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ABSTRACT

Objective. Osteoarthritisis character -
ized by dramatic changes in chondro -
cyte metabolism including the overex -
pression of catabolic enzymes, but also
a lack of anabolic activity. In this re -
spect, osteogenic protein 1 (OP-1) ap -
pears to be one of the most potent ana -
bolic factors of chondrocytes. In this
study, we were interested in: (1) whe -
ther recombinant human OP-1 exerts
its anabolic effects also on osteoarthri -
tic chondrocytes, (2) whether OP-1 mo -
dulates the expression of catabolic genes,
and (3) whether the BMP effects arere -
lated to the expression levels of itsin -
tracellular mediators (R- and |-Smads).
Methods. Chondrocytes were isolated
from cartilage of either normal (n=5)
or osteoarthritic (n=8) human knee
joints and cultured in short-term high-
density monolayer cultures with and
without recombinant OP-1. RNA was
isolated and analyzed for mRNA ex -
pression levels of anabolic (aggrecan,
collagen type I1), catabolic (MMP-1, -
3, -13, ADAMTS4), and intracellular
signaling mediators (Smad 1, 4, 5, 6, 7,
and 8) by quantitative online PCR.
Results. After OP-1 stimulation, the
anabolic genes were significantly up-
regulated in osteoarthritic chondrocytes
in comparison to normal chondrocytes.
Neither in normal nor osteoarthritic
chondrocytes were significant changes
observed for the matrix degrading en -
zymes. Smads were also expressed in
both normal and osteoarthritic cells at
roughly the same level with and with -
out stimulation with OP-1.

Conclusion. Osteoarthritic chondro -
cytes are not hypo-responsive to ana -
bolic stimulation by OP-1. Thus, hu -
man recombinant OP-1 could be a suit -
able anabolic activator of osteoarthrit -
ic chondrocytes. This might be of par -
ticular interest as chondrocytes them -
selves showed very low levels of OP-1
expression.

Introduction

Osteoarthritis (OA) is characterized by
dramatic changes in cartilage metabo-
lism. This includes the overexpression
of catabolic matrix degrading enzymes,
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but also a lack of anabolic activity of
chondrocytes (1). The anabolic activity
of chondrocyteis classically thought to
be maintained by growth factors such
as |GF-1 and transforming growth fac-
tor 3 (TGF-[3), but more recently bone
morphogenetic proteins (BMPs), mem-
bers of the transforming growth factor-
3 superfamily (2), have become the
focus of interest (3).

Osteogenic Protein-1 (OP-1), aso
known as bone morphogenetic protein-
7 (BMP-7), isfound in many embryon-
ic tissues, notably at sites of mesenchy-
mal condensations such as the teeth
and limb buds, but aso the kidney,
brain and eye. Studies by Flechten-
macher et al. (1996) and Nishida et al..
(2000) showed that OP-1 can signifi-
cantly enhance the anabolic activity of
chondrocytes, mainly the expression of
aggrecan, type Il collagen, and hyalur-
onan (3,4). Thus, OP-1 appears to be
one of the most potent anabolic factors
for adult articular chondrocytes. How-
ever, it remains unclear whether OA
chondrocytes are still responsive to this
stimulus. In fact, areduced responsive-
ness of OA chondrocytes to anabolic
stimuli such as |GF-1 was reported pre-
viously (5).

BMPs exert their actions on the cells
via a rather well defined intracellular
signaling pathway involving specific
kinase receptors, which phosphorylate
the Smad-signaling molecules upon
BMP-binding. In a previous study, we
were able to demonstrate that the intra-
cellular mediators of BMP-signaling,
the BMP-receptor-associated Smads
(R-Smads 1, 5 and 8) as well as the
common Smad (C-Smad 4), are aso
expressed in human adult articular chon-
drocytes (6) confirming that BMP-sig-
naling is a potentially important signal-
ing pathway within these cells.

In this study, we attempted to deter-
mine: (1) whether OP-1 also exerts its
anabolic effects on OA chondrocytes,
(2) whether OP-1 modulates catabolic
gene expression either in normal or in
OA chondrocytes and (3) whether the
BMP effects are related to the expres-
sion levels of itsintracellular mediators
or their inhibitors.
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Material and methods

Cell isolation, culture, and stimula-
tion with OP-1

Normal human knee articular cartilages
were dissected from 5 normal donors at
autopsy, within 48 hours of death (2
males and 3 females, 39-79 years, mean
age 57.8 yrs), and OAcartilage was ob-
tained from 8 patients who had under-
gone knee arthroplasty for advanced
osteoarthritis immediately after the en-
doprosthetic operation (4 males and 4
females, 67-76 years, mean age 71 yrs).
All osteoarthritic samples therefore
were taken from peripheral areas of late
stage, advanced osteoarthritic joints.
Cartilage pieces were finely chopped
and chondrocytes were enzymatically
isolated as described (7) and seeded at
2 x 10° cellswell in 6-well tissue cul-
ture plates and maintained for 48 hours
in DMEM/F12 medium (Gibco BRL,
Karlsruhe Germany) supplemented with
10% FCS and 50 pg/ml penicillin/strep-
tomycin solution (Gibco BRL, Karls
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ruhe, Germany) and 50 pg/ml ascor-
bate (Sigma, Taufkirchen, Germany).
Thereafter, chondrocytes were stimu-
lated with 100 ng/ml OP-1 (Stryker Bio-
tech, Hopkinton, MA) in DMEM/ F12
medium containing 10% FCS (Bio-
chrom, Berlin, Germany) or cultivated
in medium containing 10% FCS alone
for 3 days. The medium was changed
every day. At the end of the stimulation
period the cells were washed in sterile
PBS, and lysed in 350 W lysis RLT
buffer/10° cells (Qiagen, Hilden, Ger-
many) and stored at -80°C.

RNA isolation, cDNA synthesis and
TAQMAN PCR

RNA was isolated and cDNA synthe-
sized by reverse transcription as describ-
ed previoudly (7,8). TAQMAN PCR
was used to detect human aggrecan, col-
lagen type2, MMP-1,-3,-13, ADAM-
TS4aswellasSmad 1, 4,5,6,7and 8
in RNA samples of human articular
cartilage. The primers (MWG Biotech,

Germany) and TAQMAN probes (Eu-
rogentec, Belgium) were designed us-
ing PRIMER EXPRESS TM software
(Perkin Elmer) (Tablel). In order to be
able to obtain quantifiable results for
all genes, specific standard curves
using sequence specific control probes
were performed in parallel to the analy-
ses as described (7). All experiments
were performed in triplicate.

Satistical analysis

For statistical analysis, the t-test for
pair-wise comparisons was used and P-
values below 0.05 were considered as
significant.

Results

Expression of BMP-7in vitro

First, we investigated the expression of
OP-1 by normal and OA chondrocytes
(short-term high-density monolayer
cultures). Neither using conventional
PCR (40 cycles) nor by quantitative
RT-PCR could we detect significant

Tablel. Sequences of primers and probes for quantitative online-PCR experiments.

Acc. No. Primer nm Probe Mg mM

GAPDH NM_002046 fw: GAAGGTGAAGGTCGGAGTC 50 CAAGCTTCCCGTTCTCAGCC 55
rv: GAAGATGGTGATGGGATTTC 900

MMP-1 NM_002421 fw: CTGTTCAGGGACAGAATGTGCT 300 ACGGATACCCCAAGGACATCTACAGCTCC 6.5
rv: TCGATATGCTTCACAGTTCTAGGG 900

MMP-3 NM_002422 fw: TTTTGGCCATCTCTTCCTTCA 900 AACTTCATATGCGGCATCCACGCC 4
rv: TGTGGATGCCTCTTGGGTATC 50

MMP-13 NM_002427 fw: TCCTCTTCTTGAGCTGGACTCATT 900 TCCTCAGACAAATCATCTTCATCACCACCAC 7
rv: CGCTCTGCAAACTGGAGGTC 50

ADAMTS4 AF148213 fw: TGCCCGCTTCATCACTGA 900 ACAGTGCCCATAGCCATTGTCCAGGA 6
rv.: CAATGGAGCCTCTGGTTTGTC 50

Smad 1 U57456 fw: CACAAACATGATGGCGCCT 50 CCCTGCCCTCAGAAATCAACAGAGGAGA 6,5
rv: CATAGTAGACAATAGAGCACCAGTGTTTT 900

Smad 4 NM_005359 fw: GCCCTCCAGCTCCTAGACG 50 TACCATGCCGATTGCAGACCCACAA 6
rv: TGTAGTCCACCATCCTGATAAGGTT 900

Smad 5 NM_005903 fw: ACCAGCCCAACAACACTCCT 50 TTCCCTTATCTCCAAACAGCCCTTATCCCC 45
rv: AGCTGAAATGGACTTCCTGGTC 900

Smad 6 AF037469 fw: TGAATTCTCAGACGCCAGCAT 50 TCTCCGGACGCCACCAAGCC 5
rv: AGTACGCCACGCTGCACC 900

Smad7 NM_005904 fw: CTCAAACCAACTGCAGACTGTCC 50 TGCTGTGCCTTCCTCCGCTGAA 45
rv.: AGTATGCCACCACGCACCA 900

Smad8 NM_005905 fw: TCCTGGCCAAGTTCCGC 50 CCTCCCTGCACAGTGAGCCACTCA 45
rv: AGTGCAGAGCACGGAGGC 900

Aggrecan NM_013227 fw: ACTTCCGCTGGTCAGATGGA 50 CCATGCAATTTGAGAACTGGCGCC 6
rv: TCTCGTGCCAGATCATCACC 50

Col2 NM_001844 fw: CAACACTGCCAACGTCCAGAT 50 ACCTTCCTACGCCTGCTGTCCACG 55
rv: CTGCTTCGTCCAGATAGGCAAT 300
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Fig. 1 Quantitative TagMan analysis for expression of messenger RNA in norma and osteoarthritic
cartilage before and after OP-1 stimulation for aggrecan, collagen type Il and matrix degrading
enzymes: MMP-1, MMP-3, MMP-13 and ADAMTS-4. (*P < 0.05 stimulation versus control). Bars
show the means and standard deviation. Absolute values are shown below.

signals for OP-1 mRNA expression in
norma nor OA chondrocytes (below
0.000/GAPDH; normal: n=4; osteo-
arthritic: n=4).

Effect of OP-1 on chondrocyte ana-
bolism and catabolismin normal
articular chondrocytes

For assessment of the anabolic activity
of adult articular chondrocytes, the
mMRNA expression levels of the two
major anabolic gene products collagen
type Il and aggrecan were measured
(aggrecan: 1.74/GAPDH =+ 1.25; colla
gen type Il-normal: 4.18/GAPDH +
2.70). After stimulation with OP-1 a
dight (but not significant) up-regula-
tion of both geneswas found (Fig. 1).
To assess the catabolic activity, gene
expression levels of the major proteas-
es involved in collagen (MMP-1 and
MMP-13) and aggrecan (stromelysin
(MMP-3) and ADAMTS-4) degrada
tion were analyzed (MMP-1. 1.5/
GAPDH + 1.50; MMP-3: 52/GAPDH
+ 23; MMP-13: 0.22/GAPDH =+ 0.17;
ADATMS-4: 0.002/GAPDH =+ 0,001).
MRNA expression of none of the four
enzymes was significantly changed by

the treatment with OP-1 in normal
articular chondrocytes (Fig. 1).

Effect of OP-1 on chondrocyte
anabolism and catabolismin OA
articular chondrocytes

Our first finding of interest was that
both collagen type Il (Col2) and aggre-
can MRNA expression were lower in
OA chondrocytes than in their normal
counterparts (Col2: 9.1x; Agg: 3.4x).
Inversely, the expression of the matrix
degrading enzymes was increased in
OAcdls (MMP-1: 2.6x; MMP-3: 2.4x;
MMP-13: 2x, ADAMTS-4: 10x). After
OP-1 stimulation, the anabolic genes
were significantly up-regulated in OA
chondrocytes (Fig. 1) whereas again no
significant changes were observed for
the matrix degrading enzymes (Fig. 1).

Effect of OP-1 stimulation on intra-
cellular mediators of BMP-signalling
in normal and OA chondrocytes

All R-Smads (Smad 1, 5, and 8), C-
Smad 4, and 1-Smads (Smad 6 and 7)
were expressed in human articular chon-
drocytes in vitro, both normal and OA,
at roughly the samelevel (Tablell). No
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significant differences were detectable
after stimulation by OP-1 (Tablell).

Discussion

The present study demonstrates the
effect of OP-1 on normal and OAchon-
drocytes. The most interesting finding
of our study was that OAchondrocytes
are not hypo-responsive to OP-1 com-
pared to their normal counterparts,
which is in line with previous reports
looking at sulfate incorporation (9). A
hypo-responsiveness of OA chondro-
cytes was described previously for
other anabolic growth factors such as
IGF-I (5). In fact, OP-1 was more po-
tent on OA than on normal adult chon-
drocytes which, however, in agreement
with previous studies, also showed an
anabolic response (3, 9, 10). Thus, OP-
1 might be a good anabolic stimulator
for the treatment of OA joint disease.
This might be of particular interest as
chondrocytes themselves showed only
very minor expression of OP-1, con-
firming previous results using RNA
from chondrocytes in vitro (9) and
RNA directly isolated from articular
cartilage (10, 11). One obvious caveat
that must be kept in mind is the fact
that late stage OA chondrocytes may
not be entirely comparable with chon-
drocytes from OA cartilage with early
or moderately advanced degeneration,
which would be the real target of any
conservative intervention. Due to mate-
ria problems (i.e. the availability of
chondrocytes from earlier OA stages)
this question can hardly be addressed,
at least not in human patients.

The second aim of our study was to
identify whether OP-1 could modulate
the expression of major collagen
(MMP-1 and MMP-13) and aggrecan
degrading enzymes (MMP-3 and
ADAMTS-4). We found no significant
regulation of these in cultured normal

Tablell. The expression levels of Smad-proteins in cultured normal and osteoarthritic chondrocytes with and without stimulation with

BMP-7.

Smadl/GAPDH Smad4/GAPDH Smad5/GAPDH Smad6/GAPDH Smad7/GAPDH Smad8/GAPDH
Normal 0.00167 0.0182 0.0138 0.0465 0.0189 0.0590
Normal + OP-1 0.00211 0.0195 0.0171 0.0512 0.0269 0.0717
OA 0.00153 0.0256 0.0145 0.0637 0.0142 0.0757
OA+ OP-1 0.00155 0.0300 0.0122 0.0708 0.0167 0.0965
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and OA articular chondrocytes. This
suggests that OP-1 selectively modu-
lates the anabolic activity of chondro-
cytes, which is consistent with our un-
published data showing — based on
oligo-chip expression analysis — avery
limited range of genes that are influ-
enced by OP-1 as compared to, for
example, 11-18 which has both catabol-
ic and anti-anabolic effects.

Bone morphogenetic proteins mediate
their effects within the cells by binding
to specific receptors that initiate the
Smad signaling pathway, namely R-
Smads 1, 5, and 8 and C-Smad 4. |-
Smads 6 and 7 inhibit intracellular sig-
nal transduction. As was shown previ-
oudly (6), al Smads were expressed in
both normal and OA chondrocytes on
roughly the same level and OP-1 did
not significantly modulate any of the
expression levels of the signaling mol-
ecules. This suggests that OP-1 has no
direct effect on its intracellular media-
tors in adult articular chondrocytes.
This is particularly notable for the I-
Smads, as in other cellular systems up-
regulation of these inhibitors by BMPs
was reported in a cellular negative
feedback mechanism (12). This ap-
pears to be different in adult articular
chondrocytes.

A very interesting result of our in vitro
study was that OAchondrocytes show-
ed reduced levels of the expression of
anabolic genes as compared to normal
genes. Thisis different to our previous
findings in situ where collagen type II
mMRNA expression was up-regulated in
OA chondrocytesin situ (13, 14). This
might correspond to the reported in-
creased fragility of OA chondrocytes
after isolation from the surrounding
cartilage matrix (15) and might reflect
an overall derangement of OA chon-
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drocytes. The increase of matrix degra-
ding proteases in OA chondrocytes
compared to normal ones might reflect
the increased catabolic activity of these
cells.

Overadl, OA chondrocytes are not hy-
poresponsive to anabolic stimulation
by OP-1. Thus, OP-1 might to be a suit-
able anabolic activator of OAchondro-
cytes. This may not be relevant for the
majority of the late-stage OA chondro-
cytes, which are in any case metaboli-
cally activated (13), but may be of
interest for the cells of the upper zones
of ongoing cartilage destruction which
show afailure of anabolic gene expres-
sion (1) and potentialy also chondro-
cytes during the initial stages of carti-
lage degeneration.
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