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Abstract

Background: Calciumion (Ca?*) signals are required for osteoclast differentiation. Previous study
showed that transient receptor potential vanilloid 5 (TRPV5) is an essential Ca?* transporter in
osteoclastogenesis and bone resorption. TRPV5 and TRPV6 represent two highly homologous
members within the transient receptor potential (TRP) superfamily. However, the role of TRPV6
in bone metabolism is still controversial and little is known about the involvement of TRPV6 in
receptor activator of nuclear factor x-B ligand (RANKL)-induced osteoclastogenesis. Methods:
In our study, gene knockout mice, RNA interference, western blot, quantitative real-time PCR,
tartrate-resistant acid phosphatase (TRAP) staining, pit formation assay, histomorphometry
and measurement of serum parameters were employed to investigate the role of TRPV6 in
bone homeostasis, osteoclastogenesis and bone resorption. Results: We found that TRPV6
depletion results in noticeable destruction of bone microarchitecture in TRPV6 knockout mice
(TRPV67), suggesting that TRPV6 is a critical regulator in bone homeostasis. Inactivation
of Trpvé had no effect on osteoblastic bone formation. However, quantification of the
TRAP staining showed a significantly increased osteoclast number and surface area in the
metaphyseal area of femurs bone sections derived from TRPV67- mice. In agreement with our
observations from TRPV67- mice, TRPV6 depletion in vitro significantly increased osteoclasts
differentiation and bone resorption activity. Conclusion: Based on these results above, we
can draw conclusions that TRPV6 plays an essential role in bone metabolism and is a critical
regulator in osteoclasts differentiation and bone resorption.
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Introduction

Osteoclasts are multinucleated bone-resorbing cells that are unique in their ability
to degrade mineralized matrices, such as bone and calcified cartilage [1]. Deficiency of
osteoclasts leads to osteopetrosis, resulting in high bone mass with poor bone quality and
increased fracture frequency due to defective bone remodeling. On the other hand, increased
number and activity of osteoclasts under certain pathologic conditions causes accelerated
bone resorption and may lead to osteoporosis and osteolytic diseases [2]. Therefore, it is
necessary to elucidate the regulatory mechanisms of osteoclast signaling, which is the basis
for understanding the mechanisms of osteoclast-related diseases.

Previous studies have made advances about the molecular mechanisms of osteoclast
formation and function [3-7]. Although many systemic hormones and local cytokines
participate in regulating osteoclast differentiation, the receptor activator of NF-kxB (RANK)
ligand (RANKL) is the most critical molecular for osteoclastogenesis in cooperation with
macrophage colony-stimulating factor (M-CSF) in the interaction between stromal cells
and cells of the osteoclast lineage [3-7]. It is well known that the induction of osteoclast
formation by RANKL requires the activation of NF-kB and Jun N-terminal kinase (JNK)
pathways via tumor necrosis factor receptor associated factor (TRAF) family proteins from
RANK, the RANKL receptor [8]. Extensive studies indicate that calcium ion (Ca?*) signals
are also required for osteoclast differentiation [9, 10]. RANKL signaling induces oscillatory
changes in intracellular Ca?* concentrations, resulting in Ca?* /calcineurin-dependent
dephosphorylation and activation of nuclear factor of activated T cells c1 (NFATc1), which
translocates to the nucleus and induces osteoclast-specific gene transcription to allow
differentiation of osteoclasts [11-14]. Takayanagi et al reported that sustained [Ca*]
oscillations, rather than transient activation of a Ca?* spike, is necessary for the sustained
NFATc1 activation during osteoclastogenesis [15]. However, it is not yet fully understood
how RANKL activates calcium signals and [Ca*], oscillations leading to the induction and
nuclear localization of NFATc1.

The transient receptor potential (TRP) family is a large protein family consisting of
several subfamilies, of which the transient receptor potential vanilloid (TRPV) is an example.
The TRPV family can be divided into 4 groups: TRPV1/2, TRPV3, TRPV4, and TRPV5/6.
Osteoclasts express different families of TRPV channels, including TRPV1/2, TRPV4, and
TRPV5/6 [16]. Previous studies showed that TRPV1-TRPV4 are all heat-activated channels
that are nonselective for cations and modestly permeable to Ca?* [17]. TRPV1/2 are likely
involved in the Ca*-permeable pathway, which mediates osteoclastic Ca?* oscillations [18].
Ca* oscillations disappear during osteoclast differentiation and are replaced by a sustained
Ca* influx via members of the TRP family, such as TRPV4 [19]. However, the properties of
the two other members of TRP subfamily, TRPV5 and TRPV6, are quite different from those
of TRPV1-TRPV4. They are the only highly Ca®*-selective channels in the TRP family, and
both are tightly regulated by [Ca®*].. Previous studies showed that TRPV5 and TRPV6 play a
crucial role as gatekeepers in epithelial Ca?* transport, and as selective Ca®* influx pathways
in nonexcitable cells [16]. As TRPV6 and TRPV5 share 75% homology at the aminoacid
level, therefore, TRPV6 and TRPVS5 represent two highly homologous members within the
TRP superfamily [20]. It has been confirmed that TRPV5 is an essential Ca** transporter
in osteoclastic differentiation and bone resorption [10]. However, the regulation effects of
TRPV6 on bone metabolism are still controversial and little is known about the involvement
of TRPV6 in RANKL-induced osteoclastogenesis.

In the present study, we observed the effects of TRPV6 on bone metabolism, osteoclasts
differentiation and bone resorption activity. We found that the depletion of TRPV6 results
in noticeable destruction of bone microarchitecture in TRPV6 knockout mice (TRPV67).
Inactivation of Trpv6 had no effect on osteoblastic bone formation. However, osteoclasts
formation are significantly increased in the femurs of TRPV67/- mice compared with that in
TRPV6*/* mice. Moreover, we assessed the involvement of TRPV6 in osteoclast formation
and function by culturing bone marrow cells from TRPV6** and TRPV67/- mice with
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osteoclast-inducing cytokines M-CSF and RANKL. We found that TRPV6 deficiency produced
a significant increase in the number of osteoclasts formation and bone resorbing activity.
To further confirm these resutlts in vitro, RNA interference was used to silence TRPV6
gene in osteoclasts precursors. In agreement with the results from in vivo, we found that
the formation and bone resorption of osteoclasts are significantly increased after blocking
TRPV6 expression in osteoclasts precursors. Based on these results, we can draw conclusion
that TRPV6 plays an essential role in bone metabolism and is a critical regulator in osteoclasts
differentiation and bone resorption.

Materials and Methods

Chemicals

“Culture medium” for osteoclastogenesis comprised Eagle’s minimum essential medium with peni-
cillin, streptomycin, and glutamine (both from GibcoBRL, UK) and 10% heat inactivated fetal calf serum
(Autogen Bioclear, UK). RANKL and M-CSF were purchased from (PeproTech, NJ). Tartrate-resistant acid
phosphatase (TRAP) kit was from (Sigma, MO). Fura-4-acetoxymethyl ester (Fura-4/AM) was purchased
from Molecular Probes (Eugene, OR). Mouse intact PTH ELISA kit was from (Immutopics, USA). 1,25-dihy-
droxyvitamin D, (1,25-(0H),D,) enzyme immunoassay kit was from (Immunodiagnostic Systems Ltd, UK).
Anti-TRPV6 antibody, anti-TRPV4 antibody, anti-TRPV5 antibody and anti-GAPDH antibody were from (San-
ta Cruz, USA). Anti-TRPV2 antibody was purchased from (Alomone Labs, Israel). Other conventional agents
used in the study were from (Sigma-Aldrich, USA).

Cell immunofluorescence

Bone marrow-derived monocytes (BMMs) were grown on 6 cm dishes and induced by RANKL and
M-CSF for 7 days. Then they were fixed with 2% formaldehyde in phosphate-buffered saline (PBS) for 20
minutes, washed with PBS three times, incubated in 0.2% Triton X-100 for fifteen minutes, and blocked for
one hour with 10% normal goat serum in PBS. Additionally, cells were incubated in the primary antibody
TRPVG6, diluted in 1% normal serum in PBS overnight at 4°C, washed three times with PBS for 5 minutes, and
incubated with secondary antibody. Cells were then washed with PBS and mounted with anti-fade mount-
ingmedium. Observations were performed by epifluorescence in a confocal laser scanning microscope (Lei-
ca, Germany). The experiments were set in triplicate on three independent occasions.

Generation of Trpv6 gene knockout mouse model

All procedures involving mice were approved by The Second Military Medical University Animal Study
Committee and were carried out in accordance with the guide for the humane use and care of laboratory
animals. Mouse genomic DNA sequence of Trpv6 gene was obtained from Ensembl database.Trpv6 gene
knockout vector (pBR322-MK-Trpv6) was constructed. Trpv6 knockout vector was transferred into the
embryonic stem (ES) cells by electroporation and screening of both G418 and Ganciclovoir resistant clones
were performed routinely. The homologous recombined ES cell clones were identified by PCR. The correct
homologously recombined ES cells were micro injected into C57BL/6] mouse blastocysts to obtain chimera
mouse. Male mice with a chimera rate of 50 were mated with C57BL/6] female mice: the off springs with
gray fur were obtained, which were identified as heterozygote mice by PCR. Heterozygote mice were
intercrossed to generate homozygote mice. Mice were sacrificed at 8-weeks; serum and bones were isolated
and processed as described [21]. For dynamic histomorphometry, animals received injection of tetracycline
(30 mg/kg) 9 and 1 days prior to sacrifice.

In Vitro osteoclastogenesis

Mice preosteoclasts, and osteoclasts were generated as previous description [22]. Briefly, isolated
bone marrow-derived monocytes (BMMs) from mice were cultured in alpha-MEM containing 10% FBS
added 50 ng/mL recombinant M-CSF for three days to generate preosteoclasts. After three days, 20 ng/
mL recombinant M-CSF and 40 ng/mL recombinant RANKL were added for 72-96 hr to generate mature
osteoclasts. The cells were stained for TRAP according to the manufacturer's suggestions. TRAP-positive
cells containing more than three nuclei were counted as osteoclasts under microscopic examination.
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Skeletal phenotyping

The distal end of intact femur from TRPV6*/* and TRPV67/- mice were scanned using micro-CT (GE, UK)
and X ray to assess bone mass, density, and trabecular microarchitecture. Parameters computed from these
data include bone mineral density (BMD) and trabecular number (Tb.N) Serial tomographs, reconstructed
from raw data using the cone-beam reconstruction software (NRecon, v.1.4.4.0; Skyscan), were used to
compute trabecular and cortical parameters, respectively from the metaphyseal and mid-diaphyseal area.

TRAP staining

TRAP staining was used as a marker for mature osteoclasts. Cells were fixed and stained for TRAP
activity using a Leukocyte acid phosphatase kit. Pre-osteoclasts and mature multinucleated osteoclasts
(more than three nuclei) appeared dark red and were counted by light microscopy.

Pit formation assay

Bone resorption activity was assessed by pit formation assay according to previous reports [23] with
slight modification. BMMs were cultured on bovine cortical bone slices in 96-well plates and induced by
RANKL and MCSF. After 7-9 days, the slices were placed for 10 minutes in 1 M NH40H and were sonicated
to remove the cells. The cell-free slices were stained in 1% toluidine blue in 1% sodium borate for three
minutes. The experiment was repeated three times. The resorption pits appeared dark blue and were
viewed by light microscopy. The percentage of pit area to a “random field of view” was counted.

Selection of siRNA and preparation of lentivirus

The sequence of small interference RNA (siRNA) specifically targeting mRNA of TRPV6 is 5'-AACTTGAG
CAGCTTGCTCAGAGCCT-3'. The negative control siRNA targeting LacZ (si-LacZ) is 5'-CTCGGCGT
TTCATCTGTGG-3'. The short hairpin RNA (shRNA) oligos were annealed and ligated into the Bglll/HindIII-
site of pSUPER. The H1 promoter shRNA expression cassettes were subcloned into the lentivirus transfer
vector pLB. This was co-transfected with the packaging plasmids, pCMV-Dr8.2 and pCMV-VSV-G, into
HEK293T cells using a calcium phosphate co-precipitation method. The medium was replaced with fresh
DMEM after co-transfection for 8 hours. The lentiviral supernatant was harvested after 48-72 hours and
titers were determined by infecting HEK293T cells with serial dilutions of concentrated lentivirus in the
presence of 4 ug/ml polybrene. For depletion of TRPV6 in osteoclasts, BMMs were induced with M-CSF for
three days and then transduced with lentiviral supernatant for 8 hours. The medium was replaced with
fresh a-MEM containing 20 ng/ml RANKL and 40 ng/ml M-CSF for primary culture.

Western blot analysis

Western blotting experiments were carried out using standard technique with modifications. Briefly,
cells were gently washed twice with PBS and scraped into SDS sample buffer. Equal amounts of total protein
were resolved on 8% SDS-PAGE gels and transferred onto polyvinyl difluoride membranes using the semi-
dry transfer technique. The primary antibodies against TRPV6, TRPV2, TRPV4 and TRPV5 were used and
GAPDH was used as an internal control.

[Ca*], oscillation measurement

[Ca*]; oscillation measurements were performed as described previously [15]. The cells were
incubated with M-CSF for 72 hr and then with 5 pM fluo-4 AM, 5 pM fura red AM, and 0.05% pluronic F127
for 30 min. The cells were post-incubated in DMEM medium with 20 ng/mL M-CSF for 20 min and were
mounted on a confocal microscope (Leica, Germany). To estimate intracellular Ca** concentration in single
cells, the ratio of the fluorescence intensity of fluo-4 to fura red was calculated.

Histology and histomorphometry

Histology and histomorphometry were performed as described previously [24] . Left tibiae were
fixed in Burkhardt's solution, embedded undecalcified in methyl methacrylate, and sectioned at 4 um. The
sections were stained according to Goldner to assess mineralized bone and unmineralized bone matrix
respectively. Unstained sections were used to analyze tetracycline labeling. Histomorphometric analysis
was done as described [25], using a Zeiss Axiovert microscope (Zeiss, Germany) and an Axiovision image
analyzing system.
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Fig. 1. The generation and identification of TRPV67/ mice. A: Genotype analysis of mice by PCR. 599 bp
fragment could be amplified in wild type mice, 788 bp fragment in homozygous mice, 599 bp and 788 bp
fragments in heterozygous mice. M: MBI Gene Ruler 100bp marker; N: Negative Control; P: Positive Control
(genome DNA in ES cell); +/-: Heterozygous mice; -/-: Homozygous mice; +/+: Wild type mice. B: Western
blot analysis of TRPV6 expression in osteoclasts precursors from TRPV6*/* mice and TRPV67/" mice. Sum-
marized data showed that TRPV6 expression was significantly decreased in osteoclasts precursors from
TRPV67/ mice. n = 3, **P <0.01. C: Western blot analysis of TRPV2, TRPV4 and TRPVS5 expressions in osteo-
clasts from TRPV6*/* mice and TRPV67- mice. Summarized data showed that TRPV2, TRPV4 and TRPV5
expressions were not significantly changed in osteoclasts from TRPV67- mice. n = 3. D: Radiographic analysis
of intact femurs from TRPV6*/* mice and TRPV67/ mice. n = 4. E. Representative figures of micro-CT analysis
of the distal end of intact femurs from TRPV6*/* and TRPV6/- mice. n = 4. F: Trabecular number (Tb.N) in the
distal end of intact femurs from TRPV6*/* and TRPV67/-mice. n = 4, *P < 0.05. G: Bone mineral density (BMD)
in the distal end of intact femurs from TRPV6*/* and TRPV67- mice. n = 4, *P < 0.05.

Measurement of plasma calcium, serum PTH and 1,25(0H)2D3

Plasma ionized calcium was measured using a NOVA-8 electrolyte analyzer (Nova Biomedical, USA),
while serum PTH and 1,25(0H),D, levels were measured using a commercial, immunoassay kit, according
to the manufacturer's instructions.

Statistics
The composite data are expressed as means * s.e.m. Statistical analysis was performed with one-way
ANOVA. Differences were considered to be significant at P < 0.05 and very significant at P < 0.01.

Results

The generation and identification of TRPV67- mice

To gain insights into the biological function of TRPV6 in bone metabolism and
osteoclastogenesis in vivo, mice with depletion of TRPV6 were generated by homologous
recombination. A targeting vector for deletion of TRPV6 was constructed and described in
Materials and Methods. The null mutation of TRPV6 was genotyped by PCR (Fig. 1A). To
identify whether the TRPV67/- mice model was successfully constructed, we compared the
expression of TRPV6 in osteoclasts precursors from TRPV6*/* mice and TRPV6/- mice (Fig.
1B). We found that TRPV6 expression is significantly depleted in TRPV67/- mice compared
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Fig. 2. Bone formation is not affected by Trpv6 inactivation. A: Quantification of the osteoid surface (0S/
BS) from Goldner-stained tibia sections of TRPV6*/* and TRPV6/ mice. n = 4. B: Quantification of the thick-
ness (0.Th) from Goldner-stained tibia sections of TRPV6*/* and TRPV6/ mice. n = 4. C: Tetracycline labeling
demonstrating comparable distance between double labels in both genotypes. n = 4. D: Quantification of the
mineral apposition rate (MAR) in both genotypes. n = 4. E: Quantification of the mineralizing surface (MS)
in both genotypes. n = 4. F: Plasma calcium level in TRPV6** and TRPV6/ mice. n = 4. G: Serum PTH level
in TRPV6*/* and TRPV6”/ mice. n = 4, **P <0.01. H: Serum 1,25(0H),D, level in TRPV6*/* and TRPV67 mice.
n=4,*PpP<0.01.

with that in TRPV6*/* mice, suggesting that TRPV6 gene knockout mouse model is generated
successfully. Furthermore, we examined the expression of TRPV2, TRPV4 and TRPV5
in osteoclasts precursors from TRPV6*/* mice and TRPV67/- mice (Fig. 1C). No significant
differences were found, suggesting that the TRPV67- mice is specificity.

To verify the function of TRPV6 in bone metabolism, we studied femurs radio graphs
of TRPV6*/* and TRPV67/ mice. X-ray analysis suggested femurs from TRPV67/" mice show
decreased bone length and density of both cortical and trabecular bones (Fig. 1D). There
results were confirmed by Micro-CT analysis (Fig. 1E). We compared the trabecular number
(Tb.N.) and bone mineral density (BMD) between TRPV6*/* mice and TRPV6”/ mice (Fig.
1F, G). We found that depletion of TRPV6 result in noticeable decline in Tb.N. and BMD,
suggesting that TRPV6 is a critical regulator in bone metabolism.

Bone formation remained unchanged in TRPV67- mice

BMD was decreased in TRPV67- mice, which may be caused by decreasing of osteoblastic
bone formation or/and increasing of osteoclastic bone resorption in long bone. Therefore,
we first observed the effect of TRPV6 deficiency on osteoblastic bone formation. Histological
analysis of Goldner stained tibia sections of Trpv6*/*and Trpv6~- mice revealed that osteoid
abundance (0OS/BS; Fig. 2A) and thickness (0.Th; Fig. 2B) were similar in the two genotypes.
Dynamic bone formation parameters were assessed by repeated injection of tetracycline,
respectively nine and one day before sacrifice (Fig. 2C). The mineral apposition rate (MAR;
Fig. 2D) and mineralizing surface (MS; Fig. 2E) was comparable between genotypes,
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Fig. 3. The effects of TRPV6 depletion on osteoclastogenesis and bone resorption in vivo. A: Histologic
sections of femurs were stained for TRAP activity. The results showed increased osteoclasts number. and
strong TRAP activity in TRPV67/ mice. B: Quantitative analysis of TRAP*-stained area in femurs sections of
TRPV6*/* mice and TRPV6/ mice. n = 4, **P <0.01. C and D: BMMs from TRPV6*/* and TRPV67/ mice were
incubated with RANKL/M-CSF as described in Materials and Methods. TRAP* multinucleated cells (MNCs)
could be detected at different time points by TRAP staining analysis. n = 3, **P <0.01. E: Patterns of resorp-
tion pits on bovine cortical bone slices. F: Quantification of resorption area per view area. n = 3, **P <0.01.
G: Western blot analysis of TRPV6 expression during osteoclast differentiation. Summarized data showed
that the time-dependent decrease in TRPV6 expression during osteoclast differentiation. n = 3, *P < 0.05,
**P <0.01. H and I: [Ca*"], changes were traced in TRPV6*/* and TRPV67 BMMs treated with M-CSF for 72 hr
[Ca*].. Changes were estimated as the ratio of fluorescence intensity of fluo-4 to fura red, plotted at 5-sec
intervals.n = 4.

suggesting normal osteoblast function and number. Taken together, inactivation of Trpv6é
had no effect on osteoblastic bone formation.

Next, we observed the effect of TRPV6 deficiency on plasma calcium level. We found
that plasma calcium concentration remained normal in Trpv6~- mice (Fig. 2F). However,
serum PTH and 1,25(0H),D, levels are significantly increased in Trpv6~- mice (Fig. 2G, H),
suggesting that compensatory mechanisms, acting at the skeleton and/or kidney, contribute
to preserve normal plasma calcium level.

Osteoclastogenesis and bone resorption are enhanced in TRPV67/" mice
To further explore the effect of TRPV6 depletion on osteoclastogenesis in vivo, we
analyzed TRAP staining in the metaphyseal area of femurs bone sections derived from
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Fig. 4. Effective depletion of TRPV6 expression by lentiviral siRNA in osteoclasts precursors. A. TRPV6
staining (red) was demonstrated in osteoclasts. Confocal laser scanning microscopy showed TRPV6 stai-
ning (arrow head) predominantly at the cell membrane. Nuclei are stained with DAPI (blue). B. All cells
expressed GFP, showing that cells were infected by lentivirus and also expressed siRNA. C and D. Verified
TRPV6 knockdown effect by lentivirus-mediated transduction of primary culture osteoclasts precursors.
SiRNAs was showed to deplete 85% of the expression of TRPV6 in osteoclasts precursors by western blot
and real-time RT-PCR. **P <0.01.

TRPV6*/* and TRPV6/- mice. The number of TRAP positive cells was increased in the
TRPV67/ mice compared with TRPV6*/* mice (Fig. 3A). Quantification of the TRAP staining
showed a significantly increased osteoclast number and surface area (Fig. 3B) in the
metaphysis of TRPV67/- femurs. Furthermore, we further assessed the involvement of TRPV6
in osteoclast formation and function by culturing bone marrow cells from TRPV6*/* and
TRPV67/ mice with osteoclast-inducing cytokines M-CSF and RANKL in different time course.
In cultures derived from TRPV67/ mice, the number of osteoclasts was significantly higher
compared with TRPV6*/* cultures (Fig. 3C, D). These data strongly supported our in vivo
findings that osteoclastogenesis is enhanced in TRPV67/- mice. Subsequently, bone resorption
was measured by a resorption pit assay based on osteoclasts derived from bone marrow
cultures and seeded on cortical bone slices. In cultures of TRPV67/" osteoclasts, resorption
pits were significantly enhanced (Fig. 3E, F). To understand the time-related function of
TRPV6 in osteoclastogenesis, we quantified TRPV6 expression at several time points during
osteoclast differentiation. We found that the time-dependent decrease in TRPV6 expression
during osteoclast differentiation (Fig. 3G). However, RANKL-induced [Ca*] oscillation
response was not significantly affected by TRPV6 inhibition (Fig. 3H, I).
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Fig. 5. The effects of TRPV6 depletion on osteoclasts differentiation and bone resorption activity in vitro.
A and B: TRAP stain of osteoclasts precursors with lentivirus-siRNA targeting TRPV6 or lentivirus-LacZ at
different time points. Summarized data showed that the depletion of TRPV6 enhanced the osteoclastogen-
esis.n =3, *P < 0.05, **P <0.01. C and D: Pit formation assay of osteoclasts precursors with lentivirus-siRNA
targeting TRPV6 or lentivirus-LacZ at different time points. Summarized data showed that the depletion of
TRPV6 enhanced the bone resorption activity. n = 3, *P < 0.05, **P <0.01.

Effective depletion of TRPV6 expression by lentiviral siRNA in osteoclasts precursors

We observed the distribution of TRPV6 in mature osteoclasts by immunocytochemical
fluorescence. The results showed that the distribution of TRPV6 in the cytoplasm and nucleus
are very few, which mainly distribute in the cell membrane (Fig. 4A). To further confirm the
effect of TRPV6 on osteoclasts differentiation and bone resorption in vitro, we used lentiviral
constructs encoding siRNAs that target TRPV6 to infect osteoclasts precursors and deplete
TRPV6 expression. For lentivirus-mediated TRPV6 knockdown, optimal viral particle
numbers for infection were based on infection efficiency, determined from the percentage of
target cells with green fluorescent protein (GFP), which is expressed independently from the
RNAi sequence. We used 300 pl lentivirus supernatant to infect 2x10* BMMs after 72-hour
induction by 50 ng/ml M-CSE. After another 48-hour period, infected GFP* cells were viewed
under fluorescence microscopy. All cells expressed GFP, showing that cells were infected by
lentivirus and also expressed siRNA (Fig. 4B). Furthermore, siRNAs was showed to deplete
85% of the expression of TRPV6 in osteoclasts precursors by western blot and real-time RT-
PCR (Fig. 4C, D).
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Depletion of TRPV6 stimulates the osteoclasts differentiation and bone resorption activity

in vitro

We assessed the differentiation and maturation of TRPV6-depleted osteoclast
precursors by TRAP staining assay after infection. The number of stained multinuclear TRAP*
osteoclasts showed more obviously time-dependent increases in TRPV6-depleted group
compared with the two control group (control and Lenti-LacZ) (Fig. 5A, B). Furthermore, to
examine potential functions of TRPV6 in bone resorption, we then assessed resorption pit
formation by TRPV6-knockdown osteoclasts on bovine cortical bone slices. As shown in Fig.
5C, D, we found more significantly increased pit formation in osteoclasts depleted of TRPV6
compared with that in two control group (control and Lenti-LacZ). Taken together, these
results strongly suggest that TRPV6 is an essential regulator of osteoclasts differentiation
and function.

Discussion

In terrestrial vertebrates, the osteoclast performs the vital tasks of dissolving bone
for calcium or pH homeostasis and removing bone for growth or to replace bone [26]. It
has been established that in the presence of M-CSF sufficient to maintain cell growth and
survival, RANKL, via its tumor necrosis factor family receptor RANK, is sufficient to induce
complete osteoclastic differentiation from hematopoietic precursors and that knockout mice
with defects in the RANKL system cannot form osteoclasts [27]. It is also established that the
Ca* oscillations followed by the sustained Ca?* influx are both needed for NFATc1 activation
and proper osteoclast differentiation [28]. In the present study, we identified that TRPV6
is a negative regulator of RANKL induced osteoclasts differentiation and activity. This is
the study linking a TRPV6 with osteoclasts differentiation and activity, which provides key
insights into the mechanisms of bone metabolism.

It is well known that Ca?" signaling controls multiple cellular functions, including
proliferation, apoptosis, and differentiation [29]. Recent studies have highlighted the
importance of intracellular Ca?* signaling for osteoclast differentiation and activity. RANKL-
induced [Ca*]. increase has been reported to inhibit cell motility and the resorption of
cytoskeletal structures in mature osteoclasts, resulting in suppression of bone-resorption
activity [30]. Further studies confirmed that TRPV5 as an epithelial Ca?* channel which is
essential for osteoclastic bone resorption and differentiation [10]. TRPV5 and TRPV6 share
75% homology at the aminoacid level. However, to our knowledge, the regulation effects of
TRPV6 in bone metabolism are still controversial and there have been no reports to directly
observe the effect of TRPV6 on osteoclasts differentiation and function. Our study is the first
effort to elucidate the direct effect of TRPV6 on RANKL-induced osteoclasts differentiation
and bone resorption function.

In our study, mice with depletion of TRPV6 were generated to verify the effect of TRPV6
onbone metabolism. Our results showed that TRPV6 depletion results in noticeable decline in
BMD and Th.N, indicating that TRPV6 is a critical regulator in bone homeostasis. Furthermore,
the number of TRAP positive cells in the metaphyseal area of femurs bone sections was
increased in the TRPV67- mice compared with TRPV6*/* mice. Therefore, based on above
findings, we believed that TRPV6 contributes to bone homeostasis through the regulation
of osteoclasts differentiation and activity. The involvement of TRPV6 in bone metabolism is
still controversial. Bianco et al found that the phenotype of mice with targeted disruption
of the Trpv6 (Trpv6 KO) epithelial calcium channel exhibit disordered Ca?* homeostasis,
including defective intestinal Ca?* absorption, decreased BMD, deficient weight gain, and
reduced fertility [31], which are coincidence with our results. Lieben et al study showed that
restricting dietary calcium result in a comparable reduction in bone mass accrual in Trpv6*/*
and Trpv6~/~ mice (-35% and 45% respectively) [24]. This decrease in bone mass was
associated with a similar increase in bone resorption, whereas serum osteocalcin levels and
the amount of unmineralized bone matrix were only significantly increased in Trpv67/- mice
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[24]. However, van der Eerden et al found that bone microarchitecture and mineralization
were unaffected in Trpv6D541A/D541A mice in which aspartate 541 in the pore region
was replaced with alanine to render TRPV6 channels non-functional [32]. Based on these
reports above, we speculated the different animal models used result in the different results.
In our study, the TRPV67/- mice were generated by deleting the second exons, which lead
to subsequent mRNA reading frame shift and cannot continue coding protein. Phenotype
generated in our study can be completely attributed to the deletion of Trpv6 gene, without
any ambiguity. Van der Eerden et al used a knock-in mouse with replacement of one amino
acid (D541A), which impairs the permeability of TRPV6 channels for Ca?* without affecting
channel architecture and interaction with associated proteins. The reasons of different
results from different animal model need to be further explored.

Previous studies indicated that both Ca?* oscillation/calcineurin-dependent and
-independent signaling pathways contribute to NFATcl activation, leading to efficient
osteoclastogenesis. The Ca?* oscillations turn on a number of Ca?/calmodulin-activated
proteins including calcineurin, calmodulin-dependent protein kinases (CaMK) and CaMK-
mediated CREB (cAMP response element-binding protein) [8, 33, 34]. Upon activation of
the phosphatase calcineurin, the transcription factor NFATc1 becomes phosphorylated,
translocates to the nucleus, and increases osteoclast-specific gene transcription. Even though
sustained Ca?* oscillation induced by RANKL is reportedly necessary for osteoclastogenesis,
a Ca?" oscillation/calcineurin -independent mechanism of osteoclastogenesis has been
also demonstrated [35]. In our study, RANKL-induced calcium oscillation response was
not significantly affected by TRPV6 inhibition. Therefore, we speculated that TRPV6
may be not an essential regulator of Ca?* oscillations in osteoclasts and Ca*" oscillation/
calcineurin -independent signaling pathways may contributes to TRPV6 deficiency-induced
osteoclastogenesis.

An important finding reported here is that the knockout of TRPV6 increased the
osteoclastic differentiation and function. Based on our results and previous studies, we
speculated about the property of true nature TRPV6 in physiological condition during
osteoclastogenesis. First, TRPV6 channels are known to be involved in Ca?* homeostasis,
regulating Ca?* flux through intestine epithelial cells [36]. Our observation that TRPV6 knock-
out mice reduced bone thickness, and TRPV6 has an inhibitory effect on the process of bone
resorption in osteoclasts also relates TRPV6 to bone homeostasis. This is consistent with
the close relationships known to exist between intestine and bone in calcium and skeletal
homeostasis. Second, TRPV6 channels are highly expressed in osteoclasts and located on the
plasma membrane of osteoclasts. We speculated that TRPV6 may regulate bone resorption
directly from the ruffled border. Third, TRPV6 might have a direct influence on the bone
resorption function of osteoclasts by activating signaling pathway in osteoclasts mediated by
Ca? entry. However, the roles of TRPV6 in physiological condition during osteoclastogenesis
need to be further explored.

Previous studies showed that the increase in the expression of TRPV channels family,
such as TRPV2 and TRPV4 promotes the osteoclastic differentiation and resorption [18].
However, the present data controversially shows the deletion and silencing of TRPV6 channels
facilitates the osteoclastic function. Some reasons may be accounted for this phenomenon.
Firstly, it is likely that depletion of TRPV6 has positive effect on osteoclast precursor
cells, such as promoting cells survival and inhibiting apoptosis, leading to an increase in
the amount of osteoclasts. Similar speculation also was presented in van der Eerden et al
study [10]. They found that TRPVS5 deficiency leads to an increase in the osteoclast size and
number. Furthermore, as Chamoux et al reports, they showed that suppressing of TRPV5
expression increases bone resorption in osteoclasts [37]. They believed that TRPV5 might
have a direct influence on the bone resorption function of osteoclasts by activating a stop
signal in the resorbing osteoclasts mediated by Ca?* entry. Therefore, we speculated it
may be one of mechanisms that depletion of TRPV6 promotes bone resorption function of
osteoclasts. Moreover, it is possible that impaired osteoclast differentiation in TRPV6~/~ mice
results from deficiencies in other signaling pathways evoked by RANKL and M-CSF, such as
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NF-xB pathway. However, the precise molecular mechanisms of TRPV6 in RANKL-induced
osteoclastogenesis need to be further elucidated in the future study.

In summary, this study showed an animal model depleting the epithelial calcium
channel TRPV6, which lead to destruction of bone microarchitecture. In addition, depletion
of TRPV6 in vitro significantly increased osteoclasts differentiation and bone resorption
activity. This study is an effort to establish a regulation mechanism of bone homeostasis, and
to provide insights into the potential contribution of TRPV6 in the regulation of osteoclasts
differentiation and activity.

Acknowledgements

This study was supported by National Science Foundation of China (No. 30801172) and
Science and Technology Commission of Shanghai Municipality (STCSM) (N0.10411963500
and N0.12140903902). We would like to thank Lei Guo, Ph.D. Shanghai Ruijin Hospital,
Shanghai, China, for his help in research techniques.

Conflict of Interest

The authors declare that there is no conflict of interest that could be perceived as preju-
dicing the impartiality of the research reported.

Reference

»1 Segovia-Silvestre T, Neutzsky-Wulff AV, Sorensen MG, Christiansen C, Bollerslev ], Karsdal MA, Henrik-
sen K: Advances in osteoclast biology resulting from the study of osteopetrotic mutations. Hum Genet
2009;124:561-577.

»2 Yang S, Li YP: Rgs10-null mutation impairs osteoclast differentiation resulting from the loss of [Ca*'], oscil-
lation regulation. Genes Dev 2007;21:1803-1816.

>3 Hayashi T, Kaneda T, Toyama Y, Kumegawa M, Hakeda Y: Regulation of receptor activator of nf-kappa b
ligand-induced osteoclastogenesis by endogenous interferon-beta (inf-beta ) and suppressors of cytokine
signaling (socs). The possible counteracting role of socss- in ifn-beta-inhibited osteoclast formation. ] Biol
Chem 2002;277:27880-27886.

>4 Yasuda H, Shima N, Nakagawa N, Yamaguchi K, Kinosaki M, Mochizuki S, Tomoyasu 4, Yano K, Goto M,
Murakami A, Tsuda E, Morinaga T, Higashio K, Udagawa N, Takahashi N, Suda T: Osteoclast differentiation
factor is a ligand for osteoprotegerin/osteoclastogenesis-inhibitory factor and is identical to trance/rankl.
Proc Natl Acad Sci U S A 1998;95:3597-3602.

»5 Kong YY, Yoshida H, Sarosi I, Tan HL, Timms E, Capparelli C, Morony S, Oliveira-dos-Santos A], Van G, Itie
A, Khoo W, Wakeham A, Dunstan CR, Lacey DL, Mak TW, Boyle W], Penninger JM: Opgl is a key regulator of
osteoclastogenesis, lymphocyte development and lymph-node organogenesis. Nature 1999;397:315-323.

»6 Karsenty G: Convergence between bone and energy homeostases: Leptin regulation of bone mass. Cell
Metab 2006;4:341-348.

»7 Karsenty G, Wagner EF: Reaching a genetic and molecular understanding of skeletal development. Dev Cell
2002;2:389-406.

>3 Chang EJ, Ha ], Huang H, Kim HJ, Woo JH, Lee Y, Lee ZH, Kim JH, Kim HH: The jnk-dependent camk pathway
restrains the reversion of committed cells during osteoclast differentiation. ] Cell Sci 2008;121:2555-2564.

»9 Masuyama R, Vriens ], Voets T, Karashima Y, Owsianik G, Vennekens R, Lieben L, Torrekens S, Moermans K,
Vanden Bosch A, Bouillon R, Nilius B, Carmeliet G: Trpv4-mediated calcium influx regulates terminal differ-
entiation of osteoclasts. Cell Metab 2008;8:257-265.

»10 vander Eerden BC, Hoenderop ]G, de Vries TJ, Schoenmaker T, Buurman CJ, Uitterlinden AG, Pols HA, Bin-
dels RJ, van Leeuwen JP: The epithelial Ca?* channel trpv5 is essential for proper osteoclastic bone resorp-
tion. Proc Natl Acad Sci US A 2005;102:17507-17512.

807



http://dx.doi.org/10.1159%2F000358653

Ce||u|ar Phy5|0|08y Cell Physiol Biochem 2014;33:796-809

>11

>12

>13

>14

»>15

> 16

»>17

»>18

»19

»20

»21

»22

»23

»24

»25

»26

»27

»28

»29

. . DOL 10,11 250/000328603 © 2014 S. Karger AG, Basel
and BlOChemIStl’y Published online: March 21, 2014 www.karger.com/cpb 808

Chen et al.: TRPV6 and Osteoclastogenesis

Hasegawa H, Kido S, Tomomura M, Fujimoto K, Ohi M, Kiyomura M, Kanegae H, Inaba A, Sakagami H, Tomo-
mura A: Serum calcium-decreasing factor, caldecrin, inhibits osteoclast differentiation by suppression of
nfatcl activity. ] Biol Chem 2010;285:25448-25457.

Kim MS, Yang YM, Son A, Tian YS, Lee SI, Kang SW, Muallem S, Shin DM: Rankl-mediated reactive oxygen
species pathway that induces long lasting Ca?* oscillations essential for osteoclastogenesis. ] Biol Chem
2010;285:6913-6921.

Yang S, Chen W, Stashenko P, Li YP: Specificity of rgs10a as a key component in the rankl signaling mecha-
nism for osteoclast differentiation. ] Cell Sci 2007;120:3362-3371.

Asagiri M, Sato K, Usami T, Ochi S, Nishina H, Yoshida H, Morita I, Wagner EF, Mak TW, Serfling E, Takay-
anagi H: Autoamplification of nfatc1 expression determines its essential role in bone homeostasis. ] Exp
Med 2005;202:1261-1269.

Takayanagi H, Kim S, Koga T, Nishina H, Isshiki M, Yoshida H, Saiura A, Isobe M, Yokochi T, Inoue ], Wagner
EF, Mak TW, Kodama T, Taniguchi T: Induction and activation of the transcription factor nfatc1 (nfat2)
integrate rankl signaling in terminal differentiation of osteoclasts. Dev Cell 2002;3:889-901.

Vanoevelen ], Janssens A, Huitema LE Hammond CL, Metz JR, Flik G, Voets T, Schulte-Merker S: Trpv5/6 is
vital for epithelial calcium uptake and bone formation. Faseb ] 2011;25:3197-3207.

Mergler S, Garreis F, Sahlmuller M, Reinach PS, Paulsen F, Pleyer U: Thermosensitive transient receptor
potential channels in human corneal epithelial cells. ] Cell Physiol 2011;226:1828-1842.

Kajiya H, Okamoto F, Nemoto T, Kimachi K, Toh-Goto K, Nakayana S, Okabe K: Rankl-induced trpv2 expres-
sion regulates osteoclastogenesis via calcium oscillations. Cell Calcium 2010;48:260-269.

Tomomura M, Hasegawa H, Suda N, Sakagami H, Tomomura A: Serum calcium-decreasing factor, caldecrin,
inhibits receptor activator of nf-kappab ligand (rankl)-mediated Ca?* signaling and actin ring formation in
mature osteoclasts via suppression of src signaling pathway. ] Biol Chem 2012;287:17963-17974.

Kim JA, Yang H, Hwang [, Jung EM, Choi KC, Jeung EB: Expression patterns and potential action of the cal-
cium transport genes trpv5, trpv6, ncx1 and pmcalb in the canine duodenum, kidney and uterus. In Vivo
2011;25:773-780.

Van Cromphaut S, Dewerchin M, Hoenderop ]G, Stockmans I, Van Herck E, Kato S, Bindels R], Collen D,
Carmeliet P, Bouillon R, Carmeliet G: Duodenal calcium absorption in vitamin d receptor-knockout mice:
Functional and molecular aspects. Proc Natl Acad Sci U S A 2001;98:13324-13329.

Takuma A, Kaneda T, Sato T, Ninomiya S, Kumegawa M, Hakeda Y: Dexamethasone enhances osteoclast
formation synergistically with transforming growth factor-beta by stimulating the priming of osteoclast
progenitors for differentiation into osteoclasts. ] Biol Chem 2003;278:44667-44674.

Feng S, Deng L, Chen W, Shao ], Xu G, Li YP: Atp6v1cl is an essential component of the osteoclast proton
pump and in f-actin ring formation in osteoclasts. Biochem ] 2009;417:195-203.

Lieben L, Benn BS, Ajibade D, Stockmans I, Moermans K, Hediger MA, Peng JB, Christakos S, Bouillon R,
Carmeliet G: Trpv6 mediates intestinal calcium absorption during calcium restriction and contributes to
bone homeostasis. Bone 2010;47:301-308.

Masuyama R, Nakaya Y, Katsumata S, Kajita Y, Uehara M, Tanaka S, Sakai A, Kato S, Nakamura T, Suzuki K:
Dietary calcium and phosphorus ratio regulates bone mineralization and turnover in vitamin d receptor
knockout mice by affecting intestinal calcium and phosphorus absorption. ] Bone Miner Res 2003;18:1217-
1226.

Garcia Palacios V, Robinson L], Borysenko CW, Lehmann T, Kalla SE, Blair HC: Negative regulation of
rankl-induced osteoclastic differentiation in raw264.7 cells by estrogen and phytoestrogens. ] Biol Chem
2005;280:13720-13727.

Li], Sarosi I, Yan XQ, Morony S, Capparelli C, Tan HL, McCabe S, Elliott R, Scully S, Van G, Kaufman S, Juan
SC, Sun Y, Tarpley ], Martin L, Christensen K, McCabe ], Kostenuik P, Hsu H, Fletcher F, Dunstan CR, Lacey
DL, Boyle WJ: Rank is the intrinsic hematopoietic cell surface receptor that controls osteoclastogenesis and
regulation of bone mass and calcium metabolism. Proc Natl Acad Sci U S A 2000;97:1566-1571.

Kuroda Y, Hisatsune C, Mizutani A, Ogawa N, Matsuo K, Mikoshiba K: Cot kinase promotes Ca?* oscillation/

calcineurin-independent osteoclastogenesis by stabilizing nfatc1 protein. Mol Cell Biol 2012;32:2954-
2963.

Lee JM, Davis FM, Roberts-Thomson SJ], Monteith GR: lon channels and transporters in cancer. 4. Remodel-
ing of Ca?* signaling in tumorigenesis: Role of Ca** transport. Am ] Physiol Cell Physiol 2012;301:C969-976.



http://dx.doi.org/10.1159%2F000358653

Ce||u|ar Phy5|0|08y Cell Physiol Biochem 2014;33:796-809

»30

»31

»32

>33

>34

»35

»36

»37

. . DOL 1011 20/000228023 © 2014 S. Karger AG, Basel
and BlOChemIStl’y Published online: March 21, 2014 www.karger.com/cpb 809

Chen et al.: TRPV6 and Osteoclastogenesis

Kajiya H: Calcium signaling in osteoclast differentiation and bone resorption. Adv Exp Med Biol
2012;740:917-932.

Bianco SD, Peng ]B, Takanaga H, Suzuki Y, Crescenzi A, Kos CH, Zhuang L, Freeman MR, Gouveia CH, Wu ],
Luo H, Mauro T, Brown EM, Hediger MA: Marked disturbance of calcium homeostasis in mice with targeted
disruption of the trpv6 calcium channel gene. ] Bone Miner Res 2007;22:274-285.

van der Eerden BC, Weissgerber P, Fratzl-Zelman N, Olausson ], Hoenderop ]G, Schreuders-Koedam M,
Eijken M, Roschger P, de Vries TJ, Chiba H, Klaushofer K, Flockerzi V, Bindels R], Freichel M, van Leeuwen ]P:
The transient receptor potential channel trpvé6 is dynamically expressed in bone cells but is not crucial for
bone mineralization in mice. ] Cell Physiol 2012;227:1951-1959.

Park-Min KH, Ji ]D, Antoniv T, Reid AC, Silver RB, Humphrey MB, Nakamura M, Ivashkiv LB: 11-10 suppresses
calcium-mediated costimulation of receptor activator nf-kappa b signaling during human osteoclast differ-
entiation by inhibiting trem-2 expression. ] Immunol 2009;183:2444-2455.

Sato K, Suematsu A, Nakashima T, Takemoto-Kimura S, Aoki K, Morishita Y, Asahara H, Ohya K, Yamaguchi
A, Takai T, Kodama T, Chatila TA, Bito H, Takayanagi H: Regulation of osteoclast differentiation and function
by the camk-creb pathway. Nat Med 2006;12:1410-1416.

Kuroda Y, Hisatsune C, Nakamura T, Matsuo K, Mikoshiba K: Osteoblasts induce Ca?* oscillation-indepen-
dent nfatc1 activation during osteoclastogenesis. Proc Natl Acad Sci U S A 2008;105:8643-8648.

Lieben L, Carmeliet G: The involvement of trp channels in bone homeostasis. Front Endocrinol (Lausanne)
2012;3:99.

Chamoux E, Bisson M, Payet MD, Roux S: Trpv-5 mediates a receptor activator of nf-kappab (rank) ligand-
induced increase in cytosolic Ca** in human osteoclasts and down-regulates bone resorption. ] Biol Chem
2010;285:25354-25362.



http://dx.doi.org/10.1159%2F000358653

	CitRef_1: 
	CitRef_2: 
	CitRef_3: 
	CitRef_4: 
	CitRef_5: 
	CitRef_6: 
	CitRef_7: 
	CitRef_8: 
	CitRef_9: 
	CitRef_10: 
	CitRef_11: 
	CitRef_12: 
	CitRef_13: 
	CitRef_14: 
	CitRef_15: 
	CitRef_16: 
	CitRef_17: 
	CitRef_18: 
	CitRef_19: 
	CitRef_20: 
	CitRef_21: 
	CitRef_22: 
	CitRef_23: 
	CitRef_24: 
	CitRef_25: 
	CitRef_26: 
	CitRef_27: 
	CitRef_28: 
	CitRef_29: 
	CitRef_30: 
	CitRef_31: 
	CitRef_32: 
	CitRef_33: 
	CitRef_34: 
	CitRef_35: 
	CitRef_36: 
	CitRef_37: 


