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ABSTRACT. Objective. Prostaglandins are important mediators in bone metabolism and in pathologies such as

rheumatoid arthritis and osteoarthritis. We investigated the roles of cyclooxygenases (COX) and
prostaglandin receptors in the accumulation of osteoprotegerin (OPG) in the supernatants of human
osteoblasts in culture.

Methods. Three different cellular models were used, the human osteosarcoma cell lines MG-63 and
Saos-2, and primary cultures of human osteoblasts. OPG concentrations were determined by ELISA.
Results. RT-PCR analysis showed that, like primary human osteoblasts, MG-63 cells express DP, EP4,
FP, IP, and TP receptors, whereas the Saos-2 cells lack IP. Concentration of OPG was highest in MG-
63 cell supernatants (36 + 12.5 ng/ml), followed by human osteoblasts (12.77 + 2.2 ng/ml) and Saos-2
(3.6 £ 0.76 ng/ml). COX inhibitors did not alter these values. Prostaglandin E, and BW 245C (a syn-
thetic DP receptor agonist) decreased OPG in the supernatants of human osteoblasts but not in immor-
talized cell lines. These effects were concentration-dependent and were inhibited by EP4 and DP recep-
tor antagonists. Fluprostenol, an FP receptor agonist, increased the accumulation of OPG in MG-63 but
not in primary human osteoblasts or Saos-2.

Conclusion. Our results show that activation of EP4 or DP receptors decreased the accumulation of
OPG in supernatants of osteoblasts in culture, and suggest that these receptors could be interesting phar-
macological targets in bone diseases. They also demonstrate important differences between primary
osteoblasts and immortalized cell lines, both in the distribution and in the effects mediated by

prostaglandin receptors. (J Rheumatol 2006;33:1167-75)

Key Indexing Terms:
OSTEOPROTEGERIN

Receptor activator of nuclear factor-xB ligand (RANKL) is a
membrane protein expressed by osteoblasts that is essential
for the differentiation, activation, and survival of osteo-
clasts’2. RANKL and RANK are members of the tumor
necrosis factor (TNF) protein superfamily!® and the TNF
receptor family, respectively?. Increases in RANKL expres-
sion by osteoblasts induce osteoclastogenesis and bone
resorption by mature osteoclasts!->. Osteoclast differentiation
inhibitory factor (OCIF) or osteoprotegerin (OPG) is a decoy
receptor of RANKL®# that, like RANK, belongs to the TNF
receptor superfamily. OPG, by competing with RANK for
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OSTEOBLAST CYCLOOXYGENASE

RANKL, inhibits RANKL osteoclast differentiation and acti-
vation and subsequent bone resorption®’?. OPG knockout
mice manifest severe osteoporosis with a markedly increased
number of osteoclasts!?. Conversely, overexpression of OPG
in mice results in a profound yet nonlethal osteopetrosis, coin-
cident with a decrease in later stages of osteoclast differentia-
tion similar to that found in animals with RANKL or RANK
deficiency®. The latter study also showed comparable effects
upon administration of recombinant OPG to normal mice.
Prostaglandins (PG) are potent local mediators that pro-
duce an astonishing array of biological effects in physiologi-
cal and pathological conditions. PG are synthesized from
arachidonic acid by the action of cyclooxygenases (COX) and
specific synthases. The 5 major natural prostanoids, PGD,,
PGE,, PGan, PGI,, and thromboxane A, produce their bio-
logical effects by acting on distinct transmembrane G protein-
coupled receptors known as EP, FP, DP, IP, and TP, respec-
tively. The PGE, receptors consist of 4 different subtypes,
EP1, EP2, EP3, and EP4'!. Spliced variants of the human TP
receptor (referred to as TP alpha and TP beta) have also been
identified!2. IP, DP, EP2, and EP4 receptors usually couple to
Gos and signal through an increased intracellular cAMP level
whereas the TP, FP, and EP1 receptors mostly couple to Goq
and induce calcium mobilization. Depending on the splice
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variant of EP3 receptor present, it can signal through Gai,
Gas, or Gog!3-16,

PG influence bone formation and resorption. PGE, increas-
es bone resorption in bone organ cultures and in animals
receiving systemic or local injection of PGE,!"!8. In vitro
PGE, promotes osteoblast growth and differentiation: in
osteoblast-like cells isolated from young rat calvaria, EP1
agonists stimulate differentiation and inhibit proliferation, but
these effects disappear in aged rats'®. In the same model, how-
ever, 11-deoxy PGE, (EP2 and EP4 receptor agonist) inhibits
differentiation and stimulates proliferation regardless of
age!”. The opposite has been shown in MC3T3-E1 cells, a
mouse osteoblastic cell line, where activation of the EP1
receptor stimulated proliferation and decreased alkaline phos-
phatase expression, while EP2 and EP4 receptors mediated a
decrease in proliferation and an increase in differentia-
tion?2!. These findings indicate that the effects of PGE, may
vary according to species and raise the possibility that results
obtained from animals may not apply to humans.

PG may also affect bone resorption by changing the levels
of OPG and RANKL expressed by osteoblasts. It has been
reported that PGE, significantly decreases the expression of
OPG in several models2224, but the receptors involved in this
process have not been studied. The primary objective of our
study was to investigate the role of PG receptors in the control
of OPG production by human osteoblasts (hOB) and immor-
talized osteoblastic cell lines. A secondary objective was to
determine if there are differences in the distribution of PG
receptors between these immortalized cell lines and authentic
human osteoblasts, which, as we have reported, present DP,
EP4, FP, IP, and TP receptors®.

MATERIALS AND METHODS

Compound NS-398 and all PG agonists and antagonists were purchased from
Cayman Chemicals (Ann Arbor, MI, USA), except for the EP4 antagonist,
compound L-161982, which was kindly provided by Merck Frosst Canada.
Trizol reagent, poly-d(t) oligonucleotides, DTT, dNTP, and SuperScript
reverse transcriptase were obtained from Gibco (Grand Island, NY, USA).
DNAase-free RNAase and Tag-polymerase were purchased from Amersham
Biosciences (Baie d’Urfé, QC, Canada). Fura-2/AM was obtained from
Calbiochem (San Diego, CA, USA). All other reagents unless specified were
purchased from Sigma-Aldrich Co. (St. Louis, MO, USA).

Cell culture. The osteosarcoma cell lines MG-63 and Saos-2 were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine
serum (ICN, Montreal, QC, Canada) and 1% penicillin-streptomycin solution.
Cells were plated into 6-well plates at a density of 1.6 million cells/well and
were stimulated the following day with different PG analogs in the presence
of COX inhibitors. After 24 h of stimulation, the supernatants were collected
and stored at —80°C. Human osteoblasts were obtained from femoral heads of
patients undergoing hip arthroplasty?. Informed consent was signed by each
patient before surgery, and the research project was approved by the ethics
Institutional Review Board of the Centre Hospitalier Universitaire de
Sherbrooke. Culture medium was changed twice a week, and cells reached
confluence after 4 to 6 weeks. Confluent hOB were passed into 6-well plates
(390,000 cells/well) and after 4 days the cells were stimulated as described for
the immortalized cell lines.

Sandwich ELISA for OPG. A commercial sandwich ELISA kit (R&D
Systems, Cedarlane Laboratories Ltd., Hornby, ON, Canada) was used to

determine OPG levels in the supernatants of cell cultures (detection limit 30
pg/ml, interassay variability 10%, intraassay variability 9%). Briefly, 60
ul/well of capture OPG antibody [2 pg/ml, diluted in phosphate buffered
saline (PBS)] was transferred into 96-well ELISA high binding, flat bottom
plates (Corning, Whitby, ON, Canada) and incubated overnight at room tem-
perature. Each well was then aspirated and washed 3 times with PBS con-
taining 0.05% Tween 20 washing buffer. The plates were blocked by adding
300 pl of PBS containing 1% bovine serum albumin (BSA), 5% sucrose, and
0.05% NaNj; blocking buffer to each well for 1 h. The reaction medium was
removed and each well was again washed 3 times with washing buffer, then
the samples or standards of OPG (diluted in PBS) were added in a final vol-
ume of 60 yl and incubated at room temperature for 2 h. After washing, the
detection antibody (800 ng/ml, diluted in blocking buffer) was added to each
well and incubated an additional 2 h. The wells were washed and incubated
with 60 pl of streptavidin horseradish peroxidase (diluted 1/200 in PBS) for
35 min. The bound enzyme-protein was assayed using tetramethylbenzi-
dine/H,0, as substrate, and the reaction stopped by addition of 50 ul of 1 M
phosphoric acid. The absorbance was measured at 450 nm.

Reverse transcription-polymerase chain reaction (RT-PCR) analysis. RT-
PCR analysis was performed as described?’. Briefly, total RNA was purified
from confluent cultures of osteoblastic cells with Trizol reagent following the
manufacturer’s protocol. Reverse transcription was performed using 5 ug
total RNA in 30 pl SuperScript reverse transcriptase buffer containing 50
pmoles oligonucleotide poly-d(t), 6 mM DTT, 0.3 mM dNTP, and 400 U of
SuperScript reverse transcriptase. The reaction was performed at 37°C for 1
h and then treated with DNAse free-RNAse for 37 min at 37°C, and heat-
inactivated 20 min at 70°C. Amplification of the target sequences was carried
out using a commercial kit (Invitrogen, Burlington, ON, Canada). The reac-
tions were performed in a total volume of 30 ul containing the following
reagents: 20 mM Tris-HCI (pH 8.4), 50 mM KCI, 1.5 mM MgCl,, 1 uM of
each primer, cDNA corresponding to 2 g of RNA, 1 mM dNTP, and 1 U Taqg-
polymerase. A denaturation step at 95°C for 5 min was performed, then 40
cycles were run as follows: denaturation at 94°C (1 min), annealing at 60°C
(1 min), and extension at 72°C (1 min). After completion of the PCR cycles,
the last extension time was 5 min at 72°C. The PCR reactions were performed
using specific pairs of primers, shown in Table 1.

Intracellular cyclic-AMP determination. Cells were plated in 35 mm Petri
dishes for intracellular cAMP determination by measuring the conversion of
[PH]ATP to [*H]cAMP using sequential chromatography on Dowex columns
(AG 50W-X8 H*) and Alumina columns, as described?>.

Fluorometric monitoring of intracellular calcium. Cells were plated on 25
mm coverslips and measurement of intracellular calcium variations was done
as described?®. Briefly, cells were washed 3 times with 2 ml of Tyrode’s salts
containing 0.1% BSA and incubated 40 min in 1 ml of the same buffer sup-
plemented with 3 M Fura-2/AM at room temperature. The coverslips were
then washed twice and incubated for a further 20 min in Tyrode’s salts at
room temperature to ensure complete hydrolysis of the probe acetoxymethyl
ester groups. The stimulation was then applied, and the Fura-2 fluorescence
(excitation at 340 nm and 380 nm and emission at 510 nm) was recorded in a
Hitachi F-2000 spectrofluorometer.

Statistical analysis. Data are expressed as means + SEM for triplicates of at
least 3 different experiments. Data were analyzed with the repeated measures
analysis of variance (ANOVA) followed by Dunnett post-test using Prism 4
software (GraphPad Software, San Diego, CA, USA) and p < 0.05 was con-
sidered significant.

RESULTS

RT-PCR analysis. RT-PCR analysis was carried out on both
MG-63 and Saos-2 cell lines and on primary human
osteoblasts to determine the expression of PG receptors at the
mRNA level (Figure 1). In MG-63 cells and hOB, bands of the
predicted length were found for DP, EP4, FP, IP, and TP. In
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Table 1. Prostanoid receptor RT-PCR primer sequences.

Forward (5°-3%) Reverse (5°-3%)
EP1 CTGCTGTTCGTGGCCAGCCTG GAAGTGGCTGAGGCCGCTGTG
EP2 GTCATGTTCTCGGCCGGGGTG | GCACATCTGTAGCCTTGACCACAG
EP3 GATTGCGGATCGGTGTCCGTG GGTTGAGGAACACTGGCAGGG
EP4 ATCTTACTCATTGCCACC TCTATTGCTTTACTGAGCAC
DP TCTATGCGATGCACCGGCGG GTCACAGACTGGATTCCATG
FP GGCATCCTTTCTGCTTTTGG CCCCACACAGATTTACTGTCC
IP TGCTCCCTGCCTCTCACGAT TGGCTTCTGCTTTGGACGAC
TP GGCCCACAAACATTACCCTGGAG CAGCTCCTTCTCCGTGGTGCG
GAPDH GGTGGAGGTCGGAGTCAACG TCATGAGGTCCACCACCCTG

EP1

EP2

EP3

EP4

DP

i M4
o & N x
¥ &K & &

Figure 1. RT-PCR analysis of expression of prostaglandin receptor mRNA in MG-63, Saos-2, and primary human
osteoblast (hOB) cell cultures. Positive controls (CTL +) were done using cDNA for each receptor; RNA was omit-
ted in negative controls (CTL —). No positive control was performed for GAPDH.

Saos-2 cells, the same receptors were detected except for IP.
We performed amplification of GAPDH as a positive RT-PCR
control. Although we did not detect mRNA for the EP1, EP2,
and EP3 receptor subtypes, the specific primers used for this
experiment were able to amplify their corresponding cDNA at
the predicted size.

Effect of COX inhibitors on accumulation of OPG protein in
supernatant of hOB, MG-63, and Saos-2 cell lines. Several
COX inhibitors were tested for their capacity to modulate OPG
expression by human osteoblasts. Figure 2 shows the accumu-
lation of OPG in the supernatants of MG-63, Saos-2, and hOB
cells after 24 h. In resting conditions, the concentration of OPG
in the supernatants varied widely between the 3 cell models
used, being highest in MG-63 cells (36 + 12.5 ng/ml), followed
by primary human osteoblasts (12.77 + 2.2 ng/ml) and Saos-2
(3.6 £ 0.76 ng/ml) cells. Treatment with the nonspecific COX

inhibitor naproxen (10 ¥M) did not affect the basal concentra-
tion of OPG in any of the cell types studied. The results were
similar with all the other tested inhibitors: valeroyl salicylate
(100 gkM), a COX-1 inhibitor, compound NS-398 (1 uM), a
COX-2 inhibitor, and diclofenac (10 M) and indomethacin (1
uM), both nonspecific COX inhibitors.

Effect of exogenous PGE, on accumulation of OPG. PGE, (1
uM) induced a marked and significant (p < 0.01) decrease in
OPG accumulation in hOB, but not in the immortalized cell
lines (Figure 3). To determine the EP receptor subtype
involved in the response to PGE,, we tested the effect of more
specific EP receptor agonists on the accumulation of OPG
after 24 h of stimulation. We used several agonists to mimic
the effect of PGE, on each of the EP receptors: 11-deoxy
PGE, as an EP2 and EP4 agonist, butaprost as an EP2 agonist,
17-phenyl trinor PGE, as an EP1 and EP3 agonist, and sul-
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Figure 2. Effects of COX inhibition on OPG accumulation in human osteoblasts (hOB). COX
inhibitors were tested for accumulation of OPG in supernatants of hOB, MG-63, and Saos-2 cells
for 24 h of stimulation: naproxen 10 yuM (NAP), diclofenac 10 uM (DIC), indomethacin 1 M
(IND), NS-398 1 uM (NS), valeroyl salicylate 100 uM (VS). Data shown as mean + SEM (n = 4).
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Figure 3. Effects of EP receptor stimulation on OPG accumulation in human osteoblasts (hOB). EP receptor agonists (1 M)
were tested for accumulation of OPG in supernatants of hOB, MG-63, and Saos-2 cells for 24 h of stimulation; naproxen (10
uM) was present in all groups. Data are mean + SEM (n = 4). *p < 0.05 compared to control; **p < 0.01 vs control.

prostone as an EP3 agonist. Of all the EP receptor agonists
tested (at 1 xM), only 11-deoxy PGE, significantly decreased
by 65% the concentration of OPG in the supernatant of hOB
(p < 0.05). Butaprost, a specific EP2 receptor agonist, had no
effect, strongly suggesting that the response observed was
mediated only by the EP4 receptor (Figure 3). The effects of
PGE, and 11-deoxy PGE,; on the concentration of OPG in
hOB were dose-dependent, as shown in Figure 4A, with ECy
of 49 nM for PGE, and 17 nM for 11-deoxy PGE;. To confirm
the involvement of EP4 in 11-deoxy PGE,-induced OPG

reduction, hOB were stimulated in the presence of a specific
EP4 antagonist, compound L-161982 (Figure 4B). This antag-
onist dose-dependently reversed the OPG decrease triggered
by 11-deoxy PGE, (1 uM) and completely blocked it at a con-
centration of 1 uM (p < 0.01) with an ICy, of 0.33 uM.

Effect of BW 245C, a DP receptor agonist, on accumulation
of OPG. The DP receptor agonist BW 245C (1 M) in the
presence of naproxen (10 uM) significantly decreased (p <
0.05) the concentration of OPG in the supernatants of hOB by
55% (Figure 5A), but had no effect on immortalized cell lines
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Figure 4. Effect of PGE, and 11-deoxy PGE, on accumulation of OPG in human osteoblasts. A. PGE, and 11-deoxy PGE, dose-dependently decreased OPG accu-
mulation, and this effect was reversed by increasing concentrations of the EP4 antagonist L-161982 (B). Data are shown as mean + SEM (n = 4). *p < 0.01 com-

pared to control for A; p <0.01 vs 11d-PGE; for B.

(data not shown). The decrease in OPG triggered by BW 245C
was shown to be dose-dependent. To further confirm the
implication of the DP receptor in the response to BW 245C,
we used a DP antagonist, BW A868C, to specifically block
this receptor. At 1 yM, the antagonist completely reversed the
decrease seen with BW 245C stimulation (p < 0.05; Figure
5B), while a lower concentration was not sufficient for a sig-
nificant inhibition.

Effect of fluprostenol, an FP receptor agonist, on the accumu-
lation of OPG. Fluprostenol significantly increased the con-
centration of OPG in a dose-dependent manner in the super-
natants of MG-63 cells, but not in those of hOB or Saos-2
(Figure 6A). This effect was completely blocked by the FP

A
14
12+ I
= 104
E .
8- T .
g 61
O .
44
2_
0
CTL 10 100 1000

BW 245C (nM)

receptor antagonist PGF, , dimethyl amine (20 uM; Figure
6B). The antagonist alone at the same concentration had no
effect on the accumulation of OPG, and lower concentrations
of PGF,, dimethyl amine had no effect on the accumulation
of OPG (data not shown).

Effect of IP and TP receptor agonists on accumulation of
OPG. Carbaprostacyclin, an IP receptor agonist, and U-
46619, a TP receptor agonist, both at 1 M concentration, had
no effect on the production of OPG in supernatants of any cell
type tested (hOB, MG-63, Saos-2; data not shown).
Intracellular second messenger determination. As only the FP
receptor in MG-63 influenced OPG expression, we sought to
determine if the PG receptors found at the mRNA level in
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Figure 5. Implication of the DP receptor in OPG modulation. A. Effect of DP receptor stimulation by increasing doses of BW 245C on accumulation of OPG in
human osteoblasts (hOB) and immortalized cells. B. hOB were stimulated with BW 245C (1 M) alone or in the presence of increasing concentrations of the DP
antagonist BW A868C, and OPG was measured as described. Data are shown as mean + SEM (n = 4). *p < 0.05 compared to control; **p < 0.05 vs BW 245C

alone.
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Figure 6. FP receptor-mediated OPG increase. A. The 3 osteoblast models were stimulated with fluprostenol (FLU), an agonist of FP receptor, for modulation of
OPG accumulation. B. Effect of FP antagonist PGF, , dimethyl amine (PGF,,, d-a) on increased accumulation of OPG induced by FLU (100 nM) in MG-63 cell
line. Data are shown as mean = SEM (n = 3). *p < 0.01 compared to control; **p < 0.01 vs FLU alone. nd: not determined.

MG-63 and Saos-2 cells were functional. These cells were
treated with different agonists and their effects on intracellu-
lar levels of second messengers were determined. PGE,
induced an elevation of the intracellular cAMP (icAMP) in
both MG-63 and Saos-2 cell lines (Figures 7A, 7B) with ECy,
of 0.38 uM and 1.76 uM, respectively. Carbaprostacyclin, an
IP receptor agonist, induced a small but significant dose-
response increase of icAMP in the MG-63 cell line with an
ECy, of 1.12 uM (Figure 7A), but not in Saos-2 cell line
(Figure 7B). Compound BW 245C, a selective DP agonist, did
not induce significant changes in icAMP in either cell line.
Fluprostenol, a selective FP receptor agonist, induced an ele-
vation of the intracellular calcium concentration in MG-63
cells (Figure 8A) and in Saos-2 cells (Figure 8B). U-46619, a
selective TP receptor agonist, also induced elevation of the
intracellular calcium level in both cell lines (Figures 8C, 8D).
These results confirm that receptors found at the mRNA level
were functional, except for the DP receptor in MG-63 cells.

DISCUSSION
The OPG/RANK/RANKL system plays an important role in

A
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the pathophysiology of bone, and has the potential to be an
important direct or indirect pharmacological target for the treat-
ment of bone diseases. Understanding the mechanisms impli-
cated in the control of expression of these proteins is necessary
to achieve this goal. PG are important mediators in the control
of bone metabolism and are implicated in the expression and/or
accumulation of these factors. Our objective was thus to deter-
mine the role of endogenous and exogenous PG in the accumu-
lation of OPG in the supernatants of primary human osteoblasts
and immortalized osteoblastic cell lines in culture.

Using the primary human osteoblast culture technique
described here, we previously showed that the cells retain the
osteoblastic phenotype during at least the first 2 passages, as
seen by increases in intracellular cAMP upon parathyroid hor-
mone stimulation, expression of alkaline phosphatase and
osteocalcin, and upregulation of these indicators following
treatment with 1,25(OH), vitamin D,?7. Moreover, more than
99% of the cell population was positive for osteocalcin
mRNA as shown by in situ hybridization®3.

We previously characterized the PG receptors expressed on
human osteoblasts in culture and demonstrated that they
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BW 245C
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Figure 7. Modulation of cAMP in human osteoblast cell lines. MG-63 (A) and Saos-2 (B) were stimulated with increasing concentrations of PGE,, carbaprosta-

cyclin, or BW 245C, and intracellular cAMP concentrations were measured (n = 3).
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Figure 8. Calcium fluxes in osteoblast cell lines. Cells were stimulated with the FP receptor ago-
nist fluprostenol or the TP receptor agonist U-46619 to modulate intracellular calcium levels in
MG-63 (a, c) and Saos-2 cells (b, d). Data are representative of 3 independent experiments.

express DP, EP4, FP, IP, and TP receptors®. To determine if
distribution of PG receptors in the immortalized cell lines dif-
fered from that described for hOB, we used RT-PCR assays.
RT-PCR analysis indicated that, like hOB, MG-63 cells
express the DP, EP4, FP, IP, and TP receptors, whereas Saos-
2 cells express DP, EP4, FP, and TP but lack the IP receptor.
To determine if endogenous PG could affect accumulation
of OPG in the supernatants of hOB, MG-63, and Saos-2 cul-
tures, we incubated the cells in the presence of COX-1 or
COX-2-specific inhibitors, or one of 3 nonspecific inhibitors
(diclofenac, naproxen, or indomethacin). None of these inter-
ventions changed the accumulation of OPG, suggesting that in
the models and experimental conditions we used, endoge-
nously produced PG do not participate in the control of OPG
production by osteoblasts. The lack of effect of COX
inhibitors in the system could also be explained by the
absence of endogenous PG in the conditions we used. Indeed,
our previous findings showed that COX-1 and COX-2 are not
expressed in confluent and nonstimulated human osteoblasts,
and that the levels of endogenous PGE, in the supernatants
were undetectable in these conditions2’-28, However, one can-
not exclude the possibility that in conditions where
osteoblasts or other cells are actively producing PG, such as
upon stimulation with hormones and cytokines, these lipid
mediators could influence OPG production in a complex

physiological system. Similarly, in a more complex system
than the one used in this study, O’Brien, et al showed that
COX blockade by indomethacin enhanced OPG production in
mouse calvaria®®, suggesting that PG produced by osteoblasts
or other cell types present in bone may be implicated in this
effect. Although our results could be interpreted as a lack of
effect of PG on the variable studied, our data clearly show that
exogenous PG can affect OPG accumulation.

PGE, is thought to be the most important PG in bone. To
test the effect of EP receptor activation on accumulation of
OPG in the supernatant of human osteoblasts and immortal-
ized cell lines, we used natural and synthetic agonists. PGE,,
which acts on all EP receptors, decreased the expression of
OPG in human osteoblasts but not in MG-63 or Saos-2 cells.
Of all the specific agonists tested, only an EP2 and EP4 ago-
nist (11-deoxy PGE,) mimicked the effect of PGE, in a con-
centration-dependent fashion. Butaprost, a specific EP2 ago-
nist, as well as the EP1 and EP3 agonists, failed to do so in
concentrations known to elicit a maximal response of their
specific receptors, strongly suggesting that the effect of PGE,
was driven by EP4 receptor activation. This was confirmed
using a specific EP4 receptor antagonist, compound L-
161982, which concentration-dependently reversed the OPG
reduction seen with the EP4 agonist. These results confirm the
expression of EP4 as the only PGE, receptor in these cells®.
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Other studies have shown that PGE, decreases the expression
of OPG by osteoblasts and/or bone marrow stromal cells?24
and calvaria®®, possibly through activation of the PKA path-
way®, which is consistent with the EP4-cAMP signaling
pathway. In addition, EP4 antagonists were shown to signifi-
cantly reduce the osteoclastogenesis induced by PGE, in dif-
ferent animal models3'-33. Although the latter effect was asso-
ciated with a reduction in the production of RANKL3!34, a
concomitant effect on OPG cannot be excluded. It is thus pos-
sible that the interaction of PGE, with the EP4 receptor in
hOB may both increase RANKL and decrease OPG, having a
major positive effect on osteoclastogenesis and making antag-
onism of the EP4 receptor an attractive pharmacological tar-
get to reduce bone resorption.

Our study shows that activation of the DP receptor, like
that of the EP4 receptor, leads to an inhibition of OPG pro-
duction. This effect was not observed in MG-63 and Saos-2
cultures even if DP was shown to be present in these cells. The
use of a specific DP antagonist, compound BW A868C, con-
firmed that this action was due to interaction with the DP
receptor. We recently showed that PGD, and BW 245C have
the same effect on OPG accumulation in hOB, but observed
no contribution for the second PGD, receptor, CRTH2, in this
process®. As for the EP4 receptor, activation of the DP recep-
tor also increases intracellular cAMP through activation of a
Gaos protein. The cAMP pathway is known to be implicated in
OPG downregulation?%3, Although hOB in culture present
functional IP receptors under experimental conditions?, acti-
vation of the IP receptor, which also increases intracellular
cAMP, had no effect on the production of OPG. Thus, it is
possible that other second messengers may be implicated in
the inhibitory effect of EP4 and DP activation on OPG pro-
duction by hOB, but this hypothesis should be confirmed by
further studies. As for IP, specific activation of FP and TP
receptors had no effect on the accumulation of OPG in the
supernatants of hOB, even though these receptors were shown
to be present and functional in hOB under the same experimen-
tal conditions used in this study?. In MG-63 cells, however,
activation of the FP receptor significantly increased the accu-
mulation of OPG. Our results clearly show that immortalized
cell lines and hOB do not respond similarly to exogenous PG.
These differences could be explained by different expression
levels of PG receptors in hOB and immortalized cell lines or
differences in activation of intracellular signalling pathways.

To investigate the functionality of the PG receptors found
in MG-63 and Saos-2 cell lines that did not trigger changes in
OPG, we challenged those cells with selective agonists for
each receptor subtype detected by RT-PCR and determined
their effects on icAMP or calcium. Upon stimulation with
PGE,, both cell lines showed a dose-dependent increase of
icAMP levels similar to that found in human osteoblasts??,
confirming activation of the EP4 receptor. Stimulation of the
IP receptor increased the icAMP in MG-63 cells but not in
Saos-2 cell lines, confirming the absence of the IP receptor in

the latter. Although the mRNA of the DP receptor was detect-
ed in the 2 immortalized cell lines, stimulation with BW
245C, a DP agonist, did not increase icAMP. These results
suggest that the DP receptor may have a low expression level,
or may be coupled to other G proteins. Even though activation
of FP and TP receptors was able to increase intracellular cal-
cium in MG-63 and Saos-2 cells (as we observed) and in
human osteoblasts>, only FP activation increased OPG con-
centration in the supernatants of MG-63, again suggesting that
coupling of these receptors or processing of the second mes-
senger pathways may differ in these cells compared to authen-
tic hOB.

Our study clearly shows the important activities of
prostaglandins in the control of osteoblast-osteoclast crosstalk
by the OPG axis. Studies have demonstrated the benefits of
COX-2 inhibition on disease progress and pain perception in
pathologies such as osteoarthritis and rheumatoid arthri-
tis>’0. Unfortunately, despite the efficacy of these COX-2
inhibitors, the risk of thrombotic events restricts their use.
Based on our findings and those of others, the PG pathway
seems to be relevant for the control of bone metabolism and
disease. Targeting this pathway downstream of COX enzymes
remains interesting, as it would allow action against more spe-
cific targets, such as the receptors or specific PG synthases.

Our results first indicate that activation of EP4 or DP
receptors leads to decreased accumulation of OPG in the
supernatants of human osteoblasts in culture. Consequently,
targeting EP4 or DP receptors with antagonists might rescue
basal OPG levels and decrease osteoclastogenesis and activa-
tion of mature osteoclasts, thus decreasing bone resorption.
The more limited distribution of the DP receptor makes it a
more interesting pharmacological target than the EP4 receptor
because of the lower risk of interfering with other physiolog-
ical systems and causing side effects. Second, differences in
the distribution and function of the PG receptors in human
osteoblasts and the immortalized cells we studied suggest that
caution should be exerted in interpretation of studies using
MG-63 and Saos-2 cells.

ACKNOWLEDGMENT
We acknowledge Merck Frosst Canada for supplying the EP4 antagonist.

REFERENCES

1. Yasuda H, Shima N, Nakagawa N, et al. Osteoclast differentiation
factor is a ligand for osteoprotegerin/osteoclastogenesis-inhibitory
factor and is identical to TRANCE/RANKL. Proc Natl Acad Sci
USA 1998;95:3597-602.

2. Lacey DL, Timms E, Tan HL, et al. Osteoprotegerin ligand is a
cytokine that regulates osteoclast differentiation and activation. Cell
1998;93:165-76.

3. Wong BR, Rho J, Arron J, et al. TRANCE is a novel ligand of the
tumor necrosis factor receptor family that activates c-Jun
N-terminal kinase in T cells. J Biol Chem 1997;272:25190-4.

4. Nakagawa N, Kinosaki M, Yamaguchi K, et al. RANK is the
essential signaling receptor for osteoclast differentiation factor in
osteoclastogenesis. Biochem Biophys Res Commun
1998;253:395-400.

—| Personal non-commercial use only. The Journal of Rheumatology Copyright © 2006. All rights reserved. |—

1174

The Journal of Rheumatology 2006; 33:6

Downloaded on April 2, 2024 from www.jrheum.org


http://www.jrheum.org/

10.

11.

12.

13.

15.

16.

18.

19.

20.

21.

22.

23.

Yasuda H, Shima N, Nakagawa N, et al. A novel molecular
mechanism modulating osteoclast differentiation and function.
Bone 1999;25:109-13.

Simonet WS, Lacey DL, Dunstan CR, et al. Osteoprotegerin: a
novel secreted protein involved in the regulation of bone density.
Cell 1997;89:309-19.

Tsuda E, Goto M, Mochizuki S, et al. Isolation of a novel cytokine
from human fibroblasts that specifically inhibits osteoclastogenesis.
Biochem Biophys Res Commun 1997;234:137-42.

Yamaguchi K, Kinosaki M, Goto M, et al. Characterization of
structural domains of human osteoclastogenesis inhibitory factor.
J Biol Chem 1998;273:5117-23.

Yasuda H, Shima N, Nakagawa N, et al. Identity of
osteoclastogenesis inhibitory factor (OCIF) and osteoprotegerin
(OPG): a mechanism by which OPG/OCIF inhibits
osteoclastogenesis in vitro. Endocrinology 1998;139:1329-37.
Mizuno A, Amizuka N, Irie K, et al. Severe osteoporosis in mice
lacking osteoclastogenesis inhibitory factor/osteoprotegerin.
Biochem Biophys Res Commun 1998;247:610-5.

Narumiya S, Sugimoto Y, Ushikubi F. Prostanoid receptors:
structures, properties, and functions. Physiol Rev
1999;79:1193-226.

Raychowdhury MK, Yukawa M, Collins LJ, McGrail SH, Kent KC,
Ware JA. Alternative splicing produces a divergent cytoplasmic tail
in the human endothelial thromboxane A2 receptor. J Biol Chem
1994;269:19256-61.

Wright DH, Abran D, Bhattacharya M, et al. Prostanoid receptors:
ontogeny and implications in vascular physiology. Am J Physiol
Regul Integr Comp Physiol 2001;281:R1343-60.

An S, Yang J, So SW, Zeng L, Goetzl EJ. Isoforms of the EP3
subtype of human prostaglandin E2 receptor transduce both
intracellular calcium and cAMP signals. Biochemistry
1994;33:14496-502.

Irie A, Sugimoto Y, Namba T, et al. Third isoform of the
prostaglandin-E-receptor EP3 subtype with different C-terminal tail
coupling to both stimulation and inhibition of adenylate cyclase.
Eur J Biochem 1993;217:313-8.

Namba T, Sugimoto Y, Negishi M, et al. Alternative splicing of C-
terminal tail of prostaglandin E receptor subtype EP3 determines
G-protein specificity. Nature 1993;365:166-70.

Klein DC, Raisz LG. Prostaglandins: stimulation of bone resorption
in tissue culture. Endocrinology 1970;86:1436-40.

Santoro MG, Jaffe BM, Simmons DJ. Bone resorption in vitro and
in vivo in PGE-treated mice. Proc Soc Exp Biol Med
1977;156:373-7.

Fujieda M, Kiriu M, Mizuochi S, Hagiya K, Kaneki H, Ide H.
Formation of mineralized bone nodules by rat calvarial osteoblasts
decreases with donor age due to a reduction in signaling through
EP(1) subtype of prostaglandin E(2) receptor. J Cell Biochem
1999;75:215-25.

Suda M, Tanaka K, Natsui K, et al. Prostaglandin E receptor
subtypes in mouse osteoblastic cell line. Endocrinology
1996;137:1698-705.

Suda M, Tanaka K, Sakuma Y, et al. Prostaglandin E(2) induces the
c-fos and c-jun expressions via the EP(1) subtype of PGE receptor
in mouse osteoblastic MC3T3-E1 cells. Calcif Tissue Int
2000;66:217-23.

Brandstrom H, Jonsson KB, Ohlsson C, Vidal O, Ljunghall S,
Ljunggren O. Regulation of osteoprotegerin mRNA levels by
prostaglandin E2 in human bone marrow stroma cells. Biochem
Biophys Res Commun 1998;247:338-41.

Murakami T, Yamamoto M, Ono K, et al. Transforming growth
factor-beta 1 increases mRNA levels of osteoclastogenesis
inhibitory factor in osteoblastic/stromal cells and inhibits the
survival of murine osteoclast-like cells. Biochem Biophys Res
Commun 1998;252:747-52.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Wang X, Wu J, Shidoji Y, et al. Effects of geranylgeranoic acid in
bone: induction of osteoblast differentiation and inhibition of
osteoclast formation. J Bone Miner Res 2002;17:91-100.

Sarrazin P, Bkaily G, Hache R, et al. Characterization of the
prostaglandin receptors in human osteoblasts in culture.
Prostaglandins Leukot Essent Fatty Acids 2001;64:203-10.
Chretien L, Richard DE, Poirier SN, Poitras M, Guillemette G.
Bovine adrenal glomerulosa cells express such a low level of
functional B2 receptors that bradykinin does not significantly
increase their aldosterone production. J Endocrinol
1998;156:449-60.

de Brum-Fernandes AJ, Laporte S, Heroux M, et al. Expression of
prostaglandin endoperoxide synthase-1 and prostaglandin
endoperoxide synthase-2 in human osteoblasts. Biochem Biophys
Res Commun 1994;198:955-60.

Maciel FM, Sarrazin P, Morisset S, et al. Induction of
cyclooxygenase-2 by parathyroid hormone in human osteoblasts in
culture. J Rheumatol 1997;24:2429-35.

O’Brien EA, Williams JH, Marshall MJ. Osteoprotegerin is
produced when prostaglandin synthesis is inhibited causing
osteoclasts to detach from the surface of mouse parietal bone and
attach to the endocranial membrane. Bone 2001;28:208-14.
Brandstrom H, Bjorkman T, Ljunggren O. Regulation of
osteoprotegerin secretion from primary cultures of human bone
marrow stromal cells. Biochem Biophys Res Commun
2001;280:831-5.

Tomita M, Li X, Okada Y, et al. Effects of selective prostaglandin
EP4 receptor antagonist on osteoclast formation and bone
resorption in vitro. Bone 2002;30:159-63.

Ono K, Akatsu T, Murakami T, et al. Important role of EP4, a
subtype of prostaglandin (PG) E receptor, in osteoclast-like cell
formation from mouse bone marrow cells induced by PGE2.

J Endocrinol 1998;158:R1-5.

Ohshiba T, Miyaura C, Ito A. Role of prostaglandin E produced by
osteoblasts in osteolysis due to bone metastasis. Biochem Biophys
Res Commun 2003;300:957-64.

Li X, Pilbeam CC, Pan L, Breyer RM, Raisz LG. Effects of
prostaglandin E2 on gene expression in primary osteoblastic cells
from prostaglandin receptor knockout mice. Bone 2002;30:567-73.
Gallant MA, Samadfam R, Hackett JA, Antoniou J, Parent JL, de
Brum-Fernandes AJ. Production of prostaglandin D(2) by human
osteoblasts and modulation of osteoprotegerin, RANKL, and
cellular migration by DP and CRTH2 receptors. J] Bone Miner Res
2005;20:672-81.

Halladay DL, Miles RR, Thirunavukkarasu K, Chandrasekhar S,
Martin TJ, Onyia JE. Identification of signal transduction pathways
and promoter sequences that mediate parathyroid hormone 1-38
inhibition of osteoprotegerin gene expression. J Cell Biochem
2001;84:1-11.

Bensen W, Weaver A, Espinoza L, et al. Efficacy and safety of
valdecoxib in treating the signs and symptoms of rheumatoid
arthritis: a randomized, controlled comparison with placebo and
naproxen. Rheumatology Oxford 2002;41:1008-16.

Matsumoto AK, Melian A, Mandel DR, et al. A randomized,
controlled, clinical trial of etoricoxib in the treatment of rheumatoid
arthritis. J Rheumatol 2002;29:1623-30.

Matheson AJ, Figgitt DP. Rofecoxib: a review of its use in the
management of osteoarthritis, acute pain and rheumatoid arthritis.
Drugs 2001;61:833-65.

Clemett D, Goa KL. Celecoxib: a review of its use in osteoarthritis,
rheumatoid arthritis and acute pain. Drugs 2000;59:957-80.

—| Personal non-commercial use only. The Journal of Rheumatology Copyright © 2006. All rights reserved. |—

Samadfam, et al: Prostaglandin receptors and OPG

1175

Downloaded on April 2, 2024 from www.jrheum.org


http://www.jrheum.org/

