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Joint destruction of articular cartilage in osteoarthritis
and rheumatoid arthritis is heralded by surface fibril-
lation, loss of proteoglycans from the articular sur-
face and increasing hydration and softening of the
cartilage matrix (Sokoloff 1982). These initial chang-
es are followed by chondrocyte proliferation and for-
mation of cell clusters and extensive remodeling of
the cartilage matrix, i.e. massive degradation and
synthesis of new, but partially altered cartilage com-
ponents.

Compared to the extensive studies published on the
loss of proteoglycans and glycosaminoglycans from
osteoarthritic cartilage, relatively little is known on
the changes in structure and composition of the col-
lagenous frame work of articular cartilage during
arthritic degeneration. The cartilage collagen fibrils
are heterofibrils consisting of about 85-90% type 11
collagen and 5% type XI collagen, to which type IX
collagen molecules are covalently attached (for
review see Mayne 1989, van der Rest and Garrone
1991). This fibrillar network is interwoven with a
microfibrillar meshwork consisting of cystine-cross-
linked type VI collagen molecules (Ayad et al. 1984,
Keene et al. 1988).

Type X collagen, a short, network forming colla-
gen (for reviews see Schmid and Linsenmayer, 1985,
Kielty, 1993) is found exclusively in the hypertroph-
ic cartilage in the fetal and juvenile growth plate of
long bones, but also in the calcified zone of articular
cartilage below the tide mark (Gannon et al. 1991).
Previously, we have reported on the appearance of
type X collagen in osteoarthritic articular cartilage.
Conflicting reports exist on the question whether or
not type II collagen is replaced by type I and III col-
lagen in osteoarthritic cartilage (Adam and Deyl
1983, but see Goldwasser, 1982). Such discrepancies
particular in the biochemical analysis of OA cartilage
samples most likely result from the heterogeneity of
osteoarthritic lesion within the joint, and even more

among different patients and joints. Thus, in order to
gain insight into the alterations in collagen expression
occurring during osteoarthritic cartilage destruction,
we performed immunohistological and in situ hybrid-
ization studies using collagen-specific antibodies and
cDNA probes which allowed us to understand the
focal changes in the chondrocyte phenotype in indi-
vidual regions of the joints.

Materials and methods

1. Human cartilage samples

Human osteoarthritic articular cartilage was obtained
from knee and hip endoprothesis operations in collab-
oration with the Orthopedic Hospital, Waldkranken-
haus St. Marien, Erlangen. The operated joints were
graded clinically, and the remaining cartilage was
excised focally and graded histologically according
to Mankin et al. (1971). The cartilage samples were
fixed in 4% paraformaldehyde for 24h at 4°, dehy-
drated embedded in paraffin under RNA-free condi-
tions as described previously (Aigner et al. 1992).

2. Chondrocyte cuitures

For chondrocyte cultures and PTH stimulation, epi-
physeal cartilage from caif fetuses was cleaned from
adhering connective tissue; the hypertrophic zone
adjacent to the cartilage-bone transition zone in the
growth plate was separated from the proliferating and
resting zone, and both parts were separately digested
with trypsin and collagenase (Clostridium histo-
Iyticum, CLSPA, Boehringer Mannheim) for 4h
under serum-free conditions. Chondrocytes were cul-
tured in F12/DMEM medium (1:1) containing ascor-
bate (50 pg/ml) for 24 hrs, and then stimulated with
various PTH fragments for 24hrs as described else-
where (S. Erdmann et al. 1995 in prep.). PTH-frag-
ments (1-34), (3-34), (13-34), (28-48), (39-68),
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(52-84) and (64-84) were obtained from Sigma (St.
Lous) MO, USA).

3. Northern blotting

For quantitative analysis of Coll0A1 and Col2Al
mRNA steady state levels, chondrocytes were har-
vested after PTH stimulation and lysed in 4M guani-
dinium thiocyanate, 25 mM Na-citrate, 0.5% Na-sar-
cosyl, 0.7% B-mercaptoethanol. RNA was separated
by cesium chloride density centrifugation (Chirgwin
et al. 1979) and subjected to formaldehyde gel elec-
trophoresis as described (Dietz et al. 1992). The RNA
was blotted onto nylon filters, crosslinked by UV and
hybridized to 32P-ATP and CTP-labeled collagen
cDNA probes as described (Dietz et al. 1993). The
c¢DNA probe for Col2A1 (pHCG?2) which is derived
from the C-propeptide was kindly provided by Drs.
Sandberg and E. Vuorio (1987). The cDNA-probe for
Col10A1 (pERX) is derived from the NC1 domain of
human collagen type X (Reichenberger et al. 1991).

4. Preparation of human recombinant colla-
gen type X

A full length human Col10A1 cDNA was constructed
from a genomic cDNA fragment covering the entire
exon 3; (Reichenberger, 1993) exons 1 and 2 as well
5"UTR sequences were synthesized by RT PCR using
the 5’sequences of exon 3 as primer, and mRNA from
human hypertrophic chondrocytes as template. The
c¢DNA was ligated into the eucaryotic expression vec-
tor pCis (Gorman et al. 1990) under the CMV pro-
moter (F. Beier et al. 1995 in prep.).

Human 293 kidney cells and HT 1080 fibrosarco-
ma cells were transfected with the pCMV-ColX vec-
tor and cotransfected with a vector carrying a puro-
mycin resistance gene. Puromycin resistant, stable
clones were obtained that secreted up to 10 pg/ml of
human recomb. collagen type X into the medium.

5. Immunohistology and in situ hybridization

For staining of extracellular collagens, paraffin sec-
tions were deparaffinized, hydrated and pre-digested
with 2 mg/ml of testicular hyaluronidase, pH 5.0, for
30 min before antibody application. Immunostaining
was done as described previously (von der Mark et al.
1992, Aigner et al. 1993) using the alkaline phospha-
tase staining procedure.

In situ hybridization with 35S-UTP labeled cDNA
probes was done as described (Aigner et al. 1992,
1993). Alternatively, non-radioactive probes labeled
with digoxigenin (Boehringer Mannheim) were used.
For detection of Col2A1 mRNA, pHCG2 clone was
transcribed in the pGEM vector as sense and anti-
sense RNA strand, using T7 and SPG RNA polyme-

rase, resp. (Promega). For detection of CollOAl
mRNA, the pERX clone (Reichenberger et al. 1992)
was cloned into the pGEM vector.

Results

1. Type X collagen synthesis in OA cartilage

Changes in the expression and distribution of colla-
gen types was investigated in sections of OA cartil-
age obtained after endoprothesis operations. The
stimulation of chondrocyte proliferation leading to
chondrocyte clusters in OA cartilage (Vignon et al.
1983) suggested to us that chondrocytes might even-
tually reach prematurely the hypertrophic state, simi-
lar to chondrocytes in the growth plate that become
hypertrophic following a proliferative phase. In fact,
using a polyclonal antibody to human type X colla-
gen (Kirsch et al. 1991), we were able to identify type
X collagen deposition in the matrix of deeply fibril-
lated OA cartilage, in particular around chondrocyte
clusters, but also in deeper zones of QA cartilage
(von der Mark et al. 1992a, b). In order to confirm the
immunohistological localization of ColX in OA car-
tilage, new poly- and monoclonal antibodies were
prepared against recombinant human type X collagen
(see Materials and methods). The apparent molecular
weight on SDS-gel electrophoresis of the recomb.
human Col X was about 75 kD (Figure 2), as com-
pared to 66 kD of the tissue- or chondrocyte culture
extracted material. The material was purified by
DEAE cellulose chromatography followed by CM-
cellulose chromatography; the purified material
(Figure 2b) was used for immunization of mice and
rabbits. Rabbit antisera were obtained showing a titer
of 1:50000 in the ELISA test against recombinant
human Col. X. Monoclonal antibodies were obtained
that reacted with rec. Col X in the Western blot
(Figure 2c), and specifically stained hypertrophic car-
tilage in the growth zone of a human fetal tibia epiph-
yses (Figure 1a). Immunohistologic studies on osteo-
arthritic cartilage samples using these antibodies con-
firmed our previous findings (Figure 1c¢). Chondro-
cytes enzymatically released from OA cartilage also
synthesized significantly enhanced amounts of type
X collagen in vitro compared to chondrocytes from
normal articular cartilage (von der Mark et al. 1992a,
b). By in situ hybridization collagen X expression
was documented in hypertrophic chondrocytes of
osteophytes (Hoyland et al. 1991, Aigner et al. 1993),
but in articular OA cartilage only rarely significant
signals were obtained, possibly due to low levels of
cytoplasmic Col10A1 mRNA.
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Figure 1. Type X coliagen in hypertrophic fetal cartilage and osteoarthritic cartilage. a, b)
Comparison of antibody staining of extracetlular type X collagen in the growth plate of a human fetal
epiphysis (tibia head) (28 wk) with the monoclonal ab 3B5 prepared against recombinant human
type X collagen (a), and tocalization of cytoplasmic o1(X)mRNA by in situ hybridization (b) using the
dioxigenin method. c) Antibody localization of type X collagen in osteoarthritic cartilage using a
polyclonal ab. d) Osteoarthritic cartilage, stained with a monoclonal antibody against type Il colla-
gen (ClID3, Holmdahl et al. 1986), showing extensive pericellular degradation of type Il collagen.

2. Regulation of collagen type X expression (Figure 1b), and the onset of type X collagen synthe-
The rapid onset of Coll0A1 expression in a sharply  sis in OA cartilage raised the questions on the mech-
delineated zone of hypertrophic chondrocytes in the  anisms regulating Col10A1 gene transcription, and
fetal growth plate as indicated by in situ hybridization ~ on hormones or growth factors involved in the regu-
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Figure 2. Preparation of monoclonal antibodies against
human recomb. type X collagen. a) MW marker b) Human rec-
omb. type X procollagen (Mr 75kd) after purification by DEAE-
and CM-cellulose chromatography. ¢) Immunoblotting of rec.
ColX with the monoclonal ab. 3B5.
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Figure 3. Stimulation of a1(ll) and a1(X) mRNA levels in
hypertrophic chondrocytes by various PTH fragments.
Hypertrophic fetal bovine chondrocytes, freshly prepared from
the growth plates of fetal calf bones in the absence of serum,
were stimulated with various parathyroid fragements from the
N- and C-terminal half of PTH (1 nM) for 24h. mRNA was
extracted from the cell cultures, and levels of a1 (1) and a1(X)
mRNA were determined by Northern hybridization with specif-
ic 32P-labeled cDNA probes. The stimulation index refers to
the unstimulated samples.

lation. In chondrocyte cultures, besides fetal calf
serum, B-glycerophosphate (Thomas et al. 1990),
high doses of Catt (10 mM, Bonen and Schmid,
1991), and thyroxin (Bohme et al. 1992) have been
shown to stimulate type X collagen synthesis.
Whether these factors directly regulate type X colla-
gen expression or induce or accelerate differentiation
of proliferating chondrocytes to the hypertrophic
state is still open.

Recently, we have investigated the effects of vari-
ous peptide fragments of parathyroid hormone (PTH)
on the expression of types II and X collagen in pro-
liferating and hypertrophic bovine fetal chondrocy-
tes. By Northern hybridization we could show that
type II collagen mRNA-levels of proliferating chon-
drocytes isolated in the absence of serum were stimu-
lated severalfold after a 24h period stimulation with
PTH fragments from the aminoterminal part of the
molecule; the stimulatory effect was localized to res.
28-34 of PTH (Erdmann et al. in prep.). The C-termi-
nal part of PTH had no activity in proliferating chon-
drocytes. In contrast, a population of hypertrophic
chondrocytes isolated from the growth plate showed
significantly enhanced levels of type II and of type X
collagen mRNA also when stimulated with the C-ter-
minal fragments 52-84 (Figure 3).

This finding correlated with the differential
response of proliferating and hypertrophic chondroc-
ytes to N- and C-terminal fragments of PTH in the
uptake of calcium. Using Fura-2 as a fluorescent
probe for intracellular calcium levels, monolayer
chondrocytes were imaged in a fluorescence micro-
scope equipped with a CCD-camera at 350 and 380
nm excitation. Individual cells responded to PTH
1-34, but not to 52-84, while others showed
enhanced intracellular calcium only in response to the
C-terminal PTH fragment. This indicates the pres-
ence of another yet unidentified PTH receptor on the
surface of hypertrophic chondrocytes which differs
from the PTH receptor on proliferating chondrocytes
(Iwamoto et al. 1994).

In order to identify the PTH responsive elements in
the promoter of collagen X, various fragments of the
promoter region of the human type X collagen gene
(Reichenberger et al. 1993) up to —3000 bp upstream
of the transcription initiation site including exon 1
were coupled to the luciferase gene as reporter gene,
and various chondrogenic (mouse-cfos-transformed
chondrocytes, Wang et al. 1993) and non-chondro-
genic cells (HT 1080; 293 cells) were transfected
with the Col10A1 reporter gene constructs and stim-
ulated with PTH fragments. Preliminary results sug-
gest a region at —2500 to —3000 bp of the Col10Al
promoter which is responsive to the C-terminal part
of PTH. Further constructs and stable transfections of
other chondrogenic cells will be necessary to confirm
this finding.
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