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Under most conditions, resorbed bone is nearly precisely replaced
in location and amount by new bone. Thus, it has long been
recognized that bone loss through osteoclast-mediated bone re-
sorption and bone replacement through osteoblast-mediated bone
formation are tightly coupled processes. Abundant data conclu-
sively demonstrate that osteoblasts direct osteoclast differentia-
tion. Key questions remain, however, as to how osteoblasts are
recruited to the resorption site and how the amount of bone
produced is so precisely controlled. We hypothesized that oste-
oclasts play a crucial role in the promotion of bone formation. We
found that osteoclast conditioned medium stimulates human mes-
enchymal stem (hMS) cell migration and differentiation toward the
osteoblast lineage as measured by mineralized nodule formation
in vitro. We identified candidate osteoclast-derived coupling fac-
tors using the Affymetrix microarray. We observed significant
induction of sphingosine kinase 1 (SPHK1), which catalyzes the
phosphorylation of sphingosine to form sphingosine 1-phosphate
(S1P), in mature multinucleated osteoclasts as compared with preos-
teoclasts. S1P induces osteoblast precursor recruitment and promotes
mature cell survival. Wnt10b and BMP6 also were significantly in-
creased in mature osteoclasts, whereas sclerostin levels decreased
during differentiation. Stimulation of hMS cell nodule formation by
osteoclast conditioned media was attenuated by the Wnt antagonist
Dkk1, a BMP6-neutralizing antibody, and by a S1P antagonist. BMP6
antibodies and the S1P antagonist, but not Dkk1, reduced osteoclast
conditioned media-induced hMS chemokinesis. In summary, our find-
ings indicate that osteoclasts may recruit osteoprogenitors to the site
of bone remodeling through SIP and BMP6 and stimulate bone
formation through increased activation of Wnt/BMP pathways.

mineralization � osteoblast

Bone is a dynamic tissue that continuously remodels and can
undergo regeneration throughout life. This continuous re-

modeling occurs through a dynamic process of breakdown by
osteoclasts and rebuilding by osteoblasts. Bone mass in adults is
maintained by a local balance between osteoclastic bone resorp-
tion and osteoblastic activities that are mediated via various
factors such as hormones, growth factors, cytokines, and matrix
proteins. Under most conditions, resorbed bone is nearly pre-
cisely replaced in location and amount by new bone. Thus, it has
long been recognized that bone loss through osteoclast-mediated
bone resorption and bone replacement through osteoblast-
mediated bone formation are tightly coupled. We now have clear
evidence of how osteoblasts direct osteoclast differentiation
through RANK and RANKL as well as other pathways (1).
Questions remain as to how osteoblasts are recruited to the site
after the resorption phase and how the amount of bone produced
is controlled. This has led to consideration of how osteoclasts
and/or their activity could promote bone formation.

Mouse models and humans in whom osteoclastogenesis is
perturbed have provided important insights into the role of bone
resorption in coupling (reviewed in refs. 2 and 3). In mouse
models where osteoclasts are present but are not able to resorb

bone (c-Src or chloride-7 channel knockout mice), there is no
defect in bone formation (4–6). Likewise, in humans with an
inactivated chloride-7 channel gene, osteoclasts are present but
there is inhibition of bone resorption with no reduction in bone
formation (5, 7, 8). These data are in sharp contrast to mouse
models that result in defective osteoclastogenesis, such as mice
lacking c-Fos or M-CSF, which have no osteoclasts and also
exhibit defective bone formation (9–11). Thus, it seems that the
presence of osteoclasts, whether or not they are resorbing bone,
is needed for normal bone formation and that the release of
bone-bound factors may not be required to couple osteoclasts to
the bone-formation phase of bone turnover.

Bone formation during skeletal development involves com-
plex coordination between cells resident in the bone environ-
ment. Osteoblasts are mesenchymal cells derived from meso-
dermal and neural crest progenitors. Significant progress has
been made over the past decade in our understanding of the
molecular framework that controls osteogenic differentiation. A
large number of factors have been implicated in regulating
osteoblast differentiation, including the Wnt family. Wnts are
secreted glycoproteins crucial for the development and homeo-
static renewal of many tissues, including bone. Canonical Wnt
signaling is central to the regulation of osteoblast development.
Wnts stimulate several signaling pathways by binding a receptor
complex consisting of LRP5/6 and 1 of 10 Frizzled molecules
(12). The canonical Wnt signaling pathway involves stabilization
of �-catenin and regulation of Lef/Tcf transcription factors. This
pathway is active in all osteoblast lineage cells, including preos-
teoblasts, lining cells, and osteocytes (13). Wnt signaling is
involved in osteoblast commitment from osteo/chondro-
progenitors, promotion of osteoblast proliferation and differen-
tiation, and enhancement of osteoblast and osteocyte survival
(14). The involvement of the canonical Wnt pathway in bone
cells was revealed in seminal studies showing that loss-of-
function mutations in LRP5 decrease bone mass whereas gain-
of-function mutations increase bone mass in both humans and
mice (reviewed in ref. 14). The mouse models also revealed that
Lrp5 regulates osteoblast number, through both increasing the
proliferation of progenitors and enhancing survival of commit-
ted osteoblasts and osteocytes (15–17). Wnt10b stimulates ca-
nonical Wnt signaling to promote osteoblast differentiation
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while inhibiting adipogenesis (18). Moreover, transgenic mice
expressing Wnt10b in the bone marrow microenvironment are
resistant to bone loss after estrogen depletion (18). Wnt10b
expression in osteoblasts using the osteocalcin promoter leads to
higher bone mineral density, higher bone volume, and increased
trabecular number (19). Wnt10b knockout mice have decreased
trabecular bone and serum osteocalcin, confirming the critical
role for Wnt10b in osteoblast differentiation (18). Sclerostin is
secreted by osteocytes, apparently as a mechanism to reduce
bone formation (20, 21). Sclerostin is the product of the SOST
gene, which is mutated and down-regulated in patients with
sclerosteosis and van Buchem’s disease (22, 23). Sclerostin
inhibits osteoblast activity and bone formation by sequestering
LRP5 and LRP6, thereby repressing the Wnt signaling pathway
(24). The LRP5 mutations associated with high bone mass
prevent sclerostin from binding LRP5, thus confirming an in vivo
role for sclerostin in depressing bone formation (25).

Fifteen BMPs are expressed in humans. They have diverse
influences on bone and are divided into functional subgroups.
Among the family members that induce bone are BMP2, BMP6,
and BMP7. BMP2 synergizes with canonical Wnts to promote
bone formation and modulates alkaline phosphatase and min-
eralization at least in part by induction of Wnt1 and 3a expres-
sion in mesenchymal cells (12, 26, 27). Thus, there appears to be
considerable cross-talk between the Wnt and BMP pathways.
BMP6, but not BMP4, enhances PTH or vitamin D-induced
osteocalcin expression in mesenchymal stem cells (28). Using
systemic delivery, it has been shown that BMP6 restores bone in
aged rats after ovariectomy (29).

There is evidence that osteoclasts may recruit osteoblast
lineage cells. Ryu et al. (30) showed that osteoclasts produce the
enzyme SPHK1, and consequently its reaction product, S1P,
during differentiation. S1P stimulates osteoblast migration and
promotes their survival. Thus, osteoclasts may recruit osteopro-
genitors to sites of bone resorption and promote mature osteo-
blast survival by secretion of S1P.

In this study we used an unbiased approach to identify
osteoclast-secreted factors that may influence human mesenchy-
mal stem (hMS) cell commitment and differentiation. Our data
indicate that osteoclasts secrete Wnt10b, S1P, and BMP6 to
promote mineralization.

Results
Mature Osteoclasts Secrete Candidate Coupling Factors That Promote
Mesenchymal Stem Cell Mineralization. We examined the influ-
ences of conditioned media from mouse bone marrow-derived
osteoclasts, RAW 264.7-derived osteoclasts, and human oste-
oclasts on hMS cell mineralization. Conditioned media from all
3 osteoclast lineages significantly increased mineralization of the
hMS cell cultures (Fig. 1). To determine candidate coupling
factors that could be involved in osteoclast-mediated promotion
of osteoblast recruitment and maturation, we used an unbiased
Affymetrix gene array approach to identify candidate genes
expressed by mature osteoclasts and found a number of known
osteoblast stimulatory genes that were expressed by mature
osteoclasts [supporting information (SI) Table S1]. We deter-
mined differential gene expression in bone marrow-derived
osteoclasts before and after stimulation with M-CSF and
RANKL and validated 14 genes that were expressed at higher
levels in mature osteoclasts compared with precursors (Table
S2). To narrow this subset further, we compared differentiated
RAW 264.7 to undifferentiated cells and found 6 genes that were
regulated in this model system as well as the marrow-derived
model system (Table S2). Two of the gene products
(semaphorin7a and ephrinB2) require cell–cell contact for in-
teractions, so are unlikely to be important in the observed
conditioned media response. For this study, we further focused

Fig. 1. Influences of osteoclast conditioned media on hMS cell mineralization.
(A)Marrow-derivedosteoclastprecursor conditionedmediaormatureosteoclast
conditionedmedia(Left)orRAW264.7(RAW)cell conditionedmediaandmature
multinucleated RAW-derived osteoclast conditioned media (Right) were added
to hMS cells. Cultures were fixed after 3 weeks (marrow-derived CM) or 1 week
(RAW-derived CM) and stained for mineralization by von Kossa or Alizarin red as
indicated. (B) Alizarin red was quantified by extraction as described in Experi-
mental Procedures (n � 3 replicates). *, P � 0.05 comparing precursor to mature
osteoclast conditioned media. These results are representative of 3 experiments.
(C) Human osteoclast precursors were cultured, and CM was collected on day 7
(D7;matureosteoclastsarepresentafterday5).Cellswerefed,andCMwascollected
onday14(D14;matureosteoclastspresentthroughout).CMsorfeedingmediawere
concentrated and added to hMS cells as detailed in Experimental Procedures. Cul-
tureswerefixedafter10daysandstainedwithAlizarin redbeforequantitation (n�
3 replicates). *, P � 0.05 compared with media; �, P � 0.05 compared with D7.
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on secreted proteins and identified sclerostin, BMP6, Wnt10b,
and the SPHK1 product as potential coupling factors.

Sclerostin was detected in osteoclast precursors (threshold
amplification 35.5 � 0.2 cycles) but decreased during differen-
tiation and was undetectable in mature osteoclasts (Fig. 2A).
Sclerostin expression in osteoclast precursors was unexpected;
therefore, we sought to verify that this was not because of

contamination of the precursor cultures with osteoblastic cells.
To accomplish this, CD11b-positive bone marrow cells were
purified by using magnetic activated cell sorting. RNA was
immediately harvested from half of the cells, and the remaining
cells were cultured overnight with M-CSF. RNA was isolated
from the 24-h nonadherent cells from these cultures as a way to
examine osteoclast precursors that were further enriched. Real-
time PCR analysis of freshly isolated CD11b� marrow cells and
24-h nonadherent cells revealed that nonadherent cells from the
overnight cultures expressed higher levels of sclerostin com-
pared with the freshly isolated CD11b-positive cells (Fig. S1).
We examined expression of candidate pro-bone formation cou-
pling factors in marrow-derived and RAW 264.7 cells during
differentiation and observed that sclerostin rapidly decreased
with RANKL treatment (Fig. 2B). SPHK1 (Fig. 2 C and D),
Wnt10b (Fig. 2 E and F), and BMP6 (Fig. 2 G and H) were
up-regulated during osteoclast differentiation. To verify that
these candidate coupling factors were expressed, we used West-
ern blot analysis (Fig. 3). Mature RAW 264.7 and marrow-
derived osteoclasts expressed significantly more SPHK1 protein
than immature cells. Also, consistent with our gene expression
data, BMP6 and Wnt10b protein expression was higher in
concentrated conditioned media from mature RAW 264.7 and
marrow-derived osteoclasts compared with conditioned media
from precursors. In contrast, sclerostin levels were higher in the
conditioned media of undifferentiated precursors than in the
mature osteoclast conditioned media.

To verify that osteoclast conditioned media stimulated hMS
Wnt and BMP signaling, hMS cells were transfected with Wnt
and BMP reporters before treatment with conditioned media
from immature RAW cells or mature RAW-derived osteoclasts.
The hMS cells responded to osteoclast conditioned media with
higher activation of both reporters when compared with precur-
sor CM, verifying that the conditioned media contain biologi-
cally active Wnt and BMP protein levels (Fig. 4).

Blocking Wnt, BMP6, or S1P Receptor 1 in Osteoclast Conditioned
Media Inhibits Mineralization. Recombinant DKK1 to block Wnt
responses, or anti-BMP6 antibody to neutralize BMP6, or a S1P
receptor 1 antagonist to blocked S1P responses were added to

Fig. 2. Coupling factor gene expression changes during osteoclast differ-
entiation. (A, C, E, and G) Bone marrow cells were cultured with M-CSF and
RANKL for 3, 4, or 5 days as described in Experimental Procedures. Mature
osteoclasts appear by day 4 and peak between days 4 and 5. (B, D, F, and H)
RAW 264.7 cells were either maintained in the absence of RANKL or cultured
with 200 ng/mL RANKL for the indicated number of days. RNA was harvested
for real-time PCR analyses (n � 3 replicates). *, P � 0.05 compared with time
0. These results are representative of 3 experiments.

Fig. 3. Coupling factor protein expression changes during osteoclast differen-
tiation. (A) Bone marrow cells were cultured with M-CSF and RANKL for the
indicated time. Cells were either harvested (MARROW CELL EXTRACTS) or
switched to serum-free media for 3 days before media collection and 10-fold
concentration (MARROW CELL CONDITIONED MEDIA) before Western blotting.
(B)RAWcellswithorwithoutRANKLtreatmentfortheindicatedtimewereeither
harvested for Western blotting (RAW CELL EXTRACTS) or rinsed and maintained
in serum-free media for 3 days before media collection and 10-fold concentration
(RAW CONDITIONED MEDIA) before Western blotting. All samples were normal-
ized to cell extract protein. These results are representative of 2 experiments.
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RAW-derived osteoclast conditioned media. These were used to
treat hMS cells during the mineralization assay. Each of these
treatments attenuated osteoclast conditioned media promotion
of hMS cell mineralization, and the combination of the 3
inhibitors did not further reduce mineralization repression (Fig.
5). Addition of higher levels of each of these inhibitors did not
further enhance blocking of mineralization (data not shown).

S1P and BMP6, but not Wnt, in Osteoclast Conditioned Media Promote
Mesenchymal Stem Cell Chemokinesis. Osteoclast conditioned media
significantly increased chemokinesis of hMS cells compared with
either osteoclast precursor conditioned media or control condi-
tioned media in a wound-healing assay (Fig. 6A). Receptor antag-
onist-blocking S1P receptor 1 and BMP6-blocking antibodies in
osteoclast conditioned media reduced hMS cell chemokinesis whereas
addition of DKK1 had no impact on chemokinesis (Fig. 6B).

Discussion
Here we report that mature osteoclasts secrete products that
promote hMS cell migration and mineralization (see ref. 14 for
a schematic depiction of this). We did not observe an impact of

osteoclast conditioned media on alkaline phosphatase expres-
sion, indicating that osteoclast influences may be more focused
on later stages of hMS cell differentiation (data not shown).
Using Affymetrix gene arrays, real-time PCR, Western blotting,
and functional assays, we have identified and validated 4 can-
didate factors that may couple bone resorption to the recruit-
ment of osteoblast lineage cells and the promotion of osteoblast
maturation. We verified that decreased expression of sclerostin
and increased expression of SPHK1, Wnt10b, and BMP6 pro-
teins by mature osteoclastic cells correlate with enhanced min-
eralization. The observations that osteoclast conditioned media
activated the BMP and Wnt reporters to a greater extent than
osteoclast precursor conditioned media confirms that biologi-
cally active Wnt and BMP proteins are enriched in the osteoclast
conditioned media. Investigation of hMS cell chemokinesis in
response to osteoclast conditioned media showed that a S1P
receptor 1 antagonist and blocking BMP6 reduced the migration
response to osteoclast conditioned media. We conclude from
these data that the SPHK1 product S1P and BMP6 in osteoclast
conditioned media stimulates migration of hMS cells. Taken
together, these data reveal that Wnt, BMP6, and S1P responses
contribute to the ability of osteoclast conditioned media to
promote hMS cell mineralization. It has been well-documented
that osteocytes express high levels of SOST mRNA and scleros-
tin protein (21, 31–34). Interestingly, images published by van
Bezooijen et al. (32), Bellido et al. (33), and Robling et al. (34)
include views of marrow tissue where a small percentage of the
marrow cells may be positive for SOST message (32, 34) or
protein (33, 34). In preliminary studies, we compared expression
between the MLO-Y4 osteocyte cell line and the CD11b� 24-h
nonadherent osteoclast precursors and found that the osteocytic
cell line MLO-Y4 (35) expressed �50 times more sclerostin
message compared with osteoclast precursors (data not shown).
These data are not surprising given the reports of high levels of
sclerostin mRNA and protein detected in the bone localization
studies discussed above. However, the proximity of osteoclast
precursors to the stromal cell targets compared with the deeply
imbedded osteocytes that express sclerostin may suggest that
osteoclast precursor-derived sclerostin has biologically signifi-
cant influences on stromal cells despite the relatively lower
expression levels. In light of the studies reported here, this
possibility requires further analysis.

To our knowledge, this is the first report that Wnt10b is
expressed by mature osteoclasts and sclerostin is expressed by

Fig. 4. Wnt and BMP responsive reporter activation by osteoclast conditioned
media. hMS cells were transiently transfected with 1 �g of empty reporter vector
(vector), the BMP-responsive reporter SMAD6-luc (A), or the Wnt-responsive
Tcf/Lef reporter TOP-FLASH-luc (B). Forty-eight hours later, the cells were treated
with the indicated conditioned media for 48 h (n � 3 replicates). *, P � 0.05
compared with precursor CM. These results are representative of 2 experiments.

Fig. 5. Blocking coupling factors reduces osteoclast conditioned media-
induced hMS cell mineralization. RAW 264.7 precursor (�RL) and multinucleated
RAW 264.7-derived osteoclast (�RL) conditioned media were assayed for their
effects on osteoblast mineralization. DKK1, control antibody (CONT Ab), �BMP6
antibody, vehicle for the S1P receptor 1 antagonist (VEH), or a S1P receptor 1
antagonist alone or in combination were added to the osteoclast conditioned
mediaas indicatedfor7daysbeforefixing,Alizarinredstaining,andquantitation
as detailed in Experimental Procedures (n � 3 replicates). *, P � 0.05 compared
with vehicle. These results are representative of 2 experiments.

Fig. 6. hMS cell chemokinesis increases with osteoclast conditioned media
treatment. hMS cells were grown on coverslips to confluence and assayed for
chemokinesis as detailed in Experimental Procedures. (A) Coverslips were
fixed (zero) or incubated in the indicated medium (n � 3 per treatment).
Sixteen hours later, the remaining cells were fixed and stained. Cells were
counted at 200�. *, P � 0.05 compared with other treatments. (B) hMS cells
were treated as outlined in A before addition(s) as indicated. Cell counts were
normalized to the respective vehicle control (n � 3 replicates). *, P � 0.05
compared with controls. These results are representative of 2 experiments.
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osteoclast precursors. Recently, Garimella et al. (36) docu-
mented that osteoclasts express BMP2, BMP4, BMP6, and
BMP7. Thus, decreased expression of a Wnt signaling antagonist
coupled to increased production of Wnt10b and BMP6 by
osteoclasts elevates bone formation stimuli in the regions in
which osteoclasts are localized. There is also evidence that
osteoclasts may also recruit osteoblast lineage cells. Our data
suggest that osteoclasts likely recruit osteoprogenitors to sites of
bone resorption by secretion of S1P and BMP6 and stimulate
osteoblast differentiation via secretion of Wnt10b and BMP6.
All 3 of these coupling factors likely contribute to cell survival
(37–40).

Global knockout of these coupling factors provides insights
into respective roles in bone formation, although not necessarily
indicative of the specific roles of osteoclast-mediated coupling
factor expression. This latter point must await osteoclast-specific
deletion of coupling factors. Two studies have examined mice
lacking BMP6. In 2005, Kugimiya et al. (41) examined loss of
BMP6 in both BMP2 replete and BMP2�/� mice. Mice lacking
BMP6 did not exhibit a measurable bone phenotype whereas
mice lacking BMP6 in a BMP2�/� background were smaller and
had lower bone mineral density, bone formation rates, cortical
bone thickness, and trabecular bone volume. Recently, Perry et
al. (42) also examined effects of loss of BMP6 in BMP2�/� mice
and observed a decrease in periosteal bone formation in these
mice. Thus, BMP6 contributes to bone formation, although
redundancy with BMP2 remains unresolved. Global deletion of
Wnt10b mice causes decreased trabecular bone and serum
osteocalcin, confirming a role for Wnt10b in bone formation
(18). Global deletion of SPHK1 and SPHK2 is embryonically
lethal, so it will not be possible to resolve the role of S1P in vivo
until studies are done in mice with selective deletion of SHPK1/2
in osteoclasts (43).

Other potential osteoblast–osteoclast coupling factors have
been described and were confirmed in our studies. Delorme et
al. (44) have reported that osteoclasts express Semaphorin 7A
and that treatment of MC3T3 cells with recombinant Sema-
phorin 7A promoted their migration. The bidirectional signaling
mediated by the transmembrane proteins ephrinB2 and EphB4,
which are expressed on osteoclasts and osteoblasts, respectively,
may also contribute to coupling of bone resorption with bone
formation in vivo (45). Interactions of these molecules stimulate
osteoblast differentiation and repress osteoclast differentiation.
Semaphorin–receptor and ephrin–receptor interactions require
close physical contact of osteoblastic cells with preosteoclasts
and mature osteoclasts. As such, they are not candidates for
osteoclast secretion products in the conditioned media and were
not pursued in this study. Hepatocyte growth factor is another
candidate osteoclast product that is produced by osteoclasts and
promotes osteoblast proliferation (46). Hepatocyte growth fac-
tor did not appear as highly expressed in osteoclasts in our
Affymetrix screen. The interactions among all of these candidate
coupling factors and the roles of the release of matrix-bound
growth factors in vitro and in vivo require further study to resolve
the molecular mechanisms by which osteoclasts recruit osteo-
blast lineage cells, promote differentiation, and modulate bone
formation.

Experimental Procedures
Unless otherwise indicated, all chemicals are from Sigma.

Marrow-Derived Osteoclast Culture. All protocols were approved by the
Mayo Clinic Institutional Animal Care and Use Committee before the start
of the studies. Marrow cells were obtained from BALB/c mice as outlined
previously (47).

RAW 264.7-Derived Osteoclast Culture. RAW cells are maintained in an undif-
ferentiated state by culture in Dulbecco’s MEM supplemented with 10% FBS
and antibiotic/antimycotic at low densities. For differentiation, cells were
plated at 3 � 104 cells per well of 6-well plates in maintenance medium
supplemented with 200 ng/mL recombinant RANKL, incubated at 37 °C with
5% CO2 in a humidified incubator, and fed daily with RANKL-supplemented
medium for 4 days.

Human Osteoclast Culture. Human osteoclast precursors and differentiation
media were obtained from Lonza and cultured according to the provided
protocol.

Conditioned Media Preparation. Marrow-derived cell conditioned media were
collected as detailed in the figure legends. RAW cell-derived osteoclasts were
incubated at 37 °C with 5% CO2 in a humidified incubator for 3 days, and the
conditioned media were harvested. Undifferentiated RAW cell conditioned
medium was supplemented with 200 ng/mL RANKL after harvest. Human
culture media were collected on days 7 and 14 of culture. Conditioned media
were concentrated 10-fold by using Amicon Centricon Plus-70 centrifugation
concentrators. After concentration, the units were used to exchange media
with fresh Dulbecco’s MEM by addition of new media and subsequent
centrifugation.

Mesenchymal Stem Cell Culture, Mineralization, and Quantitation. The hMS cells
are transformed by stable expression of a temperature-sensitive large T
antigen and are pluripotential cells capable of differentiating into either
osteoblasts or adipocytes (48). Cultures were maintained and replated for
experiments in �MEM supplemented with 10% FBS. For mineralization, 70%
confluent cells were treated with 10-fold concentrated CM supplemented
with ascorbic acid (1 �M) and �-glycerol phosphate (4 �M). Cultures were fixed
and stained for mineralization with von Kossa or Alizarin red as detailed in the
figure legends (49, 50). Alizarin red was eluted with 10% cetylpyridinium
chloride, and levels were quantified by comparison to a standard curve.

Reporter Transfection and Analysis. Seventy-percent-confluent hMS cells were
transfected by using Targefect’s Osteoblast reagent as outlined by the man-
ufacturer. Forty-eight hours after transfection, cells were treated with pre-
cursor or osteoclast CM for an additional 48 h and processed as described (51).
Cell extracts were normalized to equal protein concentrations before the
luciferase assay.

Quantitative Real-Time PCR. Cells were rinsed with PBS, and RNA was harvested
at times indicated in the figure legends using Qiagene’s microRNA purifica-
tion kit according to the product literature. After quantitation, cDNA was
synthesized and real-time PCR analysis was carried out as we have reported
(52). Primers are detailed in Table S3.

Western Blotting. Protocol and antibodies are detailed in SI Methods.

Chemokinesis Assay. A straight-line region of hMS cells on confluent coverslips
was scraped away with a sterile pipette tip. Cultures were treated with control
media, osteoclast precursor CM, or mature osteoclast conditioned media for
16 h as detailed in the figure legends. Cell numbers in the gap region were
quantitated per unit viewed.

CM treatments. S1P receptor 1 antagonist VPC 23019 (from Avanti) was
resuspended according to the supplier’s directions, and 1 �M was added to the
media as indicated in the figure legends. The final concentration of the control
antibody (normal goat IgG) or BMP6 antibody (catalog no. SC-27409, Santa
Cruz Biotechnology) was 2 �g/mL. Mouse DKK1 (R & D Systems) was added to
a final concentration of 0.2 �g/mL.

Statistics. Data were analyzed by using a 1-way ANOVA as compared with
controls. Significance was determined at P � 0.05 with KaleidaGraph
software.
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