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Background: Continuous parathyroid hormone (PTH) is anabolic in cyclooxygenase-2 (Cox2) knock-out, but not WT, mice.
Results: Preosteoclasts secreted serum amyloid A3 (Saa3) in response to RANKL only in the presence of Cox2. Saa3 blocked
PTH-stimulated cAMP production and osteoblast differentiation.

Conclusion: Saa3 is a novel means by which osteoclasts inhibit osteoblasts.

Significance: Induction of Saa3 may explain why continuous PTH causes bone loss.

Continuous parathyroid hormone (PTH) blocks its own
osteogenic actions in marrow stromal cell cultures by inducing
Cox2 and receptor activator of nuclear factor kB ligand
(RANKL) in the osteoblastic lineage cells, which then cause the
hematopoietic lineage cells to secrete an inhibitor of PTH-stim-
ulated osteoblast differentiation. To identify this inhibitor, we
used bone marrow macrophages (BMMs) and primary osteo-
blasts (POBs) from WT and Cox2 knock-out (KO) mice. Condi-
tioned medium (CM) from RANKL-treated WT, but not KO,
BMMs blocked PTH-stimulated cAMP production in POBs.
Inhibition was reversed by pertussis toxin (PTX), which blocks
Ga;,, activation. Saa3 was the most highly differentially
expressed gene in a microarray comparison of RANKL-treated
WT versus Cox2 KO BMMs, and RANKL induced Saa3 protein
secretion only from WT BMMs. CM from RANKL-stimulated
BMMs with Saa3 knockdown did not inhibit PTH-stimulated
responses in POBs. SAA added to POBs inhibited PTH-stimu-
lated cAMP responses, which was reversed by PTX. Selective
agonists and antagonists of formyl peptide receptor 2 (Fpr2)
suggested that Fpr2 mediated the inhibitory actions of Saa3 on
osteoblasts. In BMMs committed to become osteoclasts by
RANKL treatment, Saa3 expression peaked prior to appearance
of multinucleated cells. Flow sorting of WT marrow revealed
that Saa3 was secreted only from the RANKL-stimulated B220™
CD3~CD11b~"°% CD115" preosteoclast population. We con-
clude that Saa3 secretion from preosteoclasts, induced by
RANKL in a Cox2-dependent manner, inhibits PTH-stimulated
cAMP signaling and osteoblast differentiation via Ge;), signal-
ing. The induction of Saa3 by PTH may explain the suppression
of bone formation when PTH is applied continuously and may
be a new therapeutic target for osteoporosis.
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Parathyroid hormone (PTH)? acts on a G protein-coupled
receptor (GPCR), PTHIR, to regulate calcium homeostasis and
bone remodeling, stimulating both bone resorption and forma-
tion (1). PTH stimulates bone formation primarily by activating
a Ga,-dependent cAMP/protein kinase A (PKA) signaling
pathway (2). PTH stimulates bone resorption by acting on
osteoblastic lineage cells to increase the expression of RANKL
and decrease the expression of osteoprotegerin (OPG), a decoy
receptor for RANKL (3). RANKL binds to its receptor, RANK,
on monocyte-macrophage cells to promote osteoclast forma-
tion and activity. What determines the balance of PTH-stimu-
lated resorption versus formation is still unclear. Intermittent
(daily) injections of PTH are anabolic, increasing bone forma-
tion more than bone resorption, and intermittent PTH was the
first anabolic therapy approved for treating osteoporosis in the
United States (4, 5). Conversely, when PTH levels are continu-
ously elevated, bone resorption is greater than bone formation
and bone is lost (6 - 8).

PTH is a potent inducer of Cox2 in osteoblasts, and Cox2 is
the major enzyme regulating the production of prostaglandins
in bone (9, 10). We have previously reported that PTH infusion
in mice caused persistently elevated levels of Cox2 in bone and
prostaglandin E, (PGE,) (11). In Cox2 knock-out (KO) mice,
PTH infusion was anabolic, increasing femoral bone mineral
density, serum markers of bone formation, femoral and verte-
bral trabecular bone volume, cortical bone area, percent osteo-
blast surface, bone formation rate, and expression of genes
involved in increased bone formation. In wild type (WT) mice,
on the other hand, the overall effect of PTH infusion was cata-
bolic. In contrast to the differential effects of genotype on bone

2The abbreviations used are: PTH, parathyroid hormone; RANKL, receptor
activator of nuclear factor B ligand; GPCR, G protein-coupled receptor;
OPG, osteoprotegerin; PGE,, prostaglandin E,; BMSC, bone marrow stro-
mal cell; BMM, bone marrow macrophage; CM, conditioned medium; FSK,
forskolin; PTX, pertussis toxin; IBMX, isobutylmethylxanthine; POB, primary
osteoblast; qPCR, quantitative PCR; TRAP, tartrate-resistant acid phospha-
tase; MNC, multinucleated cell; ANOVA, analysis of variance; AC, adenylyl
cyclase; Fpr2, formyl peptide receptor 1; SAA, serum amyloid A; Cox,
cyclooxygenase.
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formation, PTH infusion increased bone resorption similarly in
both WT and KO mice. These data suggest that the bone loss
seen with continuously elevated PTH is largely due to suppres-
sion of bone formation and that the suppression is dependent
on Cox2 expression.

We also found that in the presence of Cox2-produced PGE,
in vitro, continuous PTH inhibits the osteoblastic differentia-
tion of bone marrow stromal cells (BMSCs) (12). PGE, itself
was not sufficient for the inhibition but required the induction
or addition of RANKL. The inhibition was blocked by the addi-
tion of OPG, suggesting the involvement of bone marrow
macrophages (BMMs) bearing RANK receptors that can be
committed to become osteoclasts when stimulated with
RANKL. Subsequently, we found that the inhibitory factor or
factors were secreted from WT, but not Cox2 KO, BMMs.

The goal of the current study was to further characterize the
inhibitory molecule(s) in the conditioned medium (CM). The
finding that CM from RANKL-stimulated WT BMM:s inhibited
PTH-stimulated cAMP signaling via G, signaling, combined
with a microarray analysis comparing RANKL-stimulated WT
and Cox2 KO BMMs, led us to select Saa3 as a likely candidate
for the inhibitory factor. Knockdown of Saa3 in BMMs and
rescue with exogenous SAA confirmed this role for Saa3. In
addition, dissection of bone marrow populations by fluores-
cence-activated cell sorting (FACS) determined that Saa3 was
secreted only by the preosteoclast population. The combina-
tion of our data allows us to propose that Saa3 secreted by
preosteoclasts is a novel means by which the osteoclastic line-
age can inhibit PTH-stimulated osteoblastic differentiation.

Experimental Procedures

Materials—Recombinant macrophage-colony stimulating
factor (M-CSF), OPG/Fc-chimera, RANKL, and WRW4
(formyl peptide receptor 2, Fpr2, antagonist) were purchased
from R & D Systems (Minneapolis, MN). Forskolin (FSK) and
pertussis toxin (PTX) were purchased from Enzo Life Sciences
(Farmingdale, NY). Human recombinant SAA (Apo-SAA),
which corresponds to human Apo-SAAlq, except for the pres-
ence of an N-terminal methionine and two substituted residues
presentin Apo-SAA2[, was purchased from PeproTech (Rocky
Hill, NJ). PGE, and NS398, a selective inhibitor of Cox2 activity,
were purchased from Cayman Chemicals (Ann Arbor, MI).
Bovine PTH (bPTH 1-34), WKYMVm (a selective Fpr2 ago-
nist), and all other chemicals were from Sigma, unless other-
wise noted.

Animals—Mice with disruption of Ptgs2, which produce no
functional Cox2 protein, called Cox2 KO mice, in a C57Bl/6,
129SV background were the gift of Scott Morham (13). These
mice were backcrossed more than 20 generations into the out-
bred CD-1 background before beginning experiments. For
experiments, mice were bred by crossing WT with WT and
Cox2 KO with KO mice. Genotyping protocols were followed as
described previously (14). To prevent genetic drift, breeding
colonies were refreshed every six months by mating mice
heterozygous for Cox2 with WT mice from Jackson Labs (Bar
Harbor, ME). All animal studies were conducted in accordance
to the approved protocols by the Animal Care and Use Com-
mittee of the University of Connecticut Health Center.
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Cell Cultures—All cells were cultured in a humidified atmo-
sphere of 5% CO, at 37 °C. Basic medium was a-MEM (Invit-
rogen), 10% heat-inactivated fetal calf serum, 100 units/ml of
penicillin, and 50 pg/ml of streptomycin. The solvents used for
the preparation of stock solutions of various treatments were:
0.1% bovine serum albumin (BSA) in 1X phosphate-buffered
saline (PBS) for RANKL, M-CSF, and OPG; 0.001 N hydrochlo-
ric acid in 0.1% BSA in 1X PBS for PTH; dimethyl sulfoxide for
isobutylmethylxanthine (IBMX) and FSK; water for WKYMVm
and PTX; ethanol for PGE, and NS398; 25% ethanol in water for
WRW4; and 5 mM Tris buffer, pH 7.6, for SAA. The concentra-
tion of all solvents in the medium was =0.1%.

Primary osteoblasts (POBs) were obtained as described pre-
viously (12). For all experiments, Cox2 KO POBs were used so
that there would be no contribution of PGs from osteoblasts to
the cultures. Briefly, calvariae from neonatal mice were dis-
sected, minced, washed multiple times, and digested with col-
lagenase P and trypsin at 37 °C for 10 min to release each of
fractions 1 to 4. Fraction 5 was digested for 90 min. Digest
fractions 2—5 were pooled, plated at 5 X 10* cells/well in 6-well
dishes, and cultured in osteoblastic differentiation medium
consisting of basic medium plus 50 pg/ml of phosphoascorbate
(Wako Pure Chemical Industry, Osaka, Japan). Medium was
changed every 3 days. For cAMP measurement and cAMP-
mediated early response gene expression studies, POBs were
cultured for 5 days before treatment with antagonists and ago-
nists. For osteoblastic differentiation studies, POBs were cul-
tured for 14 days and all agonists and antagonists were given
from the beginning of cultures and with each medium change.
Five mMm B-glycerophosphate was added on day 7 to these
cultures.

BMMs were cultured as described previously (12) following
the protocol of Dr. R. Faccio. Marrow was flushed from long
bones, cells were counted after lysing red blood cells, and 107
nucleated cells/well were plated in 150-mm Petri dishes (Fisher
Scientific, Pittsburgh, PA) in basic medium plus 100 ng/ml of
M-CSF. BMMs were expanded in M-CSF two to three times,
for 3 days, before being used for experiments.

CM Experiments—BMMs were plated at 6 X 10* cells/well in
12-well dishes in basic medium plus M-CSF (30 ng/ml) with or
without RANKL (30 ng/ml) for 3 days. CM was collected and
centrifuged at 800 rpm for 5 min at 4 °C to remove debris and
kept frozen until use. For osteoblastic differentiation studies
with CM, freshly isolated Cox2 KO POBs were plated at 5 X 10*
cells/well in 6-well dishes and cultured for 14 days in 3 parts CM
and 1 part differentiation medium plus 50 ng/ml of OPG to
prevent RANKL in the CM, or induced in the POBs by PTH,
from stimulating the formation of osteoclasts from any hema-
topoietic contaminants in these cultures. All treatments were
given from the beginning of culture and with every medium
change. Five mm B-glycerophosphate was added on day 7
to these cultures. For evaluation of cAMP-mediated early
response gene expression, POBs were plated at 5 X 10* cells/
well in 6-well dishes and cultured for 5 days in differentiation
medium. On day 5, POBs were given 50 ng/ml of OPG, 3 parts
CM and 1 part differentiation medium with or without PTX
(100 ng/ml) 1.5 h prior to the addition of agonists for the last
3 h. For cAMP measurement, POBs were plated similarly, cul-
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TABLE 1
Primers used to analyze gene expression by quantitative real time PCR
Genes were analyzed by TagMan® gene expression assay.

TABLE 2
Primers used to analyze gene expression by quantitative real time PCR
Genes were analyzed by SYBR Green validated primer sequences.

Gene TaqMan® probe Gene TagqMan® probe

name number name number
Gapdh Mm99999915_g1 Saal MmO00656927_gl
Ramp3 Mm00840142_m1 Saa2 Mm04208126_mH
Nurrl Mm00443060_m1 Saa3 Mm00441203_m1
cFos MmO00487425_m1 Saad Mmo04208129_m1
Fpr2 MmO00484464_s1 Runx2 MmO00501584_m1

tured for 5 days, and treated with 0.5 mm IBMX to block phos-
phodiesterase activity, 50 ng/ml of OPG and 3 parts CM and 1
part differentiation medium 1.5 h prior to the addition of ago-
nists for the last 20 min.

Intracellular cAMP Measurement—Cells were scraped up in
400 ul/well of ice-cold ethanol. The ethanolic cell suspensions
were collected and centrifuged at 1500 X g for 10 min at 4 °C.
Supernatants were collected and evaporated to dryness using a
lyophilizer. cAMP was measured using the enzyme immunoas-
say kit 581001 from Cayman Chemicals. The detection limit of
this assay is 3.1 pmol/ml.

Real-time (Quantitative) PCR Analysis—Total RNA was
extracted using TRIzol (Invitrogen) following the manufactu-
rer’s instructions. 2-5 ug of total RNA was DNase treated
(Ambion, Inc., Austin, TX) and converted to cDNA by the High
Capacity cDNA Archive Kit (Applied Biosystems, Foster City,
CA). PCR was performed in 96-well plates. Primers for PCR
were either Assays-on-Demand Gene Expression TagMan
primers (Applied Biosystems) or validated SYBR Green primers
(Tables 1 and 2). B-actin or glyceraldehyde-3-phosphate dehy-
drogenase (Gapdh) served as the endogenous control. All prim-
ers were checked for equal efficiency over a range of target gene
concentrations. Each sample was amplified in duplicate. A PCR
mixture was run in an Applied Biosystems Prism 7300
Sequence Detection System instrument utilizing universal
thermal cycling parameters. Data analysis was done using com-
parative C, (AAC,) or the relative standard curve method.
Results were reported as relative quantification values. As per
the manufacturer’s recommendation, C, values above 33 were
considered undetectable.

Microarray Analysis of Gene Expression—BMMs from WT
and Cox2 KO mice were cultured for 1 or 3 days with M-CSF
(30 ng/ml) with or without RANKL (30 ng/ml). Total RNA from
BMM:s was column purified using the RNAeasy kit (Invitrogen)
and RNA quality was verified using Bioanalyzer RNA Nano
Chips (Agilent Technologies, Santa Clara, CA). cRNA was pre-
pared, labeled, and hybridized onto the Mouse-8 v2 Illumina
Bead Chip (Illumina Inc. San Diego, CA) at the University of
Connecticut Health Center microarray core facility. The Bead
Chip was washed, stained with streptavidin-Cy3, and scanned
onto the Illumina BeadArray Reader. Raw data were analyzed
using the Illumina GenomeStudio software. For differential
analysis, quantile normalization and Illumina custom error
model were applied to compute detection p values and differ-
ential scores. Average signal intensity per treatment group for
every gene in the array was obtained. Finally, the differential
gene expression comparisons were reported as the ratio of aver-
age signal intensity of a gene for two comparison groups
(fold-change).
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Gene Name Primer sequence

Reverse, TGG TCT GAT AGC TCG TCA CAA G
Forward, CTG ACC TCA CAG ATC CCA AGC
Reverse, CCA GTT GGT AAC AAT GCCATGT
Forward, GGC TGT ATT CCC CTC CAT CG

Bglap (osteocalcin)

Actin

Measurement of Saa3 Protein—For Western blot analysis,
total cell lysates were obtained following the manufacturer’s
instructions (Cell Signaling, Danvers, MA). 20 ug of total pro-
teins were run on 12% SDS-PAGE and transferred onto nitro-
cellulose membranes (Bio-Rad). Membranes were washed with
1X Tris-buffered saline (TBS), blocked in 5% (w/v) nonfat dry
milk in 1X TBS containing 0.05% Tween 20 (1X TBST), and
then incubated with SAA (H-84): sc-20651 rabbit polyclonal
antibody (Santa Cruz Biotechnology) at 1:200 dilution in 5%
(w/v) milk in 1X TBST overnight with gentle agitation at 4 °C.
After washing with TBST, membranes were incubated with
anti-rabbit [gG HRP-conjugated secondary antibody 7074 (Cell
Signaling) at 1:1000 dilution. Signals were detected with Lumi-
GLO chemiluminescent reagent 7003 (Cell Signaling). Mem-
branes were then stripped off antibody and reprobed with B-ac-
tin (13E5) rabbit monoclonal antibody 4970 (Cell Signaling) at
1:1000 dilution in 5% (w/v) BSA in 1X TBST overnight at 4 °C.
After washing, membranes were labeled with the same second-
ary antibody as above, signals were detected, and bands were
scanned for images.

Saa3 in the CM of BMMs and in the serum of mice treated in
vivo with PTH was measured by Mouse Saa3 ELISA kit
(EZMSAA3-12K) (Millipore EMD, Billerica, MA). The limit of
sensitivity of this assay is 0.078 pg/ml.

Serum and Tibiae from PTH-infused Mice—Tissues were
obtained from 3-month-old male mice following 12 days of
PTH infusion (40 pg/kg/day) as previously described (11).
Blood was obtained by heart puncture after euthanasia with
gaseous carbon dioxide and allowed to clot at room tempera-
ture. Serum was collected after centrifugation of samples at
5000 rpm for 10 min, and serum from each animal was divided
into aliquots and frozen at —80 °C. In the same experiment,
both tibiae were excised at the end of PTH infusion and com-
bined for RNA. Ends of tibiae were cut off, but marrow was not
flushed. Total RNA was extracted with TRIzol (Invitrogen) fol-
lowing the manufacturer’s instructions and qPCR was per-
formed as described above.

Lentiviral shRNA Knockdown of Saa3 in BMMs—Four
unique 29-mer Saa3 shRNA lentiviral GFP plasmids (pGFP-C-
Saa3shRNA1-4 Lenti Vectors, TL501964) and a scrambled
plasmid (pGFP-C-scrambled Lenti Vector) were co-transfected
with the packaging plasmids (TR30022) in HEK293T (CRL-
3216, ATCC, Manassas, VA) cells following the manufacturer’s
instructions (Origene, Rockville, MD). Medium bearing viral
particles was collected, spun down, and stored frozen until use.
WT BMMs, grown for 20 h in M-CSF (30 ng/ml) or M-CSF plus
RANKL (30 ng/ml), were transduced with the medium contain-
ing viral particles. After 72 h, cells were examined for GFP
expression. RNA, proteins, and CM were collected from
M-CSF plus RANKL-treated transduced BMMs. CM was
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added to POBs to evaluate the effect on PTH-stimulated cAMP
production and osteoblast differentiation.

Co-culture Experiments—M-CSF expanded BMMs trans-
duced with Saa3 shRNA were co-cultured with POBs. POBs
were plated at 5 X 10* cells/well with 5 X 10° cells/well of
BMMs (1:10) in 6-well dishes and cultured in osteoblastic dif-
ferentiation medium. All treatments were given from the
beginning of culture and with every medium change. Five mm
B-glycerophosphate was added on day 7 to these cultures.

Flow Sorting of Whole Marrow—All antibodies used for sort-
ing of mouse bone marrow into different hematopoietic popu-
lations were purchased from e-Biosciences (San Diego, CA).
These included anti-B cell lineage mAb (antiCD45R/B220;
47-0452), anti-T-cell lineage mAb (anti-CD3; 47-0032),
anti-monocyte/macrophage antibody (anti-CD11b/Mac-1;
48-0112), and anti-cfms/CD115 antibody (13-1152). Whole
bone marrow was flushed from both tibiae and femurs of mice
with 10 ml of staining medium containing 1 X Hank’s balanced
salt solution, 10 mm HEPES, and 2% newborn calf serum. Cells
were spun down at 1500 rpm for 5 min at 4 °C, supernatant was
removed, and the pellet containing leukocytes and red blood
cells was incubated in 1 ml of red blood lysing buffer for 5 min.
The pellet was then washed in staining medium. The final pellet
was suspended in 10 ml of staining medium, filtered through a
100-mm membrane to get a single cell suspension, and cells
were counted. All antibodies were titrated for optimal dilutions.
Staining of cells for cell sorting was performed by standard
staining procedures (15). All staining was done on ice, and dead
cells were excluded by their ability to incorporate propidium
iodide. Flow sorting was performed in a BD-FACS Aria (BD
Biosciences, San Jose, CA) equipped with 5 lasers and 18 detec-
tors at the University of Connecticut Health Center flow
cytometry facility. Marrow was first sorted for B220" CD3™
or lymphoid population (population 1) and B220~ CD3™~
CD11b~ ¥ or triple negative monocyte-macrophage popula-
tion (population 2). Population 2 was further sorted for the
absence or presence of CD115 (the receptor for M-CSF, cfms)
into populations 3 (triple negative CD115~, non-M-CSF
responding) and 4 (triple negative CD115", M-CSF responding
macrophage-dendritic-osteoclast progenitor population). All
data were analyzed using Flow]Jo software from Tree Star Inc.
(Ashland, OR). After sorting, populations 1 (B220* CD3%), 3
(triple negative CD1157), and 4 (triple negative CD115") were
collected and used for further study. These populations were
plated at 0.5 X 10° cells/well in 12-well dishes with M-CSF (30
ng/ml) and with or without RANKL (30 ng/ml) and grown for
3—4 days. Both RNA and CM were collected on day 3. CM was
spun down and kept frozen until use.

Tartrate-resistant Acid Phosphatase (TRAP) Staining—Cells
were fixed with 2.5% glutaraldehyde in PBS for 30 min at room
temperature and stained with the Leukocyte Acid Phosphatase
Kit (Sigma) following the manufacturer’s instructions. Oste-
oclast-like cells, identified as TRAP' multinucleated cells
(MNCs) with more than 3 nuclei, were counted.

Statistics—All data are presented as mean = S.E. Analysis
was performed using SigmaPlot 11.0 (Systat Software, Inc.).
Normally distributed data with a single independent variable
were examined by one-way ANOVA and those with multiple
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independent variables were examined by two-way ANOVA.
Post hoc analysis was done by Bonferroni pairwise multiple
comparisons. If the data for one-way ANOVA were not nor-
mally distributed, they were examined by one-way ANOVA on
Ranks, followed by Dunn’s test for all pairwise multiple com-
parisons. If the data for two-way analysis were not normally
distributed, they were transformed (log 10) before analysis.

Results

CM from RANKL-stimulated WT, but Not Cox2 KO, BMM:s
Inhibited PTH-stimulated cAMP Responses in POBs in a PTX-
reversible Manner—We previously reported that CM from
RANKL-stimulated WT BMMs, expressing Cox2, could inhibit
PTH-stimulated POB differentiation (12). There was no inhib-
itory effect on PTH-stimulated osteoblastic differentiation if
the CM came from Cox2 KO BMMs. Many studies suggest that
PTH mediates its osteogenic effects in vitro or its anabolic
effects in vivo largely via Ga,-cAMP-dependent protein kinase
A (PKA) signaling (2, 16, 17). Therefore, we examined the effect
of inhibitory CM on PTH-stimulated cAMP signaling in POBs.
Because we previously found that extensive washing in the
preparation of POBs did not remove all hematopoietic contam-
inants, which could develop into osteoclast-like cells in
response to RANKL (12), we added OPG to all POB cultures to
prevent osteoclastogenesis secondary to the RANKL in the CM
or PTH-stimulated RANKL expression in POBs.

In the presence of CM from RANKL-treated Cox2 KO
BMMs, PTH markedly stimulated cAMP production in POBs,
but CM from RANKL-treated WT BMMs blocked the PTH
stimulation of cAMP production (Fig. 14). We examined
effects of PTH on the expression of several early response genes
that are induced via the cAMP pathway-receptor activity mod-
ifying protein-3 (Ramp3) (18), cFos (19), and Nurrl (20). CM
from RANKL-treated WT, but not KO, BMMs blocked the
PTH induction of all these genes (Fig. 1, B—D). Consistent with
our previous findings (12), CM from WT BMMs treated with
M-CSF alone did not inhibit PTH-stimulated cAMP responses,
and addition of RANKL was necessary for production of the
inhibitory CM (Fig. 1B).

To determine whether WT CM inhibited PTH-stimulated
cAMP responses at the level of the receptor for PTH (PTH1R),
we treated POBs with FSK. FSK acts independently of receptors
to directly activate all adenylyl cyclases (ACs) except AC 9 (21,
22). We found that FSK-stimulated Ramp3 expression was
inhibited by WT, but not Cox2 KO, CM (Fig. 1E). Hence, the
inhibitory effect was not specific for the PTHIR.

To explore a role for Ge,, subunits, which can inhibit AC
activity and thus cAMP signaling, we treated cultures with
PTX. PTX catalyzes the ADP-ribosylation of the Ge;,, sub-
units, leaving them in the GDP-bound inactive state (23). ACs
1, 5, and 6 are known to be inhibited by Ge,, and sensitive to
PTX (24). PTX alone had no significant effect on basal Ramp3
expression or on the stimulation of Ramp3 in response to FSK
or PTH in the presence of Cox2 KO CM. However, PTX abro-
gated the inhibitory effect of WT CM on both FSK- and PTH-
stimulated Ramp3 expression as shown in Fig. 1, E and F,
respectively.
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FIGURE 1. WT CM inhibited PTH-stimulated cAMP responses and osteoblast differentiation in POBs and the inhibition was blocked by PTX. All
experiments used Cox2 KO POBs. CM collected from M-CSF (M, 30 ng/ml) or M-CSF and RANKL (M+R, each 30 ng/ml) treated WT or Cox2 KO BMMs was added
to POBs in the ratio of 3 parts CM to 1 part differentiation media. All cultures were given OPG (50 ng/ml) at the time CM was added to prevent formation of
osteoclast-like cells during treatment. For measurement of cAMP and cAMP-mediated gene expression, POBs were cultured for 5 days and then givenCM 1.5 h
prior to addition of agonists. A, cCAMP production in POBs treated with 0.5 mm IBMX 1.5 h prior to addition of vehicle (VEH) or PTH (10 nm) for 20 min. B, Ramp3
mRNA expression in POBs treated with VEH or PTH for 3 h. mRNA expression was measured by qPCR. C, cFos and D, Nurr1 mRNA in POBs treated with VEH or PTH
for 3 h. E, Ramp3 mRNA in POBs treated with forskolin (FSK, 1 um), or F, PTH for 3 h. PTX (100 ng/ml) was added 1.5 h prior to addition of VEH or agonists. G,
Osteocalcin mRNA expression in POBs treated with VEH or PTH = PTX (50 ng/ml) for 14 days. Bars are mean = S.E.for n = 3 independent samples, each with 2
technical replicates. Each experiment was performed twice, except the experiment in E. g, significant effect of treatment compared with VEH control, p < 0.01.
b, significant effect of KO CM, p < 0.01. ¢, significant effect of RANKL, p < 0.01. d, significantly different from PTX or PTH alone, p < 0.01. ¢, significantly different

from PTX alone, p < 0.01. RQ, relative quantification values.

We previously showed that CM from RANKL-stimulated
WT BMMs inhibited PTH-stimulated osteoblast differentia-
tion as measured by Osteocalcin expression (12). To assess the
effects of PTX on PTH-stimulated differentiation, we treated
POBs with PTH plus/minus PTX for 14 days (Fig. 1G). As
expected, PTH stimulated Osteocalcin expression in POBs cul-
tured with KO, but not WT, CM. PTX alone had no effect on
differentiation. However, the inhibitory effect of WT CM on
PTH-stimulated Osteocalcin was abrogated by PTX. These data
suggest that Cox2-expressing BMMs stimulated with RANKL
secrete a factor that acts on osteoblasts via GPCR-Gq, ,, signal-
ing to inhibit PTH-stimulated AC/cAMP signaling and osteo-
blast differentiation.

RANKL-stimulated WT, but Not Cox2 KO BMMs, Express
and Secrete Saa3—To compare RANKL-stimulated gene
expression in WT and Cox2 KO BMMs, we performed two
independent gene expression microarrays. Each treatment
group had 3-4 replicates. Data were analyzed as the ratio of
average signal intensity of a gene in one group compared with
the average signal intensity of the gene in the other group (fold-
increase). In the first experiment, we treated for 1 day and com-
pared differential expression in: (a) WT BMMs versus Cox2 KO

3886 JOURNAL OF BIOLOGICAL CHEMISTRY

BMMs, both treated with M-CSF and RANKL, and (b) WT
BMMs treated with M-CSF and RANKL versus WT BMMs
treated with M-CSF alone. In (), Saa3 was the most highly
differentially increased gene at 207-fold. In (), Saa3 was the
second most highly differentially increased gene at 163-fold. In
the second experiment, all groups were treated with M-CSF
and RANKL for 3 days. We compared (a) WT BMMs to Cox2
KO BMMs; (b) WT BMMs treated with vehicle to WT BMMs
treated with an inhibitor of Cox2 activity (NS398, 0.1 wm); and
(¢) KO BMMs treated with PGE, (1 um) to KO BMMs treated
with vehicle. Saa3 was the most highly differentially expressed
gene in (a) 30-fold, and (¢) 62-fold, and the second most highly
differentially expressed gene in (b) 27-fold. Thus, the data sug-
gested that Saa3 expression was induced by RANKL in a Cox2/
PGE,-dependent manner.

We validated Saa3 gene and protein expression in WT and
Cox2 KO BMMs cultured with M-CSF alone or with M-CSF
and RANKL (Fig. 2, A-C). Saa3 gene expression on day 1 of
culture measured by qPCR was undetectable (C, values >33) or
barely detectable (C, values of 32) in all groups except for WT
BMMs treated with M-CSF and RANKL (Fig. 2A4). Consistent
with the mRNA expression of Saa3, Saa3 protein expression on
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FIGURE 2. Saa3 was expressed and secreted by RANKL-stimulated preosteoclasts and the CM from RANKL-treated preosteoclasts inhibited PTH-
stimulated Ramp3 expression and osteoblast differentiation. WT and Cox2 KO BMMs were treated with M-CSF (M, 30 ng/ml) or M-CSF and RANKL (M+R,
each 30 ng/ml) for 1 day before analyzing Saa3 mRNA by qPCR (A), Saa3 protein by Western analysis (B), and Saa3 secreted into the CM by ELISA(C). D, time
course study for medium Saa3 accumulation by ELISA in WT BMMs cultured with M+R. Medium was changed on day 3. E-H, whole marrow from WT mice was
sorted for fractions B220™ CD3™ (p1) and B220~ CD3~CD11b """ (p2). Fraction p2 was further sorted for CD115~ (p3) and CD115™ (p4). Populations p1, p3,
and p4 were plated with M (30 ng/ml) or M+R (30 ng/ml each) and cultured for 3 days to collect RNA and CM. E, Saa3 mRNA expression by qPCR and F, Saa3
protein in medium by ELISA. No Saa3 was detectable in the CM of populations p1 and p3 stimulated with M or M+R. G, Ramp3 mRNA expression in POBs
cultured for 5 days and then given OPG and CM from M+R-treated p1, p3, and p4 populations 1.5 h prior to addition of vehicle or PTH (10 nm) for 3 h. H,
Osteocalcin mRNA expression in POBs treated with vehicle or PTH in the presence of OPG and CM from M +R-treated p1, p3, and p4 populations for 14 days. Bars
are mean = S.E. for n = 3 independent samples, each with 2 technical replicates. Experiments in A and C were performed twice. g, significant effect of RANKL,
p < 0.01. b, significant effect of genotype, p < 0.01. ¢, significantly different from M-CSF-stimulated p1 and p3 populations, p < 0.01.d, significant effect of PTH,

p < 0.01. e, significantly different from CM of other populations, p < 0.01. RQ, relative quantification values. Und, undetectable.

day 1 of culture was up-regulated only in WT BMMs treated
with M-CSF and RANKL (Fig. 2B), and Saa3 protein was detect-
able only in the CM from the M-CSF and RANKL-stimulated
WT BMMs (Fig. 2C).

The serum amyloid A family in mice consists of three acute
phase proteins (Saal, Saa2, and Saa3) and one constitutively
expressed protein (Saa4) (25, 26). To determine whether gene
expression of the other isoforms was being regulated by
RANKL, we measured mRNA expression in BMMs treated
with M-CSF alone or M-CSF and RANKL. Saa3 was the only
isoform detectable and induced by RANKL (Table 3). Thus, it is
likely that Saa3 is the predominant Saa isoform induced by
RANKL.

RANKL drives the commitment of BMMs to the osteoclast
lineage and their differentiation into osteoclasts (27). A time
course study comparing RANKL-stimulated formation of oste-
oclast-like cells, defined as TRAP™ MNCs, and Saa3 secretion
was conducted in WT BMMs. No TRAP™ MNCs were seen
with M-CSF alone, and no Saa3 was detectable in CM from
BMMs treated with M-CSF alone at any time point (data not
shown). With RANKL treatment, TRAP* MNCs were first
observed on day 4 and numbers descended after that (data not
shown). Saa3 protein in the CM was measurable after 12 h of
RANKL (data not shown), peaked on day 2, and was undetect-
able by day 5 (Fig. 2D). Thus, RANKL-stimulated Saa3 secre-
tion largely occurred before TRAP™ MNCs were observed, sug-
gesting that the cells secreting Saa3 could be preosteoclasts.
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TABLE 3

mRNA expression (relative quantification values) of the murine Saa
isoforms measured by qPCR in WT BMMs stimulated with M-CSF (30
ng/ml) or M-CSF + RANKL (30 ng/ml) for 1 day

Values are mean = S.E. for n = 3 independent samples, each with 2 technical
replicates.

Treatments Saal Saa2 Saa3 Saa4
M-CSF Und“ Und 0.94 = 0.03 Und
M-CSF + RANKL Und Und 46.3 = 3.3 Und

“Und, undetectable (C, >33).

Mpyeloid Progenitors Committed to the Osteoclast Lineage
Secreted Saa3—Myeloid progenitors commit to become oste-
oclasts in response to signals mediated by the receptor for
M-CSF, c-fms/CD115, and the receptor for RANKL, RANK
(28). The marrow fraction designated by CD3~ B220~ CD11b~ "%
CD115™ contains the population of myeloid cells that commit
to become osteoclasts upon RANKL treatment (29, 30). The
whole marrow BMM population used in our experiments con-
tains multiple hematopoietic cell types. To confirm the identity
of the hematopoietic cell fraction making Saa3, whole marrow
from WT mice was flow sorted as described under "Experimen-
tal Procedures.” Population p2 was further sorted into p3 and
p4. Populations p1 (B220" CD3"), p3 (B220~ CD3 CD11b "/
low CD1157), and p4 (B220~ CD3~CD11b /°¥ CD115") were
collected and grown in the presence of M-CSF or M-CSF and
RANKL. On day 4, cells were stained for TRAP. TRAP" MNCs
were observed only in the p4 population and only with RANKL
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treatment (data not shown). On day 3, Saa3 gene expression
was barely detectable in populations p1, p3, and p4 stimulated
with M-CSF alone. RANKL induced Saa3 expression only in
population p4 (Fig. 2E). Saa3 protein secretion in CM was unde-
tectable in populations p1 and p3 stimulated with M-CSF alone
or M-CSF plus RANKL (data not shown). Saa3 protein secre-
tion was also undetectable in the M-CSF alone stimulated pop-
ulation p4. RANKL induced Saa3 protein secretion only in pop-
ulation p4 (Fig. 2F). CM collected on day 3 from all populations
was evaluated for the ability to inhibit PTH-stimulated
responses in POBs. Only CM from the RANKL-stimulated p4
population inhibited PTH-stimulated Ramp3 expression (Fig.
2G) and Osteocalcin expression (Fig. 2H) in POBs.

The p4 population is highly enriched in a common monocyte
progenitor for bone marrow osteoclasts, macrophages, and
dendritic cells (30). Macrophages are not known to be regulated
by RANKL, but dendritic cell precursors express RANK and
can be regulated by RANKL (31). However, given the correla-
tion of Saa3 expression with the development of osteoclast-like
cells and the lack of media supplements, such as GM-CSF, used
to expand dendritic cells in our cultures, it is likely that the cells
responsible for the production of Saa3 in response to RANKL
are osteoclast precursors.

WT BMMs with shRNA Knockdown of Saa3 Did Not Inhibit
PTH-stimulated Responses in POBs—To determine whether
Saa3 was the inhibitory factor in CM, WT BMMs were trans-
duced with four lentiviral Saa3 shRNA knockdown vectors and
a scrambled lentiviral vector. After 72 h, microscopic evalua-
tion of GFP expression showed BMMs were successfully trans-
duced with all constructs showing grossly similar levels of
expression in all the wells (data not shown). RNA, proteins, and
CM were collected at 72 h to evaluate the Saa3 knockdown (Fig.
3, A-C). Sua3 mRNA expression was decreased 99% in BMMs
transduced with two of the shRNA constructs (1 and 2) com-
pared with BMMs transduced with a scrambled control or to a
BMM control with no viral transduction (Fig. 34). On Western
blot analysis, Saa3 protein was not detectable in BMMs trans-
duced with shRNA 1 and 2, whereas no knockdown was
observed in BMMs transduced with the scrambled control
compared with non-transduced controls (Fig. 3B). Similarly, by
ELISA, Saa3 was secreted into the CM from BMMs with the
scrambled control and by non-transduced BMMs but not by
BMMs transduced with shRNA 1 or 2 (Fig. 3C).

To examine the effects of Saa3 knockdown on osteoclasto-
genesis, BMMs transduced with the scrambled control or with
shRNA construct 2 were cultured with RANKL for 6 days (Fig.
3D). Silencing of Saa3 had no effect on the number or pattern of
osteoclastogenesis.

CM collected from BMMs transduced with the shRNA 1 and
2 constructs was added to Cox2 KO POBs to examine effects on
PTH-stimulated cAMP production at 20 min of treatment. As
expected, in the absence of any CM, PTH markedly stimulated
cAMP production in POBs (Fig. 3, E and F). CM from WT
BMMs transduced with the scrambled control, which left Saa3
expression intact, blocked the effects of PTH, whereas CM
from WT BMMs transduced with the shRNA 1 and 2 con-
structs permitted the PTH stimulation of cAMP. Ramp3
expression was induced by PTH to similar levels in POBs with
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no CM added or with CM from BMMs transduced with the
shRNA 1 and 2 constructs but was blocked by CM from BMMs
transduced with the scrambled control (data not shown).

To assess the effects of silencing Saa3 in preosteoclasts,
defined as BMMs committed to the osteoclast lineage by treat-
ment with M-CSF and RANKL but not yet forming multinucle-
ated osteoclasts, on PTH-stimulated osteoblastic differentia-
tion, we measured Osteocalcin mRNA expression after 14 days
of co-culture of POBs with CM (Fig. 3, G and H). The CM was
collected from BMM cultures treated for 3 days with M-CSF
and RANKL before any TRAP " MNCs were observed (Fig. 3D).
PTH-stimulated Osteocalcin mRNA expression was blocked by
CM from BMMs transduced with the scrambled control. There
was no inhibition of PTH-stimulated Osteocalcin mRNA
expression by CM from BMMs transduced with either con-
struct 1 or 2 compared with PTH-stimulated Osteocalcin
expression in the cultures with no CM.

Co-cultures of POBs and BMMs transduced with the sShRNA
2 construct were also done to examine the effects of Saa3
knockdown in BMMs on PTH-stimulated Osteocalcin expres-
sion. In this system, PTH induces endogenous RANKL in the
POBs, which then drives the BMMSs to become osteoclast-like
cells (12). Without BMMs, PTH stimulated Runx2 mRNA, an
early marker of osteoblast differentiation, on day 7 of culture
and Osteocalcin mRNA on day 14 (Fig. 3, /and J). In co-cultures
of POBs and non-transduced BMMs or BMMs transduced with
a scrambled control, PTH-stimulated Osteocalcin expression
was blocked. In co-cultures of POBs with BMMs transduced
with the shRNA 2 construct, PTH stimulated both Runx2 and
Osteocalcin expression. Hence, silencing of Saa3 in BMMs
removed the inhibitory effect of BMMs on PTH-stimulated
osteoblast differentiation.

Recombinant SAA Inhibited PTH-mediated Responses in
POBs and the Inhibition Was Blocked by PTX and a Specific
Antagonist of the Formyl Peptide Receptor 2 (Fpr2)—Recombi-
nant human SAA, added in the same concentration range as
Saa3 in the CM from RANKL-stimulated WT BMMs (1-10
pg/ml), inhibited PTH-stimulated Ramp3 expression in POBs
(Fig. 4A), and SAA at 10 ug/ml abrogated the ability of PTH to
stimulate cAMP production in POBs (Fig. 4B). SAA (10 pg/ml)
alsoblocked PTH-stimulated osteoblasticdifferentiationasmea-
sured by Osteocalcin expression, and this inhibition was pre-
vented by PTX (Fig. 4C). Similar to the inhibitory CM, SAA had
no effect in the absence of PTH in these experiments.

SAA can actviaa number of receptors (32). We examined the
possibility that the Fpr2 receptor mediated the inhibition of
PTH-stimulated cAMP signaling by Saa3. Murine Fpr2, the
ortholog of human FPR2 (formerly called FPRL 1), is a GPCR
that can signal via PTX-sensitive Ge;,,, (33, 34). Gene expres-
sion of Fpr2 in POBs grown for 5 days and treated with vehicle,
PTH, SAA (10 pg/ml), and SAA plus PTH for 3 h did not differ
among groups (data not shown). Treatment with a selective
agonist for Fpr2, WKYMVm, inhibited the stimulatory effect of
PTH on Ramp3 expression in a dose-dependent manner (Fig.
4D). Treatment with a selective antagonist of Fpr2, WRW4
(35), reversed the inhibitory effect of exogenous SAA on PTH-
stimulated Ramp3 expression (Fig. 4E). These data suggest
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FIGURE 3. Co-culture of POBs with CM from BMMs with Saa3 silenced or with BMMs themselves did not inhibit PTH-stimulated cAMP production or
osteoblast differentiation. WT BMMs, which were transduced with a scrambled (Scr) control or four different shRNA (1-4) constructs for Saa3 or not
transduced at all (Nt), were stimulated with M-CSF (M, 30 ng/ml) or M-CSF plus RANKL (M+R, 30 ng/ml each) for 3 days. M+ R-treated BMMs were examined for
the knockdown of Saa3, and CM from the Saa3 knockdown was used to treat the POBs. M-treated BMMs were co-cultured with POBs. A, Saa3 mRNA expression
measured by gPCR in M+R-treated BMMs carrying shRNA 1 or 2 or Scr constructs compared with Nt. B, Saa3 protein measured by Western analysis in
M+ R-treated BMM:s carrying shRNA 1 or 2 or Scr constructs compared with Nt. All lanes are a part of one gel. The gel picture was cut to remove constructs that
did not knockdown Saa3. There was a gradation in the background density of original gel picture for Saa3 bands; the contrast has not been differentially
manipulated. C, Saa3 protein concentration in the medium of M+R-treated BMMs measured by ELISA. D, time course for TRAP positive (+) MNCs in M+R-
treated BMM:s carrying Scr or shRNA 2 constructs. CM was collected on day 3 of culture. E and F, PTH-stimulated cAMP production in POBs grown for 5 days and
given no CM or CM from M+ R-treated BMMs carrying Scr or shRNA 1 or 2 constructs. CM, OPG, and IBMX (0.5 mm) were added 1.5 h prior to addition of vehicle
(VEH) or PTH for 20 min. G and H, Osteocalcin mRNA in POBs grown for 14 days with OPG, CM, or no CM, VEH, or PTH. I, Runx2 mRNA, and J, Osteocalcin mRNA
in co-cultures of POBs and BMMs at days 7 and 14, respectively. POBs were cultured without BMMs, with un-transduced BMMs, or with BMMs transduced with
Scr or shRNA 2 constructs. Bars or symbols are mean = S.E. for n = 3 independent samples, each with 2 technical replicates. Experiments in A and C were
performed twice. g, significantly different from Scr or Nt controls, p < 0.01. b, significant effect of PTH, p < 0.01. ¢, p < 0.05. d, significantly different from no CM
or from CM from BMMs with shRNA 1and 2, p < 0.01.e, significantly different from POBs with no BMMs or POBs with BMMs carrying shRNA 2 construct, p <0.01.
RQ, relative quantification values. Und, undetectable.

that the inhibitory effect of Saa3 on PTH-stimulated cAMP
responses in POBs occurs via Fpr2-Ge;,,, signaling.
Continuous PTH in Vivo Induced Saa3 Expression—W'e pre-
viously found that PTH infusion in vivo (40 pg/kg/days for 12
days) increased trabecular bone mass only in Cox2 KO mice,
not in WT mice, whereas increasing bone resorption equally in
WT and KO mice (11). To examine the expression of Saa3
in response to PTH infusion, we measured Saa3 expression in
tibial bone, with unflushed marrow, and Saa3 protein in serum
at the end of the PTH infusion. Saa3 mRNA expression was
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detectable in bone samples but was regulated by PTH only in
WT mice where it was induced more than 40-fold (Table 4).
Saa3 protein was generally undetectable in serum from Cox2
KO mice and from vehicle-treated WT mice but was detectable
in all serum samples from the PTH-treated WT group. Thus,
PTH induced Saa3 expression in vivo as well as in vitro in a
Cox2-dependent manner.

The Saa3 induction in tibiae in response to PTH might have
reflected expression in osteoblastic or osteoclastic lineage cells.
We examined POB cultures differentiated over 3 weeks for reg-
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FIGURE 4. Recombinant SAA inhibited PTH induced cAMP-mediated responses in POBs in a PTX-sensitive manner and the inhibition was blocked by
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SAA or WKYMVm, p < 0.01. d, significant effect of PTX or WRW4, p < 0.01. RQ, relative quantification values.

TABLE 4

Saa3 gene expression measured by gPCR in unflushed tibia and Saa3 protein expression in serum
WT and Cox2 KO mice (3-month-old males) were infused with vehicle or PTH (40 pg/kg/days) for 12 days prior to obtaining serum and dissecting out tibiae. Values are

mean * S.E. from # mice.

WT mice Cox2 KO mice
Tissue Vehicle PTH Vehicle PTH
Tibia, mnRNA (RQ)* 0.086 = 0.01 4.11 + 0.96" 0.07 = 0.01 0.19 = 0.08°
n=7 n=7 n=7 n=7
Serum (ug/ml) 1/5 Detectable 5/5 Detectable 2/5 Detectable 1/4 Detectable
0.13 1.28 £0.11 0.09, 0.10 0.15
n=>5 n=>5 n=>5 n=4

“ RQ, relative quantification values.
? Significant effect of PTH, p =< 0.01.
¢ Significant effect of genotype, p < 0.01.

ulation of Saa isoforms by PTH at days 7, 14, and 21 of culture.
Saa3 was the only isoform detectable, and it was not regulated
by PTH (Table 5). These data suggest that PTH induces Saa3 in
vivo indirectly via the PTH induction of RANKL in osteoblasts
and the subsequent action of RANKL on osteoclast progenitors.

Discussion

We previously reported that continuous treatment with PTH
was unable to stimulate osteoblast differentiation in BMSCs
cultured from WT mice but markedly stimulated osteoblast
differentiation in Cox2 KO BMSCs (12, 36). BMSCs contain
mesenchymal and hematopoietic precursors that can differen-
tiate into osteoblasts and osteoclasts, respectively. Initially, we
also observed the inhibitory effect of Cox2 expression on PTH-
stimulated differentiation in POBs (36) but discovered subse-
quently that the inhibition was due to hematopoietic cells
remaining in the POB cultures. Eventually, we found that CM
from WT but not Cox2 KO BMMs carried an inhibitory factor
that blocked PTH-stimulated osteoblast differentiation but had
no effect on basal osteoblastic differentiation. The production
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of this factor depended on the presence of Cox2-produced
PGE, and on RANKL (12). In the present study, we used CM
from RANKL-treated WT and Cox2 KO BMMs to demonstrate
that the inhibitory CM abrogated PTH-stimulated cAMP pro-
duction and cAMP-mediated gene responses in POBs ina PTX-
sensitive manner. We showed that silencing of Saa3 in BMMs,
committed to the osteoclast lineage by RANKL but not yet
fused into multinucleated osteoclasts, removed the inhibitory
factor from CM. We also showed that BMMs in which Saa3 was
silenced could no longer inhibit PTH-stimulated osteoblast dif-
ferentiation as measured by Osteocalcin mRNA expression. Fig.
5 is a graphic depiction summarizing how we propose that PTH
stimulates the production of Saa3 by preosteoclasts and how
Saa3 can, in turn, inhibit the PTH-cAMP signaling axis, based
on our experimental findings.

Saa3 belongs to a family of highly conserved, acute phase
apolipoproteins in vertebrates, whose levels can rise 1000-fold
in the circulation during episodes of inflammation, injury, or
infection (25, 32, 37). Four genes, Saal—4, exist in mice and
four, SAAI-4, in humans (25, 38, 39). In the acute phase in
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TABLE 5
mRNA expression (relative quantification values) of the Saa isoforms measured by qPCR in WT POBs stimulated with vehicle or PTH for 7, 14, and
21 days
Values are mean * S.E. for n = 3 independent samples, each with 2 technical replicates.
Saal Saa2 Saa3 Saa4
Day Vehicle PTH Vehicle PTH Vehicle PTH Vehicle PTH
7 Und” Und Und Und 0.12 £ 0.01 0.12 £ 0.01 Und Und
14 Und Und Und Und 0.13 + 0.00 0.12 + 0.02 Und Und
21 Und Und Und Und 0.13 £0.02 0.13 = 0.00 Und Und
“Und, undetectable (C, > 33).
both in vitro (12) and in vivo (11, 14), that the osteogenic/ana-
PTH — |OSte00ESt | | wp Saas PTH bolic effects of PTH were inhibited in the presence of Cox2
precursors K A R
/ \ FPR2 PTHIR expression. These previous studies indicated that Cox2/PGE,
Ranty e Soas i Adenylyl » was required for the production of the inhibitory factor, and the
\ l Tz / cyclase current study corroborates this requirement for the RANKL
%@ ~ @?9 production of Saa3 in preosteoclasts. The PGE, required for

cAMP

BMMs —» Pre- /_\

FIGURE 5. Proposed induction and actions of Saa3. Left panel, PTH acts on
osteoblast precursors to activate cCAMP signaling, which ultimately results in
osteoblastic differentiation. PTH also induces Rankl and Cox2 expression in
osteoblast precursors, and Cox2 then produces PGE,. Rankl acts on osteoclast
lineage cells (BMMs), committing them to become preosteoclasts and induc-
ing more Cox2/PGE,. The combination of RANKL + PGE, induces Saa3 in the
BMMs/preosteoclasts. Saa3, in turn, is secreted and acts on osteoblast precur-
sors to block PTH-stimulated cAMP production and osteoblastic differentia-
tion. Right panel, PTH and Saa3 act via the GPCRs, PTH1R, and FPR2, respec-
tively. Saa3 activates Ge,, signaling, which blocks the AC conversion of ATP
to cAMP that would otherwise be stimulated by PTH-activated Ge, signaling.

mice, Saal and Saa2 are up-regulated mainly in the liver,
whereas Saa3 is induced in a variety of extra-hepatic tissues,
including macrophages and adipocytes (37, 40 —42). The indi-
vidual orthologs can vary greatly in their expression in different
species (43). For example, in mice Saal, Saa2, and Saa3 are
acute phase inducible genes, whereas Saa4 is constitutively
expressed. In humans, SAAI and SAA2 are inducible, SAA4 is
constitutive, but SAA3 is a pseudogene. In pigs, Saal is a pseu-
dogene, whereas Saa3 is highly expressed and inducible (44).
SAA is generally considered to be associated with acute and
chronic inflammation and was recently reported to activate
inflammasomes promoting the production of IL-18 (45, 46).
SAA proteins have been implicated in amyloidosis, obesity,
rheumatoid arthritis, atherosclerosis, and cancer metastasis
(42, 47, 48), suggesting that they might be the connection
between chronic inflammation and multiple diseases, but their
function is still being debated (44, 49). Although many cyto-
kines have been shown to induce SAA, we believe this is the first
report of RANKL induction of Saa3 in preosteoclasts. Bone-
resorbing agonists, including PTH, stimulate resorption by
inducing RANKL in osteoblast lineage cells; RANKL then binds
to RANK on myeloid/monocyte osteoclast progenitors to drive
osteoclast formation, differentiation, and activity. Thus, our
results suggest a possible means by which bone resorption ago-
nists could contribute to inflammation by inducing Saa3 in
preosteoclasts.

PTH is a potent inducer of Cox2, as well as RANKL, in osteo-
blasts (9). We originally hypothesized that Cox2-produced
PGE,, which acts via cAMP-mediated signaling similar to PTH
and is known to be able to stimulate bone formation (10), might
mediate some of the anabolic effects of PTH. Instead, we found,
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production of Saa3 can be produced by induction of Cox2 in
osteoblasts or by the RANKL induction of Cox2 in preoste-
oclasts (12, 50). Many pro-inflammatory agents and cytokines
can induce both Cox2 and RANKL; the subsequent induction of
Saa3 could then inhibit cAMP signaling by endogenous PTH
and be one means by which inflammation leads to bone loss.

The inhibitory effect of Saa3 on PTH-stimulated cCAMP sig-
naling occurred via PTX-sensitive Gy, signaling, likely medi-
ated by Fpr2. Fpr2 has been discussed as an attractive therapeu-
tic target but it has multiple ligands, stimulates multiple signal
transduction pathways, depending on the ligand and the cell
type involved, and mediates both pro- and anti-inflammatory
responses (51). Several studies in Fpr2-deficient mice suggest
that Fpr2 deficiency can worsen inflammation and tumorigen-
esis (52-54). Hence, it might be best to target the ligand rather
than receptor.

Other studies have shown that activation of G;-coupled sig-
naling can lead to bone loss. Transgenic expression of a consti-
tutively active G;-coupled GPCR in osteoblasts led to marked
trabecular osteopenia (55). Osteoblast-specific expression of
the catalytic subunit of PTX in vivo resulted in site-specific
increases in cortical and trabecular bone, but the phenotype
was complex (56). These two studies did not find any effect of
activation of G;-coupled signaling in osteoblasts in vitro despite
significant in vivo phenotypes. The authors suggested that
some component of the bone microenvironment that was nec-
essary for manifestation of the phenotypes in vivo was missing
from the in vitro culture systems. Perhaps the missing compo-
nent in vitro was PTH and the bone loss in vivo was due to the
inhibition of endogenous PTH-driven bone responses by acti-
vated Gg,,,, signaling.

Our previous study showed that the inhibition of PTH-stim-
ulated osteoblastic differentiation required the presence of
hematopoietic lineage cells or CM from RANKL-treated
BMMs and could be blocked by OPG (12). In the current study,
we show that Saa3 is the inhibitory factor secreted in response
to RANKL acting on BMMs or preosteoclasts. This has led us to
propose that PTH induces Saa3 production indirectly by stim-
ulating RANKL expression in osteoblast lineage cells that then
acts on preosteoclasts to stimulate Saa3 secretion. It is unclear if
Saa produced by osteoblast lineage cells also has a role in regu-
lating osteoblastic function. SAAI/2 transcripts have been

JOURNAL OF BIOLOGICAL CHEMISTRY 3891



Saa3 Inhibits PTH Signaling in Osteoblasts

found in human bone and osteosarcoma cell lines (57). A recent
study reported that Saa3 was expressed in osteoblastic lineage
cells, particularly as they terminally differentiated into the
osteocyte phenotype, and that recombinant Saa3 inhibited
osteoblastic differentiation and stimulated osteoclastic differ-
entiation (58). In our study, Saa1/2 transcripts in POBs differ-
entiated for 1-3 weeks were not detectable; Saa3 mRNA
expression in POBs was unchanged with differentiation and not
regulated by PTH; and neither CM containing Saa3 nor recom-
binant SAA had any effect on cAMP responses or differentia-
tion in vehicle-treated POBs. In addition, osteoclast formation
in BMMs was not affected by silencing of Saa3. The differences
between our studies might be due to the use of different cell
models.

In summary, Saa3 is a novel means by which preosteoclasts
can inhibit PTH-stimulated cAMP-mediated responses. There
are a number of studies showing soluble factors produced by
non-resorbing osteoclasts that can stimulate osteoblast differ-
entiation (59 —62) or inhibit differentiation (60, 63, 64), but we
believe this is the first factor shown to have an inhibitory effect
on PTH-stimulated osteoblast differentiation but not on vehi-
cle-treated osteoblasts. Because PTH is a critical regulator of
bone turnover as well as an important anabolic drug for treating
osteoporosis and because aging is characterized by chronic
inflammation and bone loss, inhibition of Saa3 may become a
new target for treating osteoporosis. There are multiple poten-
tial ways to inhibit Saa3 production by preosteoclasts, including
inhibitors of osteoclast formation, such as anti-RANKL and
OPG, and inhibitors of Cox2 activity or PGE, receptors. The
dependence of Saa3 production on Cox2/PGE, fits well with
the status of PGE, as an inflammatory mediator that promotes
tumorigenesis (65), and direct inhibition of SAA might be a way
to limit the inflammatory effects of PGE, without the added
complications of inhibiting all PGE, activity.
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