hybridizations using tissue sections
from fetuses with gestational ages ranging from 8 to 17
weeks. No signal for MMP-13 mRNA could be detected
in the tissue sections obtained from 8-week-old fetuses
(not shown). In a sagittal section of a 10-week-old fetus,
a weak but specific signal for MMP-13 mRNA was
detected symmetrically in the perichondrium of a devel-
oping iliac bone, while the remaining cartilaginous
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fetus. D: The corresponding bright-field photomicrograph to C. E: Dark-
field exposure showing expression of MMP-13 mRNA along the inner
curvature of an ossified part of the rib of a 12-week-old fetus. F:
Corresponding bright-field photomicrograph to E. Bars: A, B, 24 ym; C, D,
E, F, 60 um.

portion of this developing bone was entirely devoid of
MMP-13 mRNA (Fig. 2A, B).

Additional in situ hybridizations of a cross section of
a 12-week-old fetus with MMP-13 specific antisense
RNA probe revealed a strong signal for MMP-13 mRNA
in the dorsal end of developing ribs in the region
representing hypertrophic cartilage, while no signal for
MMP-13 mRNA could be detected in the remaining
cartilaginous part of the rib (Fig. 2C, D). At higher
magnification, MMP-13 mRNA was detected in hyper-
trophic and degenerating chondrocytes of hypertrophic
cartilage (Fig. 3A-C). Interestingly, a strong expression
of MMP-13 mRNA was also noted in cells located in the
inner cambium layer of periosteum, particularly near
the dorsal end of the ossifying rib (Figs. 2C, D; 3A-C).
In addition, expression of MMP-13 mRNA was detected
in hypertrophic cartilage of developing vertebrae of the
spinal column (not shown).



JOHANSSON ET AL.

390

‘wrl T 'D ‘w8z ‘a ‘g ‘v :steg aqoud
ST-dWIA 8Suas 8yl yum pazipugAy uonodas |gjjesed e ul payoalap si [eubis oN :Q ‘auoq [ed10d
‘q 'WNYW £T-dININ Buissaldxa (smolre) s|ja0 jealsouad pue saifoolpuoyd oiydosuadAy Buimoys

‘g Jo uoneayiubew JaybiH :D v 01 ydelboioiwoloyd pjai-1ybug Buipuodsaliod ay] :g ‘wnaisouad
ayl Buull S||82 Ul paou S| YNHW ET-dWNIN JO uoIssaldxa ‘uonippe u| ‘Snid} plo-3aam-gT
© Jo qu Buidojanap e ul sa1koolpuoyd diydoiuadAy annisod YNHW ET-dINN Buimoys ainsodxa pjaly
-eq v ‘abejues olydoaadAy ul siduasuen (ET-dINN) S-aseuabe||od jo uoissaldxg ‘g "Bi4



MMP-13 IN HUMAN BONE DEVELOPMENT

In situ hybridizations of adjacent horizontal sections
of the same 12-week-old fetus containing ossified parts
of ribs demonstrated a high expression of MMP-13
MRNA in cells located primarily in the inner aspect of
the curvature of the rib (Fig. 2E, F). Examination of
these sections with high magnification revealed that
both bone lining cells and periosteal cells expressed
MMP-13 mRNA (Fig. 4A-C), whereas no expression of
MMP-13 mRNAwas detected in multinuclear osteoclas-
tic cells (Fig. 4C). While a majority of the bone lining
cells appeared to be osteoblasts, the presence of other
mononuclear cell types containing MMP-13 mRNA
could not be ruled out. In the tissue sections examined,
no MMP-13 mRNA expression could be noted in other
tissues examined, including skin, skeletal muscle (Fig.
2E, F), lungs, neural tissue, and liver (not shown).
Furthermore, no expression of MMP-1 mRNA could be
detected in any of the skeletal tissues analyzed (not
shown). No signal was detected in tissues hybridized
with a labeled sense probe for MMP-13 cDNA (Fig. 3D).

Expression of MMP-13 mRNA in Calvarial Bone
of the Skull

Since abundant expression of MMP-13 mRNA was
detected in fetal calvarial RNA, we also wanted to
localize the cells expressing MMP-13 mRNA in develop-
ing fetal calvarial bone. A strong signal for MMP-13
transcripts was noted in the calvarial bone of the skull
of a 16-week-old fetus (Fig. 5A, B). Interestingly,
MMP-13 mRNA localized mainly to the cells in the
inner side of the calvarial bone in the intratrabecular
mesenchyme and periosteum, and in some areas also to
the osteoblastic cells lining the bone spicules (Fig.
5A-C). In contrast, the upper convex side of the grow-
ing calvarial bone was remarkably devoid of hybridiza-
tion signal (Fig. 5A, B). No signal for MMP-1 mRNA
could be detected in calvaria (not shown).

Expression of MMP-13 mRNAs by Cultured Fetal
Chondrocytes Is Enhanced by TGF-B
and Suppressed by BMP-2

Previous studies have shown that TGF-1 mRNA is
expressed in the growth plate of developing bones,
suggesting a role for it in stimulation of bone extracellu-
lar matrix deposition (Sandberg et al., 1988a). In this
context, we wanted to elucidate the effect of TGF-B on
the expression of MMP-13 mRNA in cultured primary
human fetal chondrocytes. Treatment of chondrocytes
with TGF-B1 and - 2 (5 ng/ml) for a period of 24 hr
resulted in enhancement (2.5- and 10.0-fold, respec-
tively) of MMP-13 mRNA levels in fetal chondrocytes
(Fig. 6, Table 1). In parallel, fetal chondrocytes were
also treated with BMP-2, a potent inducer of cartilage
and bone formation (see Reddi, 1994; Wozney, 1995).
Interestingly, treatment of fetal chondrocytes with
BMP-2 (50 ng/ml) resulted in potent suppression of
MMP-13 mRNA levels (by 80%), as compared to the
untreated chondrocytes (Fig. 6, Table 1). Very low levels
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of MMP-1 mRNA were detected only in cells treated
with TGF-B2 (Fig. 6).

In order to confirm the chondrocytic phenotype of
these cells, we hybridized the RNA blot with type | and
11 collagen-specific cDNA probes. As shown in Figure 6,
these cells readily expressed proal(ll) collagen mRNA,
indicating that they had retained chondrocytic pheno-
type in culture. However, these cells also expressed
detectable levels of proal(l) collagen mRNAs, indicat-
ing that they had started to dedifferentiate in culture
(Fig. 6). In these chondrocytes expression of type |
collagen mRNAs was enhanced 5.0- and 3.0-fold, and
type Il collagen mRNA levels 3.6- and 2.0-fold by
TGF-B1 and - 2, respectively (Fig. 6, Table 1). Interest-
ingly, BMP-2 potently enhanced type Il collagen mRNA
levels (8.7-fold), while the levels of type | collagen
mRNAs were minimally affected by BMP-2 (Fig. 6,
Table 1). These results show that MMP-13 is expressed
by fetal chondrocytes in culture and that its expression
is differently modulated by two potent stimulators of
bone and cartilage formation, namely TGF-B and
BMP-2.

DISCUSSION

In the present study, we have examined the expres-
sion of a novel MMP, collagenase-3 (MMP-13), in devel-
oping human fetal tissues at the gestational ages
ranging from 8 to 17 weeks during which period the
expression of MMP-13 transcripts was noted exclu-
sively in developing skeleton. MMP-13 expression was
first detected in cells in the perichondreal region of
developing iliac bone at the age of 10 weeks. Next, at 12
weeks of gestation, a strong signal for MMP-13 mRNA
was observed in hypertrophic chondrocytes of develop-
ing ribs and vertebral column, but not in cartilage.
These results show that the expression of MMP-13 is
specifically and potently induced in hypertrophic carti-
lage during endochondral ossification, suggesting that
MMP-13 plays a role in degradation of type Il collagen,
the major component of cartilage. A recent report shows
that MMP-13 degrades type Il collagen about sixfold
more effectively than fibrillar collagens of type I and 111
(Kn&uper et al., 1996), but at this point it is not known
whether MMP-13 also degrades type X collagen, a
major and specific component of hypertrophic cartilage.

In addition to hypertrophic cartilage, marked expres-
sion of MMP-13 mRNA was noted in osteoblasts or
mononuclear bone lining cells and periosteal cells in the
inner aspect of ossified parts of ribs. It is possible that
MMP-13 participates in degradation of type | collagen
of the bone extracellular matrix on the inner side of the
growing rib, while extracellular matrix is being depos-
ited on the outer side of the rib. Similarly, in calvarial
bone of developing skull, expression of MMP-13 was
noted mainly in osteoblastic and fibroblastic cells resid-
ing on the inner side of the calvarial bone. Previously, it
has been shown that the cells expressing type | collagen
mRNAs are located on the outer side of the developing
calvarial bone of the skull (Sandberg et al., 1988b). It is



Fig. 4. Expression of collagenase-3 (MMP-13) mRNA in periosteal  corresponding bright-field photomicrograph to A. C: Higher magnification
cells and mononuclear bone lining cells in the ossified part of a growing  of B. No signal for MMP-13 mRNA is detected in multinuclear osteoclasts
rib. A: Dark-field exposure showing MMP-13 mRNA expression predomi-  (small arrows), while osteoblasts (large arrow) and periosteal cells
nantly in the inner surface of the rib from a 12-week-old fetus. B: The (arrowheads) show strong hybridization. Bars: A, B, 28 um; C, 6 um.



Fig. 5. Expression of collagenase-3 (MMP-13) in fetal calvaria. A:  graphtoA. C: Higher magnification of B, showing MMP-13 mRNA positive
Dark-field exposure, showing expression of MMP-13 mRNA in the osteoblast (large arrow), periosteal cell (small arrow) and fibroblastic cells
calvaria of the skull of a 16-week-old fetus, predominantly on the inner  (arrowheads) of the intratrabecular mesenchyme. Bars: A, B, 24 um; C,
(concave) aspect of the bone. B: Corresponding bright-field photomicro- 6 um.
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Fig.6. TGF-B stimulates and BMP-2 suppresses collagenase-3 mRNA
levels in cultured fetal chondrocytes. Human fetal chondrocytes in culture
were treated for 24 hr with TGF-B1, TGF-B2 (5 ng/ml each) or with BMP-2
(50 ng/ml). Total cellular RNA was extracted and 5 pg aliquots were used

TABLE 1. Quantitative Estimation of Collagenase-3
(MMP-13), Type | and Type Il Collagen mRNA Levels in
Primary Human Fetal Chondrocytes in Culture

Treatment
TGF-B1 TGF-B2 BMP-2
MMP-13 2.5 10.0 0.2
proal(l) 5.0 3.0 17
proal(ll) 3.6 2.0 8.7

Primary human fetal chondrocytes were treated for 24 hr with
TGF-B1, TGF-B2 (5 ng/ml each), or BMP-2 (50 ng/ml), as
described in the legend for Figure 6. MMP-13, proal(l) and
proal(ll) collagen mRNA levels were quantitated by scanning
densitometry of the autoradiographs shown in Figure 6, and
corrected for the levels of rRNA in the same samples. The
values indicate fold induction of the levels for each mMRNA by a
given treatment, as compared to the untreated control cul-
tures (1.00).

likely that in ribs and calvaria of the skull, which both
grow primarily by increasing the diameter of their
curvature and less by increasing their thickness, degra-
dation of the collagenous extracellular matrix takes
place on the inner side. Interestingly, no expression of
MMP-1 could be noted either in cartilage or calvaria,
providing evidence that the expression of MMP-1 is not
crucial for extracellular matrix remodeling during hu-
man fetal bone development. It is therefore likely that
the predominant collagenase expressed during both
endochondral and intramembranous ossification is
MMP-13. Although the expression of MMP-13 appears
to very strictly regulated spatially and temporally, we
cannot rule out the possibility that the expression of
MMP-13 may take place in other tissues besides bone
after the developmental period examined in this study.

TGF-B is a potent stimulator of extracellular matrix
formation, which enhances expression of a number of
matrix genes, including type I, 111, and IV collagens,

proal(l)

proal(ll) rRNA

for assay of collagenase-3 (MMP-13), interstitial collagenase (MMP-1),
proal1(l), and proa1(ll) collagen mRNA levels with Northern blot hybridiza-
tions. 28S and 18S rRNAs were visualized by ethidium bromide staining.

elastin, fibronectin, biglycan, and versican (Kéhari et
al., 1990, 1991a,b, 1992). In this study, MMP-13 expres-
sion by fetal chondrocytes in culture was enhanced by
TGF-B1 and -2. During human fetal bone development
TGF-B1 mRNA is expressed specifically in hypertrophic
cartilage and bone, but not in epiphyseal cartilage
(Sandberg et al., 1988a). It is possible that MMP-13
expression in these tissues is enhanced by TGF-B,
which apparently plays a role in the development of
bone via endochondral ossification, by autocrine or
paracrine stimulation. In contrast to cartilage, expres-
sion of TGF-B1 mMRNA in calvaria is diffuse (Sandberg
et al., 1988b) and does not co-localize with the expres-
sion of MMP-13 mRNA, suggesting that induction of
MMP-13 expression in calvaria is mediated by modula-
tors other than TGF-B. Interestingly, BMP-2, which
enhances formation of cartilage in vivo, simultaneously
suppressed MMP-13 expression and enhanced type 11
collagen mRNA levels in primary fetal chondrocytes in
culture. This is interesting in the context of our observa-
tion that MMP-13 mRNAs were not expressed by
chondrocytes in cartilage. Our results suggest that the
ability of BMP-2 to promote formation of cartilage is not
only due to its ability to enhance expression of type Il
collagen, but it is also a result of inhibition of type II
collagen degradation due to reduced expression of
MMP-13 by chondrocytes. Finally, our results showing
up-regulation of MMP-13 by TGF-B and down-regula-
tion by BMP-2 suggest distinct roles for these two
polypeptide growth factors in the extracellular matrix
remodeling during bone development.

In addition to fetal chondrocytes, expression of
MMP-13 has been noted in adult human chondrocytes
from osteoarthritic cartilage, in which its expression
was enhanced by IL-1a (Mitchell et al., 1996). We have
also observed expression of MMP-13 mRNAs by trans-
formed human epidermal keratinocytes, including
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HacCaT cells, in which MMP-13 expression is enhanced
by treatment with TGF-B1 and -2, and with TNF-«
(Johansson et al., 1997). Furthermore, we have noted
expression of MMP-13 in human osteosarcoma cell
lines (Johansson et al., unpublished results). Together
the observations on MMP-13 gene expression in vivo
and by cultured cells indicate restricted tissue-specific
expression, as compared to MMP-1. It is possible that
due to its ability to degrade both fibrillar collagens and
gelatin, MMP-13 is too destructive for controlled remod-
eling of extracellular matrices of several developing
and adult tissues. Nevertheless, this unique combina-
tion of collagenolytic and gelatinolytic capacity of
MMP-13 may be beneficial in situations such as fetal
development of bone, in which rapid and effective
removal of type Il and type I collagen fibrils is required.
In this context, it should be noted that expression of
MMP-9 (92-kDa gelatinase, gelatinase B) during mu-
rine fetal development appears to be restricted to cells
of osteoclastic lineage (Reponen et al., 1994). Since
osteoclasts in human fetal bone do not appear to
express MMP-13, it is possible that a major substrate
for osteoclast-derived MMP-9 is denatured type | colla-
gen initially degraded by osteoblast-derived interstitial
collagenase in mice and by MMP-13 in humans.

In summary, the results of the present study demon-
strate for the first time that the expression of MMP-13
during human fetal development is confined to endo-
chondrally and intramembranously developing bones,
suggesting an important role for MMP-13 in the extra-
cellular matrix remodeling during bone development.
Our results are in accordance with those of a recent
study on murine fetal development, in which expres-
sion of interstitial collagenase was noted in hypertro-
phic chondrocytes and osteoblasts during endochondral
and intramembranous bone development (Gack et al.,
1995). However, as mentioned above, murine intersti-
tial collagenase appears to represent a homologue of
human MMP-13, not MMP-1, and no counterpart for
MMP-1 gene has been found in murine genome (Gack et
al., 1995). It is likely that murine interstitial collage-
nase also serves in the role of MMP-1 in connective
tissue remodeling and its expression may be regulated
differently from human MMP-13. Therefore, observa-
tions on the expression of interstitial collagenase in
murine development are most likely not directly appli-
cable to human development. Thus, examination of
MMP-13 expression during human development is
required to elucidate the role of this MMP in the
extracellular matrix remodeling. Based on the strictly
regulated expression of MMP-13 both spatially and
temporally during human development, it can be specu-
lated that deficient expression or activity of MMP-13
during fetal development may result in severe skeletal
abnormality. Furthermore, it is conceivable that unveil-
ing of the mechanisms responsible for tissue specific
regulation of human MMP-13 gene may prove feasible
in development of novel therapies for disorders in
which excessive collagenolytic activity plays a role,
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including autoimmune blistering disorders of skin,
osteoarthritis, tumor cell invasion and metastasizing.

EXPERIMENTAL PROCEDURES
RNA Analysis

Tissue samples for RNA extractions were obtained
from 15-week-old human fetuses from medical abor-
tions with permission from the Joint Ethical Commit-
tee of the Turku University Central Hospital and the
University of Turku, Turku, Finland. Total cellular
RNA was isolated from fetal tissues and fetal chondro-
cyte cultures using the guanidine thiocyanate/cesium
chloride method (Chirgwin et al., 1979). Northern blot
hybridizations were performed as described previously
(Westermarck et al., 1994, 1995) with cDNAs labeled
with [a-32P]dCTP using random priming. Three MMP-13
cDNA fragments generated by RT-PCR and subcloned
to plasmid Bluescript (Johansson et al., 1997) were
used as probes. The first, MMP13HTL1, corresponds to
nucleotides 57 to 547 and the second, MMP13HT2, to
nucleotides 786 to 1420 in the coding region; the third,
MMP13HT3, corresponds to nucleotides 1532 to 2042
in the 3’-untranslated region (Freije et al., 1994). All
MMP-13 cDNA fragments were isolated and used as
probes in the same Northern blot hybridizations. In
addition, the following cDNAs were used for hybridiza-
tions: a 2.0 kb human collagenase (MMP-1) cDNA
(Goldberg et al., 1986); a 0.7 kb human proal(l) colla-
gen cDNA (Makel&a et al., 1988); a 550 bp human
proal(ll) collagen cDNA (Elima et al., 1987); and a 1.3
kb rat cDNA for glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) (Fort et al., 1985). [32P]cDNA-mMRNA
hybrids were visualized by autoradiography and quan-
titated by densitometry.

In Situ Hybridizations

All fetal material used for in situ hybridizations
originated from medical abortions at 8, 10, 12, 15, 16,
and 17 weeks of gestation. Formalin-fixed, paraffin-
embedded specimens (n = 9) were obtained from the
Department of Pathology, University of Oulu, Oulu,
Finland. Fetal age was estimated by menstrual age and
histologic examination. Sections from breast carcinoma
tissue, previously shown to express MMP-13 mRNA
(Freije et al., 1994), were used as positive controls in
each in situ hybridization.

Tissue sections were hybridized with [3°S]-labeled
RNA probes (3 X 10* cpm/ul of hybridization buffer) at
50°C and were washed under stringent conditions,
including treatment with RNAse A, as described
(Prosser et al.,, 1989; Saarialho-Kere et al., 1993a).
After autoradiography for 14 to 30 days, the photo-
graphic emulsion was developed and the slides were
stained with hematoxylin and eosin. In vitro tran-
scribed antisense and sense RNA probes were labeled
with [a-35S]-UTP as described (Saarialho-Kere et al.,
1993b). For this, MMP-13 cDNA plasmid MMP13HT1
was linearized within the multiple cloning site with
Xhol and Kpnl, and plasmid MMP13HT3 was linear-
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ized with Hindlll and EcoRl, to allow transcription of
antisense and sense RNAs, respectively. By FASTA
alignment, the maximal homology between the probes
used and other members of the metalloproteinase gene
family (MMP-1, MMP-3) was 61-62% making unspe-
cific hybridization at high stringency unlikely. The
results obtained with the two MMP-13 antisense RNA
probes were identical.

Chondrocyte Cultures

Human primary fetal chondrocyte cultures were initi-
ated as described previously (Elima and Vuorio, 1989)
and cultured in Dulbecco’s modified Eagles Minimum
Essential Medium (DMEM; Flow Laboratories, Irvine,
UK) supplemented with 50 pg/ml streptomycin sulfate,
100 1U/ml penicillin, and 10% (v/v) fetal calf serum
(FCS) (Gibco Biocult, Paisley, UK). The cells used in
experiments had been subcultured five to eight times.
For the experiments, the chondrocytes were first incu-
bated for 18 hr in culture medium containing 1% FCS
and subsequently treated for 24 hr with 5 ng/ml of
bovine TGF-B1 or TGF-B2 (kindly provided by Dr.
David R. Olsen, Celtrix Co., Santa Clara, CA), or with
50 ng/ml of human recombinant BMP-2 (provided by
Genetics Institute, Cambridge, MA) prior to extraction
of total RNA.
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