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Abstract Collagen type X is a short, network-forming collagen expressed temporally and spatially tightly
controlled in hypertrophic chondrocytes during endochondral ossification. Studies on chicken chondrocytes indicate
that the regulation of type X collagen gene expression is regulated at the transcriptional level. In this study, we have
analyzed the regulatory elements of the human type X collagen (Col10a1) by reporter gene constructs and transient
transfections in chondrogenic and nonchondrogenic cells. Four different promoter fragments covering up to 2,864 bp of
58-flanking sequences, either including or lacking the first intron, were linked to luciferase reporter gene and transfected
into 3T3 fibroblasts, HT1080 fibrosarcoma cells, prehypertrophic chondrocytes from the resting zone, hypertrophic
chondrocytes, and chondrogenic cell lines. The results indicated the presence of three regulatory elements in the human
Col10a1 gene besides the proximal promoter. First, a negative regulatory element located between 2.4 and 2.8 kb
upstream of the transcription initiation site was active in all nonchondrogenic cells and in prehypertrophic chondro-
cytes. Second, a positive, but also non-tissue-specific positive regulatory element was present in the first intron. Third, a
cell-type-specific enhancer element active only in hypertrophic chondrocytes was located between 22.4 and 20.9 kb
confirming a previous report by Thomas et al. [(1995): Gene 160:291–296]. The enhancing effect, however, was
observed only when calcium phosphate was either used for transfection or included in the culture medium after
lipofection. These findings demonstrate that the rigid control of human Col10a1 gene expression is achieved by both
positive and negative regulatory elements in the gene and provide the basis for the identification of factors binding to
those elements. J. Cell. Biochem. 66:210–218, 1997. r 1997 Wiley-Liss, Inc.
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Type X collagen is a short-chain, homotri-
meric collagen which assembles into a hexago-
nal meshwork [Schmid and Linsenmayer,
1985a; Kwan et al., 1991]. It is transiently
expressed in a spatially and developmentally
tightly controlled manner in the hypertrophic
zone of epiphyseal growth plates in long bones,
ribs, and vertebrae during endochondral ossifi-
cation [Gibson and Flint, 1985; Schmid and
Linsenmayer, 1985a; Ninomiya et al., 1986;
Reichenberger et al., 1991]. Under pathological

conditions, type X collagen is found in osteoar-
thritic cartilage [Hoyland et al., 1991; von der
Mark et al., 1992, 1995; Aigner et al., 1993;
Walker et al., 1995] and in chondrosarcomas
[Aigner et al., in press]. Although the function
of type X collagen is still under debate at pres-
ent, its close association with the sites of initial
cartilage calcification and metaphyseal bone
marrow invasion [Gibson and Flint, 1985;
Schmid and Linsenmayer, 1985b] suggests a
major role in the endochondral ossification. Pre-
vious studies on the regulation of the type X
collagen gene in the chicken indicated that this
gene is regulated at the level of transcription
[Lu Valle et al., 1989]. In human, mouse, and
chicken, the gene is known to be composed of
only three exons, with a large exon 3 coding for
more than 90% of the protein [Ninomiya et al.,
1986; Lu Valle et al., 1988; Thomas et al.,
1991a,b; Reichenberger et al., 1992; Apte and
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Olsen, 1993; Elima et al., 1993; Kong et al.,
1993]. This genomic organization is distinct
from most other collagen genes; only the a1 and
a2 genes of the structurally related type VIII
collagen show a similar condensed gene struc-
ture [Muragaki et al., 1991; Yamaguchi et al.,
1991].
Negative regulatory elements in the 58-flank-

ing regions of the chicken Col10a1 gene were
described inhibiting its expression in fibro-
blasts and immature chondrocytes [Lu Valle et
al., 1993]. Recently, in vivo footprinting in colla-
gen type X–expressing chick hypertrophic chon-
drocytes showed that a number of sites in the
proximal promoter region are protected, includ-
ing a fully protected TATA box, a sequence
overlapping an AP-2 site, and a 9 bp region
containing the sequence CACACA [Long and
Linsenmayer, 1995]. Nucleotide sequence com-
parison of regulatory regions in the 58 end of
the chicken and mammalian Col10a1 genes,
however, revealed significant differences in the
promoter sequences among the species. Homol-
ogy is obvious only in the 120 nucleotides proxi-
mal to the transcription initiation site [Beier et
al., 1996], indicating that avian and mamma-
lian Col10a1 genes may be regulated by differ-
ent mechanisms.
Recently, an enhancer element in the region

2,400 to 900 bp upstream of the transcription
initiation site of human Col10a1 gene was re-
ported which was effective only in hypertrophic
chondrocytes [Thomas et al., 1995]. Here we
generated various reporter gene constructs ex-
tending up to 22,864 bp from the transcription
initiation site, including or excluding the first
intron, in order to identify further positive and
negative regulatory elements in this gene. By
transfection of hypertrophic and prehypertro-
phic chondrocytes and of nonchondrogenic cells
we provide evidence for the presence of 1) a
strong silencer element between 2,410 and 2,864
bp upstream of the transcription start sitewhich
repress the transcription of the type X collagen
in cells other than hypertrophic chondrocytes,
2) a general, unspecific enhancer in the first
intron, and 3) a positive regulatory element
enhancing Col10a1 expression specifically in
hypertrophic chondrocytes; this was effective
only when hypertrophic chondrocytes were
transfected in the presence of calcium phos-
phate. Our findings indicate a complex control
of the human Col10a1 gene transcription by
both positive and negative regulatory elements

and thus may contribute to our understanding
of the mechanism of type X collagen regulation
in cartilage development and degeneration.

MATERIALS AND METHODS
Materials

The luciferase reporter gene vectors used for
transfection experiments (pGL2 basic, pGL2
control, and pGL2 promoter), a b-galactosidase
reporter gene plasmid (pSVb-Gal), and lucifer-
ase reporter gene assay system were provided
by Promega (Madison, WI). Venty DNA poly-
merase was purchased from New England Bio-
labs GmbH (Schwalbach, Germany). SureClone
Ligation, Ready-To-Go DNA Labelling, and T7

Sequencing kits were obtained from Pharmacia
(Uppsala, Sweden), a b-galactosidase ELISA
kit and testes hyaluronidase from Boehringer-
Mannheim (Mannheim, Germany), and Lipo-
fectiny, DMEM, and Opti-MEM media from
GibcoBRL (Paisley, UK). AmpliTaq DNA poly-
merase was delivered by Perkin Elmer Applied
Biosystems GmbH (Weiterstadt, Germany).
Plasmids used for the transfections were puri-
fied with a Qiagen Plasmid Kit (Qiagen, Chat-
sworth, CA). The following cell lines were used:
HT1080 fibrosarcoma and 3T3 fibroblasts ob-
tained from American Type Culture Collection
(Rockville, MD), while a WT5-5 chondrocytic
cell line derived from a c-fos overexpressing
transgenic mouse [Wang et al., 1993] andMCTs
mouse endochondral chondrocytes immortal-
ized by a temperature-sensitive simian virus 40
large tumor antigen [Lefebvre et al., 1994] were
kindly donated by Dr. Z.-Q. Wang and Dr. E.
Wagner and by Dr. V. Lefebvre and Dr. B. de
Crombrugghe, respectively.

Construction of the Reporter Gene Plasmids

The luciferase reporter gene plasmids used
in transfections were constructed by inserting
fragments of the human Col10a1 promoter re-
gion together with 31 nucleotides of the first
exon into the vector pGL2 basic to yield the
plasmids pGLXH3000 (22,864131), pGLH2500
(22,410 131), pGLBH900 (2873 131) and
pGLSH500 (2460 131), respectively (for de-
tails see Fig. 1). The numbering of the base
pairs refers to the sequence as documented in
GenBank accession number X98568. PCR am-
plification of the first intron (1311639) byVent
DNA polymerase was used to generate a novel
Hind III restriction cleavage site within exon 2
at position 1622. The PCR amplification was
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started with heating the sample at 93°C for 10
min; then 32 cycles with 44°C for 1 min and
elongation with 72°C for 1 min were performed.
The sense primer used in the PCR was 58-GAG
GAA GCT TCA GAAAGC TG-38, and the anti-
sense primer was 58-GGG TAT TTG TGG AAG
CTT ATT CTC AGA TGG-38. The PCR product
was cloned into pUC18, and the resulting 591 bp
Hind III fragment was ligated into theHind III
site of the plasmids pGL2 promoter, pGLBH900,
and pGLXH3000 to yield the plasmids pGL-
PromInt1 (1240 1831), pGLBH900Int1 (1952
11,542), and pGLXH3000Int1 (12,94213,532),
respectively (Fig. 1). The correct orientation of
the insert was ascertained using T7 sequencing
Kit (Pharmacia).

Cell Culture and Transfections

Primary chondrocytes were prepared from
fetal calves. The tibiofemoral, humero-radio-
ulnar, and intertarsal joints of the limbs were
used to separately isolate the resting and hyper-
trophic chondrocytes. The cells were released
by trypsin treatment (0.1% trypsin in PBS) for
30 min followed by overnight incubation with
0.05% collagenase inDMEMsupplementedwith
10% fetal calf serum (FCS), washed with
DMEM, and seeded into 35 mm culture dishes
(500,000 cells/well). Primary fibroblasts were
isolated from the skin of bovine embryos. Cell
lines and primary cells were kept in DMEM
with 10% FCS, 100 U/ml penicillin, and 100
µg/ml streptomycin and cultured using stan-
dard cell culture techniques.
For transfections, cell lines and primary cells

were cultured in DMEM including 10% FCS, 1
mM D-pyruvate, 1 mM D-cysteine, 50 µg/ml
L-ascorbate, 100 U/ml penicillin, and 100 µg/ml
streptomycin. Transfections were done in 35
mm wells with 7 µg of the reporter gene con-
structs using Lipofectiny (GibcoBRL) in Opti-
MEM medium according to the manufacturer’s
instructions. In transfections of primary chon-
drocytes, hyaluronidase (4 U/ml) was included
in the medium in all steps after the initial
seeding onto the plates to obtain better transfec-
tion efficiency [Lu Valle et al., 1993]. To normal-
ize luciferase results for relative transfection
efficiency, the cells were cotransfected with 4 µg
of the plasmid pSVb-Gal (Promega), containing
the gene for b-galactosidase. The cultures were
transfected for 6 h at 32°C for MCTs cells and
37°C for all the other cells in 5% CO2; then
Opti-MEM was replaced by DMEM as de-

scribed above. Eighteen hours after the trans-
fection the cells were lysed, and the cytosolic
extract was tested for luciferase activity accord-
ing to the manufacturer’s protocol (Promega).
b-galactosidase activity was determined using
an o-nitrophenyl galactosopyranoside assay
[Rosenthal, 1987]. Transfection efficiency was
calculated based on the b-galactosidase activity
in standard amount of cytosolic extracts, and
the relative transcriptional activity was then
calculated as the ratio of luciferase activity vs.
the normalized b-galactosidase activity. Experi-
ments consisting of two to three parallel cul-
tures were repeated two to four times with
chondrocytes isolated fromdifferent fetal calves,
and the results are presented as mean 6 SD.
When the transfection efficiency was low in the
hypertrophic chondrocytes, a more sensitive
ELISA assay kit (Boehringer-Mannheim) was
used for determination of the amount of b-galac-
tosidase.
For the analysis of the effects of calcium and

phosphate, transfections were also done by cal-
cium phosphate coprecipitation [Sambrook et
al., 1989] for 6 h at 37°C in 5% CO2. The
transfection medium was replaced by DMEM,
and cells were lysed after 18 h. In some experi-
ments, the extracellular Ca21 concentrationwas
increased by adding 5 mM CaCl2 to the culture
medium after removal of Lipofectiny, or cal-
cium phosphate (without DNA) was applied to
the cells after Lipofectiny transfection in ex-
actly the same way as used in calcium phos-
phate transfections.

RESULTS

For the analysis of positive and negative regu-
latory elements in the human Col10a1 gene,
various reporter gene constructs were prepared
by fusion of the luciferase gene to the 58 end of
the first exon and different upstream regions of
the promoter, including or lacking the first in-
tron (Fig. 1).

Basal Promoter Activities in Nonchondrogenic
Cells, Prehypertrophic Chondrocytes,

and MCTs Cells

The transcriptional regulation of human col-
lagen type X gene was first studied in a number
of different cell types not expressing collagen
type X and in a mouse cell line (MCTs) reported
to synthesize type X collagen [Lefebvre et al.,
1994]. Primary bovine chondrocytes from the
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resting zone, themurine nonhypertrophic chon-
drocyte cell line WT5-5, the fibroblast cell line
3T3, the human fibrosarcoma cell line HT1080,
and MCTs chondrocytes were transfected with
the Col10a1 promoter constructs by lipofection.
As shown in Table I, in all cells types tested the
shortest upstream promoter fragment of the
human collagen type X gene produced a low

level of reporter gene activity comparable to
that of thymidine kinase promoter (pTKLuc).

Strong Silencer Element Is Active
in Cells Not Expressing Type X Collagen

The clones pGLBH900 and pGLH2500 gener-
ally revealed the highest reporter gene activi-
ties, while in all cells except MCTs cells

Fig. 1. Type X collagen gene reporter plasmids. Different
fragments of the human type X collagen gene were cloned
upstream of the luciferase reporter gene in the vector pGL2
basic (Promega). Top: The genomic structure of the human type
X collagen gene is shown. Boxes represent exons, with the
coding sequence drawn in black. Letters indicate the restriction
sites used for cloning of the fragments (B, BamHI; S, Ssp I; X, Xho

I). Bottom: The 58-part of the gene is shown enlarged, and the
reporter gene constructs are indicated in relation to the gene
(Luc, luciferase reporter gene). For cloning of intron 1, aHind III
site was introduced in the 58 end of exon 2 (see Materials and
Methods for details). The SV40 promoter in pGLPromInt is
derived from the pGL2 promoter (Promega).
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pGLXH3000 conferred about 30% of the activ-
ity of pGLBH900 and pGLH2500, suggesting
the presence of a negative regulatory element.
In contrast, the collagen type X–expressing
MCTs cells not only revealed approximately
fivefold higher reporter gene activities com-
pared to the thymidine kinase promoter (Table
I) and the simian virus 40 promoter/enhancer
(pGL2 control; data not shown), but also the
activity of pGLXH3000 was nearly identical to
that of pGLH2500 (Table I). Taken together,
these results suggested the presence of a nega-
tive element between 2,864 and 2,410 nucleo-
tides upstream of the transcription initiation
site of the human Col10a1 gene. This element
was functional in all cells not expressing colla-
gen type X but not in MCTs cells, suggesting
that it may have a role in the cell-specific regu-
lation of Col10a1 gene expression.

Cell-Specific Enhancer Is Active Only in Type X
Collagen–Expressing Chondrocytes

In contrast to the results by Thomas et al.
[1995] showing a strong enhancer in a reporter
gene construct corresponding to our plasmid
pGLH2500 after transfection of bovine primary
hypertrophic chondrocytes, we did not observe
such an effect with pGLH2500 in MCTs cells
and hypertrophic chondrocytes when Lipofec-
tiny was used for transfection (Table I; Fig.
2A).
To analyze whether this discrepancy was a

result of the different transfection methods, we
compared the promoter activities in hypertro-
phic chondrocytes transfected with Lipofectiny

or calcium phosphate–precipitated DNA. In Li-
pofectiny-transfected bovine hypertrophic chon-
drocytes (with no Ca21 addition), no enhancer
effect was observed when pGLBH900 and
pGLH2500 were compared (Fig. 2A). In con-

trast, when transfections were performed using
the calcium phosphate coprecipitation method,
pGLH2500 conferred four- to fivefold higher
relative luciferase activities than pGLBH900
(Fig. 2B). In HT1080 cells, no difference be-
tween the two transfection methods was seen
(data not shown).
The presence of hyaluronidase during trans-

fection of the hypertrophic chondrocytes usu-
ally enhanced the relative luciferase activities
of plasmids pGLH2500 and pGLXH3000. With-
out enzyme addition, transfection efficiency was
normally rather low; therefore, hyaluronidase
was subsequently included in all steps of the

Fig. 2. A strong enhancer element is located in the human type
X collagen gene promoter. Bovine hypertrophic chondrocytes
were transfected with pGLSH500, pGLBH900, pGLH2500, and
pGLXH3000 using Lipofectiny (A) and calcium phosphate–
precipitated DNA (B). Eighteen hours after transfection, the cells
were harvested, and cytosolic luciferase activity was deter-
mined and normalized to b-galactosidase activities. A strong
enhancer element is located in the region of 2,410 to 873 bp
upstream of the transcription initiation site. It is active only in
calcium phosphate–transfected cells. Transfections were per-
formed with two to three parallel cultures, and experiments
were repeated four times. The bars show the mean 6 SD.

TABLE 1. Activity of Different Type X Collagen Promoter Fragments in Various Cell Types*

Cell type pTKLuc pGLSH500 pGLBH900 pGLH2500 pGLXH3000

Bovine epiphyseal chondrocytes 1.00 6 0.03 1.12 6 0.04 1.47 6 0.07 1.38 6 0.05 0.43 6 0.06
Bovine fibroblasts 1.00 6 0.03 1.10 6 0.06 1.96 6 0.04 1.85 6 0.07 0.67 6 0.03
3T3 fibroblasts 1.00 6 0.06 1.03 6 0.05 1.94 6 0.07 2.08 6 0.08 0.68 6 0.06
WT5-5 cells 1.00 6 0.06 1.01 6 0.05 2.28 6 0.11 2.37 6 0.09 0.77 6 0.05
HT1080 cells 1.00 6 0.06 1.01 6 0.06 2.64 6 0.05 3.07 6 0.06 0.96 6 0.05
MCTs cells 1.00 6 0.03 9.02 6 0.21 8.56 6 0.15 6.02 6 0.12 5.69 6 0.06

*Several chondrogenic and nonchondrogenic cell types were transfected with pTKLuc and plasmids pGLSH500, pGLBH900,
pGLH2500, and pGLXH3000. Forty hours after transfection, cells were lysed, cytosolic luciferase activity was determined,
and the results were normalized to b-galactosidase activity. Transfections were performed with three parallel cultures, and
experiments were repeated two to three times. Values are presented as average 6 SD.
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transfection experimentswith primary chondro-
cytes.

Transfection With Calcium Phosphate Is Required
to Reveal the 58-Upstream Enhancer

Our data indicate that the enhancer element
between positions 2,410 and 873 bp upstream
the transcription initiation site is calcium phos-
phate–dependent (Figs. 2B, 3B), suggesting the
presence of a calcium phosphate response ele-
ment in the promoter. Therefore we performed
additional experiments in hypertrophic chon-
drocytes using Lipofectiny transfections with
an additional 5 mM Ca21 included in the me-
dium after transfections. Transfection assays

by the calcium phosphate coprecipitation
method were performed in parallel using the
same population of hypertrophic chondrocytes.
Addition of Ca21 in the presence of Lipofectiny

was not possible due to the precipitation of
liposomes by calcium salts. When CaCl2 was
added after Lipofectiny transfections at concen-
trations corresponding to those achieved dur-
ing calcium phosphate precipitation (6.7 mM),
the construct pGLH2500 showed the same rela-
tive luciferase activity (Fig. 3C) as observed in
the absence of CaCl2 (Fig. 3A). However, when
calcium phosphate precipitate (without DNA)
was added to the cultures after Lipofectiny

transfection, the relative reporter gene activity
of the plasmid pGLH2500 was increased to
200–300% of the activity of the plasmid
pGLBH900 (Fig. 3D), suggesting that enhancer
effect of the fragment from 22,410 to 2873 bp
of the transcription initiation site is dependent
on the calcium phosphate but not on the Ca21

ion.

First Intron Contains an Enhancing Element

The role of the first intron in the regulation of
Col10a1 gene expression was investigated with
reporter gene constructs that included the first
intron in the constructs pGLBH900 and
pGLXH3000. Intron 1 was introduced into the
Hind III site at the 38 end of the humanCol10a1
promoter fragment to reconfigure the genomic
situation. Additionally, the first intron was
cloned into a reporter gene plasmid containing
the unrelated promoter of SV40 (pGL2 pro-
moter).
Transfections with intron 1 constructs were

performed in primary hypertrophic chondro-
cytes and HT1080 and MCTs cell lines. In all
three cell types, the plasmids which included
the first intron showed an increase in the rela-
tive luciferase activity when compared with
respective intronless constructs, both when cal-
cium coprecipitation (Fig. 4) and lipofection (re-
sults not shown) were used for transfections.

DISCUSSION

In this study, we describe the identification
and analyses of three major cis-acting DNA
regulatory elements in the human type X colla-
gen gene Col10a1. We confirmed the existence
of a strong, tissue-specific enhancer element
between 22,410 and 2873 bp from the tran-
scription initiation site which has been re-
ported previously [Thomas et al., 1995]. In the

Fig. 3. Calcium phosphate transfection is required to reveal
the enhancer effect. Bovine hypertrophic chondrocytes were
transfected with pTKLuc, pGLBH900, and pGLH2500 using
Lipofectiny (A), calcium phosphate–precipitated DNA (B), or
Lipofectiny with subsequent incubation with CaCl2 (C) or
calcium phosphate (D). Eighteen hours after transfection, the
cells were harvested, and cytosolic luciferase activity was deter-
mined and normalized to b-galactosidase activities. The en-
hancer effect of the fragment between 22,410 bp and 2873 bp
from the transcription initiation site was observed only when
calcium phosphate was included in the cultures of hypertrophic
chondrocytes. Transfections were performed with three parallel
cultures, and experiments were repeated two times. The bars
show the mean 6 SD.
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first intron, another potential enhancer ele-
ment was observed which, however, was not
cell-specific. In the region ranging from 22,864
to 22,410 bp upstream of the transcription
initiation site of the human type X collagen
gene, a strong silencer element was identified
which is responsible for suppression of type X
collagen expression in nonhypertrophic chondro-
cytes and in other nonchondrogenic cells.
In hypertrophic chondrocytes, both the en-

hancer and silencer elements of 58 promoter
regionwere recognized only when calcium phos-
phate was used for transfection of reporter con-
structs. Only in the presence of calcium phos-
phate did the enhancer element of human
collagen type X promoter (22,410 to 2873 bp)
increase the transcriptional activity in hypertro-
phic chondrocytes by 200–300% in comparison
to the basal promoter.
Some earlier reports have shown the impor-

tance of extracellular Ca21 and calcium glycero-
phosphate for chicken collagen type X gene
expression in cell culture [Thomas et al., 1990;
Bonen and Schmid, 1991]. When chicken em-
bryos were cultured in vitro under Ca21-
deficient conditions, the differentiation of chon-
drocytes and expression of type X collagen were
severely inhibited [Reginato et al., 1993]. The
presence of 10 mM CaCl2 greatly stimulated
collagen type X expression in chicken chondro-
cytes [Bonen and Schmid, 1991]. However, in

our studies the addition of CaCl2 alone was not
able to induce an enhancer effect in bovine
chondrocytes. This discrepancy may either be
due to species differences or may be caused by
the conditions used, exposing the chondrocytes
to CaCl2 less than 24 h, which was the standard
time used in our transfection experiments. The
mechanism by which calcium phosphate stimu-
lates transcription of the pGLH2500 and
pGLXH3000 reporter gene constructs is un-
known at present. One possibility is that cal-
cium phosphate crystals may enter the cells
and transmit their biological action by intracel-
lular effects. Indeed, a rapid mineralization in
cell cultures of the osteoblastic cell line UMR
106-01 BSP has been reported to occur in the
presence of organophosphates or calcium, and
intracellular apatite crystals were found in elec-
tronmicroscopic analyses [Stanford et al., 1995].
The stimulating effect of the enhancer activ-

ity of the element between 22,410 and 2873 bp
was much lower in our hands when compared
to the report by Thomas et al. [1995]. One
possible explanation for the different reporter
gene activities may be variations in the ratio of
proliferative chondrocytes not expressing type
X collagen vs. hypertrophic chondrocytes in both
studies. The differences may also be explained
by the different reporter genes used, both for
collagen type X promoter constructs (chloram-
phenicol acetyltransferase vs. luciferase), and
for internal normalization of the transfection
efficiency (growth hormone vs. b-galactosi-
dase). Inconsistent results have been observed,
for instance, in the studies localizing the cis-
acting DNA elements in the promoter and first
intron of themouse procollagen a1(I) gene using
different reporter genes [Liska et al., 1994; Ros-
sert et al., 1995; Sokolov et al., 1995]. Yet it is
important to notice here that, despite the differ-
ent reporter gene systems used in the study by
Thomas et al. [1995] and our study, the same
enhancer region was identified when similar
transfection methods were applied. However,
as the luciferase reporter gene is considerably
more sensitive than the chloramphenicol acetyl-
transferase gene, we observed a significant basal
transcriptional activity of the plasmid
pGLBH900 in all cell types tested, while Tho-
mas et al. [1995] did not describe such an activ-
ity. It is possible that the absolute activity of
the 22,500 promoter containing the enhancer
is very similar in both systems, whereas the
differences in the ratios between the 2873 and

Fig. 4. A general enhancer is located in the first intron of the
human type X collagen gene. HT1080 cells (A) and bovine
hypertrophic chondrocytes (B) were transfected with pGL2 pro-
moter (Promega), pGLBH900, pGLXH3000, and the same plas-
mids containing intron 1 of the type X collagen gene, pGLProm-
Int, pGLBH900Int, and pGLXH3000Int. Eighteen hours after
transfection, the cells were harvested, and cytosolic luciferase
activity was determined and normalized to b-galactosidase
activities. Transfections were performed with three parallel cul-
tures, and experiments were repeated three times. The bars
show the mean 6 SD.
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the 22,410 promoters are mainly due to differ-
ent basal levels obtained with shorter frag-
ments (2460 and 2873).
Based on our transfection experiments in cells

not expressing Col10a1, we have identified a
novel silencer element in the region ranging
from 22,864 to 22,410 base pairs proximal to
the transcription initiation site of the human
a1(X) collagen gene. The silencer was functional
in nonchondrogeneic cells and prehypertrophic
chondrocytes. In hypertrophic chondrocytes
transfectedwith calcium phosphate coprecipita-
tion, the silencer was not active at all. Part of
the silencer effect observed after lipofectionmay
be due to the presence of immature, prolifera-
tive chondrocytes in the chondrocyte prepara-
tion not expressing the type X collagen gene.
The first intron of human collagen type X

gene acts as a weak, cell type–independent
general enhancer. Intron 1 is well conserved in
human and mouse type X collagen genes [Beier
et al., 1996], suggesting that it may contain
elements that are important for the regulation
of the human type X collagen gene. Similarly, in
some other collagen genes the first introns have
been shown to reveal enhancer function [Ros-
souw et al., 1987; Bornstein et al., 1987; Horton
et al., 1987]. For example a 182 bp intron 1
fragment of the mouse Col2a1 gene directs the
expression of the b-galactosidase reporter gene
in transgenic mice specifically to chondrocytes,
with the same temporal pattern as that of the
endogenous Col2a1 gene [Zhou et al., 1995].
Our data indicate, however, that the enhancer
in the first intron of the human Col10a1 gene
does not target the expression specifically to
hypertrophic chondrocytes, since its enhancing
effect was shown to be independent of the cell
type investigated.
In summary, our findings indicate that the

tissue-specific expression of human type X colla-
gen in hypertrophic cartilage is controlled by
both positive and negative regulatory elements
present in the promoter. In the chicken, type X
collagen expression seems to be controlled
mainly by negative regulatory elements [Lu
Valle et al., 1993; Long and Linsenmayer, 1995].
The morphology of avian long bone develop-
ment, the spatial and temporal aspects of carti-
lage differentiation, hypertrophy, and remodel-
ling to bone are, however, significantly different
from mammalian bone development. In the de-
veloping avian bone, type X collagen–express-
ing hypertrophic chondrocytes contribute to a

major portion of the cartilage [Schmid and Lin-
senmayer, 1985b], while they are restricted to
only a narrow zone of endochondral ossification
in the mammalian epiphysis [Reichenberger et
al., 1991]. This may require different control
mechanisms of type X collagen gene expression.
So far the transcriptional activities of all these
regulatory sites in type X collagen genes have
been shown only in vitro andmust be confirmed
in vivo by transgenic approaches.
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