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Abstract. Objective and Design: The abilities of osteogenic
protein-1 (OP-1) and TGF-p1 to affect cartilage damage
caused by fibronectin fragments (Fn-fs) that are known to
greatly enhance cartilage proteoglycan (PG) degradation
were compared.

Material: Articular cartilage was obtained from 18 month
old bovines.

Treatment: To test blocking of damage, cartilage was cultur-
ed with or without OP-1 or TGF-f in the presence of 100 nM
Fn-fs. To test restoration of PG, cartilage was first cultured
with Fn-fs and the cartilage then treated with factors.
Methods: Cartilage PG content was measured in papain
digests using the dimethylmethylene blue assay. PG synthe-
sis was measured by incorporation of *°S labeled sulfate.
Results: OP-1 blocked damage and restored PG in damaged
cartilage, apparently due to enhanced PG synthesis. How-
ever, TGF-p1 alone decreased PG content.

Conclusions: These results clearly demonstrate differences
between OP-1 and TGF-p1, both members of the TGF-8
superfamily and illustrate the efficacy of OP-1 in blocking
Fn-f mediated damage.

Key words: OP-1—TGF-f— Fibronectin fragments — Carti-
lage — Cartilage repair

Introduction

Osteogenic proteins, also known as bone morphogenic pro-
teins (BMPs), are growth factors known to induce bone
synthesis [1]. These proteins have been characterized as
members of the TGF-p-superfamily [2]. Recent studies have
shown that BMP-7, also known as osteogenic protein-1

Correspondence to: G.A. Homandberg

(OP-1), is able to stimulate the synthesis of sulfated pro-
teoglycan (PG) and collagen type II in human articular chon-
drocytes [3, 4]. It has also been demonstrated that human
OP-1 can stimulate matrix synthesis in avian [5] and murine
chondrocyte cultures [6, 7]. Since recombinant human OP-1
can induce new bone formation with an activity comparable
to bovine OP-1 [2], the reparative properties of OP-1 can now
be extensively studied. In comparison, TGF-f has been
shown to stabilize the chondrocyte phenotype, block the
effects of IL-1 on chondrocytes [8, 9], decrease secretion of
proteases (reviewed in ref. [10]) and suppress synthesis of
stromelysin-1 [11].

In order to determine if OP-1 and TGF-f1, as members of
the TGF-f superfamily, have similar properties, we have
utilized an in vitro cartilage matrix damaging culture system
to compare the anabolic effects of OP-1 and TGF-1. In this
culture system, proteolytic fragments of fibronectin (Fn-fs)
are added to bovine or human articular cartilage cultures,
resulting in greatly elevated release of catabolic cytokines
[12, 13], release of matrix metalloproteinases (MMPs)
[13—15] and suppression of synthesis of proteoglycan (PG)
[16, 17]. This causes a rapid decrease in cartilage PG content
[17, 18]. The relevance of this model to physiologic cartilage
degeneration or catabolic events in osteoarthritis can be
supported in many ways: The up-regulation of MMPs, sup-
pression of PG synthesis and involvement of catabolic cyto-
kines, caused by Fn-fs, are also events observed in osteo-
arthritis. Fn-fs are found at elevated levels in synovial fluids
of patients with osteoarthritis [19] and in extracts of knee
cartilage from patients with osteoarthritis [20]. Removal of
Fn-fs from osteoarthritic synovial fluid reduces the ability of
the fluid to cause damage to cultured cartilage explants [20].
Addition of IL-1 to cartilage explants or addition of MMP-3
(stromelysin-1) to synovial fluids generates Fn-fs [20]. Injec-
tion of Fn-fs into rabbit knee joints causes a severe loss of PG
from knee articular cartilage [21]. Thus, this Fn-f model is
likely relevant to cartilage degeneration in arthritis.
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This model is also useful in testing the anabolic and
reparative activities of potential therapeutic agents since
Fn-f treated 18-month old bovine cartilage does not normal-
ly restore lost PG after being subjected to Fn-fs [17]. How-
ever, anti-oxidants that presumably block cytokine activity
[22, 23], synthetic peptides that presumably block Fn recep-
tor activity [24], and an anabolic growth factor, IGF-1, that
stimulates PG synthesis [25], all have the ability to either
decrease catabolism or enhance anabolism sufficiently to
partially or fully overcome the catabolic activities of the
Fn-fs and restore PG in Fn-f damaged cartilage [25]. We do
not yet know which of these agents slow the actual catabolic
events or which merely allow an enhancement of PG synthe-
sis to compensate for enhanced catabolism. Nonetheless, this
model applied to mature bovine cartilage is thus useful for
testing the ability of anabolic agents, such as the growth
factors, TGF-f and OP-1, in restoring PG in Fn-f damaged
bovine cartilage.

We have already reported that IGF-1 has a weak effect on
blocking or compensating for Fn-f mediated cartilage deple-
tion in bovine cartilage explants. Our objective was to inves-
tigate and compare the abilities of OP-1, with its PG synthe-
sis enhancing activities, and TGF-f1, with its general anabolic
activities, to compensate for Fn-f mediated catabolic events.

Materials and methods
Materials

All common chemicals except where noted, were from Sigma Chemical
Co. (St. Louis, MO, USA). OP-1 was a gift from Dr. T. Kuber Sampath
(Creative BioMolecules, Hopkinton, MA, USA) and was produced in
CHO cells as previously described [2]. A well-characterized amino-
terminal heparin-binding 29-kDa Fn-f was isolated by sequential
cathepsin D and thrombin digests of Fn [18] and is referred to here as
the Fn-f.

Explant cultures and tests of OP-1 and TGF-p1

To test blocking effects, articular cartilage slices from adult (18—20
months of age) bovines were cultured as described [17] in Dulbecco’s
modified Eagle’s medium; (DMEM) containing 50 U/ml gentamicin
with 10% serum/DMEM with 50 to 80 mg cartilage in 2 ml of media.
One day after the start of the culture, the culture was adjusted to 50 ng/
ml OP-1 or 200 ng/ml OP-1 or 5 ng/nl TGF-f1 in 10 % serum/DMEM.
After 2 h, the culture was adjusted to 100 nM Fn-f and PG content of
slices measured at various times. To test effects on restoration of PG,
freshly isolated cartilage was allowed to equilibrate in 10 % serum
DMEM for 1 day and the culture was then adjusted to 100 nM Fn-f.
After 7 days, some of the cartilage slices were removed and total PG
quantified to ensure that at least 40% of the PG had been depleted.
Other cultures were then adjusted to 50 ng/ml or 200 ng/ml OP-1 in
10% serum/DMEM without the Fn-f, to test for restoration of cartilage
PG. Each experiment was performed three times with different bovine
cartilage preparations. A typical data set is shown.

Assays of PG content and of PG synthesis rates

The total amount of PG/mg wet weight cartilage was determined by
assays with dimethylmethylene blue (DMB) reagent after treatment of
50—80 mg of cartilage in 1.0 ml of 50 mM phosphate buffer, pH 6, con-
taining 10 mM EDTA and 10 mM cysteine, with 50 pg/ml papain for
16 h at 65 °C as originally described [16, 17]. To assay PG, a volume of
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0.8 ml DMB reagent, prepared as described [26], was mixed with
190 pl of 1.37 M GuHCI and 10 pl of test sample and after 2 min, a
spectrophotometer used to determine absorbances at 525 and 595 nm
using water as a blank. The ratios of 525 nm absorbance over 595 nM
absorbance were used to establish a standard curve with purified PG and
a standard curve of 0.5 to 3 pg/ml purified bovine PG used to estimate
PG contents in the papain digests. The data are reported as pg PG/mg
wet weight cartilage based on a mean and S.D. of at least three cartilage
samples. The overall variability between similar cartilage culture wells
was typically less than 12 %. Data were subjected to two-sided Student’s
t-test analysis where the experimental value was typically compared to
non-treated control values at the same time points. A p value of <0.05
was considered to be significant.

Sulfate incorporation was used as an index of synthesis of sulfated
PG. Rates were measured using a 2 h pulse with 10 pCi/ml of **S-sodi-
um sulfate in 1.5 ml of 10% serum/DMEM, followed by a 2 h cold
chase with 10% serum/DMEM. After removal of the medium and three
washes with DMEM, the slices were removed, placed ina 1.5 ml Eppen-
dorf tube and 1 ml of 4 M guanidine-HCI, 0.1 % Triton X-100, 10 mM
EDTA, 100 mM sodium acetate, pH 5.5, added. After 16 h of end over
end mixing at 9°C, the extracts were exhaustively dialyzed against
water and label quantified by scintillation counting. The amount of label
was expressed as dpm/mg wet weight cartilage and converted into % of
control values in order to normalize for radioisotope decay over the
several months of experiments required for this study. The mean and
S.D. values of the rate were based on 3 similar culture wells. Data were
subjected to two-sided Student’s t-test analysis.

Results

Effect of OP-1 on blocking Fn-f mediated cartilage
damage or PG depletion and on promoting restoration

of PG in Fn-f treated cartilage

We first tested the effects of two different concentrations of
OP-1, 50 and 200 ng/ml, on blocking Fn-f mediated deple-
tion of PG from explant cultures, which we define as carti-
lage damage. Figure 1 A shows that by day 7, OP-1 alone at
200 ng/ml caused a statistically significant (p = 0.04) higher
PG content (32.5 = 1.5 pg/mg cartilage) than control cartilage
(25.4 £ 2.2 pg/mg cartilage). By day 14, OP-1 treated carti-
lage still had a PG content significantly (p = 0.018) greater
(35.4 + 2.6 pg/mg cartilage) than control cartilage (26.1 *
1.9 pg/mg cartilage). The difference was even greater by day
21. The overall effects of 50 ng/ml OP-1 at each time point
appeared to be smaller.

Addition of the Fn-f to cultures of bovine cartilage
caused, by day 7, a significant (p = 0.009) decrease in PG
content from control values of 26.5 + 3.0 pg/mg cartilage to
16.9 + 1.5 pg/mg cartilage (41 % decrease). The PG content
of Fn-f treated cartilage did not increase significantly from
day 7 to day 14 or day 21. However, when 200 ng/ml OP-1
was included in the medium with Fn-f and blocking tested,
the PG content remained at levels similar to that of cartilage
treated with OP-1 alone. By day 14, the PG content in OP-
1/Fn-f treated cartilage was significantly (p = 0.028) greater
(29.8 + 2.9 pg/mg cartilage) than in control cartilage (26.1 £
1.9 pg/mg cartilage). By day 21, the effect of OP-1 was even
greater. We conclude that OP-1 blocked the ability of the
Fn-f to decrease the cartilage PG content.

We next tested for reparative activity of OP-1, by first
damaging the cartilage with Fn-f. When cartilage with a PG
content of 26.5 = 3 pg/mg cartilage was first treated with
Fn-f to damage and enhance PG depletion, the PG content
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Fig. 1. Effect of OP-1 on blocking Fn-f mediated decreases in cartilage
PG content (A) and on promoting restoration of PG in Fn-f treated
cartilage (B). For A, bovine articular cartilage cultures in 10 %
serum/DMEM were adjusted to 100 nM Fn-f (o) alone, or 50 ng/ml
OP-1 alone (2) or to 200 ng/ml OP-1 alone (v) or to 50 ng/ml OP-1
with 100 nM Fn-f (0) or to 200 ng/ml OP-1 with 100 nM Fn-f (0). Con-
trol with nothing added except 10% serum is shown (o). Media were
changed every other day with fresh reagents added. The cartilage was
continually incubated with these compounds. Cartilage was assayed for
total PG using the DMB assay. For B, cartilage cultures were prepared
in 10% serum/DMEM and adjusted to 100 nM Fn-f for day 0—7 only
(@) or 50 ng/ml OP-1 alone (2) or to 200 ng/ml OP-1 alone (V) or to
50 ng/ml OP-1 with 100 nM Fn-f (O) or to 200 ng/ml OP-1 with
100 nM Fn-f (0). Control with nothing added except 10 % serum is
shown (o). Media were changed every other day with fresh Fn-f added.
Cartilage was assayed for total PG using the DMB assay.

was significantly (p=0.016) reduced (16.9 £ 1.5 pg/mg car-
tilage). When the Fn-f was removed, and medium replaced
with 10% serum/DMEM alone, the PG content did not
increase significantly by day 14 or day 21 (Fig. 1 B). How-
ever, when the damaged cartilage was cultured with 200 ng/
ml OP-1 in 10% serum/DMEM beginning at day 7, the
PG content increased significantly (p =0.025) from 16.9 +
1.5 pg/mg cartilage to 25.3 + 3.9 pg/mg cartilage by day 14
and significantly (p = 0.002) increased to 30.3 + 2.5 pg/mg
cartilage by day 21. The lower concentration of 50 ng/ml
OP-1 was also effective on Fn-f damaged cartilage and sig-
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nificantly (p =0.006) increased the PG content (25.3 £
3.9 pg/mg cartilage) by day 14. By day 21, the PG content
of 50 ng/ml OP-1/Fn-f treated cartilage was still significantly
(p=0.002) elevated (30.3 + 2.5 pg/mg cartilage). We con-
clude that OP-1 was effective at restoring PG.

Effect of OP-1 on PG synthesis and on altering
the degradation half-life of labeled PG

In order to determine how OP-1 might be causing the
blocking and reparative effects, we investigated the effect of
OP-1 on PG synthesis rates (Fig. 2A). OP-1 at 200 ng/ml
(O in Fig. 2 A) significantly (p = 0.0002) increased the rates
(206 £ 24% of control) by day 1. By day 2, the rates of
OP-1 treated cartilage remained significantly (p=0.001)
elevated (210 = 21% of control rates). The rates were still
significantly (p =0.001) enhanced (154 + 14% of control
rates) by day 7 and remained at levels significantly (p = 0.041)
higher (150—134% of control rates) until at least day 21.
Addition of both Fn-f and OP-1 to cultures (O + F) did not
significantly change the profile over that of OP-1 alone at any
time point.

In order to determine if the enhanced PG synthesis rates
altered the rate of degradation, cartilage was radiolabeled
with 3§ sulfate, treated with 200 ng/ml OP-1, and the kine-
tics of release of label into the medium measured as shown in
Figure 2B. The rates were fit into a first-order decay to
determine the respective half-lives. The half-life for control
cartilage was 11.3 days based on a slope with a 1.7 % stan-
dard error, while that for the OP-1 treated cartilage was
29.7 days based on a slope with a 5.3 % standard error. The
effect of the OP-1 was to increase the apparent half-life of
PG by 2.6 fold.

Effect of TGF-B on blocking Fn-f mediated cartilage
damage or PG depletion and on promoting restoration
of PG in Fn-f or treated cartilage

Figure 3 A shows the effect of 5 ng/nl TGF-£ on blocking
cartilage PG depletion. Control cartilage had a PG content of
32.8 £ 3.6 pg/mg cartilage. Addition of Fn-f (curve F) signif-
icantly (p = 0.016) decreased the PG content (21.7 % 3.2 pg/
mg cartilage) by day 7. Treatment of cartilage with TGF-f
alone caused a statistically significant (p = 0.04) increase in
PG content (40.2+2.8 pg/mg cartilage) by day 2 and the
increase was still statistically significant through day 7
(p = 0.02). However, by day 14, TGF-f caused a statistically
significant (p =0.016) decrease in PG content (25.2 £ 2.9
pg/mg cartilage) compared to control levels at day 14 (32.2
* 3.2 pg/mg cartilage). By day 21, the PG contents of TGF-
B treated cartilage were still significantly (p = 0.034) lower
than control levels. When Fn-f and TGF- were added
together, the combination (TGF-f/F) caused a significant
(p = 0.024) decrease (22.6 + 2.7 pg/mg) as compared to con-
trol levels (32.2 + 3.2 pg/mg cartilage) at day 14. This
decreased PG content of TGF-f and Fn-f treated cartilage
was still apparent by day 21. Similar effects of TGF-f on
decreasing PG content by 7 days were observed with 1 ng/ml
and 20 ng/ml; neither of these concentrations blocked the
effect of the Fn-fs (data not shown).
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Fig. 2. Effect of OP-1 on PG synthesis rates (A) and on degrada-
tion rate of labeled PG (B) = For A, cartilage was cultured with (O, h)
200 ng/ml OP-1 or without (control) in 10% serum/DMEM and at
various times, adjusted to 5 pCi/ml *S sulfate for a 2 h pulse, followed
by a 2 h chase. The tissue was then subjected to extraction with GuHCI,
the extracts dialyzed and label quantified. For B, cartilage was labeled
with 33§ sulfate (5 pCi/ml) for 48 h and after an additional 1 day equili-
bration in the absence of label was either treated with (O, h) or with-
out (control) 200 ng/ml OP-1 in 10% serum/DMEM. Label released
into the media was quantified periodically and converted into % of
initial dpm.

Figure 3B shows the effect of TGF-B on PG synthesis
rates. Treatment of cartilage with TGF-f alone caused a
statistically significant (p = 0.049) increase in rates (121 +
4.4% of control cultures) by day 2. The increase was also
obvious at day 7. However, by day 14, there was a statistical-
ly significant (p = 0.017) decrease (74 £ 8 % of control rates)
and by day 21 the rates were still significantly (p = 0.043)
reduced as compared with control rates at day 21. Treatment
with Fn-f alone caused a significant (p =0.0007) decrease
(51 £ 7% of the control rate) by day 2, with rates subse-
quently increasing. Treatment with a combination of Fn-f and
TGF-p (TGF-/F) caused a significant (p = 0.008) decrease
in PG synthesis rates (78 = 4 % of control) by day 7. The rates
in Fn-f and TGF-p treated cartilage remained suppressed up
to day 21.
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Fig. 3. Effect of TGF-f on blocking Fn-f mediated decreases in carti-
lage PG content (A) and on Fn-f mediated suppression of PG synthesis
(B). For A, bovine articular cartilage cultures in 10% serum/DMEM
were adjusted to 100 nM Fn-f (9) alone, or 5 ng/ml TGF-f alone (&) or
to TGF- with Fn-f (v) or only serum/DMEM control (o). Media were
changed every other day with fresh reagents added. The cartilage was
continually incubated with these compounds. Cartilage was assayed for
total PG using the DMB assay. For B, similar cultures of 100 nM Fn-f
(9) alone, or 5 ng/ml TGF-f alone (2) or TGF-g with Fn-f (v) or only
serum/DMEM control (o ) were subjected to assays of *S sulfate incor-
poration. DPM/mg cartilage was normalized to initial value for control.

Discussion

The objectives were to investigate whether OP-1 was able to
both block damage and promote restoration of PG in carti-
lage initially damaged by Fn-fs and whether TGF-$ would
have similar effects. Our data clearly showed that OP-1 not
only had a protective effect but also a reparative effect. The
higher concentration of 200 ng/ml appeared to have a greater
effect in both cases than 50 ng/ml OP-1 but both increased
the PG content to above control levels at some time point.
The action of OP-1 could be through its ability to promo-
te PG synthesis. While we did demonstrate a dramatic effect
of OP-1 on PG synthesis rates, we also found that the turn-
over of PG was reduced by up to 3-fold. This latter effect may
have been due to either suppression of degradation of PG or
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due to enhanced PG synthesis, which only caused an ap-
parent decreased degradation. Further work will be required
to resolve these possibilities. Nonetheless, the effect of OP-1
on PG synthesis is consistent with the possibility that OP-1
compensates for the ability of the Fn-f to decrease PG con-
tent and restores PG by enhancing PG synthesis sufficiently.
Since we cannot be sure that OP-1 also slowed PG degrada-
tion, we cannot conclude that OP-1 is reversing or blocking
the actual damage events, although it apparently maintains
the steady state levels of PG. It should also be noted that our
studies were performed in the 10% serum and that other
serum factors might have regulated its beneficial activity.
Since we did not study serum-free conditions, we cannot
conclude that the beneficial effects observed upon addition
of OP-1 were not due to the interaction between OP-1 and
serum factors.

The observations that TGF-f not only did not block Fn-f
mediated PG depletion, but by itself promoted a decrease in
cartilage PG content may seem surprising in view of reports
on the anabolic effects of TGF-B. However, more recent
studies show that the actions of TGF- are dependent upon
the context in which it acts (reviewed in ref. [27]). For exam-
ple, TGF-p has been shown to inhibit PG synthesis in intact
murine patellae cartilage [28]. TGF-f stimulates PG synthe-
sis under serum-free conditions, but inhibits PG synthesis
under serum conditions with chondrocytes encapsulated in a
three-dimensional fibrin matrix [29]. Serum and serum-free
conditions also cause opposite effects in terms of TGF-p
activities toward cell proliferation cell and DNA synthesis
[30]. Some of the variant effects of TGF-f have been pro-
posed to be due to time-dependent differential expression
of different TGF-p receptors [33]. For example, TGF-f has
been shown to stimulate PG synthesis in freshly isolated
chondrocytes [31] and in cultured chick limb bud mesoder-
mal cells [32], but in both cases, to inhibit at later time points.
Whether TGF-f1 should be considered an anabolic factor
or not was not our focus, but rather whether it altered the
effects of Fn-fs or had different effects than OP-1 in our
culture system. Our work should not be used to suggest that
TGF-p1 is catabolic per se since its activity may have been
affected by the presence of serum factors.

Nonetheless, these data demonstrate that although OP-1
is a member of the TGF-f superfamily, OP-1 and TGF-p1
have quite different effects on Fn-f mediated cartilage meta-
bolism under our culture conditions. The data further illus-
trate that OP-1 is a very powerful blocker of Fn-f mediated
cartilage PG depletion, a very powerful promoter of repara-
tive responses and is more potent than IGF-1 and certainly
more potent than TGF-f in this activity. If we consider that
Fn-f mediated cartilage degradation may have physiologic
significance and be involved in osteoarthritis as discussed
earlier, then OP-1 which has great therapeutic potential in
general, would certainly be effective as a therapeutic agent in
suppressing in vivo activities of Fn-fs.
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