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Atp6v0d2 Is an Essential Component of the Osteoclast-Specific
Proton Pump That Mediates Extracellular Acidification in

Bone Resorption

Haiping Wu,1,2 Guoliang Xu,2 and Yi-Ping Li3,4

ABSTRACT: Bone resorption relies on the extracellular acidification function of vacuolar (V-) ATPase
proton pump(s) present in the plasma membrane of osteoclasts. The exact configuration of osteoclast-specific
V-ATPases remains largely unknown. In this study, we found that Atp6v0d2 (d2), an isoform of the d subunit
in the V-ATPase, showed 5-fold higher expression than that of Atp6v0d1 (d1) in mature osteoclasts, indi-
cating a potential function in osteoclastic bone resorption. When d2 was depleted at an early stage of
RANKL-induced osteoclast differentiation in vitro, formation of multinucleated cells was severely impaired.
However, depletion of d2 at a late differentiation stage did not affect osteoclast fusion but did abolish the
activity of extracellular acidification and bone resorption of mature osteoclasts. We also showed the asso-
ciation of the two tagged-proteins d2 and a3 when co-expressed in mammalian cells with a co-immunopre-
cipitation assay. Moreover, glutathione-S-transferase (GST) pull-down assay showed the direct interaction of
d2 with the N terminus of Atp6v0a3 (a3), which is the functionally identified osteoclast-specific component of
V-ATPase. Therefore, our results show the dual function of d2 as a regulator of cell fusion in osteoclast
differentiation and as an essential component of the osteoclast-specific proton pump that mediates extra-
cellular acidification in bone resorption.
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INTRODUCTION

BONE HOMEOSTASIS IS dynamically maintained by both
the bone degradation of osteoclasts and bone forma-

tion of osteoblasts.(1–3) Many diseases, such as osteoporo-
sis, rheumatoid arthritis, and osteopetrosis, are mostly or
partially caused by abnormal activities of osteoclasts.(4–6)

The osteoclasts capable of resorption are giant multinu-
cleated cells (MNCs) derived from monocyte/macrophage
lineage precursor cells that become ultimately mature by
fusion from mononuclear pre-osteoclasts.(2,3,7) Bone re-
sorption is ascribed to extracellular acidification in the
ruffled border. A resorption lacuna beneath a mature os-
teoclast is where the low pH microenvironment contributes
to resorption of the bone matrix, including the degradation
of inorganic minerals and the enzymatic hydrolysis of the
organic components.(1,3,8) It has been widely accepted that
the cellular acidification depends on the ATP-driven pro-
ton pump, the vacuolar type H+-ATPase (V-ATPase)

complex ubiquitously distributed in the membrane of such
intracellular organelles as clathrin-coated vesicles, endo-
somes, the Golgi complex, and lysosomes, as well as in the
plasma membrane of certain cell types, including renal
intercalated cells and osteoclasts.(9–12) Conserved in eu-
karyotes from yeast to mammalian cells, this proton pump
is a multi-subunit complex composed of two domains that
allow for coupling to form an integrated active V-ATPase:
a peripheral V1 domain involved in ATP hydrolysis and a
membrane integral V0 domain with a function of proton
transport.(10,11,13) In mammalian cells, a widely accepted
structural model for the composition of this bidomain
complex has been depicted in which eight different subu-
nits (A–H) compose V1, and five subunits (a, c, c0, d, and e)
associate to form V0 and to hold V1 at the mem-
brane.(10,11,14)

Multiple isoforms of some subunits in V-ATPase, in-
cluding B, C, E, and G of V1 and a and d of V0, have been
identified in various tissues and cell types, where diverse
functions for these isoforms are needed.(15–18) For exam-
ple, four isoforms have been characterized for subunit a.
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We previously reported that one of the a subunit isoforms,
Atp6v0a3 (a3, also known as Atp6i or Tcirg1), is promi-
nently expressed in osteoclasts(19,20) and that Atp6i dis-
ruption in mice resulted in severe osteopetrosis phenotype
because of the loss of extracellular acidification.(21) Muta-
tional analysis in patients with infantile malignant autoso-
mal recessive osteopetrosis (MIM259700) indicated that
lack of a functional a3 subunit causes severe osteopetrosis
because of impairment of bone resorption.(21,22) Recently,
another osteoclast-specific proton pump subunit Atp6v1C1
(C1) was also reported to be involved in the formation of
filamentous (F-) actin rings in osteoclasts.(23) Previous re-
ports have provided evidence that V-ATPase complexes
may selectively form to contain particular combinations of
subunit isoforms in certain cell types.(17,24) Therefore, it
remains assumed, but not proven, that a distinct V-ATPase
complex serving in extracellular acidification exists in the
plasma membrane of osteoclasts, combined with certain
subunits (e.g., a3 or C1) required for the function of bone
resorption by osteoclasts.

A 38-kDa protein Atp6v0d2 (d2), one of the two closely
related isoforms for subunit d, has been found to be
expressed in various mammalian tissues and is the
most abundant in osteoclasts.(15–17,25–28) It shows a much
more specific expression profile than the other isoform
Atp6v0d1 (d1), suggesting a different role(s) in certain
cell types.(26) Studies of the homolog of subunit d in yeast
Saccharomyces cerevisiae suggested that this subunit may
contribute to the efficient coupling of ATP hydrolysis of V1

and proton translocating of V0.(15) A recent gene targeting
study has reported that Atp6v0d22/2 mice showed osteo-
petrosis phenotype. This osteopetrosis phenotype was at-
tributed to the failure of pre-osteoclast fusion into mature
multinucleated cells.(29) However, other roles of d2 in V-
ATPase activity (beyond cell fusion) could not be ruled out
because the possibility of studying d2 function in normal
mature osteoclasts was precluded by the impaired forma-
tion of mature osteoclasts induced with RANKL from
Atp6v0d22/2 bone marrow–derived macrophages (BMMs)
in vitro.(29) Therefore, the functional importance of d2 in the
osteoclast proton pump still needs to be further established.

In this study, we characterized d2 in our search for os-
teoclast-specific pump subunits using microarray analysis
in human mature osteoclasts as described(30–32) and con-
firmed its upregulation in osteoclast differentiation in
vitro.(29) We performed lentivirus-mediated RNA inter-
ference (RNAi) knockdown of d2 expression in vitro at
different osteoclast differentiation stages.(32) Consistently
with the mouse model, depletion of d2 at an early differ-
entiation stage impaired pre-osteoclast fusion.(29) How-
ever, the knockdown of d2 expression at a late differentiation
stage did not affect maturation of osteoclasts but impaired
the multinucleated cell functions of bone resorption and
extracellular acidification. We also validated the association
of d2 and a3 by glutathione-S-transferase (GST) pull-down
and co-immunoprecipitation (co-IP) assays. Our results
suggest that Atp6v0d2 has dual functions in osteoclasts
both for regulation of osteoclast maturation and for
extracellular acidification when it serves as a component of
V-ATPase in mature osteoclasts.

MATERIALS AND METHODS

Constructs

Mouse Atp6v0d2 (accession no. NM_175406) and the
full-length or fragments of mouse Atp6v0a3 (accession no.
NM_016921) were cloned by PCR from cDNA of mouse
osteoclasts into mammalian expression vectors pcDNA3-
HA and pcDNA4-Flag-Myc, respectively. For bacterial
expression, coding sequences of the full-length Atp6v0d1
(NM_013477) and Atp6v0d2 were cloned into pGEX-4T-3
(Amersham), and the full length or fragments of Atp6v0a3
were subcloned into pET28a (Novagen). Small hairpin
RNA (shRNA) specifically targeting the mRNA of mouse
Atp6v0d2 was designed from Dharmacon siDESIGN cen-
ter (http://www.dharmacon.com) with the sense strand se-
quences of 59-AGAGAGUGGCAGAUAAUUA-39 (sh-
d2-1), 59-UUGAAUUACUGCGCAAUAA-39 (sh-d2-2),
and 59-AGACGCGCUUUAAUCAUCA-39 (sh-d2-3).
The sequence for shRNA targeting LacZ is 59-CUCGGC
GUUUCAUCUGUGG-39 (sh-LacZ). The shRNA oligos
were annealed and ligated into BglII/HindIII of pSUPER
vector (Oligoengine), downstream of a H1 promoter. The
H1-shRNA cassettes were subcloned into lentivirus vector
(a kind gift from Dr. J. Kang).

Cell culture and osteoclast in vitro differentiation

Human embryonic kidney 293T (HEK-293T) and NIH-
3T3 cells were maintained in DMEM supplemented with
10% FBS. Mouse BMMs and mature osteoclasts were
generated as described.(21,32,33) Isolated BMMs from
C57BL/6 mice were cultured in aMEM (pH 6.9) containing
10% FBS in the presence of 30 ng/ml recombinant
RANKL (R&D Systems) and 30 ng/ml recombinant mac-
rophage-colony stimulating factor (M-CSF; R&D Systems)
for 5 days and characterized by staining for TRACP ac-
tivity with a commercial kit (Sigma) and TRACP+ MNCs
were enumerated per well in a 24-well plate. Concentration
of mouse cross-linked C-telopeptide of type I collagen
(CTX-1) in the medium was measured with a commercial
ELISA kit (cat. E0665m; Uscnlife, Wuhan, China), ac-
cording to the manufacturer’s procedures. The value of
optical density (OD) at 450 nm of each well in the ELISA
assay plate was determined using a microplate reader of
SpectraMax M5 (Molecular Devices), and the concentra-
tion of CTX-1 of each well was read from a standard curve.

RNA preparation and RT-PCR

Total RNA was isolated from cultured cells or mouse
tissues with TRIzol reagent (Invitrogen) according to the
manufacturer’s protocol. Mouse cDNA was reverse-tran-
scribed from 0.5 mg total RNA with oligo(dT)15 primer by
AMV reverse transcriptase (Promega). For real-time
quantitative RT-PCR, each reaction was performed in a
mixture containing EVA Green (Biotium) in a thermo-
cycler Mastercycler ep realplex (Eppendorf), and the PCR
results were analyzed with the software RealPlex
(Eppendorf). Primers used for RT-PCR were as follows:
Atp6v0d1, 59-CCATCCGCTAGGCAGCTTT-39 (forward)
and 59-ATCAAGGTCCTGCTCTGAGAT-39 (reverse);
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Atp6v0d2, 59-GAAGCTGTCAACATTGCAGA-39 (for-
ward) and 59-TCACCGTGATCCTTGCAGAAT-39 (re-
verse); calcitonin receptor (CalcR), 59-GACAAC
TGCTGGCTGAGTG-39 (forward) and 59-GAAGCAGT
AGATAGTCGCCA-39 (reverse); cathepsin K (CathK), 59-
ACGGAGGCATCGACTCTGAA-39 (forward) and 59-
GATGCCAAGCTTGCGTCGAT-39 (reverse)(34); gapdh,
59-CTGCACCACCAACTGCTTAG-39 (forward) and 59-
AGATCCACGACGGACACATT-39 (reverse); b-actin,
59-GAAATCGTGCGTGACATCAAAG-39 (forward) and
59-TGTAGTTTCATGGATGCCACAG-39 (reverse).

GeneChip analysis

The human osteoclast cells and stromal cells were
obtained as described.(19)The geneChip data were ana-
lyzed using an Affymetrix GeneChip scanner and accom-
panying gene expression software as described.(32)

Lentivirus production and transduction

Lentivirus vector and packaging plasmids (kindly pro-
vided by Dr. J. Kang) were co-transfected into HEK-
293T cells using a calcium phosphate co-precipitation
method as described.(35) Lentiviral supernatant was har-
vested 60 h after transfection. BMMs at RANKL induction
day 1 or day 3 were transduced with lentiviral supernatant
for 6 h in the presence of 4 mg/ml polybrene (Sigma). The
medium was replaced with fresh aMEM containing 10%
FBS, 30 ng/ml RANKL, and 30 ng/ml M-CSF for the in
vitro differentiation. Transduced osteoclasts were har-
vested 72 h after infection and assayed for functional ex-
aminations.(32) The efficiencies of lentivirus transduction
were determined by fluorescence of green fluorescent
protein (GFP), which is constantly expressed from lenti-
virus constructs.

Cell transfection, Western blotting, and antibodies

Plasmid constructs were transfected into HEK-293T or
NIH-3T3 cells using Lipofectamine reagent (Invitrogen).
Cells were harvested into standard lysis buffer (50 mM
Tris-HCl [pH 6.8], 100 mM dithiothreitol, 2% SDS [wt/
vol], 0.1% bromphenol blue [wt/vol], 10% glycerol [vol/
vol]). SDS/PAGE and Western analysis were carried out
according to a standard protocol.(36) The primary anti-
bodies used were: anti-b-actin monoclonal antibody
(Sigma), anti-Flag polyclonal antibody (Sigma), anti-
hemagglutinin (HA) monoclonal antibody (Sigma), anti-
Myc monoclonal antibody (Santa Cruz), and anti-histidine
(His) monoclonal antibody (Sigma). The rabbit antiserum
specific for Atp6v0d2 was generated as described(21)

against the peptide with the amino acid sequence
CISQRHRTKINSYIPIL.(26) The protein levels on blot
were analyzed and quantified with the NIH ImageJ soft-
ware.

Cell immunofluorescence

Immunostaining of cells on coverslips or dishes directly
were carried out as described(37) with antibodies as indi-
cated (Supplementary Fig. 3). Confocal images were taken
with Leica confocal TCS-SP2 from a Leica DMRE fluo-

rescence microscope and Leica confocal software. To vi-
sualize F-actin rings, osteoclasts were stained with 2 U/ml
AlexaFlour546-phalloidin (Molecular Probes). Nuclei
were visualized with 1 mg/ml 49,6-diamidino-2-phenyl-
indole (DAPI; Sigma).

Pit formation assay and scanning electron microscopy

BMMs were grown on dentin slices (;4 3 4 mm2) in the
presence of RANKL/M-CSF for 5 days as described.(21,38)

To visualize resorption lacunae, cells were removed from
the dentin slices with 1 M ammonium hydroxide and son-
ication (50 Hz, 20 min). Dentin slices were washed and
stained with 1% (wt/vol) toluidine blue in 1% (wt/vol)
sodium borate. Pit numbers were counted under micro-
scope, and resorption area was quantified with NIH ImageJ
software. For scanning electron microscopy (SEM) analy-
sis, dentin slices were sonicated in distilled water for 5 min
and dehydrated through a graded ethanol series. Slices
were coated with gold and examined with a JSM-6360 SEM
(JEOL) operating at 12 kV.(33)

Acridine orange staining

Osteoclasts were incubated in aMEM containing 5 mg/
ml of acridine orange (Sigma) for 15 min at 378C, washed,
and chased for 10 min in fresh media without acridine or-
ange as described.(12,33) The cells were observed under a
fluorescence microscope with a 490-nm excitation filter and
a 525-nm arrest filter. The MNCs with green fluorescence
from nuclei and red-orange fluorescence from acidified
intra- or extracellular compartments were enumerated per
well in a 24-well plate.

Microsomes preparation from osteoclasts
and proton transport assay

We prepared microsomes from d2-depleted or untrans-
duced osteoclasts as described.(29,39) Briefly, osteoclasts
were washed twice with cold homogenization buffer (20
mM HEPES-KOH [pH 7.4], 1 mM EDTA, 2 mM dithio-
threitol, 250 mM sucrose) at 1000g for 10 min at 48C. Cells
were suspended in homogenization buffer and passed 10
times through a 27.5-gauge needle. Intact cells and mito-
chondria were removed by centrifugation at 7000 r.p.m. for
10 min at 48C in a Beckman SS-34 rotor. The supernatants
were centrifuged at 100,000g for 30 min at 48C in a Beck-
man SW41 rotor, and the resulting pellets were suspended
in cold buffer A (150 mM KCl, 20 mM HEPES-KOH, 2
mM dithiothreitol, pH 7.4). Protein concentrations in the
suspension were determined with a protein assay kit (Bio-
Rad), with BSA as a standard.

We performed the proton transport assay as de-
scribed.(21,29,39) We incubated microsome samples from
osteoclasts (;15 mg) for 7 min in 2 ml acidification buffer
(150 mM KCl, 20 mM HEPES-KOH, 5 mM MgCl2, 5 mM
acridine orange, 1.25 mM valinomycin, pH 7.4) at 258C.
Proton transport was initiated by addition of ATP and
monitored as fluorescence quench of acridine orange (ex-
citation, 492 nm; emission, 520 nm) using a fluorescence
spectrophotometer of Varian, and data were analyzed with
Cary Eclipse Kinetics software (Varian). The initial rate
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(DF/min) was derived from the slope generated by the first
60 s of the acidification assay. We also determined the total
fluorescence change after addition of 1.5 mM nigericin (DF).
Valinomycin and nigericin were purchased from Sigma.

Co-immunoprecipitation assay

HEK-293T cells transfected with the mammalian ex-
pression constructs pcDNA-HA-d2 and pFlag-a3F-Myc
were lysed in IP lysis buffer (20 mM Tris-HCl [pH 7.4], 150
mM NaCl, 1% Nonidet P40 [vol/vol], 1 mg/ml leupeptin,
and 1 mM phenylmethanesulfonyl fluoride [PMSF]), son-
icated briefly (100 W; 10 s on/15 s off; 10 cycles), and
cleared by centrifugation at 10,000g for 10 min at 48C as
described.(40) Supernatants were incubated with anti-Myc
or anti-HA monoclonal antibodies at 48C for 2 h. Protein
G-agarose beads (Roche) were added into the mixture and
rotated at 48C overnight. Immunoblotting was performed
as described above with anti-d2 rabbit antiserum and anti-
Flag polyclonal antibody, respectively.

Protein expression, purification, and GST
pull-down assay

GST and histidine-tagged fusion proteins were
expressed in the E. coli strain BL21 (DE3). Purification
was performed using glutathione-Sepharose 4B (Amer-
sham) for GST fusion proteins or Ni2+-nitrilotroacetate
(Ni-NTA) column (Qiagen) for His-tagged proteins as
described in the manufacturer’s instructions, following the
induction of the cells with 0.2 mM isopropyl b-D-thio-
galactopyranoside (IPTG) at 168C for 20 h.

The GST pull-down assay was performed essentially as
described.(36) Ten micrograms GST or GST fusion proteins
purified from bacteria was incubated with glutathione-Se-
pharose 4B beads (Amersham) in the binding buffer (0.2%
Nonidet P40 [vol/vol], 1% BSA [wt/vol], 1 mM dithio-
threitol, 1 mM PMSF, in 13 PBS) in a total volume of 500
ml at 48C for 2 h. Fifteen micrograms of purified His fusion
proteins was added to the slurry and incubated at 48C for
another 2 h. The Sepharose beads were washed with the
wash buffer (20 mM Tris-HCl [pH 8.0], 300 mM NaCl,
0.5% Nonidet P40 [vol/vol], 1 mM EDTA, 1 mM PMSF)
three times, and bound proteins were resolved by SDS/
PAGE and visualized by Western blotting using anti-histidine
antibody.

Statistical analysis

All data are expressed as mean ± SD from at least three
independent experiments for each experimental condition.
Statistical analysis was evaluated with paired Student’s t-
test to analyze differences between groups. The graphs and
plots were produced with Sigmaplot software (Systat
Software).

RESULTS

High expression of Atp6v0d2 in matured osteoclasts

We characterized Atp6v0a3 (a3, Atp6i, Tcirg1) as an
osteoclast-specific isoform of subunit a in V-ATPase that is
essential in osteoclast-mediated extracellular acidifica-
tion.(20,21) In this study, we tried to characterize other os-
teoclast proton pump subunits using microarrays to analyze
gene expression profiles in mature osteoclasts as de-
scribed.(30–32) We found that the expression level of
Atp6v0d2 (d2), one isoform of subunit d in V-ATPase, was
induced ;100-fold with RANKL, whereas expression of
Atp6v0d1 (d1), another isoform of subunit d, could not be
induced (data not shown). In addition, the level of d2 ex-
pression was ;5-fold higher than that of d1 in human
mature osteoclasts, indicating that d2 may function as an
osteoclast-specific subunit in V-ATPase like a3 (Fig. 1A).

The subunit d2 has been identified in various tissues,
with the most abundance in osteoclasts.(15,16) Similar to a3,
we observed the upregulation of d2 expression in osteoclast
differentiation from BMMs in vitro (Supplementary Fig.
1A, left), as previously reported.(29) Similar to the micro-
array data from human osteoclasts, the transcription level
of d2 was ;7-fold higher than d1 in mouse mature osteo-
clasts shown in the mRNA ratio of d2/d1 quantified with
real-time RT-PCR experiments, whereas the ratios in other
mouse tissues were much lower in the comparison (Fig.
1B). Notably, TRACP+ typical MNCs formed at day 4 have
been shown to have similar mRNA levels of d2 and two
osteoclast marker genes (i.e., CalcR and CathK) as those at
the later stage of day 5 (Supplementary Figs. 1B and 1C).
However, protein levels of Atp6v0d2 expression increased
dramatically from day 4 to day 5 (Supplementary Fig. 1A,
right). Taken together, the results suggested that d2 may be
functionally important in matured osteoclasts.

FIG. 1. Expression of Atp6v0d2 in mature
osteoclasts. (A) Comparison of microarray
data for expression levels of Atp6v0d1 and
Atp6v0d2 in human osteoclasts. (B) Ratios of
the mRNA levels of d1 and d2 in mouse tis-
sues and related cells assessed by real-time
RT-PCR. The value of d2/d1 is the ratio of
transcript copy numbers from the two genes
measured in an equal amount of cDNA
template (n = 3).
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Atp6v0d2 knockdown by lentivirus-mediated
differentiation stage-specific RNAi during
osteoclast differentiation

The poor formation of MNCs with abnormal resorptive
capability derived from Atp6v0d22/2 BMMs precludes the
possibility to study d2 function in mature osteoclasts.(29)

Here we adopted a lentivirus-based knockdown approach
at different stages in RANKL-induced osteoclast differ-
entiation to define whether d2 is required for the function
of matured osteoclasts beyond its critical involvement in
the cell maturation process.(32) To address this point, d2
expression was depleted by lentiviral shRNA transduction
at early or late stages. RANKL induction day 3 was chosen
as the late stage for d2 knockdown (designated as d2KD-
day3) as indicated by the emergence of MNCs in obser-
vation (Supplementary Fig. 1B) and by the expression
patterns of specific osteoclast marker genes (Supplemen-
tary Fig. 1C). As a control experiment to confirm the role
of d2 in osteoclast maturation, knockdown of d2 was also
carried out at day 1 (designated as d2KD-day1), which was
chosen as the early stage in differentiation as indicated by
the expression patterns of marker genes (Supplementary
Fig. 1C). After lentivirus transduction, osteoclasts in both
knockdown treatments were induced with RANKL until
day 5 for further analyses.

One of three shRNA targeting coding sequences of
Atp6v0d2 (sh-d2-1) was validated for the effective plasmid-

based knockdown of overexpressed d2 cDNA in
HEK-293T cells (Supplementary Fig. 1D). This shRNA
was subcloned into a lentiviral vector for the virus-
based knockdown experiment, as were three other shRNA
(sh-d2-2, sh-d2-3, and sh-LacZ targeting LacZ gene).
These were carried out as off-target controls for d2 de-
pletion. A previous report has shown the efficiency of
lentivirus transfection to be <50%.(41) However, as shown
in Fig. 2C, we found that the transduction efficiencies were
almost 100% (indicated by the green fluorescence of GFP
that was constantly expressed in the lentivirus vector) for
all experimental groups of d2KD-day3 (Fig. 2C) and of
d2KD-day1 (Supplementary Fig. 2J). We speculate that
this discrepancy might come from different lentivirus titers,
multiplicity of infection (MOI), and targeting cells because
human osteoclasts were used in the previous report.(41)

Convincingly, another report has also recently shown a
transduction of nearly 100% of the lentivirus into mouse
primary osteoclasts.(23)

Western blotting showed that protein levels of d2 were
repressed by lentiviral sh-d2-1 transduction in both d2KD-
day3 and d2KD-day1 osteoclasts (Fig 2A, left). The tran-
scription level of d2 in lentiviral sh-d2-1 transduction was
greatly decreased, whereas d1 remained stable (Fig. 2B,
left; Supplementary Fig. 1E, left). Real-time RT-PCR
further showed that mRNA levels of d2 in d2KD-day3 or -
day1 (sh-d2-1) were reduced to ;4% of those in un-
transduced osteoclasts (UT; Fig. 2B, right; Supplementary

FIG. 2. Lentivirus-mediated differentiation
stage-specific RNAi of Atp6v0d2. (A) De-
pletion of Atp6v0d2 with lentiviral shRNA
shown in protein expression level. (Left)
Western blotting shows the depletion of d2 in
d2KD-day1 and -day3 osteoclasts transduced
with lentivirus encoding shRNA of Atp6v0d2
(sh-d2-1 and sh-d2-3) and LacZ (sh-LacZ) or
lentiviral empty vector (vector). (Right)
Quantitative analysis of protein levels in left.
Protein levels on blot were analyzed with
NIH Image software, and the data were
normalized to sh-LacZ, respectively (n = 3).
(B) Lentiviral depletion of d2 in d2KD-day3
osteoclasts shown in mRNA level. (Left) RT-
PCR showed the expression of related genes
in d2KD-day3 osteoclasts. Arrowheads indi-
cate the sizes of PCR products. (Right)
quantification of the mRNA levels of d1 and
d2 (normalized to the b-actin level) in d2KD-
day3 osteoclasts by real-time RT-PCR.
Shown are the averages and SDs of relative
values compared to untransduced (UT) os-
teoclasts (n = 3). *p < 0.01. (C) The high
transduction efficiency of lentivirus encoding
different shRNA in d2KD-day3 osteoclasts
indicated by the GFP fluorescence compared
with the bright views. Arrows indicate GFP+

MNCs. Scale bar = 30 mm.
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Fig. 1E, right). In contrast, lentiviral transduction of sh-d2-
3 and sh-LacZ only showed compromised depletion effects
on d2 expression with ;20% for sh-d2-2 (80% of d2 ex-
pression remained) and even lower for sh-d2-3 (;50% in
protein level as shown in Fig. 2A, right). The control sh-
LacZ did not have any depletion effects on d2 expression in
protein or mRNA level and neither did the lentiviral empty
vector (vector; Figs 2A and 2B). This suggests none or few
interference effects from those lentiviruses. In addition,
lentivirus infection seemed to not hamper expression of
other proton pump subunits in osteoclasts, including d1 and
a3, or other osteoclast marker genes, such as CalcR and
CathK (Fig. 2B and Supplementary Fig. 1E, left). Collec-
tively, these results showed the high transduction efficiency
of lentivirus into primary osteoclasts and the effective de-
pletion of d2 with lentiviral shRNA at both the early and
late stages in osteoclast differentiation.

Normal maturation of d2KD-day3 osteoclasts

We examined whether the depletion of d2 affected
maturation in d2KD-day3 or -day1 osteoclasts in a like
manner to osteoclast differentiation in Atp6v0d22/2

mice.(29) First, when d2KD-day3 osteoclasts knocked down
by sh-d2-1, sh-d2-3, or sh-LacZ were induced with RANKL
to day 6, the cell morphology and viability seemed to be
similar to control cells (data not shown). Because both the
vector and UT controls have normal osteoclast morphol-
ogy, the lentiviral manipulation did not hamper the normal
differentiation of osteoclasts (Fig 2B, left). Next, we ex-
amined the expression of an osteoclast marker gene
TRACP in d2KD-day3 cells with a TRACP staining
method.(33) The similar patterns of red-stained MNCs
(TRACP+ mature osteoclasts) were shown among sh-d2-
1 (Fig. 3A), sh-d2-3, sh-LacZ (Figs. 3B and 3C), and UT
(Fig. 3F), with the average numbers of TRACP+ MNCs (at
least three nuclei) enumerated in these osteoclasts around
120.0–136.3 per well of a 24-well plate (Fig. 3K). Notably,
numbers of all TRACP+ cells including mononuclear pre-
osteoclasts were also quantified comparable in these
groups, suggesting that the ratios of MNCs fusion were
similar in d2-depleted cells and normal expressed cells (Fig.
3L). TRACP staining was also assayed on osteoclasts
grown on dentins, bone slices, to mimic a more physio-
logical condition for the activity of the acid phospha-
tase.(31) Convincingly, we saw similar TRACP staining
patterns (data not shown) and TRACP+ MNCs propor-
tions between sh-d2-1 and other groups (Fig. 3M). The
results above showed that the deficiency of d2 in a late
stage of osteoclast differentiation does not affect the mat-
uration of osteoclasts. In contrast, a decreased number of
TRACP+ MNCs (Fig. 3D) and reduced proportion of
MNCs in population (Figs. 3K and 3M) were found in sh-
d2-1 osteoclasts of d2KD-day1 (15.7 ± 5.0), indicating the
efficiency of d2 depletion compared with the normal mat-
uration of sh-d2-3 cells (Fig. 3E). This result suggests that
d2 is essential in an early differentiation stage as shown in
the mouse model.(29)

On activation, after attachment to the matrix surface
(i.e., dentin slice or plastic dish), a mature osteoclast could

be ‘‘resorption capable’’ within its ruffled border. The re-
sorption site is rich in filamentous actin (F-actin) where
quantities of V-ATPases reside and transport protons ac-
tively.(1,32) Because the deficiency of C1 could disrupt the
formation of F-actin rings, we examined the integrity of the
actin ring to define whether d2-depleted osteoclasts were
indeed actively ready with a ruffled border.(23,42) Staining
of d2KD-day3 osteoclasts with AlexaFlour546-phalloidin
(Molecular Probes) showed normal F-actin rings with red
fluorescence emission either in sh-d2-1 or in vector (Figs.
3G and 3H), with the average ring numbers in all experi-
mental groups around 153.3–177.7 per well (Fig. 3N). As
expected, the formation of actin rings was indeed de-
creased in d2KD-day1 osteoclasts (Figs. 3I and 3J). The
average number in sh-d2-1 was reduced to 20.9 ± 5.2
(compared with UT: 174.2 ± 25.8; Fig. 3N), which indicated
less formation of mature osteoclasts, as was observed in
Atp6v0d22/2 osteoclasts.(29) The staining of F-actin rings of
MNCs on dentin slices had similar results (data not shown).
In summary, the results showed that d2KD-day3 osteo-
clasts showed normal differentiation and maturation from
the loss-of-function study of Atp6v0d2.

Deficiency of d2 impairs the bone
resorption of osteoclasts

The results above collectively hint at a different role of
d2 beyond cell fusion in osteoclasts that have already ma-
tured. As such, we anticipated that d2 may also play a role
in bone resorption, the major function of osteoclasts.(1) To
address this point, we performed a pit formation assay to
directly assess the resorption ability of d2-depleted osteo-
clasts by comparing the resorption lacunae termed ‘‘pits’’
on dentin surfaces produced by osteoclasts grown on the
bone slices.(33) As shown in d2KD-day3 osteoclasts, stain-
ing with toluidine blue (Sigma) showed the poor formation
of blue-stained resorption pits in sh-d2-1 (Fig. 4A). In
contrast, sh-d2-3, sh-LacZ, and UT showed numbers of
blue-stained, irregular-shaped resorption pits with various
sizes of surface spread across the dentins (Figure 4B–D).
The same result was found in d2KD-day1 osteoclasts with a
sharply decreased pit formation in sh-d2-1 (Supplementary
Figs. 2E and 2G).

We quantified the large lacunae (�4000 mm2) in d2KD-
day3 osteoclasts to rule out the contributions of mono- and
di-nucleated pre-osteoclasts, which may also participate in
the formation of resorption lacunae of small sizes.(2) Os-
teoclasts from sh-d2-3, sh-LacZ, or UT produced ;13.0–
19.0 large pits per dentin (4 3 4 mm2), whereas the average
pit number of sh-d2-1 was reduced to 2.0 ± 1.0 and only
11.3% of that in vector (17.7 ± 2.5; Fig. 4J). Similarly, the
number was reduced lower to 1.3 ± 1.5 for sh-d2-1 in
d2KD-day1 osteoclasts and only 7.5% of that of vector
(Fig. 4J). Despite some contributions to bone resorption of
the MNCs already emerged at day 3, it is obvious that the
impairment of bone resorption was not caused by the de-
crease in MNCs formation but ascribed to the d2 depletion.
Besides, when we enlarged the counting to include those
small lacunae (<4000 mm2), compromised resorption
ability was also found in d2KD-day3 or -day1 osteoclasts,
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indicating that the depletion of d2 also impaired the bone
resorption in pre-osteoclasts (Fig. 4K). Because the area of
each pit greatly varies and it is usually hard to distinguish
an individual pit from neighboring pits, we also compared
the total resorbed area with the whole dentin surface (4 3 4
mm2; analyzed with NIH ImageJ software). The coverage
of resorption lacunae on dentin was decreased to around
only 4.3% for sh-d2-1 in d2KD-day3 or 1.7% in d2KD-day1
osteoclasts, respectively. In contrast, the relevant per-
centages for control groups were ;33.3–43.0% (Fig. 4L).

We also confirmed the resorption data with a JSM-6360
SEM (JEOL). As shown in Fig. 4, reduction of lacunae
formation in sh-d2-1 was observed in 3500 images (Figs.

4E and 4G), and the surface area and depth of typical re-
sorption pits were also shown in more enlarged pictures
(Fig. 4H, 31000; Fig. 4I, 35000). Similar results were also
shown in d2KD-day1 osteoclasts (Supplementary Figs. 2H
and 2I). We also examined the concentration of mouse
CTX-1 in the culture medium, which was determined with
an ELISA kit as a direct measure of resorptive activity of
osteoclasts. The concentration of CTX-1 in sh-d2-1 was
also much reduced in d2KD-day3 or -day1 compared with
other control groups (Fig. 4K). In all these quantitative
data related to bone resorption, the sh-d2-3 did not show
obvious impairments (if any, it was only a very slight
decrease) of the resorption ability of osteoclasts. This

FIG. 3. Normal maturation of d2KD-day3
osteoclasts. (A–C) TRACP staining of
d2KD-day3 osteoclasts. (A) sh-d2-1. (B) sh-
d2-3. (C) sh-LacZ. (D and E) TRACP
staining of d2KD-day1 osteoclasts. (D) sh-
d2-1. (E) sh-d2-3. (F) TRACP staining of
untransduced osteoclasts. (G–J) Im-
munostaining of F-actin rings with Alexa-
Fluor546-phalloidin in d2KD-day3 osteoclasts
for (G) sh-d2-1 and (H) vector and in d2KD-
day1 osteoclasts for (I) sh-d2-1 and (J) vector.
(K) Quantification of TRACP+ MNCs (at
least three nuclei) per well. (L) Quantification
of all TRACP+ cells per random view (35
mm2). (M) Quantification of TRACP+ MNCs
per dentin slice. (N) Quantification of F-actin
rings per well. All data are expressed as mean
± SD (n = 3). *p < 0.05. Scale bars = 30 mm.
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suggests that the partial depletion of d2 may not hamper its
functions as in cell fusion (Fig. 3). In summary, our results
show that d2 is needed for the bone resorption of osteoclasts.

Depletion of d2 affects the extracellular acidification
of osteoclasts

Bone resorption by osteoclasts is attributed to an ex-
tracellular acidified compartment inside ruffled borders
that is supported by the proton-pumping V-ATPase com-

plexes in plasma membrane.(9,12) To define if d2, an iso-
form of subunit d of V-ATPase, contributes to the extra-
cellular acidification of osteoclasts such as a3,(21) we
applied an acridine orange staining assay on d2KD-day3
cells, which could show the intra- or extracellular acid
compartments present with the indicative orange or red
fluorescence.(21) As shown in d2KD-day3 MNCs, red flu-
orescence from vector or other control groups ap-
peared both in cytoplasm and around the plasma membrane

FIG. 4. Impaired activity of bone resorption
in d2KD-day3 osteoclasts. (A–D) Formation
of resorption pits in d2KD-day3 osteoclasts
on dentin slices for (A) sh-d2-1, (B) sh-d2-3,
(C) sh-LacZ, and (D) UT, respectively. Scale
bar = 30 mm. (E–I) Resorption lacunae were
visualized by SEM. 3500 pictures shown for
(E) sh-d2-1, (F) sh-d2-3, and (G) UT. (H)
Large resorption lacuna (sh-LacZ) was
shown in detail in 31000 picture. (I) Small
resorption lacuna (vector) was shown in de-
tail in 35000 picture. (J) Numbers of the
large resorption pits (�400 mm2) per dentin
slice. (K) Numbers of the small resorption
pits (<400 mm2) per dentin slice. (L) The re-
sorption areas of pits were determined using
NIH ImageJ software. (M) Medium type
1 collagen cross-linked telopeptide (CTX-1)
measured by ELISA. All data are expressed
as mean ± SD (n = 3). *p < 0.05; **p < 0.01.
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(Figs. 5C–5H), indicating the active acid production of V-
ATPase both in the intracellular organelles and across the
plasma membrane. In contrast, only spotted red fluores-
cence was observed in cytoplasm of sh-d2-1, with a lack of
acidification in extracellular compartments around the
plasma membrane (Figs. 5A and 5B). The proton-pumping
across the plasma membrane was almost abolished because
the number of MNCs with active extracellular acidification
in sh-d2-1 was reduced to <1% of that in control vector
(Fig. 5I). Similar to Atp6v0a32/2 osteoclasts, the results
indicate severe impairment of V-ATPase activities in the
plasma membrane of osteoclasts because of the deficiency
of d2 expression.(21) Nevertheless, these cells seemed able
to be normally activated with the formation of F-actin rings
(Figs. 3G–3J). The acridine orange staining assay on
d2KD-day1 cells showed a decrease in MNC formation
(Supplementary Figs. 2A–2D) caused by the deficiency of
d2 expression at an early differentiation stage. Interest-

ingly, orange fluorescence was also absent in extracellular
compartments around the plasma membranes of those
mono- or di-nucleated pre-osteoclasts in sh-d2-1 (Supple-
mentary Figs. 2A and 2B), implying that the impairment of
extracellular acidification might also affect those prema-
ture osteoclasts. Again, we did not find any effects from sh-
d2-3 or sh-LacZ on the extracellular acidification (Figs. 5E
and 5F), suggesting the specificity of sh-d2-1 in the loss-of-
function of d2.

To confirm the impairment of acidification in d2-de-
pleted osteoclasts more quantitatively, we also applied the
proton transport assay as described.(21,29,39) Microsomes
from d2KD-day3 or -day1 osteoclasts, as well as un-
transduced osteoclasts, were prepared. There was consid-
erably less microsomes of d2KD-day1 (about one half of
those in d2KD-day3 or UT), possibly because of a reduced
formation of MNCs. In proton transport assays, we put 15 mg
of the microsomes into reaction buffer, and the ATP-driven

FIG. 5. Impaired extracellular acidification
in d2KD-day3 osteoclasts. (A–H) Vital
staining of d2KD-day3 MNCs with acridine
orange for (A) sh-d2-1, (C) vector, (E) sh-d2-
3, (F) sh-LacZ, (G) mock, and (H) UT, re-
spectively. The bright views (B) for A and
(D) for C are also shown. Scale bar = 10 mm.
(I) Quantification of MNCs with active ex-
tracellular acidification per well. (J–L) Pro-
ton transport assays on microsomal
preparation of (J) d2KD-day3 and (K)
d2KD-day1 osteoclasts transduced with sh-
d2-1 lentivirus. Microsomes from un-
transduced osteoclasts were assayed as con-
trol (L). (M) Comparison of initial rates of
the proton flux in the first 60 s after adding 1.5
mM ATP in J–L. (N) Comparison of total
acidification (shown as DF) in J–L. All data
are expressed as mean ± SD (n = 3). *p < 0.05.
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initial rates of proton flux (DF/min) along with the total
acidification (DF) were generated from plots (Figs. 5J–5L).
We found both values of d2KD-day3 to be lower than
d2KD-day1 or UT with a significant difference (p < 0.05).
These results suggest that the impairment of proton
transportation of d2KD-day3 was caused by the failure of
V-ATPase and not by a low formation of MNCs (Figs. 5M
and 5N). Because V-ATPases in normal multinucleated
osteoclasts would be present in greater abundance in the
plasma membrane than in intracellular compartments,(39)

the reduced V-ATPase activity probably resulted from the
decreased extracellular acidification caused by d2 deple-
tion. Strikingly, the activity of proton transport was similar
in d2KD-day1 and UT. This is in accordance with the
previous report from a gene targeting study of d2.(29) We
speculated that with the same amounts of microsomes in
this experiment, the comparable pumping activity of
d2KD-day1 with UT was probably caused by the contri-
bution of the intact d1-integrated V-ATPase in intracel-
lular compartments (Figs. 5A and 5B). In summary, our
results suggest that d2 may be involved in the extracellular
acidification of V-ATPase across the plasma membrane of
osteoclasts.

Association of Atp6v0d2 and Atp6v0a3

Our results above indicate that d2 may be required for
the extracellular acidification of V-ATPase. However, de-
termining whether d2 is a true component of the proton
pump and identifying the molecular mechanism by which
d2 regulates the extracellular proton-pumping process in
the complex still need to be further addressed. Previous
studies have shown the localization of d2 in the ruffled
border where it co-localizes with subunit a3 in human os-
teoclasts.(26) The interaction between subunit d and B in
kidney cells has also been reported in Co-IP experi-
ments,(43) indicating that d2 may integrate into V-ATPase
of osteoclasts by direct interaction with other osteoclast-
specific subunits. Therefore, we performed a Co-IP assay to
examine the interaction between the mouse proteins d2
and a3, which is the only functionally characterized oste-
oclast-specific subunit thus far.(21,22) Indeed, we found the
fusion protein HA-d2 could be precipitated by Flag-a3F-
Myc (the fusion protein of full-length a3) in HEK-293T
cells and vice versa (Fig. 6B). The 116-kDa protein a3 (aa
1–833) contains an N-terminal cytosolic region facing the
cytoplasm and a C-terminal nine trans-membrane domain

FIG. 6. Association of Atp6v0d2 and proton pump subunit Atp6v0a3. (A) Full-length or fragments of d1, d2, and a3 tag-fusion proteins.
GST, HA, Flag, Myc, and His tags are shown above each bars. The numbers indicated below each bars show the amino acid coordinates
of the polypeptide regions relative to the corresponding full-length proteins. (B) Co-immunoprecipitation (Co-IP) of Atp6v0d2 with
Atp6v0a3 expressed from transfected cells. HEK-293T cells were transiently transfected with pcDNA3-HA-d2 and pFlag-a3F-Myc alone
(bottom) or in combination (top). Whole cell extracts were immunoprecipitated (IP) with anti-Myc or anti-HA antibody. The precip-
itated proteins were analyzed by immunoblotting (IB) using anti-d2 or anti-Flag antibody as indicated. (C) HA-d2 associates with Flag-
a3N1-Myc but not Flag-a3C-Myc in Co-IP assay (top). Single transfection of pFlag-a3N1-Myc was also carried out as IP control (bottom).
(D) Proteins used for GST pull-down assay. Five percent input for all tagged proteins were purified from E. coli strain BL21 (DE3),
resolved in SDS-PAGE, and visualized with Coomassie Blue staining. (E) Direct interaction of d2 with a3N1 but not with a3N2. Western
blotting analysis using anti-His antibody of the His-tagged a3N1 and a3N2 in fractions obtained from GST pull-down assays using GST
(lanes 2 and 6), GST-d2 (lanes 3 and 7), or GST-d1 (lanes 4 and 8). Five percent of the input His-tagged proteins were loaded (lanes 1 and
5). Arrowheads indicate His-a3N1 and arrows indicate His-a3N2 in D and E.
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integrated across the plasma membrane.(44,45) Therefore,
we next examined the interaction between d2 and a3N1 (aa
1–387 of a3), the N-terminal to the first putative trans-
membrane helix, and between d2 and a3C (aa 388–833),
the C-terminal domain containing the nine transmembrane
helixes, using Co-IP assays (Fig. 6A).(45) HA-d2 could as-
sociate with Flag-a3N1-Myc, although the interaction
seemed to be much weaker than with a3F (Fig. 6C). In
contrast, we could not detect the co-precipitation of HA-d2
and Flag-a3C-Myc (Fig. 6C). As such, the data suggest that
a3 may bind d2 at the amino terminal cytosolic domain.

We also carried out the Co-IP assay in primary osteo-
clasts to examine the endogenous interaction between d2
and a3. However, because of the lack of good antibodies of
d2 and a3 for Co-IP, we could not further define the as-
sociation profile of the two subunit isoforms in endogenous
proton pumps. Instead, we used a GST pull-down assay to
examine the direct interaction between d2 and its frag-
ments (Fig. 6A). The His-tagged full-length a3F and a3C
could not be expressed in E. coli, probably because of the
insolubility of the proteins (data not shown). Nonetheless,
GST fusion proteins GST-d1 or GST-d2 and His-tagged
proteins His-a3N1 or His-a3N2 (aa 1–178) could be ex-
pressed and purified from the E. coli strain BL21(DE3)
(Fig. 6D). We found that both d1 and d2 did associate with
a3N1 directly, although the interaction with a3N1 seemed
more extensive for d2 than d1 (Fig. 5E, left). This suggests
a more specific binding of d2 and a3 in osteoclasts. In
contrast, neither d1 nor d2 could interact with a3N2, fol-
lowing the GST pull-down even with much longer exposure
for the blots, as shown with Western blotting analysis (Fig.
5E, right). As far as we know, these results are the first
report thus far about the direct interaction between d2 and
other osteoclast-specific pump subunits.

We also visualized the subcellular localization profiles of
HA-d2 and Flag-a3F-Myc in NIH-3T3 cells using immu-
nostaining with corresponding antibodies for the fusion
tags. Because a3 has been proven to localize to late endo-
somes and lysosomes in NIH-3T3 cells,(46) if d2 interacts
with a3, it should also localize to these intracellular or-
ganelles. Flag-a3F-Myc seemed to reside mainly, if not
exclusively, punctually in the cytoplasm (Supplementary
Fig. 3, first panel), similar to the distribution of HA-d2 in
NIH3T3 cells (Supplementary Fig. 3, second panel). When
simultaneously expressed in NIH-3T3 cells, HA-d2 and
Flag-a3F-Myc seemed to co-localize in cytoplasm with
punctual pattern (Supplementary Fig. 3, third panel), sug-
gesting the probable association between d2 and a3 in the
lysosomes. In summary, our results above provide evidence
of the possible interaction between the two osteoclast-
specific subunits d2 and a3.

DISCUSSION

Atp6v0d2 was characterized in our search for osteoclast-
specific subunits of V-ATPase serving in bone resorption of
osteoclasts.(31,32) Despite its distribution in various tissues
including kidney and liver,(15,16,26) d2 has a prominent ex-
pression profile in osteoclasts (Fig. 1). Targeted disruption
of d2 in mice led to an osteopetrosis phenotype that was

similar to the Atp6v0a32/2 mice,(21) suggesting its essential
role(s) in osteoclasts. However, although a3 has been
characterized as a functional component of V-ATPase, d2
involvement was attributed to pre-osteoclast fusion.(29,47)

To define the role of d2 in V-ATPase activity, we per-
formed a differentiation-stage specific depletion of d2 in
mouse osteoclast induction in vitro (Fig. 2) instead of the
global inactivation of d2 in mice. In accordance with the
increasing expression profile in osteoclast differentiation
(Supplementary Fig. 1), d2 has been shown to have dual
functions in pre-osteoclast fusion at an early differentiation
stage (Figs. 3D and 3E) and in extracellular acidification at
the late stage of mature osteoclasts (Fig. 5). Besides, we
applied two more shRNA to d2 (sh-d2-2 and sh-d2-3) and
the shRNA to LacZ gene (sh-LacZ) as off-target controls
of the effective shRNA of d2 (sh-d2-1). Approximately, the
sh-d2-2 shRNA had a 20% silencing effect on the depletion
of d2 expression (data not shown), and the sh-d2-3 shRNA
had a 50% silencing effect on the depletion of d2 protein
expression (Fig. 2A, right). However, the shRNA to LacZ

gene (sh-LacZ) did not have an effect on the depletion of
d2 expression (Fig. 2) nor did it impair the maturation (Fig.
3) and normal function of osteoclasts in our experiments
(Figs. 4 and 5). These data excluded the possibility of
shRNA off-target effects of sh-d2-1 (i.e., its effects were
indeed d2 knockdown specific). In addition, the association
of d2 and a3 in both the GST pull-down and Co-IP assays
(Fig. 6) adds proof to the hypothesis that osteoclasts select
a particular combination of subunit isoforms to form the V-
ATPases in plasma membrane that are specifically needed
for extracellular acidification.(7)

Diversity of subunit d in osteoclasts

It has been clear that a given cell type can have multiple
subunit isoforms, such as d1 and d2 characterized in oste-
oclasts.(15) Despite ;67% identical amino acid sequences,
they seem to function diversely: a more ubiquitous role of
d1 based on its comparable expression levels in most
mouse tissues analyzed using RT-PCR (data not shown)
and a more specialized role(s) of d2 suggested by the
dominant expression of d2 in osteoclasts (Fig. 1). Fur-
thermore, by carefully comparing expression levels of d1
and d2 using real-time RT-PCR, we repeatedly found that
d2 was highly induced by RANKL during osteoclast dif-
ferentiation (Supplementary Fig. 1A). In mature osteo-
clasts, the expression level of d2 is 5-fold (in humans) or 7-
fold (in mice) higher than d1 (Fig. 1). However, in a recent
report by Lee et al.,(29) the d1 level was much higher than
d2. Currently, we do not know the cause of this difference.
The expression patterns of high induction and high ex-
pression indicate the potentially important role of d2 in
osteoclast bone resorption as one subunit of the proton
pump. Our study shows that d2 function is essential for the
extracellular acidification of osteoclasts.

We speculate that d1 is also expressed in the osteoclast
and that it may ubiquitously contribute to the common V-
ATPase activity in intracellular organelles in osteoclasts
as it does in other cell types,(15) whereas d2 may serve
mainly in proton-pumping across the plasma membrane
only in activated osteoclasts (Fig. 3J). In support of this
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hypothesis, gene disruption of Atp6v0d1 in mice caused
embryonic lethality(25) because intracellular acidification is
crucial for many biological processes such as membrane
trafficking and protein degradation in almost all cell
types.(10,48) Consistently, depletion of d2 in this study (Fig.
2) abolished the extracellular acidification but the intra-
cellular acidified compartments remained, indicated by the
red fluorescence in the cytoplasm (Figs. 5A and 5B). In
addition, Atp6v0d22/2 osteoclasts showed similar activities
of ATP hydrolysis and proton transport to the wildtype
cells, probably also resulting from the intact d1 activity
because the osteoclasts were not activated in the in vitro
experimental condition.(29) In support of this point, in our
proton transport experiments, d2KD-day3 osteoclasts
showed compromised activity compared with UT (Figs. 5J
and 5N). The remaining activity should come from the
contribution of intact d1. Additionally, when using the
same amounts of prepared microsomes from d2KD-day1
osteoclasts, the proton-pumping activity is comparable
with UT, indicating that the d1-integrated V-ATPase in
intracellular compartments could complement the total V-
ATPase acidification capacity in our experimental condi-
tion (Figs. 5J and 5N). Interestingly, both d1 and d2 could
bind a3N1, although the interaction of a3N1 with d1
seemed weaker than with d2 (Figs. 6D and 6E), suggesting
that d1 may physiologically associate with the proton pump
by binding a3 in intracellular V-ATPase of osteoclasts.

Dual functions of d2 in osteoclasts

Our proposal that d2 has dual functions fits with its in-
creasing expression profile in osteoclast differentiation.
When d2 appears at an early stage (Supplementary Fig. 1A,
left), it plays its regulatory role in maturation, a process of
pre-osteoclast fusion.(29) However, the expression pattern
could not be fully explained by d2 regulation only in os-
teoclast maturation. In particular, the level of d2 protein
expression was even higher at day 5, a stage of post-mat-
uration (Supplementary Fig. 1A, right) when a number of
functional genes of osteoclasts have been induced, such as
the calcitonin receptor, cathepsin K, and Clc-7.(34,49,50) This
suggests that d2 may function in bone resorption in addi-
tion to cell fusion. The differentiation stage-specific de-
pletion of d2 was thus applied for the functional analysis in
osteoclast differentiation. This is a more mild and con-
trollable approach than the global inactivation of impor-
tant genes. Mono- or di-nucleated pre-osteoclasts co-exist
with mature osteoclasts at day 4 (Supplementary Fig. 1B).
Some MNCs, which were shown to contribute to bone re-
sorption (Figs. 4J–4K), had already emerged on day 3 in
our observation (Supplementary Fig. 1B) before the len-
tivirus infection in d2KD-day3 cells. Interestingly, matu-
ration of the Atp6v0d22/2 pre-osteoclasts could be re-
stored when mixed with some wildtype pre-osteoclasts as
‘‘seed’’ cells for fusion.(29) Thus, it could not be excluded
that the normal maturation in d2KD-day3 osteoclasts was
also attributed to MNCs that had emerged already before
d2 depletion (Fig. 3). The d2KD-day3 osteoclasts in our
experiment are similar to Atp6v0a32/2 osteoclasts(21) with
the abolishment of extracellular acidification and the
maintenance of V-ATPase activities in intracellular or-

ganelles (Fig. 5), adding convincing proof of the function of
d2 in V-ATPase activity besides in cell fusion.

Function of d2 in cell fusion

The molecular mechanism(s) by which d2 regulates cell
fusion is still unclear, although transgenic rescues with ei-
ther Adam8 or Adam12 were shown to restore normal
maturation of Atp6v0d22/2 pre-osteoclasts.(29,51,52) Be-
cause the two Adams have also been shown to contribute to
cell fusion and osteoclastogenesis,(51,52) it remains unclear
whether Adam is a downstream factor of d2. Recently, the
participation of the V0 domain and its subunits in mem-
brane fusion independent of V-ATPase activities has been
reported.(53,54) For example, vha100-1(v100), the fly subu-
nit a1, has been shown to function downstream of soluble
NSF-attachment protein receptors (SNAREs) in synaptic
vesicle fusion.(53) Interestingly, mouse a3 may also con-
tribute to osteoclast fusion based on its higher expression
in larger osteoclasts (�10 nuclei) than in smaller osteo-
clasts (�5 nuclei).(55) Therefore, d2 may participate in
membrane fusion through its close association with subu-
nits of the V0 domain such as with a3 shown in our GST
pull-down and Co-IP experiments (Fig. 6). It may also be
significant to characterize the functional domains in the d2
protein that control regulation in cell fusion or in extra-
cellular acidification.(56)

Function of subunit d2 in the extracellular
acidification of V-ATPase and bone resorption

The evidences that d2 is a component of the proton
pump include its interaction with a3, localization in the
ruffled border, high induction by RANKL, high expression
in mature osteoclasts, and the loss of extracellular acidifi-
cation and bone resorption in vitro after d2 knockdown.
However, the d2 knockout mouse osteopetrosis phenotype
is not as severe as the a3 knockout mice.(21,29) The main
discrepancy between the results from Lee et al.(29) and our
own work is whether d2 is involved in bone resorption and
extracellular acidification beyond cell fusion function.
Actually, our data could match each other well. First, Lee
et al.(29) stated that bone resorption was very low because
multinucleated cells did not form. However, usually mon-
onuclear pre-osteoclasts already have a bone resorption
capability (Fig. 4K). In other words, mononuclear
TRACP+ cells should have possessed bone resorption
ability through extracellular acidification as observed in
experiments in our laboratory. The impairment of bone
resorption activity in the Atp6v0d22/2 pre-osteoclasts juts
added proof that d2 deficiency may impair osteoclast
function such as bone resorption and extracellular acidifi-
cation.(29) Second, Lee et al.(29) reported normal V-AT-
Pase activity in d2 mutant mice. This result is actually in
accordance with our proton transport data about d2KD-
day1 (Figs. 5J–5N). One possible explanation is that when
d2 is absent, d1 may be able to partially replace d2 func-
tions so that proton pumping is not completely lost. An-
other reason as described above is that using the same
amounts of microsomes for the experiments would com-
plement the impairment of d2 function, just as we ex-
perienced with d2KD-day1 microsomes. Third, data of d2
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depletion at an early stage in our experiments matched the
results from Lee et al.(29) (Fig. 3). A unique advantage of
using our lentivirus-mediated RNAi knockdown is that we
could also study mononuclear osteoclasts with d2 knock-
down. Our in vitro RNAi study indicated that the osteo-
petrosis phenotype is responsible for the lack of sufficient
proton pump activities caused by both the lessened MNC
formation and the impairment of d2 function (Figs. 4 and
5). Therefore, our work could complement the gene tar-
geting work because the study from Lee et al.(29) did not
address the function of d2 in extracellular acidification,(29)

partially because of the fact that severe impairment of the
global deletion of d2 in mice precluded the possibility of
studying role(s) of d2 in matured osteoclast functions.
Fourth, the direct interaction between d2 and a3 adds proof
for the relationship of d2 and V-ATPase (Figure 6). In
accordance with this point, other reports have also shown
that d2 seemed to contribute directly to V-ATPase activity
because d2 could complement the vma6D phenotype in
yeast caused by the deficiency of subunit d homolog and
that the elevated expression of d2 could stimulate the ac-
tivity of V-ATPase in XS52 dendritic cells.(15,27) Collec-
tively, these data suggest that d2 might be functionally
active in bone resorption and acidification beyond cell fu-
sion regulation.

Relationship of d2 and other pump subunits of
V-ATPase

It seems that d2 may serve as a positive regulator of acid
production based on our functional analysis from d2 de-
pletion cells (Figs. 4 and 5). Although structure studies
have shown that subunit d is located in the interface of the
V0 and V1 domains and might be essential for V0/V1 cou-
pling,(11,56) the understanding of the functional significance
of d2 as a component of V-ATPase depends on the eluci-
dation of its incorporation and relationship with other
pump subunits.(43) Similar expression patterns of d2 and a3
were found in osteoclast induction in vitro (data not
shown), indicating their close relationship. A previous re-
port has shown the co-localization of d2 and a3 in the
plasma membrane of human osteoclasts.(26) This was con-
sistent with our Co-IP results that showed the association
between mouse d2 and a3 when overexpressed in HEK-
293T cells (Fig. 6B). This was further supported when we
first reported that d2 could directly interact with the N
terminus of a3 (a3N1, aa 1–387 of full-length a3 using GST
pull-down assay; Fig. 6E, left). Interestingly, we could not
observe the interaction between d2 and the N-terminal
a3N2 (aa 1–178), indicating that the binding between d2
and a3 may happen in the aa region of 179–387 in a3 (Fig.
6E, right), which still needs to be further characterized.
Consistently, a3 and d2 could co-localize in the lysosomes
of NIH-3T3 cells (Supplementary Fig. 3). A recent study of
the yeast homolog of subunit a showed that it has a role in
the dissociation of V1 and V0 , whereas the C-terminal nine
transmembrane domain was shown to be critical to V1/V0

coupling efficiency.(45) The interaction between d2 and
a3N1 showed that d2 might function in targeting and in
vivo dissociation through binding with subunit a3 on the
activation of osteoclasts. However, because of the lack of

good antibodies for Co-IP experiments, further confirma-
tion of the endogenous association between d2 and a3 still
needs to be studied. The assumption that osteoclast V-
ATPases in the plasma membrane select a different com-
bination of subunits or isoforms from the intracellular
proton pump including the subunits a3, B2, C1, and d2, may
be elucidated when more evidence of interaction emerge
among those osteoclast-specific components.

In summary, this study suggests the dual functions of d2
in osteoclasts, especially for extracellular acidification, and
it adds d2 to the list of subunits identified as components of
the osteoclast-specific V-ATPase in the plasma membrane.
Although additional experiments are needed to elucidate
the molecular mechanisms by which d2 functions in oste-
oclasts, our findings point to d2 as a potential therapeutic
target for the treatment of human diseases caused by ex-
cessive activity of osteoclasts, such as osteoporosis and
rheumatoid arthritis.(4–6)
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