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a b s t r a c t

Current evidence suggests that levels of 25-(OH)vitamin D3 (25D), rather than 1�,25-(OH)2vitamin D3

(1,25D), directly affect bone mineralization and that the skeleton is a site of extra-renal synthesis of 1,25D.
Since cells of the monocyte lineage can also metabolise 25D, it is possible that osteoclasts participate in
local production of, and the response to, 1,25D. In this study, we investigated the effects of vitamin D
metabolism on osteoclastogenesis using both the murine RAW 264.7 cell line and the human peripheral
blood mononuclear cell (PBMC) models. PBMC-derived osteoclasts expressed cytoplasmic cyp27b1 and
steoclast
etabolism

utocrine
aracrine

nuclear vdr proteins. PBMC expressed CYP27B1 mRNA, levels of which increased during RANKL induced
differentiation into osteoclasts in both cell types. While 1,25D elicited a robust CYP24 transcriptional
response in PBMC, the response to 25D was approximately 100-fold less at the concentrations used.
Using media devoid of pre-existing vitamin D metabolites, we found that 25D was metabolised by RAW
264.7 cells to 1,25D and resulted in significant elevation in the numbers of TRAP-positive, multinucleated
osteoclasts when present in the cultures for the first 3–5 days. These results suggest that vitamin D

linea
metabolism by osteoclast

. Introduction

Increasing evidence suggests that vitamin D plays a direct role
n regulating the activity of bone cells, as recently reviewed [1]. A
urrent view is that 1,25D maintains normocalcaemia by directly
timulating bone resorption and increasing the rate and extent of
steoblast-mediated osteoclastogenesis. However, while the pre-
ise mechanism of action is not clear, evidence suggests that 1,25D
lso has direct effects on osteoclast precursors [2–6]. We have
ecently demonstrated, using a defined serum-free culture sys-
em devoid of contaminating vitamin D metabolites, a direct effect
f 1,25D on RANKL-induced osteoclast formation from the mouse
steoclast precursor cell line, RAW 264.7, where 1,25D in the
o-presence of RANKL resulted in increased numbers of multin-

cleated TRAP-positive osteoclasts [7].

We [8,9] and others (reviewed in [1]) have demonstrated that
steoblasts are a source of extra-renal synthesis of vitamin D
etabolism and convert 25D into functional 1,25D by virtue of their
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expression of CYP27B1. The intriguing possibility exists that osteo-
clasts also participate in local production of, as well as response
to, 1,25D. Indeed, cells of the monocyte/macrophage lineage are
known to express CYP27B1 and convert 25D into 1,25D [10,11].
The RAW 264.7 cell line has been shown to express CYP27B1
mRNA, levels of which increased during their differentiation into
osteoclast-like cells [12].

In this study, we further examined the role of vitamin D
metabolism during osteoclastogenesis. Our results indicate that the
metabolism of 25D into 1,25D by RAW 264.7 osteoclast precur-
sors, in a defined, otherwise vitamin D metabolite-free medium,
results in enhanced formation of TRAP-positive, multinucleated
osteoclasts. We conclude that the metabolism of vitamin D dur-
ing osteoclastogenesis maybe an important intrinsic mechanism
for controlling the osteoclast formation of these cells.

2. Materials and methods

2.1. Osteoclast formation
RAW 264.7 cells were cultured under osteoclast forming condi-
tions essentially as described previously [7], with modifications.
Briefly, RAW 264.7 cells were seeded into wells of a 96-well
plate (1 × 104 cells/well) in serum-deprived medium (SDM) [7] and
cultured overnight. Media were then replaced with fresh SDM

dx.doi.org/10.1016/j.jsbmb.2010.03.048
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Fig. 1. Osteoclasts express the necessary components for 25D metabolism. (A)
Human PBMC-derived osteoclasts were generated in response to culture with
RANKL (50 ng/ml) and M-CSF (25 ng/ml) for 6 days. Cells were processed for
immunofluorescence staining using anti-cyp27b1 antibody, anti-vdr antibody, or
control IgGs, as described in Section 2. PBMC were cultured in �-MEM supple-
mented with 10% Charcoal/Dextran treated FCS containing RANKL (50 ng/ml) and
M-CSF (25 ng/ml), in the absence or presence of 1,25D (1 nM) or 25D (50 nM). Total
RNA was extracted at specified days and real-time RT-PCR was performed for the
genes (B) CYP27B1, (C) VDR and (D) CYP24. Gene expression was normalised to that
& Molecular Biology 121 (2010) 277–280

with or without 25D or 1,25D (Wako, Osaka, Japan) and recom-
binant human RANKL (100 ng/ml, Chemicon, Temecula, CA), as
indicated. Osteoclasts were derived from human PBMC essentially
as described previously [13], with some modifications. PBMC were
seeded into wells of a 96-well plate at 2.5 × 105 cells/well in �-MEM
containing 10% charcoal stripped FCS (Hyclone Laboratories, South
Logan, UT, USA), human recombinant M-CSF (25 ng/ml; Chemi-
con) and dexamethasone (10−8 M) and cultured overnight. After
this time, media were replaced with either fresh medium, or with
media containing combinations of 25D, 1,25D and human recombi-
nant RANKL (50 ng/ml). Replicate cultures were stained for TRAP, as
described previously [13]. Osteoclasts were defined as TRAP+ cells
containing 3 or more nuclei.

2.2. Preparation of RNA and real-time RT-PCR

Total RNA was prepared and gene expression analysed by real-
time RT-PCR, as we have described previously [9]. Relative gene
expression between samples was calculated using the compara-
tive cycle threshold (CT) method using 18S rRNA as a housekeeping
gene. Oligonucleotide primers were designed in-house to flank
intron-exon boundaries, and were purchased from Geneworks
(Thebarton, SA, Australia). Sequences of oligonucleotide primers for
the amplification of human CYP27B1, VDR and CYP24 are published
elsewhere [9].

2.3. Immunofluorescence staining

To confirm that mature osteoclasts express VDR and CYP27B1,
cell suspensions of human PBMC were seeded into wells of a
chamber slide (Nalge Nunc, Naperville, IL, USA) and cultured for
6 days. Medium was aspirated and the cells were processed for
immunostaining [14]. Primary antibodies to cyp27b1 (Binding Site,
Birmingham, UK), VDR (Affinity Bioreagents, Rockford, IL, USA) or
negative control IgGs were detected using Alexa Fluor 647 don-
key anti-sheep and goat anti-rat IgG antibodies (Molecular Probes,
Eugene, OR, USA), respectively. Slides were mounted in Prolong
Gold-DAPI reagent (Molecular Probes), and examined by confocal
microscopy (Radiance 2100; Bio-Rad, Hercules, CA, USA).

2.4. Statistical analysis

Statistical differences between parametric data sets were
assessed using Student’s T-test, or between multiple treatments
by one-way analysis of variance (ANOVA) followed by Tukey’s post
hoc test. A value for p < 0.05 was considered significant.

3. Results

3.1. CYP27B1 and VDR expression in osteoclastic cells

Cytoplasmic staining for CYP27B1 was observed in both
mononuclear cells and multinucleated osteoclasts derived from

PBMC and intranuclear staining was observed for VDR (Fig. 1A).
These observations suggest that local production of 1,25D from
25D in osteoclasts has a potential effect on osteoclastogenesis in
an autocrine or paracrine fashion.

of 18S rRNA. Data shown are means ± SD of triplicate wells. Statistical difference
in expression to control (RANKL) is indicated; a and b denote significant difference
(p < 0.05) for 25D and 1,25D treatments, respectively.
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ig. 2. Effect of 25D on RAW 264.7 osteoclast differentiation. (A) Cells were cultured
ere stained for TRAP and the number of (A) TRAP-positive cells and (B) nuclei pe
ays of culture with RANKL (100 ng/ml) when 25D (100 nM) was either (C) added at
imes indicated (Protocol 2). Data shown are means ± SD of quadruplicate wells; sig

.2. Effect of 25D and 1,25D on expression of vitamin D metabolic
athway related genes

To further examine the relationship between 25D metabolism
nd osteoclastogenesis, we analysed CYP27B1 mRNA expression
uring human osteoclast formation. RANKL/M-CSF treatment of
BMC resulted in an increase in CYP27B1 mRNA expression, with
maximum on day 9 (Fig. 1B). In control PBMC (cultured in M-CSF
nly), CYP27B1 expression also increased, suggesting that CYP27B1
lso plays a role during macrophage maturation. VDR mRNA
xpression also increased with time during the cultures, with
nly mild vitamin D-dependent effects (Fig. 1C). Whereas CYP24
RNA expression was stimulated markedly by 1,25D (Fig. 1D), 25D

licited a much lesser CYP24 response (3.6-fold vs 358-fold at day 8,
espectively), consistent with our findings in osteoblasts [9]. Sim-
lar results were obtained for RAW 264.7 cells (data not shown).
aken together, these results suggest that endogenous vitamin D
etabolism has the potential to regulate osteoclast differentiation

n a manner distinct from 1,25D.

.3. Effect of 25D on osteoclastogenesis

We reported previously [7] that 1,25D has a positive effect
n the formation of RANKL-induced osteoclast-like cell formation
rom RAW 264.7 cells. Treatment of cultures with 25D resulted

n a striking increase in the number of TRAP-positive, multinu-
leated cells formed, to a greater extent than 1,25D (Fig. 2A) and
lso increased the number of nuclei per cell (Fig. 2B). To examine
he stage, at which 25D metabolism influences osteoclastogenesis,
e varied the exposure of cells to 25D. As shown in Fig. 2C, the
M containing RANKL (100 ng/ml) in the presence or absence of 25D (100 nM). Cells
tinucleated cell counted. The numbers of TRAP-positive cells were counted after 7
and then removed at 3 or 5 days of culture (Protocol 1), or (D) added only after the
nt difference to RANKL control indicated by * (p < 0.05).

numbers of TRAP-positive cells increased when 25D was present
until day 5 of RANKL treatment. When 25D was added at specific
times after the addition of RANKL, the number of TRAP-positive
cells increased maximally when 25D was added at day 3 (Fig. 2D).
Taken together, these results indicate that the presence of vitamin
D between day 3 and day 5 is optimal for osteoclast differentia-
tion from RAW 264.7 precursors, and is consistent with the notion
that vitamin D in the form of 25D is important for ‘optimising’
osteoclastogenesis.

4. Discussion

In this study, we examined the effect of vitamin D metabolism on
osteoclastogenesis, modeling the potential response of cells of the
osteoclast lineage to the level of circulating 25D. We confirmed that
human osteoclasts, derived from human PBMC, possess the molec-
ular machinery to both metabolise and respond to 25D, since they
express cytoplasmic CYP27B1 and nuclear VDR proteins. The latter
observation is consistent with cells of the monocyte/macrophage
lineage being a well-characterized site of extra-renal synthesis of
1,25D [10,11]. We also used the RAW 264.7 cell model to confirm
that, in our hands, these cells could synthesise detectable 1,25D
from exogenous 25D (data not shown), consistent with a previous
report [12]. The finding that CYP27B1 mRNA expression increased
in response to M-CSF/RANKL-induced differentiation of PBMC,

suggested that 25D metabolism could play a role during osteo-
clast differentiation. To evaluate the effects of 25D metabolism,
we used a defined, serum- and therefore vitamin D metabolite-
free medium, SDM, for RAW 264.7 cell osteoclasts [7]. For human
cells, we used charcoal-stripped serum to minimise the potential
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etabolite content, since human osteoclast precursors do not dif-
erentiate in SDM in the absence of osteoblasts [15]. Extending
ur previous report that 1,25D stimulates RANKL-induced osteo-
last formation from RAW 264.7 cells in SDM [7], physiological
evels of 25D significantly increased TRAP-positive cell formation
n response to RANKL. Furthermore, in RAW 264.7 cells, the num-
er of nuclei and therefore size of the osteoclasts also increased in
he presence of 25D. Of potential importance, the pharmacological
oses of 1,25D used in this study strongly induced the expres-
ion of CYP24, the enzyme for inactivating 1,25D, whereas 25D,
hich was added at physiological concentrations, did so only after

xtended exposure and to a much lesser extent, consistent with
low intracellular accumulation of de novo 1,25D. Taken together,
e suggest that the metabolism of 25D into 1,25D permits the

ells to respond in a manner without down-regulation of intracel-
ular levels of 1,25D by CYP24, resulting in enhanced differentiation
nto multinucleated osteoclasts. The biological significance of this
radual increase in the level of 1,25D in the cells remains to be
ddressed; however, it appears likely that low level intracellu-
ar exposure is an important regulatory pathway for osteoclast
evelopment.

We further investigated the effect, by which 25D modulates
steoclast differentiation in the RAW 264.7 model. Interestingly,
he effect of physiologic ‘replete’ levels of 25D influenced most sig-
ificantly the middle phase of RANKL-induced osteoclastogenesis,
orresponding to the post-proliferation/fusion phase of osteoclast
eneration. This implies that serum 25D levels maybe impor-
ant for optimizing osteoclast formation from a given precursor
ool.

In summary, we have found evidence that 25D metabolism by
steoclasts maybe an autocrine mechanism for optimizing osteo-
lastogenesis, suggesting that the circulating level of 25D maybe a
eterminant of osteoclast differentiation. Together with our previ-
us findings that osteoblasts also metabolise 25D [1], this implies
hat changes in 25D levels may have direct effects on bone cells
nd suggests the existence of paracrine networks of vitamin D
etabolism in the bone microenvironment.
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