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coimmunoprecipitated with nNOS (Fig. 6 B), which is in accor-
dance with previous studies that showed a physical interaction 
between PMCA4 and nNOS in smooth muscle cells (Schuh  
et al., 2003) and the inhibition of nNOS by PMCA4 caused by 
a local decrease in Ca2+ concentration (Schuh et al., 2001). The 
importance of PMCA–nNOS interaction in osteoclast fusion 
was clearly demonstrated by the dramatic decrease in the osteo-
clast fusion induced by PMCA4 knockdown in the absence of 

Although both isoforms were expressed in osteoclasts, 
PMCA1 and PMCA4 do not seem to be functionally redundant. 
The siRNA-mediated specific knockdown of either isoform  
of PMCA alone was sufficient to significantly enhance Ca2+  
oscillations and osteoclast differentiation (Figs. 2 and 3). Fur-
thermore, PMCA4 but not PMCA1 was involved in the regu-
lation of NO, which is suggested to enhance osteoclast fusion.  
In RANKL-treated osteoclast precursors, only PMCA4 was  

Figure 6. PMCA4 but not PMCA1 inhibits NO 
generation in osteoclast precursors. (A) BMMs 
were cultured in the presence of 100 ng/ml 
RANKL and 30 ng/ml M-CSF for the indicated 
times. Cell lysates were subjected to Western 
blotting to examine the expression levels of 
nNOS protein. The mouse brain lysates were 
used as positive control. (B) BMMs were in-
cubated for 2 d with 30 ng/ml M-CSF and 
100 ng/ml RANKL. After cell lysis, immuno-
precipitation was performed with an antibody 
against PMCA1 or PMCA4. Immunoprecipi-
tated proteins were detected by anti-nNOS or 
anti-pan-PMCA antibodies. (C) BMMs on glass 
coverslips were transfected with control siRNA 
or isoform-specific PMCA siRNA and further 
incubated with RANKL and M-CSF for 2 d. 
Cells were loaded with an NO indicator dye, 
DAF-2 DA. As a positive control, cells were 
stimulated overnight with 100 ng/ml LPS. As 
a negative control, cells were pretreated with 
NO synthase inhibitor L-NMMA (10 µM) for 2 h, 
and further cultured overnight with 100 ng/ml 
LPS. Bars, 20 µm. (D and E) BMMs were trans-
fected with control siRNA or isoform-specific 
PMCA siRNA and cultured in the presence of 
RANKL and M-CSF for 4 d. The NO donor 
NOC-12 or L-NMMA was included for the 
final 2 d. (D) Cells were stained for TRAP activ-
ity. Bars, 200 µm. (E) The size of osteoclasts 
was measured. (F–H) After culturing control 
and PMCA-silenced BMMs for 2 d with RANKL 
and M-CSF, cells were transfected with control 
or nNOS-siRNA oligonucleotides. Cells were 
further cultured with RANKL and M-CSF for  
3 d. (F) After 5 d of culture, osteoclastogenesis 
was assessed by TRAP staining. Bars, 50 µm. 
(G) The knockdown of PMCA1, PMCA4, and 
nNOS was confirmed by Western blotting.  
(H) The fusion index was calculated from the 
cells in F. All quantitative data are means ± SD, 
representative of three experiments performed 
in triplicate (*, P < 0.05; **, P < 0.01).
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Materials and methods
Reagents
Recombinant human soluble RANKL and human M-CSF were purchased 
from PeproTech. Lipofectamine 2000 and Fura-2/AM were purchased 
from Invitrogen. Antibodies against PMCAs were purchased from Santa 
Cruz Biotechnology, Inc. (pan-PMCA) and Thermo Fisher Scientific (PMCA1 
and PMCA4). Phospho-specific antobodies for p38, ERK1/2, JNK, CREB, 
and PLC1 were obtained from Cell Signaling Technology. Antibodies 
against p38, ERK1/2, JNK, c-Jun, PLC1, and cleaved caspases-3 were 
also purchased from Cell Signaling Technology. Antibodies for c-Fos, 
NFATc1, tubulin, PARP, and lamin B were obtained from Santa Cruz  
Biotechnology, Inc. Anti–-actin, FITC-conjugated cholera toxin B subunit, 
ionomycin, eosin Y, the leukocyte acid phosphatase assay kit, and all other 
chemicals were obtained from Sigma-Aldrich.

Animals and in vitro osteoclastogenesis
The mutant PMCA1 (Atp2b1) and PMCA4 (Atp2b4) lines were prepared 
and maintained on the mixed (129Svj and Blackswiss) genetic background 
as previously described (Okunade et al., 2004). Loss of both copies of 
Atp2b1 caused embryonic lethality, but heterozygous mutants had no ob-
servable disease phenotype. Atp2b4/ mutant mice showed no embry-
onic lethality and appeared externally normal. Although Atp2b1+/ mice 
and wild-type littermates were generated by breeding Atp2b1+/ and wild-
type breeder-mates, Atp2b4/ and wild-type littermates were generated 
by crossing Atp2b4+/ mice; genotypes were confirmed by PCR analysis 
using primers previously described (Okunade et al., 2004). All mice were 
maintained and procedures were performed as per guidelines by the  
National Institutes of Health (Guide for the Care and Use of Laboratory  
Animals). Animal experiment protocols were approved by the Committees 
on the Care and Use of Animals in Research at Seoul National University 
and University of Cincinnati. BMMs obtained from 5-wk-old ICR or PMCA 
mutant mice were used as osteoclast precursor cells for in vitro osteoclasto-
genesis experiments as described previously (Lee et al., 2008). In brief, 
mouse whole bone marrow cells, isolated by flushing the marrow space of 
femora and tibiae, were incubated overnight on culture dishes in –modified 
Eagle medium (-MEM) supplemented with 10% FBS. After discarding ad-
herent cells, floating cells were further incubated with M-CSF (30 ng/ml) 
on Petri dishes. BMMs became adherent after a 3-d culture and were used 
as osteoclast precursor cells. Upon incubation of BMMs (3 × 104 cells/well 
in 48-well plates) with 30 ng/ml M-CSF and 100 ng/ml RANKL, >80% of 

nNOS (Fig. 6 H). Thus, our data indicate that PMCA4 has  
a unique role of NO regulation during osteoclastogenesis, in  
addition to the modulation of Ca2+–NFATc1 axis. Notably, the 
expression level of PMCA4 rather than that of PMCA1 exhib-
ited a higher correlation with peak bone mass in women (Fig. 7,  
A and B). The precise underlying mechanisms by which bone 
mass is regulated by PMCAs in humans, including the possible 
involvement of NO, need to be investigated in further studies.

To summarize, we propose dual roles of PMCAs during 
osteoclastogenesis (Fig. 7, C and D). During osteoclast differ-
entiation (Fig. 7 C), NFATc1 increases PMCA expression in a 
RANKL-dependent manner. In late stages of osteoclast differ-
entiation, high levels of PMCA cause efflux of intracellular 
Ca2+, reducing Ca2+ oscillations and limiting NFATc1 activi-
ties. This autoregulatory loop consisting of NFATc1, PMCA, 
and Ca2+ oscillations fine-tunes osteoclastogenesis. An addi-
tional mode of osteoclastogenesis regulation exists in which 
PMCA4 inhibits NO production that expedites osteoclast fusion. 
Therefore, PMCAs may limit excessive osteoclast formation by 
lowering intracellular Ca2+ and NO. In bone-resorbing osteo-
clasts (Fig. 7 D), maximal PMCA expression ensures osteoclast 
survival by the extrusion of excessive Ca2+ across the basolat-
eral membrane in the face of massive Ca2+ entry upon bone  
resorption. An osteopenic bone phenotype was observed in both 
Atp2b1+/ and Atp2b4/ mice, suggesting that in the absence 
of PMCA the advantageous conditions for osteoclast differenti-
ation dominated over adverse effects on osteoclast survival in 
vivo. Because PMCA4 expression correlated with high peak 
bone mass in women, the modulation of PMCA4 expression or 
activity might serve as a novel strategy against bone erosive 
diseases such as osteoporosis.

Figure 7. Elevated ATP2B4 gene expression 
correlates with high peak bone mass in humans.  
(A and B) ATP2B1 and ATP2B4 mRNA ex-
pression levels were analyzed from gene  
expression dataset GSE7158 deposited in GEO.  
The difference in mRNA expression between 
high and low peak bone mass groups was 
analyzed by Mann-Whitney U test (*, P < 
0.05). (C) During the early stage of osteoclast 
differentiation, increased intracellular Ca2+ 
concentrations trigger NFATc1 autoamplifica-
tion and PMCA transcription. In the late stage 
of osteoclast differentiation, increased PMCAs 
expel cytosolic Ca2+, diminishing Ca2+ oscil-
lations and attenuating NFATc1 activation. 
PMCA4 possesses an additional inhibitory role 
in osteoclastogenesis by inhibiting NO pro-
duction in osteoclast precursors. (D) In mature 
bone-resorbing osteoclasts, increased PMCAs 
discharge Ca2+ across basolateral membrane 
in favor of osteoclast survival in the face of 
massive Ca2+ entry upon bone resorption.
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ChIP
ChIP assays were performed based on the protocol provided by the manu-
facturer (EZ ChIP kit; EMD Millipore) and the previously published method 
with slight modifications (Ha et al., 2010). In brief, BMMs were cultured 
with 30 ng/ml M-CSF and 100 ng/ml RANKL for 48 h to induce NFATc1 
expression before cross-linking using formaldehyde. After sonication, the 
chromatin was immunoprecipitated with 5 µg each of control IgG antibody 
(Santa Cruz Biotechnology, Inc.) or NFATc1 antibody (Santa Cruz Biotech-
nology, Inc.). The eluted DNA fragments were analyzed by PCR using spe-
cific primers flanking the NFATc1 binding sites located within 1.5 kb 
upstream of Atp2b1 or Atp2b4 transcription initiation sites. Putative NFATc1 
binding sites were identified using the web-based prediction program 
PROMO. Two putative NFATc1 binding sites of Atp2b1 promoter region 
(1,103 to 1,092 and 52 to 44) and four putative NFATc1 binding 
sites of Atp2b4 promoter region (1,292 to 1,283, 1,161 to 1,153, 
1,047 to 1,039, and 51 to 43) were identified. PCR primer  
sequences are listed in Table S2. Input samples were also subjected to PCR 
with the same primers.

Western blotting and Immunoprecipitation
Western blotting and immunoprecipitation experiments were performed  
as previously described (Ryu et al., 2006; Kim et al., 2007). Cells were 
disrupted in lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1.5 mM 
MgCl2, 1 mM EGTA, 1% Triton X-100, 10 mM NaF, 1 mM Na3VO4, and 
complete protease inhibitor cocktail) and 30 or 45 µg of cell lysates were 
resolved by 8–10% SDS-PAGE. Separated proteins were transferred to a 
polyvinylidene difluoride membrane (GE Healthcare) and the membrane 
was blocked with 5% skim milk and probed with appropriate primary anti-
bodies. After 1-h incubation with HRP-conjugated secondary antibodies, 
the immunoreactivity was detected using chemiluminescence. For coimmuno-
precipitation experiments, 1 mg of cell lysates was immunoprecipitated 
with 2 µg of anti-PMCA1 or anti-PMCA4 antibodies and immunoblotted  
using nNOS or pan-PMCA antibodies. Control immunoprecipitation was 
performed using a mouse IgG isotype control antibody. Nuclear fractions 
were prepared by lysing cells in a hypotonic lysis buffer (10 mM Hepes, 
pH 7.9, 1.5 mM MgCl2, 10 mM KCl, and 0.5 mM PMSF) and solubilizing 
nuclear pellets with the sequential addition of 15 µl of high salt buffer  
(20 mM Hepes, pH 7.9, 420 mM NaCl, 25% glycerol, 1.5 mM MgCl2, 
0.2 mM EDTA, 0.5 mM PMSF, and 0.5 mM DTT) and 75 µl of storage buf-
fer (20 mM Hepes, pH 7.9, 100 mM NaCl, 20% glycerol, 0.2 mM EDTA, 
0.5 mM PMSF, and 0.5 mM DTT). Protein concentration was determined 
using a detergent-compatible protein assay kit (Bio-Rad Laboratories).

Confocal microscopy
To detect the NFATc1 localization, preosteoclasts cultured on glass cover-
slips were fixed with 3.7% formaldehyde and permeabilized with 0.1% tri-
ton X-100. After blocking in PBS containing 1% BSA, coverslips were 
incubated with anti-laminB or anti-NFATc1 antibodies diluted (1:50, 1 h)  
in PBS containing 1% BSA for 2 h. Subsequently, cells were washed and 
stained with DAPI or Cy3-conjugated secondary antibodies (1:300, 1 h). 
For the measurement of PMCA localization, osteoclasts cultured on dentin 
discs were fixed and stained with FITC-conjugated cholera toxin (for  
GM1-containing plasma membrane labeling, 2.5 µg/ml, 20 min) plus 
anti–pan-PMCA antibodies. After washing, cells on dentin discs were 
mounted and images were obtained using a confocal microscope 
(FV300; Olympus).

Measurement of intracellular Ca2+ concentrations
BMMs on glass coverslips were cultured with 30 ng/ml M-CSF and 100 ng/ml  
RANKL for 48 h. For the measurement of Ca2+ oscillations in individual  
osteoclast precursor, cells were loaded with 5 µM Fura-2/AM and 0.05% 
pluronic F127 for 40 min at room temperature. After washing three times 
with Hank’s balanced salt solution (Gibco), the fluorescence was recorded 
at every 500 ms with 340/380 nm excitations and 510 nm emission at 
37°C using a digital imaging system (Cascade 650; Photometrics) and 
Metafluor image analysis software (Universal Imaging).

Calcein-xylenol orange double labeling
To evaluate the mineral apposition rate in vivo, Atp2b1+/, Atp2b4/, 
and wild-type littermate mice were sequentially injected with 25 mg/kg 
calcein and 90 mg/kg xylenol orange intraperitoneally with an interval  
of 6 d (Lee et al., 2009). At 3 d after the last injection, mice were killed 
and dissected tibiae were embedded in methyl methacrylate resins. Tissue  
sections were observed under a laser-scanning microscope (LSM5 PASCAL; 
Carl Zeiss).

the total cells became mononuclear TRAP-positive cells (preosteoclasts)  
after 2 d of culture. Fully mature multinucleated osteoclasts were formed  
after further incubation for 1 or 2 d. The osteoclast fusion index was de-
fined as the number of nuclei per one multinucleated osteoclast (Kaneda  
et al., 2000). The exact time required for full differentiation varied slightly 
between experiments, and osteoclastogenesis was generally slower in 
transfected or virus-infected cells. To purify mature osteoclasts, BMMs (107 
cells) were differentiated into osteoclast on collagen gel-coated 10-cm  
culture dishes in the presence of 30 ng/ml M-CSF and 100 ng/ml RANKL. 
Osteoclasts were detached by treating 0.2% collagenase (Invitrogen)  
at 37°C for 10 min, briefly centrifuged, and replated on culture dishes to 
allow reattachment for 1 h at 37°C. After the second round of collagenase 
treatment and gentle pipetting, only firmly attached mature osteoclasts  
remained whereas osteoclast precursors were removed.

Plasmid construction, transfection, and retroviral gene transfer
BMMs were transfected with pcDNA-rPMCA1 constructs (Bhargava et al., 
2002) using Lipofectamin 2000. The entire coding region of mouse 
PMCA4 was PCR amplified from mouse osteoclast cDNA using the forward 
primer 5-GGGCTCGAGCCACCATGACGAATCCACCAGGA-3 and the 
reverse primer 5-GGGGCGGCCGCTCAGACCGGTGTCTCCAG-3. The 
amplified PCR product was cloned into a pMX-IG vector using XhoI and 
NotI sites. Retroviral packaging was performed by transfecting Plat-E cells 
with plasmids using Lipofectamin 2000. At 48 h after transfection, culture 
medium containing viral particles was collected and filtered through 0.45-µm 
syringe filters (Sartorius Stedim Biotech). For retroviral infection, BMMs 
were incubated in the virus-containing medium with 10 µg/ml polybrene 
and 30 ng/ml M-CSF for 24 h. The infection efficiency was >80% when 
measured for GFP fluorescence.

Gene knockdown by siRNA
The siRNA duplexes for PMCA1 (NM_026482_stealth_3610), PMCA4 
(NM_213616_stealth_1507), and the negative universal control (medium 
GC content) were purchased from Invitrogen. Oligonucleotide siRNA  
duplexes were transfected into BMMs with Lipofectamin 2000 according 
to the manufacturer’s protocol.

Gene-expression profiling
The gene profiling of human PBMC-derived osteoclasts was described pre-
viously (Chang et al., 2008a). For osteoclast formation, hPBMCs were cul-
tured in the presence of 30 ng/ml M-CSF and 100 ng/ml RANKL for  
3 (preosteoclast) or 7 d (mature osteoclast). Total RNAs were extracted 
from hPBMCs, reverse transcribed, and transcribed in vitro into biotin- 
labeled cRNAs. These cRNAs were hybridized with the GeneChip Human 
Genome U133 Plus 2.0 Array (Affymetrix). The array chips were scanned 
with a GeneArray scanner (Affymetrix) and were analyzed by Microarray 
Suite 5.0 (Affymetrix). Publicly available gene expression datasets of  
human samples were downloaded from GEO (accession no. GSE7158) 
and the correlation between ATP2B1/ATP2B4 mRNA expression and peak 
bone mass was analyzed.

Cell-surface biotinylation and LC/MS/MS experiments
BMMs (4 × 105 cells/well in 6-well plates) were cultured with 30 ng/ml  
M-CSF alone or 200 ng/ml M-CSF plus RANKL for 36 h. A total of 2 × 107 
cells were surface biotinylated using the Pinpoint cell-surface protein isola-
tion kit (Thermo Fisher Scientific) following the manufacturer’s instructions. 
After cell lysis, biotinylated proteins were purified using a streptavidin  
column and subjected to SDS-PAGE. Protein bands showing differential  
expression were excised, digested with trypsin, and analyzed by nano-
LC/MS/MS (Lee et al., 2008) equipped with an LTQ-FT mass spectrometer 
(Thermo Fisher Scientific) and an 1100 Series NanoLC pump (Agilent Tech-
nologies). Data from the mass spectrometer were analyzed using the Bio-
works 3.2 software (Thermo Fisher Scientific). The search results were 
subsequently evaluated by PeptideProphet and home-built software.

Real-time PCR and RT-PCR analyses
For real-time PCR analysis, 1.5 µg of total RNA was reverse transcribed 
and PCR amplified with SYBR green master mix (Applied Biosystems) for 
40 cycles of 15-s denaturation at 95°C and 1-min amplification at 60°C in 
ABI Prism 7500 System (Applied Biosystems). Relative mRNA expression 
levels were presented by normalizing against Hprt1 mRNA levels. For  
RT-PCR analysis, total RNAs were isolated with TRIzol reagent (Invitrogen) 
and 2 µg of RNAs were reverse transcribed with Superscript II (Invitrogen) 
according to the manufacturer’s instructions. The primer sets used in real-
time PCR and RT-PCR are listed in Table S1.
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Online supplemental material
Fig. S1 shows the effect of PMCA knockdown on osteoclastogenesis in cal-
variae organ culture models. Fig. S2 shows the enhanced RANKL-induced 
Ca2+ oscillations and osteoclast differentiation upon eosin treatment in vitro 
and in vivo. Fig. S3 shows the changes in P38, ERK1/2, JNK1/2, and 
PLC1 phosphorylation as well as c-Fos expression after RANKL stimulation 
in PMCA knocked down cells by Western blotting. Fig. S4 shows no change 
in osteoblast differentiation after PMCA knockdown or inhibition in vitro. 
Fig. S5 shows the expression levels of SERCA2 and TRPV5 in PMCA knocked 
down cells by Western blotting. Table S1 lists primer sets used in real-time 
PCR and RT-PCR experiments. Table S2 shows PCR primer sequences used 
in ChIP experiments. Online supplemental material is available at http://
www.jcb.org/cgi/content/full/jcb.201204067/DC1.http://www.jcb.org/ 
cgi/content/full/jcb.201204067/DC1
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Osteoblast differentiation
Calvarial cells were isolated from 1-d-old mice as described previously (Lee 
et al., 2009). Osteoblast differentiation was induced by culturing cells in 
osteogenic medium (-MEM containing 10 mM -glycerophosphate and 
100 µg/ml ascorbic acid) for 7 d, which was confirmed by AP staining.

Cytotoxicity assay
The cytotoxicity of eosin on BMMs was assessed using CCK-8 reagents 
(Dojindo Laboratories) that produce formazan dye in the presence of live 
cells. The optical density was measured at 450 nm.

Lipopolysaccharide-induced bone resorption in vivo
Mice were injected with 5 mg/kg LPS (from Escherichia coli 0111:B4; 
Sigma-Aldrich) intraperitoneally twice with a 4-d interval as described pre-
viously (Chang et al., 2008b). 30 µl of 5 mM eosin were injected at the 
proximal ends of tibiae twice with a 4-d interval. At 7 d after the first injec-
tion, mice were killed and tibiae sections were stained for TRAP activity.

Calvarial bone resorption assay in vivo
Control or PMCA siRNA oligonucleotides (20 µM, 30 µl) were mixed with 
10 µl Lipofectamine 2000 and injected into the subcutaneous space of cal-
variae of 5-wk-old ICR mice three times with 2-d intervals. As a positive 
control for bone resorption, collagen matrices soaked with RANKL (10 µg) 
were implanted on the periosteal surface of calvariae. At 6 d after final 
siRNA injection, mice were killed and calvariae were subjected to CT or 
processed for histological analyses.

Bone histomorphometry
Bone histomorphometric analyses were performed on paraffin-embedded 
sections as described previously (Chang et al., 2008b). In brief, calvariae or 
tibiae were fixed in 4% paraformaldehyde, decalcified in 12% EDTA for  
4 wk, and embedded in paraffin. 5-µm-thick tissue sections were subjected 
to TRAP staining or hematoxylin/eosin staining according to standard proce-
dures. For the measurements of mineralized bones, tibiae were fixed in 4% 
paraformaldehyde, dehydrated in graded ethanol, and embedded in methyl 
methacrylate resin. Sections of 5 µm thickness were subjected to von Kossa’s 
silver nitrate staining followed by van Gieson’s counterstaining.

CT analysis
Femurs of 6-wk-old male Atp2b1+/, Atp2b4/, and wild-type littermate 
mice were analyzed by CT using the SkyScan 1072 system (SkyScan). 
Trabecular bone volume was measured in the 1-mm region in length, 1 mm 
below the distal growth plate of femurs. A total of 350–400 tomographic 
slices were acquired and 3D analyses were performed with CT volume 
software (ver 1.11; SkyScan).

Detection of apoptosis in vivo and in vitro by TUNEL assay
TUNEL assay using In situ Cell Death Detection kit (Roche) coupled to an 
AP-conjugated antobody was performed on bone tissue sections of 6-wk-old 
male Atp2b1+/, Atp2b4/, and wild-type littermate mice to evaluate in 
vivo osteoclast apoptosis. For the detection of in vitro osteoclast apoptosis, 
mature osteoclasts were purified from the co-cultures of mouse bone mar-
row cells and calvarial osteoblasts (Ha et al., 2004). After transferring onto 
dentine discs (Immunodiagnostic Systems), mature osteoclasts (2 × 102 
cells/disc) were transfected with PMCA siRNA oligonucleotides and further 
cultured with 30 ng/ml M-CSF and 100 ng/ml RANKL for 2 d. TUNEL assay 
with In situ Cell Death Detection kit coupled to an FITC-conjugated antibody 
was performed followed by Cy3-conjugated phalloidin (Invitrogen) and 
DAPI (Invitrogen) staining.

NO measurements
BMMs on glass coverslips were transfected with control or isoform-specific 
PMCA siRNAs and were further cultured with 30 ng/ml M-CSF and 100 ng/ml 
RANKL for 2 d. Cells were loaded with 5 µM of the cell-permeable fluores-
cent NO indicator DAF-2 DA (EMD Millipore) for 30 min. NO-dependent fluo-
rescence was observed under a laser-scanning microscope. To confirm the 
specificity of DAF-2 DA fluorescence, cells were cultured overnight with  
100 ng/ml LPS in the absence or presence of a NO synthase inhibitor, L-NMMA 
(10 µM; EMD Millipore), for 2 h before DAF-2 DA loading.

Statistical analysis
The Student’s t test was used to determine the significance of differences 
between two groups. Comparison of multiple results was performed by 
one-way analysis of variance followed by Student Knewman-Keuls post hoc 
tests. Differences with P < 0.05 were regarded as significant. The gene  
expression data in Fig. 7 were analyzed by Mann-Whitney U test.
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