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ABSTRACT
During bone-remodelling, proton secretion by osteoclasts generates an acidic
microenvironment, which is critical for solubilisation of bone matrix and degradation of
bone matrix. The coupling between vacuolar–type (H+)-ATPase (V-ATPase) and
chloride ion channel (CLC-7), presented in the ruffled borders of osteoclasts, is
responsible for the acidification. Multiple complexes of the V-ATPase consist of two
distinct domains, a transmembrane V0 domain and a peripheral V1 domain. The aim of
this study is to dissect the molecular mechanism regulating V-ATPase activity and its
interaction during osteoclast development. The first part of this study focuses on the
molecular identification and characterisation of the novel V-ATPase accessory subunit
Ac45 in osteoclasts. The second part of the study aims to explore the transcription
factors by which the d2 subunit is regulated during osteoclast formation.

The accessory subunit Ac45 was identified in osteoclasts by using the technique of
cDNA Subtractive Hybridisation. Examination of the Ac45 gene expression profiles
during osteoclast formation by semi-quantitative PCR demonstrated that Ac45 was
significantly up-regulated during osteoclastogenesis (~2 fold). Tissue distribution
analysis of Ac45 showed that it was abundantly expressed in the brain, heart and kidney,
however, with lower expressions in the muscle, spleen, thymus, liver and lung. Using
pull-down immunoprecipitation, Ac45 was found to interact/associate with other V0
subunits including a3, c, and c”. Furthermore, bioluminescence resonance energy
transfer (BRET) assay was performed to examine interaction patterns of these V0
domain subunits with Ac45. It was found that Ac45 associates most closely with the
proteolipid pore subunits c” and c, followed by the a3 subunit, and to a much lesser
extent with the d2 subunit. Based on these different interaction pattens between Ac45
and other V0 subunits, a putative structural model was proposed incorporating Ac45 into
the V-ATPase complex.
xiii

Confocal microscopy and a specific Ac45 antibody were used to study the subcellular
localizations of the endogenous Ac45 protein in osteoclasts. In non-resorbing
osteoclasts, Ac45 was found to be localized in the endosomal/lysosomal vesicles, where
it co-localized with the a3 isoform. Interestingly, in bone-resorbing osteoclasts cultured
on bone/dentine slices, Ac45 was found to extensively be co-localized with the F-actin
ring circumscribing the resorption lacunae as well as with transferrin stained endocytic
vesicles found at the ruffled border region of the cells. These data suggest that during
bone resorption, the late endosomal/lysosomal vesicles containing Ac45 and the a3specific V-ATPase complex become polarized and translocated to the ruffled border
membrane facing the resorption lacunae and in the region sealed by the F-actin ring.

It has previously been reported that the c-terminus of Ac45 contains autonomous
targeting signals coded within the last 26 amino acid residues and plays an important
role in the intracellular trafficking of Ac45. Thus, Ac45 may also act as a targeting
molecule for the V-ATPase complex during the osteoclastic bone resorption process. To
investigate this possibility, overexpression of c-terminal truncation mutant of Ac45
(Ac45ΔC) in osteoclast precursor cells using retroviral system was carried out
compared with that of GFP and Ac45 wild type (Ac45 WT). Cells over-expressing of
Ac45 WT and Ac45ΔC were able to form multinucleated and TRAP positive osteoclasts
following RANKL stimulation. Strikingly, however, over-expression of Ac45ΔC
impaired osteoclast bone resorptive capacity. Furthermore, by BRET analysis, the
Ac45ΔC also exhibited a significant reduction in its ability to associate with the c”
subunit and also showed alteration in its association with the a3 isoform. These results
implied that an intact Ac45 is necessary for proper association with other subunits of the
V-ATPase complex and osteoclastic bone resorption.

xiv

Previous DNA micro-array study suggested that d2 was highly induced during RANKLstimulated osteoclast formation. Further RT-PCR analysis confirmed that d2 mRNA
was progressively and significantly up-regulated during osteoclast formation, whilst
other pro-osteoclastogenic factors, including M-CSF, TNF- α and LPS, had only
modest effects. During the same time course of RANKL-stimulation, a similar gene
expression pattern was also detected for other osteoclast marker genes such as calcitonin
receptor (CTR), cathepsin K (CATH K) and the transcriptional factor NFATc1. Western
blot and immunostaining analysis using a specific anti-d2 antibody further confirmed
the up-regulation of d2 protein during osteoclastogenesis, whereas V-ATPase d1 was
found to be consistently expressed. Moreover, the luciferase assay demonstrated that
RANKL activated the 1 kB d2 promoter in a time-dependent manner with a maximal
induction at 72 hours, indicating that RANKL stimulation can activate certain
transcriptional factors, which interact with 1 kB d2 promoter and therefore up-regulate
d2 gene expression. Bio-informatics analysis of the 1 kB d2 promoter identified three
putative NFAT binding sites (N1, N2 and N3) and three MITF binding sites (M1, M2
and M3).

Previous studies revealed that both NFATc1 and MITF coactivate the expression of
several genes crucial to osteoclast function including CTR, CATH K, OSCAR and
intergrin β3. Here, to examine the regulatory role of NFATc1 in d2 gene, cyclosporine
A (CsA), a NFAT inhibitor, was found to result in eliminating RANKL-induced d2
gene activation. Also unlike NFATc2 and NFATc3, NFATc1 is significantly upregulated in the RANKL treatment. These results implied that V-ATPase d2 could be
one of the regulatory genes by NFATc1 in the course of RANKL induced osteoclast
differentiation. Further chromatin immunoprecipitation (ChIP) confirmed that NFATc1
binds endogenously to the 1 KB V-ATPase d2 promoter during osteoclast
differentiation. To identify the putative NFAT binding sites, which are involved in
xv

NFATc1 binding activity, eletrophoretic mobility shift assays (EMSA) were performed
using oligonucleotide probes corresponding to DNA sequence from each of the three
binding sites. It was found that the N2 site was an authentic NFATc1 binding site,
which was further confirmed by supershift assay using anit-NFATc1 antibody and
competition assay using either cold N2 wild type or mutant probes. In addition, targeted
mutation of the N2 binding site abolished the activation of the V-ATPase d2 promoter
by caNFATc1 overexpression and RANKL stimulation as evidenced by luciferase
reporter assays.

In this study, it was found that enforced expression of MITF alone strongly induced the
d2 promoter luciferase activity and, moreover, together with NFATc1, synergistically
activated the V-ATPase d2 promoter. Directive interaction of MITF and the V-ATPase
d2 promoter was confirmed by ChIP and EMSA assays. Again, MITF binding site
mutants of the V-ATPase d2 promoter abrogated the transactivation of the V-ATPase
d2 promoter luciferase activity by MITF overexpression.

Unexpectedly, during the EMSA analysis of NFAT binding sites, the presence of
another unidentified transcription factor binding site was found adjacent to the N2
binding site (within the 29 oligonucleotide sequence). Following transcriptional factors
mapping, it was predicated to be a putative myocyte enhancer factor 2 (MEF2) binding
sequence. Further bioinformatic analysis mapped two putative MEF2 binding sites (E1
and E2) with the 1 kB V-ATPase d2 promoter.

All four MEF2 isoforms were expressed during osteoclast formation, although in
distinct patterns. Moreover, it is evident that throughout the osteoclast formation MEF2
consistently associated with the V-ATPase d2 promoter in ChIP and EMSA assays.
Intriguingly, overexpression of MEF2 Wild type, but not its dominant negative form
xvi

(MEF2 R24L), together with caNFATc1, resulted in synergistic activation of the
V-ATPase d2 promoter. However, such synergistic activation was significantly
abrogated by either single or double mutation(s) of the MEF2 binding sites of the
V-ATPase d2 promoter. Lastly, immunostaining analysis revealed, during RANKLtreated osteoclast differentiation, NFATc1 was greatly induced and translocated from
the cytoplasm to the nucleus, where that co-localized with MEF2 in mature osteoclasts
(day 5).

In summary, the results presented in this thesis provided further insights into the
composition of the osteoclast V-ATPase proton pump by:
1) identifying that the accessory subunit Ac45 is involved in the regulation and/or
targeting the of V-ATPase complex and truncation of its targeting signal disrupts the
proper interaction with other V0 subunits; and
2) revealing that NFATc1, MITF and MEF2 directly bind to the endogenous V-ATPase
d2 promoter during osteoclastogenesis.

Moreover, MEF2 and MITF cooperate with NFATc1 to synergistically transactivate the
1 kB V-ATPase d2 promoter. Further study is required to determine the precise role of
Ac45 in V-ATPase complex as well as explore the molecular mechanism of
d2-mediated osteoclast fusion.
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CHAPTER ONE

Osteoclast Biology

Chapter 1: Osteoclast Biology

1.1 – INTRODUCTION
Bone is a highly specialized form of dense connective tissue that gives skeleton the
necessary rigidity to function as attachment and lever for muscles, and also supports
the body against gravity. In addition to its supportive and protective functions, it
actively takes part in maintaining calcium homeostasis in the body. Bone turnover
depends on the balance between bone formation by osteoblasts and bone resorption by
osteoclasts (Rodan and Martin 2000;

Teitelbaum 2000). Osteoclasts are

multinucleated giant cells with unique resorbing activity of mineralized tissues
(Nakamura, Takahashi et al. 1997; Teitelbaum 2000). Osteoclasts are hematopoietic
in origin and derived from the monocyte-macrophage lineage (Suda, Nakamura et al.
1997; Teitelbaum 2000; Takayanagi 2005). The bone marrow microenvironment
plays a critical role in the regulation of osteoclast formation due to the production of
cytokines such as Macrophage colony stimulating factor (M-CSF), receptor activator
of nuclear factor kappaB ligand (RANKL), an osteoclast differentiation factor, and
osteoprotegerin, a newly described inhibitor of osteoclast formation, by stromal cells
or osteoblasts (Simonet, Lacey et al. 1997; Burgess, Qian et al. 1999). On the other
hand, understanding the signalling pathway of osteoclasts has provided critical
insights into the regulation of normal osteoclast activity (Teitelbaum 1993; Boyle,
Simonet et al. 2003; Sato, Suematsu et al. 2006; Takayanagi 2007).
Osteoclasts have efficient machinery for dissolution of hydroxyapatite and
degradation of organic bone matrix in collagen fibres. During bone resorption,
osteoclasts become polarized and form three distinctly functional domains: a ruffled
border, a sealing zone and a secretory domain (Vaananen, Zhao et al. 2000). In a bone
resorbing osteoclast, microfilament actin can form an “actin ring”, which exactly
corresponds to the sealing zone (Teitelbaum 2000; Vaananen, Zhao et al. 2000). The
ruffled border, inside the sealing zone, apposes to the bone surface and is
characterized with several endonsomal membranes. Hydrochloric acid and proteases
are delivered to the resorption lacuna, the area between the ruffled border and bone
surface. Low pH achieved by V-ATPase and different kinds of proteases within the
resorption lacuna are critical for the dissolution of crystalline hydroxyapatite and
degradation of bone matrix (Grinstein, Nanda et al. 1992; Blair, Teitelbaum et al.
1993; Bossard, Tomaszek et al. 1996; Li, Chen et al. 1999; Teitelbaum 2000;
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Vaananen, Zhao et al. 2000; Manolson, Yu et al. 2003). The degradation products of
both collagen and matrix are removed through a transcytosis routine, which includes
endocytosis started from the ruffled border membrane, transportation in the vesicle
through the cell, and exocytosis through the secretory domain (Vaananen, Zhao et al.
2000; Pavlos, Xu et al. 2005; Teitelbaum 2007).

1.2 Osteoclastic Features
Osteoclasts are multinucleated giant cells with size range between 50-100 μm. They
arise from asynchronous fusion of 10 to 20 mononuclear precursors of the
macrophage/monocyte lineage. However, there is no obvious morphological
difference between osteoclasts and macrophage polykaryons. In the past decade,
osteoclast biologists have been searching for the markers which can readily
distinguish osteoclasts from its precursors and macrophage polykaryons. Currently
several genes have been well defined and recognized as markers of mature osteoclasts
such as TRAP, cathepasin K and calcitonin receptor (Hattersley and Chambers 1989;
Drake, Dodds et al. 1996; Teitelbaum 2000; Igarashi, Lee et al. 2002; Hayman 2008).
Emzymatic histochemistry has been developed to be a common technique to mark
osteoclasts by discovering that osteoclasts have high level of acid hydrolases. More
specific, tartrate-resistant acid phosphatase (TRAP) is the first cytochemical marker
used to define mature osteoclasts (Minkin 1982; Igarashi, Lee et al. 2002; Henriksen,
Tanko et al. 2007; Hayman 2008). Because TRAP is secreted into the blood
circulation, the serum concentration of TRAP has also developed as a diagnostic tool
for osteoclast lytic related diseases such as bone metastasis and osteoporosis (Igarashi,
Lee et al. 2002). TRAP -/- mice developed mild osteopetrosis with pronounced
deformities of the limbs and axial skeleton (Hayman, Jones et al. 1996). On the other
hand, TRAP transgenic mice exhibit an increased rate of bone turnover and develop
mild osteoporosis with increasing age (Angel, Walsh et al. 2000). Together, these
studies support the role of TRAP in normal bone development (Drake, Dodds et al.
1996).
Cathepsin K is a member of the papain-cysteine protease family, and is highly and
preferentially expressed whereas other cathepsins (B, L and S) are only expressed at
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low or undetectable levels (Inaoka, Bilbe et al. 1995; Drake, Dodds et al. 1996;
Littlewood-Evans, Kokubo et al. 1997, Dodds, Connor et al. 1998; Dodds, Connor et
al. 1999). Furthermore, expression of cathepsin K has also been shown to be regulated
by RANKL (Corisdeo, Gyda et al. 2001; Zaidi, Troen et al. 2001). Cathepsin K is
secreted into the resorption lacunae through transportation of endosomal/lysosomal
vesicles (Xia, Kilb et al. 1999; Dodds, James et al. 2001; Zaidi, Troen et al. 2001),
and plays an important role in osteoclastic bone resorption. It is the only identified
mammalian cysteine protease capable of cleaving native collagen types I and II
(Kafienah, Bromme et al. 1998). In human, mutations of cathepsin K, including nonsense, missense and stop codon shift, have been found to cause a autosomal recessive
disease, pycnodysostosis (Johnson, Polymeropoulos et al. 1996; Ho, Punturieri et al.
1999; Fujita, Nakata et al. 2000). These patients are of short stature with
osteosclerosis, mainly due to lysosomal dysfunction of collagen fibre degradation
(Gelb, Shi et al. 1996; Everts, Hou et al. 2003). Additionally, mice with cathepsin K
gene disruption developed osteopetrosis, and osteoclasts from the mice fail to
efficiently degrade the bone matrix (Saftig, Hunziker et al. 1998; Gowen, Lazner et al.
1999). Recently, it was reported that inhibition of cathepsin K potently suppressed
autoimmune inflammation of the joints as well as osteoclastic bone resorption in
autoimmune arthritis (Asagiri, Hirai et al. 2008). In the same study, further analysis
revealed that specific inhibition or targeted disruption of cathepsin K resulted in
defective Toll-like receptor 9 signalling in dendritic cells in response to unmethylated
CpG DNA and attenuating induction of T helper 17 cells, without affecting the
antigen-presenting ability of dendritic cells. This was the first time it was revealed
that cathepsin K could play an important role in the immune system.
Calcitonin receptor is classified as a member of the seven-transmembrane domain
G-protein coupled receptor family (Pondel 2000). Binding of calcitonin to calcitonin
receptors can inhibit osteoclastic bone resorption in vitro through stimulating
adenylcyclase activity and cAMP accumulation. The cAMP accumulation therefore
results in immobilization of the osteoclasts and induction of the rapid loss of the
F-actin ring and thus contraction of osteoclasts away from the bone surface (Lin,
Harris et al. 1991, Murrills, Shane et al. 1989).
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1.3 Osteoclast Developments
1.3.1 The origins of osteoclast
Osteoclasts were described for the first time in 1873 by Albert Kolliker. Prior to 1970,
osteoclasts were considered to be native to bone, derived from osteoprogenitors or
osteoblastic cells. The controversy over whether osteoclasts and osteoblasts are
derived from a common precursor was resolved by different in vivo experiments
conducted during the 1970s. Gothlin et al., used a parabiotic method to join the
circulation of two rats together and found that osteoclasts migrating to a fracture in an
irradiated rat were derived from the blood of its non-irradiated partner (Gothlin and
Ericsson 1976). Moreover, evidence from chick and quail chimera experiments and
bone marrow transplants lead to restoration of bone resorption in osteopetrosis
indicating that osteoclasts are of hematopoietic rather than local original (Simmons
1974; Kahn, Malone et al. 1981; Kahn, Teitelbaum et al. 1982).
In vitro experiments by different groups using various co-culture systems
strengthened the notion that the precursors of osteoclast were present in hemopoietic
tissues such as bone marrow, spleen and peripheral blood. Burger et al., showed that
osteoclasts formed when foetal bone rudiments were co-cultured in plasma clots with
marrow cells and a source of M-CSF. Therefore, they suggested that the precursor of
these osteoclasts was the monocytic lineage (Burger, Van der Meer et al. 1982).
Co-culture of mouse osteoblasts and spleen cells suggested that spleen cells but not
osteoblasts were osteoclast progenitors (Takahashi, Akatsu et al. 1988; Takahashi,
Akatsu et al. 1988). Numerous studies showed that peripheral blood monocytes
(PMBC), treated with RANKL, and M-CSF, formed osteoclast-like cells, which were
identified by different osteoclast markers and their bone resorbing ability (Teitelbaum
2000; Igarashi, Lee et al. 2002; Woo, Kim et al. 2002).

1.3.2 Requirement of osteoblast-osteoclast precursor cell interaction for
osteoclast formation
It has been well established that osteoclast precursors are haematopoietic in origin and
can circulate in the blood (Takahashi, Akatsu et al. 1988; Teitelbaum 2000).
However, the precise mechanism, which induces these cells to the bone surface and
the formation of the multinucleated cells, has yet to be elucidated. In general, it is
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believed that mononuclear pre-osteoclasts recognize bone as a “foreign body” through
an undefined mechanism, which can induce them to gather on the bone surfaces to
form osteoclasts.
Interaction of osteoblast-osteoclast was evidenced by the fact that colonies of alkaline
phosphatase (an osteoblast marker) –positive stromal cells were normally found near
osteoclast-like cells in the bone marrow culture system. Takahashi et al., first reported
that osteoclast-like cells were formed in the co-culture system of spleen cells and
osteoblastic stromal cells from newborn mouse calvaria, but no osteoclast–like cells
were found in separate cultures of osteoblast cells and spleen cells (Takahashi, Akatsu
et al. 1988). They suggested that osteoblastic cells are required to induce
differentiation of osteoclast progenitors in splenic tissues into osteoclast-like cells.
Today it has been well established that osteoblastic stromal cells are the principal
activators of osteoclast formation and regulation (Takahashi, Akatsu et al. 1988;
Udagawa, Takahashi et al. 1989; Udagawa, Takahashi et al. 1990; Teitelbaum 2000).
A recent study proved that osteoblasts mediate osteoclast function and
osteoclastogenesis through a mechanism of cell to cell interaction or cell to matrix
contact (Nakamura, Takahashi et al. 1997). In this study, enriched osteoclasts (70%)
cultured for 24 h on dentine slices formed only a few resorption pits. However, the
area of the resorption pits proportionally increased following the addition of various
numbers of mouse osteoblastic cells. Moreover, similar results were found using
osteoblastic cell lines (MC3T3-E1 and KS-4) and bone marrow derived stromal cell
lines (MC3T3-G2/PA6 and ST2).

But the fibroblastic cell lines NIH3T3 and

C3H10T1/2 and the myoblastic cell line (C2C12) failed to promote osteoclast
function.

1.3.3 Key cytokines regulating osteoclast formation
Although it has been well documented that osteoclast formation depends on the
interaction between haematopoietic precursors and osteoblasts/stromal cells, the
regulatory mechanism was not clear until the discovery of two essential cytokines,
M-CSF and RANKL, secreted by stromal cells which are sufficient to induce
osteoclast

formation

(Teitelbaum

2000).

Meanwhile,

the

discovery

that

osteoprotegerin (OPG), a soluble decoy receptor of RANKL that can block osteoclast
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formation in vitro and in vivo, also represented a significant advancement in
osteoclast biology (Boyle, Simonet et al. 2003).

Monocyte/macrophage colony-stimulation factor (M-CSF)
It is evident that ostoeclast precursors migrate from bone marrow or splenic tissue to
the bone surface where bone remodeling occurs. M-CSF, also known as CSF-1, is a
crucial cytokine for the proliferation and differential of osteoclast precursors. The
essential role of M-CSF in osteoclast development was demonstrated by op/op mice,
which lack functional M-SCF due to a point mutation of M-CSF and develop a
osteopetrosis. In vitro studies provided further evidence to illustrate the importance of
M-CSF in osteoclastogenesis (Tanaka, Takahashi et al. 1993). Using a 6-day
co-culture of bone marrow cells with op/op osteoblastic stromal cells, they examined
the role of M-CSF in the proliferation and differentiation of osteoclasts. They found
that a lack of M-CSF either for the first 4 days or for the final 2 days resulted in a
deficiency in osteoclastogenesis in response to 1 alpha,25(OH)2D3 that was added for
the last 2 days. These results clearly indicate that M-CSF is indispensable for both
proliferation of osteoclast progenitors and their differentiation into mature osteoclasts.
Crystal analysis revealed that M-CSF consists of a four-helical bundle core structure.
Site-directed mutations of the residue in or close to helix A and C, which is believed
to be involved in receptor binding, dramatically decreases its biological activity.
M-CSF promoted differentiation and survival of committed cells form the monotye/
macaraphe lineage through the binding to its sole receptor C-Fms. The C-Fms
deficient mice exhibit a similar phenotype to the op/op mice, namely osteopetrosis
due to a marked decrease of committed osteoclast precursors (Ross and Teitelbaum
2005). In addition, M-CSF has been reported to be involved in cytoskeletal
reorganization during osteoclast bone resorption and plays a role in prolonging
osteoclast survival.

Receptor Activator of NF-kB Ligand (RANKL)
Although M-CSF is indispensable for osteoclast formation, alone it is not sufficient to
promote osteoclast from stromal bone marrow precursors. The mystery of osteoblastosteoclast interaction in osteoclastogenesis remained unresolved until the discovery of
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receptor activator of nuclear factor κB ligand (RANKL) (Lacey, Timms et al. 1998;
Yasuda, Shima et al. 1998; Burgess, Qian et al. 1999). RANKL, also called ODF or
osteoprotegerin ligand (OPGL) is considered to be the novel “master” cytokine
critical for osteoclast formation, survival and activation (Lacey, Timms et al. 1998;
Yasuda, Shima et al. 1998; Komarova, Pilkington et al. 2003).
RANKL/ODF/TRANCE/OPGL is a ~35 kDa type II transmembrane protein, found in
abundance on the surface of osteoblasts and stromal cells. RANKL knockout mice
exhibited severe osteopetrosis due to a complete loss of osteoclasts and the failure of
teeth eruption (Lacey, Timms et al. 1998; Jimi, Akiyama et al. 1999). Accordingly,
over-expression of RANKL shows pronounced osteoporosis whereas the soluble form
of RANK, as well as OPG, can block the osteoclast formation (Jimi, Akiyama et al.
1999). A number of hormones and factors, including 1,25(OH)2 vitamin D3,
parathyroid hormone (PTH), tumor necrosis factor-α (TNF-α), prostaglandin-E2,
lipopolysaccharide (LPS), can indirectly stimulate bone resorption by inducing
RANKL production from osteogenic stromal cells. In addition, activated T cells
appeared to be another important source of RANKL, which may contribute to
pathologic bone loss by inflammatory diseases such as adjuvant arthritis,
characterized by severe joint inflammation, bone and cartilage destruction. (Kong,
Feige et al. 1999). Therefore, it is expected that therapeutic blockage of RANKL
expression in T cells will help prevent the onset of bone and cartilage destruction in
the adjuvant arthritis.

Osteoprotegerin (OPG)
In 1997, osteoprotegerin (OPG) was identified in osteoblasts as a novel member of the
TNF superfamily during a fetal rat intestine cDNA-sequencing project (Simonet,
Lacey et al. 1997). Apart from osteoblasts, OPG is also expressed in various tissues,
including heart, kidney, liver, spleen, and bone marrow. In vitro and in vivo studies
found that OPG, as a decoy receptor of RANKL, can bind directly to RANKL and
subsequently inhibit its activity through sequestering RANKL-RANK interaction
(Hakeda, Kobayashi et al. 1998; Lacey, Timms et al. 1998). Over-expression of OPG
in transgenic mice results in profound, yet lethal, osteopetrosis with complete loss of
osteoclast formation (Simonet, Lacey et al. 1997). These observations imply that
OPG/RANKL ratio may actually modulate osteoclast formation from its precursor
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cells. In humans, homozygous deletions mutants of OPG were found in juvenile
Paget’s patients, characterized by osteopenia and increased bone remodelling
(Middleton-Hardie, Zhu et al. 2006).

1.3.4 RANK Activated Signal Nework During Osteoclat formation
Osteoclast formation is a complicated process that requires precise temporal and
spatial regulation and activation of sequential singling pathways at different levels.
Accumulating evidence has demonstrated that a number of RANK activated
signalling pathways play a major role in the osteoclast differentiation. Binding of
RANKL to its unique receptor, RANK, a member of the TNF receptor activation
factor (TRAF) family, can lead to activation of downstream signalling, which
subsequently induces the expression of a series of osteoclast marker genes. RANK
contains three putative binding domains for tumour necrosis factor receptorassociated factors (TRAFs) (Darnay, Haridas et al. 1998). RANK interacts with
TRAFs 1, 2, 3, 5, and 6 both in vitro and in cells (Galibert, Tometsko et al. 1998).
Two distinct domains in the RANK cytoplasmic tail were defined as being necessary
for TRAF/RANK interactions and shown to be of functional importance for the
RANK-dependent induction of NF-κB and c-Jun NH2–terminal kinase (JNK)
activities (Darnay, Haridas et al. 1998; Galibert, Tometsko et al. 1998; Theill, Boyle
et al. 2002). In particular, TRAF 6 interacts with membrane-proximal determinants
distinct from other TRAFs. Deletion of this specific TRAF 6 interaction domain
completely blocks RANK mediated NF-κB signalling, whereas the JNK pathway was
only partially inhibited (Galibert, Tometsko et al. 1998; Theill, Boyle et al. 2002).
TRAF 6 was also found to signal downstream through other signalling cascades
including mitogen-activated protein (MAP) kinase, extracellular signal-regulated
kinase (Erk), and Akt-2 (Theill, Boyle et al. 2002; Boyle, Simonet et al. 2003; Zaidi,
Blair et al. 2003). Expectedly, mice with TRAF 6 deficiency developed osteopetrosis,
which was due to dysfunctional osteoclasts but without reduced TRAP+ osteoclast
numbers (Lomaga, Yeh et al. 1999; Naito, Azuma et al. 1999). In contrast, NF-κB1/
NF-κB2 double knockout mice failed to show osteoclast formation (Franzoso, Carlson
et al. 1997; Iotsova, Caamano et al. 1997). It was suggested that TRAF6 was essential
for the activation of mature osteoclasts, but other TRAFs or other unknown molecules
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can at least partially substitute for the loss of TRAF 6 during osteoclast development
(Theill, Boyle et al. 2002; Kim, Lee et al. 2007).
The current well-defined RANK activated signal pathways includes nuclear factor of
activated T cell (NFAT) pathway, Nuclear factor-kapa B (NF-kB) pathway, mitogenactivated protein kinase (MAPK) pathway and AKT pathway.

RANK Activated NFAT Pathway
The family of NFAT transcription factor was originally identified in T cells, and
consisted of five members: NFATc1 (NFAT2), NFATc2 (NFAT1), NFATc3
(NFAT4), NFATc4 (NFAT3) and NFAT5 (Rao, Luo et al. 1997; Takayanagi 2007).
However, expression of NFAT proteins is not limited to the immune system, but is
also found in other cells such as bone cells (both osteoclasts and osteoblasts) and
myoblasts (Takayanagi, Kim et al. 2002). All the NFAT proteins contain two
homologous function domains, known as DNA-binding domain and the NFAT
homology region. The events to activate NFAT proteins can be simplified into three
steps: dephosphorylation, nuclear translocation, DNA binding (Rao, Luo et al. 1997).
In resting cells, phosphorylated NFAT proteins interact with calcineurin and reside in
the cytoplasm with low affinity for DNA.

Activated by calcium-calmodulin

stimulatory signalling, NFAT proteins readily undergo conformational change due to
the dephosphorylated NFAT proteins, and then are translocated to nuclear. In the end,
the phosphorylated NFAT proteins bind to chromosomal DNA and activate the
expression of downstream genes.
Accumulating evidence has demonstrated NFATc1 plays a critical role of the NFAT
in osteoclastogenesis (Takayanagi, Kim et al. 2002; Kim, Kim et al. 2005). The robust
induction of NFATc1 by RANKL treatment is dependent on the activation of
upstream molecule including TRAF6, C-fos, NF-kB in an auto-amplification manner.
(Takayanagi, Kim et al. 2002; Asagiri, Sato et al. 2005, Zhu, Zaidi et al. 2005;
Yamashita, Yao et al. 2007). Cooperating with other transcription factors such as
AP-1 and p38, NFATc1 have been found to regulate a number of osteoclast specific
genes (Kim, Sato et al. 2005; Kim, Lee et al. 2007, Crotti, Flannery et al. 2006).
Recently, it has been noted that NFAT and calcineurin also regulate osteoblast
differentiation and bone formation, highlighting the importance of NFAT in the
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regulation of bone homeostasis (Koga, Matsui et al. 2005; Winslow, Pan et al. 2006).
In addition, it seems that NFAT regulates bone formation through cooperation with
ostrix (Koga, Matsui et al. 2005), raising concerns about the use of NFAT inhibitors
for treatment of bone lytic diseases (Koga, Matsui et al. 2005). However, further
studies are needed to depict the roles of NFAT in osteoblast activity and development.
RANK Activated NF-kB Pathway
NF- B consists of a family of five transcription factors including REL (cREL), RELA
(p65), RELB, NF- B1 (p50) and NF- B2 (p52). In cells, both p50 and p52 form the
heterodimer with other REL proteins. Interestingly, although p52/p50 double knockout mice develop severe osteopetrosis owing to total loss of osteoclast formation, the
osteoclastogenesis in single p50 or p52 deficient mice is normal (Franzoso, Carlson et
al. 1997). This study suggested that there are functions overlapping between p50 and
p52 in the context of regulation of osteoclastogenesis. It appears that NF- B protein
acts upstream of c-Fos and NFATc1 transcription factors, while the mechanism of this
is still not clear (Takayanagi 2007; Yamashita, Yao et al. 2007). Thus, inhibition or
modulation of the NF-kB signalling may be an efficient approach to prevent bone loss
in the various common bone diseases.

RANK Activated MAPK Pathway
Mitogen-activated protein kinases (MAPK) are a family of Ser/Thr protein kinases
widely conserved among eukaryotes and are involved in many cellular programs such
as cell proliferation, cell differentiation, cell movement and cell death (Johnson and
Lapadat 2002). MAPK signalling cascades are organized hierarchically into threetiered modules. MAPKs are phosphorylated and activated by MAPK-kinases
(MAPKKs), which in turn are phosphorylated and activated by MAPKK-kinases
(MAPKKKs) (Johnson and Lapadat 2002). The MAPKKKs are in turn activated by
interaction with the family of small GTPases and/or other protein kinases, connecting
the MAPK module to cell surface receptors or external stimuli. All three MAPK
family members, p38, ERK and JNK, have been demonstrated to be critical for
osteoclat differentiation (Boyle, Simonet et al. 2003; Lee and Kim 2003; Li, Udagawa
et al. 2003) .
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The phosphorylation of p38 MAPK by MKK6 mediated the RANK-induced
signalling cascades. Blocking p38 pathway by the p38 inhibitor resulted in complete
loss of osteoclast formation (Li, Udagawa et al. 2003). Spleen cells from TRAF6
knockout mice failed to activate p38 and JNK activation after RANKL stimulation
(Kobayashi, Kadono et al. 2001). Mitf, acting downstream of p38, have been found to
control the gene expression of mature osteoclasts such as TRAP, CAT K, CLC-7 and
Ostm1 (Luchin, Purdom et al. 2000; Luchin, Suchting et al. 2001; Motyckova,
Weilbaecher et al. 2001; Meadows, Sharma et al. 2007).

RANK Activated AKT Pathway
RANK mediated activation of Akt signalling pathways have been linked with the
regulation of osteoclat survival through the activation of multiple targets with antiapoptotic functions. PI3K inhibitor LY294002 blocks RANK induced AKT activation
and promotes osteoclast apoptosis (Lee, Woo et al. 2002). The PIK inhibitor also
displays a potent inhibitory effect on osteoclast differentiation probably owing to a
reduced survival of osteoclast precursor cells. Furthermore, the recent genetic
approach provides clear evidence Akt1 signalling promotes the differentiation and
survival by using ex vivo cultures of isolated from Akt1-/- osteoclasts (Kawamura,
Kugimiya et al. 2007). On the other hand, Src family kinases are also required in vivo
for survival signal pathways downstream from RANK-ARF6 (Xing, Venegas et al.
2001; Funakoshi-Tago, Tago et al. 2003). RANK activation of Akt is blocked by a
Src inhibitor or Src deletion. Thus it was proposed that Src is an upstream regulatory
molecule of AKT during RANK activation (Wong, Besser et al. 1999).

1.4 Osteoclastic Bone Resorption
1.4.1 Resorption cycle – A working model of osteoclastic bone resorption
Bone resorption is important for various skeletal processes. It is an obligatory event
during bone growth, tooth eruption and fracture healing, and is also necessary for the
maintenance of a normal level of blood calcium. Any mechanism which leads to
dysfunctional bone resorption can cause a variety of bone related diseases such as
postmenopausal osteoporosis, Paget’s disease and osteopetrosis. At present, it is
generally accepted that the osteoclast is the principal cell that is able to resorb bone.
The increasing evidence has helped to build up the bone resorption model detailing
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the cellular events of the process (Vaananen, Zhao et al. 2000). The current model is
called the resorption cycle model, which includes the whole sequence of cellular
events of resorption (Vaananen, Zhao et al. 2000). The whole resorption cycle
consists of several complete processes: migration of the osteoclast to the resorption
site and its attachment to the bone surface, polarization and formation of different
functional domains, secretion of acids (for hydroxyapatite dissolution) and lysosomal
enzymes (for matrix proteins digestion) into a closed micro-compartment, removal of
degraded products, and finally apoptosis of osteoclasts or returning to the nonresorbing stage (Teitelbaum 2000; Vaananen, Zhao et al. 2000; Zaidi, Blair et al.
2003).

1.4.2 Sequential events of osteoclastic bone resorption
Osteoclast attachment and polarization
The initial event in bone resorption is migration and attachment of osteoclasts to the
resorption site. Once attached to the bone, the osteoclast generates a closed microcompartment between itself and bone surface and a specific membrane domain,
sealing zone, is formed under the cell, as shown in Fig 1.1 (Teitelbaum 2000;
Vaananen, Zhao et al. 2000). It was suggested that integrins play an important role in
this early event of bone resorption. Four different integrins (ανβ3, ανβ5, α2β1, ανβ1)
have been identified in human osteoclasts (Nesbitt and Horton 1997). The ανβ3 is
highly expressed in osteoclasts and is found in both plasma membrane and vacuoles
(Vaananen, Zhao et al. 2000). Blocking studies using antibody and competitive
ligands against ανβ3, as well as RGD-containing peptides such as echistatin and
kistrin, have highlighted that RGD-ανβ3 interaction initiates bone resorption and
integrin ανβ3 is a major attachment molecule in vivo (Zambonin-Zallone, Teti et al.
1989; Engleman, Nickols et al. 1997; Duong, Lakkakorpi et al. 2000; Miyamoto, Arai
et al. 2000). β3 knockout mice confirmed the same in vivo (McHugh, Hodivala-Dilke
et al. 2000; Feng, Novack et al. 2001). These mice show dysfunctional osteoclasts and
osteopetrosis as they age (McHugh, Hodivala-Dilke et al. 2000). Restoration of the
resorption capability of osteoclasts from β3 deficient mice was achieved by viral
transduction of β3 subunit and its mutants except S(752)P-β3, which is responsible for
the Glanzmann’s thromboasthenia (Feng, Novack et al. 2001).
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Osteoclasts from β3 -/- mice do not form F-actin and have an abnormal ruffled
membrane (McHugh, Hodivala-Dilke et al. 2000). Similarly, it was reported that c-src
knockout mice displayed osteopetrosis characterized by dysfunctional osteoclasts
(Soriano, Montgomery et al. 1991; Boyce, Yoneda et al. 1992). Soon after that,
p60c-src was found highly expressed in osteoclast and preferentially on the ruffled
border membranes (Horne, Neff et al. 1992; Tanaka, Takahashi et al. 1992; Tanaka,
Amling et al. 1996). The osteoclasts from p60c-src deficient mice also have defects in
ruffled border formation (Boyce, Yoneda et al. 1992). All these reports indicate that
the signalling mediated by p60c-src tyrosine kinase is involved in the polarization of
osteoclasts.
The signalling events downstream of integrins that regulate cell attachment and
motility are only partially understood. Using osteoclasts and transfected 293 cells,
Sanjay et al. found that a molecular complex comprising Src, Pyk2, and Cbl
functioned to regulate cell adhesion and motility (Sanjay, Houghton et al. 2001). The
activation of integrin ανβ3 induces the [Ca(2+)]-dependent phosphorylation of Pyk2
Y402, its association with Src SH2, Src activation, and the Src SH3-dependent
recruitment and phosphorylation of c-Cbl. Furthermore, the PTB domain of Cbl is
shown to bind to phosphorylated Tyr-416 in the activation loop of Src, the
autophosphorylation site of Src, inhibiting Src kinase activity and integrin-mediated
adhesion (Sanjay, Houghton et al. 2001). Deletion of c-Src or c-Cbl leads to a
decrease in osteoclast migration. Thus, binding of ανβ3 induces the formation of a
Pyk2/Src/Cbl complex in which Cbl is a key regulator of Src kinase activity and of
cell adhesion and migration(Horne, Sanjay et al. 2005). These findings may explain
the osteopetrotic phenotype in the Src and Cbl (-/-) mice (Sanjay, Houghton et al.
2001; Horne, Sanjay et al. 2005).

Sealing Zone and Ruffled Border – Two functional domains of bone-resorbing
osteoclasts
Previous studies have established that resorbing osteoclasts are highly polarized,
compared with non-resorbing osteoclasts. As the osteoclast prepares to resorb bone, it
attaches to the bone matrix through the sealing zone and forms another specific
membrane domain, the ruffled border (Fig 1.1). The sealing zone, rich in filamentous
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actin (F-actin) and largely devoid of organelles, is highly organized as a ring
surrounding the ruffled membrane (Hentunen, Lakkakorpi et al. 1995; Vaananen,
Zhao et al. 2000). The F-actin in the sealing zone, also known as podosomes, localizes
puncture plasma membrane protrusions (Chellaiah, Kizer et al. 2000; Vaananen, Zhao
et al. 2000; Jurdic, Saltel et al. 2006). In addition to F-actin, these structures contain
proteins such as vinculin, talin, gelosin and α-actin, which can link matrixrecognizing matrix to the cytoskeleton (Teitelbaum 2000; Vaananen, Zhao et al. 2000;
Chellaiah 2006; Jurdic, Saltel et al. 2006).

The ruffled border is thought to be a resorbing organelle with abundant acidic vesicles
and its membranes appose to the bone (Baron 1989; Teitelbaum 1993; Vaananen,
Zhao et al. 2000). The characteristic of the ruffled border is that its internal membrane
is transferred and forms long finger-like projections that penetrate bone matrix
(Vaananen, Zhao et al. 2000). Several lysosomal and late endosomal markers such as
Rab 7, V-ATPAse, lgp110, but not lgp 120 are highly concentrated at the ruffled
border (Palokangas, Mulari et al. 1997; Zhao, Laitala-Leinonen et al. 2001). Very
strikingly, Transferrin, an early endosome marker, was also found highly rich in
ruffled membranes (Zhao, Laitala-Leinonen et al. 2001). The mechanisms which
orchestrate the movement of these different vesicle compartments to specific regions
remain unknown.
Intriguingly, our group found that small GTPase, Rab3D, plays an important role in
regulating a previously undocumented, physiologically relevant, rate-limiting postTGN trafficking step and therefore maintains the ruffled border during osteoclastic
bone resorption (Pavlos, Xu et al. 2005). Further identification and characterization of
the contents of these Rab3D compartments and their effectors may uncover potential
novel antiresorptive targets for the treatment of OC-mediated bone diseases.

Degradation and transportation of bone matrix
Bone consists of organic compounds, which include type 1 collagen (> 90 %) and
noncollagenous proteins, and inorganic compound, which is a mineral phase of
substituted hydroxyapatite. Degradation of mineral bone matrix can be divided into
two phases, dissolution of mineral or crystalline hydroxyapatite and proteolytic
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cleavage of the organic matrix (Vaananen, Zhao et al. 2000). It has been widely
accepted that dissolution of hydroxyapatite crystals, which tightly pack the collagen,
precedes degradation of the organic matrix by the proteolytic enzyme. Dissolution of
mineral is required to acidify the isolated micro-compartment between the ruffled
border and the bone surface and V-ATPases or proton pumps in the ruffled border
play an essential role in this process (Baron 1989; Teitelbaum, Tondravi et al. 1997;
Vaananen, Zhao et al. 2000). By using acridine orange, it was found that the acidic
extracellular micro-compartment lay beneath the resorbing osteoclast (Baron, Neff et
al. 1985). However, high density of acidic intracellular compartments or vesicles was
found to be distributed evenly in the non-resorbing osteoclast (Palokangas, Mulari et
al. 1997). These data indicate that during bone resorption, many, if not all, of these
acidic intracellular compartments may be transported to the ruffled border where
proton pump functions. However, due to technique limitation, there is no direct
kinetic observation to support this hypothesis. During polarization, V-ATPases may
be transported to the ruffled border through the amino-terminal domain of the B
subunit of V- ATPase, which contains a F-actin binding site its N-terminal domain
(Lee, Gluck et al. 1999; Holliday, Lu et al. 2000). Protons for V-ATPase are produced
from cytoplasmic carbonic anhydrase II (Yao, Feng et al. 2007), and excess
cytoplasmic bicarbonate is removed via Cl¯ /HCO3¯ exchange, which localizes in the
basolateral membrane or anti-resorptive surface (Teti, Blair et al. 1989; Xu, Cheng et
al. 2007). In the end, electroneutrality is preserved by a ruffled membrane Cl¯ channel
(CLC-7), charge-coupled to the V-ATPase (Schlesinger, Mattsson et al. 1994;
Schlesinger, Blair et al. 1997; Kornak, Schulz et al. 2000; Kornak, Kasper et al. 2001).
All these ion transporting events help to keep a favourable resorptive microenvironment with a pH of ~ 4.5 (Teitelbaum 2000). It is also expected that mice
deficient in V-ATPase, carbonic anhydrase II, or CLC-7 are osteopetrotic with
dysfunctional osteoclast (Sly, Hewett-Emmett et al. 1983; Li, Chen et al. 1999;
Kroeger, Hanyaloglu et al. 2001).
After dissolution of mineral, organic bone matrix is degraded by the proteolytic
enzymes. Two classes of proteolytic enzymes, lysosomal cysteine proteinases and
matrix metalloproteinases (MMPs), have been extensively studied. Among these
lysosomal cysteine proteinases cathepsin K is a serine-threonine protease that cleaves
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the helical and telopeptide regions of collagen at an acidic optimum pH.
Accumulating evidence has demonstrated that Cathepsin K is a key player in the
degradation for several reasons (Drake, Dodds et al. 1996; Zaidi, Troen et al. 2001).
Although the mice which over-express cathepsin K failed to reveal statistically
significant changes in bone density, the mice did display accelerated trabecular bone
turnover. The increased bone formation, triggered by cathepsin K over-expression, is
an example of the tight coupling of bone resorption and formation during the boneremodeling cycle (Kiviranta, Morko et al. 2001; Kiviranta, Morko et al. 2005).
MMP-9 was also found to be highly and predominantly expressed in isolated
osteoclasts when compared with its level in alveolar macrophages and other tissues.
However, the role of the MMP-9 still remains obscure, because MMP-9 knockout
mice have just transient disturbances of bone resorption (Sobacchi, Frattini et al.
2001).
Pioneering studies carried out in 1997 found that degradation products can be
transported from the ruffled border to a specific functional secretory domain through a
transcytotic vesicular pathway (Nesbitt and Horton 1997; Salo, Lehenkari et al. 1997).
In this transcytotic model, further work is needed to characterize these transcytotic
vesicles and elucidate what kinds of signalling pathways are involved in this
transcytosis process.

1.5 Summary
Current evidence demonstrates that osteoclasts are derived cells of haematopoietic
origin. Osteoclast differentiation is in concert regulated by secretion of critical factors
including M-CSF, RANKL and OPG by stromal-derived oseoblasts. Three key steps
have been proposed in the current model of osteclastic bone resorption, which consist
of attachment and polarization, vesicle transportation and degradation of bone matrix.
Aspects of osteoclast biology, in particular the mechanism of bone resorption, are
only partially identified.
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Fig 1.1. Electron micrograph of a mature murine osteoclast. The cell is
multinucleated with extensive perinuclear Golgi profiles.

The small light

coloured granules are the acidifying vesicles (AV), their abundance reflects the
cells secretory activity.

The slightly larger and denser profiles are the

mitochondria (M). The ruffled border (RB) can be observed adjacent to the bone
surface. Sealing (SZ) and Clear (CZ) zones are also evident. (1600X) (Electron
micrograph courtesy of Ming-Hao Zheng & Terry Robertson)
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Summary. Excessive activity of osteoclasts becomes

manifest in many common lytic bone disorders such as
osteoporosis, Paget’s disease, bone aseptic loosening and
tumor-induced bone destruction. Vacuolar proton pump
H+-adenosine triphosphatases (V-ATPases), located on
the bone-apposed plasma membrane of the osteoclast,
are imperative for the function of osteoclasts, and thus
are a potential molecular target for the development of
novel anti-resorptive agents. To date, the V-ATPases
core structure has been well modeled and consists of two
distinct functional domains, the V1 (A, B1, B2, C1, C2,
D, E1, E2, F, G1, G2, G3, and H subunits) and V0 (a1,
a2, a3, a4, d1, d2, c, c’ e1, e2 subunits) as well as the
accessory subunits ac45 and M8-9. However, the exact
configuration of osteoclast specific V-ATPases remains
to be established. Inactivation of subunit a3 leads to
osteopetrosis in both mice and man because of nonfunctional osteoclasts that are capable of acidifying the
extracellular resorption lacuna. On the other hand,
inactivation of subunits c, d1 and ac45 results in early
embryonic lethality, indicating that certain subunits, such
as a3, are more specific to osteoclast function than
others. In osteoclasts, V-ATPases also cooperate with
chloride channel protein CLC-7 to acidify the resorption
lacuna. In addition, development of V-ATPases
inhibitors such as bafilomycin A1, SB 242784 and
FR167356 that selectively target osteoclast specific VATPases remains a challenge. Understanding the
molecular and cellular mechanisms by which specific
subunits of V-ATPase regulate osteoclast function might
facilitate the development of novel and selective
inhibitors for the treatment of lytic bone disorders. This
review summarizes recent research developments in VATPases with particular emphasis on osteoclast biology.
Offprint requests to: Jiake Xu, Molecular Orthopaedic Laboratory,
School of Surgery and Pathology, University of Western Australia, QEII
Medical Centre, 2nd Floor M Block, Nedlands 6009 WA, Australia.
e-mail: jiake.xu@uwa.edu.au

Key words: Osteoclast, V-ATPases, Bone resorption,
Osteolysis, V-ATPases inhibitors
Introduction

Osteoclasts are the principal cells responsible for
bone resorption and are derived from hematopoietic
mononuclear cells (Teitelbaum, 2000). Many common
lytic bone disorders such as osteoporosis, bone aseptic
loosening and tumor-induced bone destruction are
correlated to elevated osteoclast activity (Zheng et al.,
2001; Phan et al., 2004). The main physiological
function of osteoclasts is to degrade the mineralized
bone matrix, a process involving the dissolution of the
crystalline hydroxyapatite followed by the proteolytic
cleavage of the collagen rich organic matrix (Vaananen
et al., 2000). The dissolution of minerals is achieved by
the targeted secretion of hydrochloric acid through the
ruffled border into the resorption lacunae, which has
been suggested to be the only process capable of
solubilizing the hydroxyapatite crystals in the biological
environment (Blair et al., 1989). As shown in Figure 1,
osteoclastic bone resorption is a continuous and dynamic
process characterized by four stages: 1) attachment of
osteoclasts to the bone surface; 2) polarization of
osteoclastic membrane and; 3) degradation and
resorption of bone matrix; 4) Transportation of degraded
bone matrix products via transcytotic carrier vesicles
(TCV) from the ruffled border to the functional secretory
domain (FSD) and released into the extracellular
environment. During the process of polarization,
osteoclasts form three discrete areas of plasma
membrane. First, the basolateral membrane, which faces
marrow space and is not in contact with bone; second,
the tight sealing zone, which is closely opposed to the
bone matrix; and third, the ruffled border, which is
surrounded by the sealing zone. The culmination of
these cytoskeletal and membrane changes results in the
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formation of an isolated compartment between bone and
the cytoplasmic protrusions of the osteoclastic ruffled
border. This discrete compartment, surrounded by the
sealing zone and known as the resorption lacuna,
provides the acidic microenvironment for osteoclastic
bone resorption. The generation of an acidic
environment within the resorption lacuna by V-ATPases
present in the ruffled border leads to the
demineralisation and subsequent degradation of the bone
matrix by cathepsin K and matrix metalloproteinases
(MMPs) (Henriksen et al., 2006). Thus V-ATPases may
potentially be a therapeutic target for the development of
anti-resorptive agents.
The function and structure of V-ATPases in
mammalian cells

The vacuolar H+-adenosine triphosphatases (H+ATPase/V-ATPase) appear to be the most versatile
proton pumps in nature (Nishi and Forgac, 2002). VATPases are primarily responsible for the acidification
of intracellular compartments in all eukaryotic cells
(Stevens and Forgac, 1997; Forgac, 1999). In addition,
V-ATPases play an fundamental role in many cellular
processes including endocytosis, intracellular membrane
traffic, macromolecular processing and degradation, and
ligand-coupled transport (Stevens and Forgac, 1997;
Forgac, 1999). Recent studies have shown that VATPase interacts with small GTPase Arf6 (ADPribosylation factor 6) and its cognate GDP/GTP
exchange factor ARNO (ADP-ribosylation factor
nucleotide site opener) in early endosomes and regulates
the protein degradation pathway, pointing to the role of
V-ATPase as an essential component of the endosomal
pH-sensing machinery (Hurtado-Lorenzo et al., 2006).
In phagocytic cells such as macrophages, V-ATPases are
known to mediate cytoplasmic pH homeostasis and
acidification, both of which are crucial to phagocytosis
and subsequent microbial degradation (Grinstein et al.,
1992; Swallow et al., 1993). In renal intercalated cells,
V-ATPases function in the acidification of urine (Smith
et al., 2000), whilst in tumor cells, V-ATPases are

targeted to the plasma membrane where they create an
acidic extracellular environment that facilitates tumor
metastasis (Martinez-Zaguilan et al., 1993). In
osteoclasts, V-ATPases are required for the acidification
of the space that is in contact with the bone surface, a
biological process that is essential for bone resorption
(Li et al., 1999; Frattini et al., 2000). It is clear that VATPases serve a wide variety of roles in mammalian
cells.
As shown in Fig. 2, the molecular structure of the
various subunits of the V-ATPase pump is highly
complex. Recent structural studies have revealed that the
core structure of V-ATPase is essentially composed of
two functional domains, denoted V1 and V0 (Stevens and
Forgac, 1997; Forgac, 1999). The V 1 domain is
responsible for hydrolysis of ATP and is a 570 kDa
complex, consisting of eight different subunits, A-H,
with a molecular mass between 14 to 70 kDa. On the
other hand, the V 0 domain functions as the proton
translocation unit located across the limiting membrane.
The V0 consists of a 260 kDa integral complex which is
made of several distinct subunits of molecular weight 11
to 100 kDa (subunit a, d, and c), with six copies of the c
subunits and single copies of a, c’ and d subunits (Arai et
al., 1988). In addition, accessory subunits Ac45 and M89 are also present in mammalian cells but absent in yeast
(Supek et al., 1994; Ludwig et al., 1998; Demirci et al.,
2001). Table 1 summarizes the systemic nomenclature of
mouse homologues of various subunits of V-ATPases
(Smith et al., 2003), their predicted function and
observed knockout phenotypes.
Structure and Function of the V1 subunits

The V 1 domain is the cytoplasmic portion of VATPase and comprises the catalytic nucleotide-binding
subunit A and the non-catalytic nucleotide-binding
subunit B in a stoichiometry of A 3:B 3 and the stalk
subunits C-H in a proposed stoichiometry of
C1:D1:E1:F1:G2:H1 (Forgac, 1999; Xu et al., 1999). The
70 kDa A and 60 kDa B subunits are arranged together
to form a hexamer responsible for ATP hydrolysis.

Fig. 1. Stages of osteoclastic bone resorption:
(1) The osteoclast initiates resorption through
attachment to calcified bone surfaces via actin
microfilaments and αv_3 integrins, specific for
bone matrix proteins possessing RGD
sequences. (2) Upon attachment, osteoclasts
undergo membrane polarisation through the
formation of intracellular acidified vesicles (AV),
which rapidly fuse to the bone-facing surface to
create a ruffled membrane domain. The ruffled
border (RB) is essentially, the “resorbing organ”
and is enriched with v-ATPase proton pumps (VP). (3) During bone degradation and resorption, a sealing zone (SZ) seals off the acidic
microenvironment generated by the release of protons (H +) and chorlide ions (Cl-) and electrochemical homeostasis is maintained through the
basolateral domain. (4) Degraded bone matrix products are then endocytosed and transported via transcytotic carrier vesicles (TCV) from the ruffled
border to the functional secretory domain (FSD) and released into the extracellular environment.
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Mutational studies in yeast have revealed that the
catalytic nucleotide binding sites located on the A
subunit is critical for V-ATPase activity, whereas the
non-catalytic sites on the B subunit might have a
regulatory function (Liu et al., 1996; MacLeod et al.,
1998; Vasilyeva et al., 2000).
The central rotor is composed of subunits D and F,
whereas the peripheral stator is made of the C, E, G and
H subunits (Xu et al., 1999; Arata et al., 2002). Based on
cross-linking studies, the peripheral stator appears to
Table 1. Summary of mouse V-ATPase subunit genes.
Subunits Gene Name
V1 Peripheral Sector

A

ATP6V1A

B2

ATP6V1B2

B1

ATP6V1B1

C1
C2
D

ATP6V1C1
ATP6V1C2
ATP6V1D

E2
F
G1

ATP6V1E2
ATP6V1F
ATP6V1G1

E1

G2
G3
H

ATP6V1E1

ATP6V1G2
ATP6V1G3
ATP6V1H

V0 Membrane Sector

a1

ATP6V0A1

a2

ATP6V0A2

a3
a4
d1

TCIRG1
ATP6V0A4
ATP6V0D1

d2
c

ATP6V0D2
ATP6V0C

c'
e1
e2

ATP6V0B
ATP6V0E
ATP6V0E2

ac45

ATP6AP1

Accessory Subunits
M8-9

ATP6AP2

Synonyms

MW in kDa

Atp6a2, VPP2
Atp6v1a1, VA68
Vpp3,Vpp-3, Atp6b1
HO57, Atp6b2,
R74844, U13839
VATD
Vma8
Atp6m, E2, P31
Vma4, Atp6e
Atp6e2, E1, Atp6e1
Atp6v1e

VAG1, ATP6J,
Vma10, Atp6g1
NG38, VAG2, Atp6g2
SFD, VMA13
CGI-11, SFDbeta

Atp6n1, vpp1

Atp6n1a, ATP6a1
Atp6n2, ATP6a2
Atp6n1d, Tj6, Stv1
Oc116, atp6i
Atp6n1b
Atp6d, p39
Ac39, VATX, Vma6

Atp6l, Atp6c, Atp6c2
Atpl, PL16, AtpI-rd1
VATL, Vma3
Atp6f, VMA16
M9.2, Atp6k
NM9.2

70

56

42

Genbank No. Yeast gene

Proposed Function/Location

NM_007508

VMA1

Catalytic ATP binding

VMA5

Peripheral stator

VMA4

Peripheral stator

NM_134157

NM_007509

34

NM_025494
NM_133699
NM_023721

14
13

NM_029121
NM_025381
NM_024173

31

connect the A/B hexamer to the V0 complex (Arata et
al., 2002; Lu et al., 2002). It has been shown that subunit
D and F subunits exhibit ATP dependent rotation relative
to the A/B hexamer (Imamura et al., 2003) as well as
relative counter-clockwise rotation of the V1 G and V0 c
subunits (Hirata et al., 2003). In addition, the D and F
subunits have also been shown to be closely associated
and exist as heterodimers independent of the V-ATPase
complex (Arata et al., 2002; Nishi and Forgac, 2002).
Collectively, ATP hydrolysis by the A/B hexamer drives

NM_007510

50

NM_023179
NM_177397
NM_133826

100-110

NM_016920

VMA2

VMA8

Central rotor
Peripheral stator

VMA13

Peripheral stator

VPH1/STV1

38-42
16

NM_175406
NM_009729

VMA6
VMA3

21
9

NM_033617
NM_025272
NM_133764

VMA16
VMA21

Atpip1, XAP-3, ac45
45
VATPS1, Atp6s1, C7-1
M8-9, Atp6ip2,
8-9
ATP6M8-9, APT6M8-9

NM_018794

None

NM_027439

None

Normal hearing
(Dou et al., 2003)

Central rotor

VMA7
VMA10

NM_011596

AB022322
NM_080467
NM_013477

Noncatalytic ATP binding

Knock Out Phenotype

Peripheral stator and
H+ Translocation

Nonintegral
membrane component
H+ translocation

H+ translocation
Membrane sector-associated
Membrane sector-associated
Accessory subunit

Accessory subunit

Ostropetrosis (Li et al., 1999)
Embryonic development
(Miura et al., 2003)

Early embryonic lethality
(Inoue et al.,1999)

Early embryonic development
(Schoonderwoert et al., 2002)

Modified from Smith et al., 2003.
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rotation of the central rotor and peripheral stalk of the V1
domain, which in turns drives influx of protons into the
cytoplasmic vesicle or extracellular space via the V0
domain. Other structural features of the V 1 domain
subunits with specific implications for function are
highlighted in Table 1.
Recent studies have revealed that two V1 subunits, B
and C, bind to F-actin, suggesting that these subunits
may function as an anchor protein regulating the linkage
between V-ATPase and the actin-based cytoskeleton
(Holliday et al., 2000; Vitavska et al., 2003). The E
subunit have also been found to associate with aldolase
(Lu et al., 2001). Aldolase colocalizes with V-ATPase in
the osteoclast and is distributed at the ruffled border in
activated osteoclasts. Deletion of the aldolase gene in
yeast results in reduced cellular V-ATPase and
dissociation between the V 1 and V 0 domains. This
suggests that the E subunit’s interaction with aldolase is
important in V-ATPase activity and may exhibit
regulatory roles. The E subunit has also been implicated
in the regulation of the mSos1-dependent Rac1 signaling
pathway involved in growth factor receptor-mediated
cell growth control (Miura et al., 2001). Therefore
identification of association between V-ATPase subunits
and other cellular proteins may help to unravel novel
regulatory pathways of V-ATPases.
Structure and function of the V0 subunits

The integral membrane bound V0 domain of the VATPase complex is connected to the V1 domain by the
central and peripheral stalks. In mammals, it consists of
a, c, c” and d subunits. The more extensively studied
yeast version of the V0 domain contains a, c, c’, c’’ and d
subunits in the stoichiometric ratio of a1:c5:c’1:c”1:d1
(Arata et al., 2002a,b; Wilkens and Forgac, 2001; Nishi

and Forgac, 2002; Forgac, 1999). The largest subunit
(subunit a) of 100 kDa of the V0 is a transmembrane
glycoprotein displaying characteristics of an N-terminal
hydrophilic domain and a C-terminal hydrophobic
domain with multiple potential transmembrane helices
(Perin et al., 1991). The second largest single subunit
(subunit d) of 38 kDa is a hydrophilic protein containing
no membrane helices (Nelson, 1992) and has been found
to be tightly associated with V0 (Adachi et al., 1990).
The smallest subunits (subunits c and c’) are highly
hydrophobic proteins of 17-19 kDa with characteristics
of proteolipids (Forgac 1999). The V0 domain contains
the channel for proton translocation and it has been
suggested that proton translocation occurs by rotation of
the proteolipid c ring, relative to the A/B hexamer
(Imamura et al., 2003; Yokoyama et al., 2003). The V0
domain may also participate in membrane fusion (Peters
et al., 2001; Bayer et al., 2003).
The a subunit, the largest of the V 0 subunits, is
though to be a two-domain protein as previous reports
have shown that the amino-terminal hydrophilic domain
of the a subunit interacts with both subunit A and
subunit H of the V1 domain and thus been suggested to
form part of the peripheral stator connecting V1 and V0
(Xu et al., 1999; Landolt-Marticorena et al., 2000). It is
also predicted that the hydrophobic carboxyl-terminal
component of the a subunit contains nine transmembrane
segments (Leng et al., 1999) harbouring a number of
charged residues that may important for its function.
Arginine 735 of transmembrane segment 7 however, has
been shown to be absolutely required for proton
transport (Kawasaki-Nishi et al., 2001). Two a subunit
isoforms exists in yeasts, Vph1p and Stv1p, and are
associated with vacuolar and Golgi/endosomal
membranes respectively (Manolson et al., 1994). In
mammalian cells, four isoforms (a1, a2, a3 and a4) of

Fig. 2. Schematic depiction of the subunit
structure of mammalian V-ATPases. The VATPase complex is composed of a peripherally
located V1 domain and a integral membrane
associated V0 domain. The V1 domain consists
of eight different subunits (A – H) and is
responsible for ATP hydrolysis. In yeast the V0
domain consists of five different subunits (a, c,
c’, c” and d) and functions in proton
translocation. Mammalian V-ATPases lacks the
c’ subunit. Recently, another integral
membrane subunit designated e was identified
in both mammalian and yeast V-ATPase and is
likely to be an important component of the VATPase complex in all eukaryotes.
Furthermore two accessory subunits, Ac45 and
M8-9 also exists but their structural location
and association with other subunits remains to
be determined. (Image modified from Arata et
al., 2002).
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the 100-kDa subunit have been identified (Nishi and
Forgac, 2000; Toyomura et al., 2000) with each isoforms
exhibiting specific organellar and cellular distributions
and thus generating V-ATPases with possible differential
functional properties. For example, the V-ATPase V0
subunit a1 isoform was shown to localize specifically to
nerve terminals and interacts with fusion proteins
SNAREs in the fish Torpedo marmorata (Morel et al.,
2003) and more recently found to be required for a late
step in synaptic vesicle exocytosis in Drosophila
(Hiesinger et al., 2005).
The c, c’ and c” subunits are termed proteolipids
because of their high hydrophobic nature (Hirata et al.,
1997). The yeast c and c’ subunits are both 16 kDa and
contain four putative transmembrane helices (TM1 to
TM4) with a crucial Glu residue in TM4 essential for
proton transport. The c” subunit is a 23 kDa subunit
containing five transmembrane segments with the crucial
acidic residue in TM3 (Hirata et al., 1997). Together
these units make up a proteolipid ring, although the
exact configuration of this ring is uncertain. In yeast,
there are likely to be five copies of the c subunit, one
copy of the c’ and c” subunits (Arata et al., 2002; Nishi
and Forgac, 2002). However, the arrangement of c and
c’’ subunits in mammalian cells is unclear. The yeast c
ring differs to the mammalian ring, in that the
mammalian c ring is not known to contain a c’ subunit
(Arata et al., 2002; Nishi and Forgac, 2002). The
significance of this remains to be determined. In addition
to proton transport, the c subunit has been implicated in
cell-cell communication as a component of gap junctions
as well as in neurotransmitter release as a component of
the mediatophore (Finbow et al., 1992). Furthermore,
recent studies have shown that the proteolipid ring in
conjunction with other V0 subunits forms a homotypic
end-to-end associations between two fusing membranes,
and is thought to be the fusion pore first detected as a
transient high-conductance channel (Peters et al., 2001;
Bayer et al., 2003; Hiesinger et al., 2005). Gene knockout studies has shown that the targeted disruption of the
gene encoding the proteolipid subunits of the mouse
vacuolar H(+)-ATPase leads to early embryonic lethality
(Inoue et al., 1999).
The interaction between a subunit and c/c’’ subunits
in mammalian V-ATPase is complex and remains to be
fully unraveled. Most studies are based on interactions in
lower order eukaryotes and comparative modeling based
on a similar group of proton transporters, the ATP
synthases (F-ATPase). Comparison with F-ATPase led to
the proposal of a rotary mechanism. In this model
hydrolysis of ATP is thought to cause rotation of the c
ring relative to the a subunit (Forgac, 1999; Yokoyama et
al., 2003). The a subunit is held stationary through its
association with the peripheral stalk and A/B hexamer.
This rotation opens two hemi-channels allowing protons
to access and be released from buried carboxyl groups in
the c subunits. One hemi-channel is exposed on the
cytoplasmic side and the other is exposed on the luminal
or extracellular side. This rotation mechanism has

recently been confirmed in two studies using similar
methods (Hirata et al., 2003; Yokoyama et al., 2003).
Yokoyama et al. fixed the A/B hexamer to specifically
prepared glass and used streptavidin to couple a bead to
the c ring. It was observed that V-ATPase activity causes
rotation of the c ring and thus rotation of the visible bead
(Yokoyama et al., 2003).
The function of d subunit is not well documented but
has been suggested to play a role in coupling proton
transport and ATP hydrolysis (Nishi et al., 2003), and in
embryonic development (Miura et al., 2003). Disruption
of the yeast homologue VMA6 results in the inability of
the yeast cells to acidify intracellular compartments due
to an impairment in the assembly of the intact V 1V0
complex as well as the V0 domain itself (Bauerle et al.,
1993). Studies have shown that the subunit d is a
hydrophilic, non-membrane bound protein that is
connected to the V0 domain by contact with other V0
subunits (Adachi et al., 1990). A secondary isoform of d,
designated d2, has been identified and exhibits specific
tissue distribution in comparison to the ubiquitously
expressed d isoform (Smith et al., 2002). Together with
the a subunit, the d subunit forms a cuff around the
hydrophobic c/c’’ subunits (Arata et al., 2002).
The e subunit has been identified as a 9.2kDa
subunit in bovine studies (Ludwig et al., 1998). The e
subunit bears relatively close similarity to the yeast VATPase assembly protein Vma21p, sharing 45%
similarity and 19% identity. However, the yeast Vma21p
protein only contributes to V-ATPase assembly and is
not actually associated with V-ATPase. On the other
hand, the e subunit was found to be associated with both
the V0 and V1V0 complex providing evidence that this
subunit is integrated into the final V-ATPase complex
(Ludwig et al., 1998). Most recent studies using
genome-wide screening lead to the identification of
Vma9p, the yeast homologue of the mammalian e
subunit. Vma9p is an integral membrane V0 subunit of
the yeast V-ATPase and is required for the stable
assembly of the V0 domain as well as assembly of the
V1V0 complex (Sambade and Kane, 2004; Compton et
al., 2006). Furthermore, the fus-1 gene encoding the e
subunit in C. elegans was shown to be essential for the
repression of epidermal cell fusion and the loss of this
subunit as well as other V-ATPase subunits causes
widespread hyperfusion indicating possible roles for VATPase subunits in cellular fusion (Kontani et al., 2005).
Structure and function of the accessory subunits

In addition to the V 1 and V0 subunits, accessory
subunits have been discovered in mammalian cells.
Ac45 was initially identified from bovine adrenal
chromaffin granular V-ATPase as an accessory subunit
associated with the V0 domain (Supek et al., 1994) and
currently no homologue counterpart have been identified
in yeast (Stevens and Forgac, 1997). Structural analysis
has shown that the C-terminus of Ac45 carries a 26
residue-cytoplasmic tail that contains autonomous
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internalization signals that are necessary for the
regulation of essential routing information (Jansen et al.,
1998). Recent knockout studies in mice have found that
the Ac45 null mutation impairs normal development of
the blastocyst, indicating an essential role of Ac45 in
early embryonic development (Schoonderwoert and
Martens, 2002). Another membrane sector-associated
protein M8-9 was identified from the vacuolar protontranslocating ATPase of bovine chromaffin granules, but
the role of this M8-9 protein remains to be elucidated
(Ludwig et al., 1998; Demirci et al., 2001).
The role of V-ATPase subunits in osteoclast function

As previously indicated, osteoclasts are capable of
generating an acidic microenvironment necessary for
bone resorption by utilizing V-ATPases to pump protons
into the resorption lacuna. This acidification process is
mediated by the clustering of many V-ATPase proton
pumps towards the bone apposed plasma membrane or
ruffled border of active osteoclasts during bone
resorption (Baron et al., 1985; Blair et al., 1989; Baron,
1989). There is increasing evidence to suggest that the
acidification of the millieu near the ruffled membrane
border as well as within several intracellular
endocytic/lysosomal organelles is vital for the
endocytotic and transcytotic transport in osteoclasts
(Baron et al., 1985; Baron, 1989; Vaananen et al., 2000).
Using the specific V-ATPase inhibitor bafilomycin A1,
V-ATPases have been implicated to play a role in
osteoclast apoptosis and endocytosis (Xu et al., 2003). In
addition to its role in bone degradation in mature
osteoclasts, evidence has been presented that expression
of V-ATPases is involved in osteoclastogenesis.
Antisense RNA to the V-ATPase V1 subunits have been
shown to abolish the generation of osteoclast-like cells
(Laitala-Leinonen et al., 1999).
The V1 subunit B2 isoform has been shown to be
expressed at the ruffled border of osteoclasts (Lee et al.,
1996), and has been suggested to be translocated from
the cell interior to a special domain of the ruffled
membrane close to the sealing zone (Mattsson et al.,
1997). Both isoforms of the B subunit share an actin
microfilament binding site at their amino termini (Chen
et al., 2004). Interaction with actin via the B subunit
could be an important mechanism for the intracellular
trafficking and localization of the V-ATPase complex to
various subcellular compartments and membranes. This
is supported by the observation that the introduction of
cytochalasin D, an actin depolymerizer, inhibits
localization of V-ATPase to the plasma membrane in
osteoclasts (Holliday et al., 2000; Chen et al., 2004).
Therefore it is likely that binding of V-ATPase to the
actin cytoskeleton is an important process for the
trafficking of the V-ATPase complex from subcellular
membrane compartments towards the plasma membrane
into the ruffled border of osteoclasts during bone
degradation. On the other hand, human mutations in the
gene encoding B1 subunit of H+-ATPase has been linked

with renal tubular acidosis and sensorineural deafness
(Karet et al., 1999; Stover et al., 2002). However, recent
studies have found that mice lacking the B1 subunit of
H+-ATPase appears to have normal hearing, and B1 is
not required for normal inner ear development or normal
inner ear function in mice (Dou et al., 2003).
The crucial role of V-ATPase in osteoclastic bone
resorption is perhaps exemplified by targeted disruption
studies in mice. Disruption of V0 subunit ATP6I gene,
encoding the a3 subunit of the V0 sub-complex, (also
termed OC-116kD) in mice results in severe
osteopetrosis. Osteoclasts derived from a3 null mice
have impaired extracellular acidification but are able
retain the ability to maintain intracellular pH
homeostasis (Li et al., 1999). Interestingly, osteoclasts
with 10 or more nuclei have been shown to exhibit
higher expression of the a3 subunit as compared with
osteoclasts with five or fewer nuclei (Manolson et al.,
2003), suggesting the importance of the a3 subunit in
osteoclast maturation. Mutations in the human ATP6I
gene have been shown to be responsible for a subset of
human malignant infantile osteopetrosis, a genetically
heterogeneous autosomal recessive disorder of bone
metabolism (Sobacchi et al., 2001), further highlighting
the importance of V-ATPases in osteoclast formation and
bone resorption.
Increasing data regarding the expression, regulation,
and role of individual V-ATPase subunits in
osteoclastogenesis and bone resorption are emerging.
Recent work in our laboratory has identified abundant
gene transcripts of V0 subunits c, c’, d1, d2, e1, e2 and
Ac45 in osteoclasts (Xu, et al., unpublished data),
indicating their potential involvement in osteoclast
function.
The V-ATPase proton pump of the osteoclast ruffled
membrane is suggested to be tightly coupled to a passive
chloride channel (Blair et al., 1989). More interestingly,
mice deficient for the ubiquitously expressed chloride
channel protein ClC-7 have been found to exhibit severe
osteopetrosis and retinal degeneration (Kornak et al.,
2001; Kasper et al., 2005; Lange et al., 2006).
Furthermore, mutations in the gene encoding ClC-7 have
been identified in patients with human infantile
malignant osteopetrosis (Kornak et al., 2001; Henriksen
et al., 2004), indicating that the chloride conductance is
required for efficient proton pumping by V-ATPases at
the osteoclast ruffled membrane (Kornak et al., 2001).
More recently, ClC-7 was found to form complexes with
OSTM1, which acts as a beta-subunit of ClC-7, and
mutations in the Ostm1 gene lead to severe
osteopetrosis, resembling the ClC-7-deficient mice
(Lange et al., 2006). It remains to be seen whether
chloride channels serve as a potential drug target for
anti-resorptive agents.
V-ATPase inhibitors for osteoclast function

In light of the fact that osteolysis occurs in several
systemic and local skeletal and joint diseases, and the
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importance of V-ATPase-mediated acidification during
osteoclastic bone resorption, therapeutic interventions
have been proposed that specifically target inhibition of
the osteoclast proton pump. Modulation of osteoclastic
V-ATPase activity has been considered to be a suitable
therapy for the treatment of osteoporosis, Paget’s
disease, and various manifestations of skeletal cancer
(Farina and Gagliardi, 1999). Table 2 lists a number of
V-ATPase inhibitors with their potential targets and
various chemical structures (Fig. 3). It remains a
challenge to identify specific V-ATPase inhibitors for
osteoclast function.
Initial steps in developing inhibitors for V-ATPases
involve the structural analysis of bafilomycin A 1
(Werner et al., 1984). Bafilomycin A1 is a macrolide
antibiotic with potent inhibitory effect on all V-ATPases
in vitro and in vivo. Bafilomycin A1 is able to inhibit
Table 2. Summary of V-ATPase inhibitors.
V-ATPase Inhibitors

Bafilomycin A1
Concanamycin A
SB 242784
FR167356
Salicylihalamide A
Lobatamides
Oximidines
Destruxin B
Omeprazole

Acting targets

Vo a subunit
Vo c subunit
Osteoclast V-ATPase
Osteoclast V-ATPase
V-ATPase
V-ATPase
V-ATPase
V-ATPase
Gastric H+/K+-ATPase

bone resorption both in vitro (Sundquist et al., 1990;
Chatterjee et al., 1992) and in vivo (Sundquist and
Marks, 1994) as well as exerting potent inhibitory effect
on endocytosis and apoptosis of osteoclasts and their
precursor cells (Xu et al., 2003). However, being a nonspecific inhibitor of all V-ATPases, bafilomycin could
exhibit unacceptable levels of systemic toxicity, thus
making its use as anti-resorptive agent unfeasible.
Therefore, for the treatment of excess bone resorption, it
is necessary to modify the structure of bafilomycin to
confer higher selectivity for the osteoclast V-ATPase
enzyme (Farina and Gagliardi 1999).
In addition to bafilomycin A1, concanamycin A is
another potent macrolide V-ATPase inhibitor that is
structurally related to bafilomycin A 1(Kinashi et al.,
1982, 1984). Previous data has strongly implicated
subunit c of the V-ATPase V0 in binding of the specific

Sources

Streptomices species
Streptomices species
Bafilomycin derivatives
Novel chemical structure
Benzolactone enamide core structure
Benzolactone enamide core structure
Benzolactone enamide core structure
Fungus Metarhisium anisopliae
Thiol reagents

Reference

Werner et al., 1984
Kinashi et al., 1984
Gagliardi et al., 1998
Niikura et al., 2004
Snider and Song 2000
Boyd et al., 2001,
Boyd et al., 2001
Muroi et al., 1994
Fellenius et al., 1981

Fig. 3. Chemical structures of V-ATPases
inhibitors.
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inhibitors bafilomycin and concanamycin which act by
preventing the rotation of the c subunits (Huss et al.,
2002; Bowman et al., 2004). Subunit a of V-ATPase
participates along with subunit c in binding bafilomycin
(Zhang et al., 1994; Bowman and Bowman, 2002; Wang
et al., 2005), but the contribution of the c ring to the
bafilomycin binding site is quantitatively greater than
the contribution of subunit a (Wang et al., 2005).
Mutation studies indicate that residues in subunit a (or
subunit c) that are not involved in binding of
bafilomycin are likely to participate in binding of
concanamycin, and that the concanamycin binding site
has unique determinants that are not altered by changes
in the bafilomycin site (Wang et al., 2005).
The majority of V-ATPase inhibitors that selectively
target osteoclast V-ATPase have been developed from
bafilomycin A 1 . The observation that subunit a3 is
expressed specifically in osteoclasts led to investigation
of subunit a as a potential target for osteoclast specific
inhibitors. Bafilomycin is able to bind the a subunit, so it
would appear a logical starting point for such drugs. The
most significant advance thus far, is the development of
SB242784, ((2Z,4E)-5-(5,6-dichloroindolyl)-2-methoxyN-(1,2,2,6,6-pentamethylpiperidin-4-yl)-2,4pentadienamide), which shows a high degree of
selectivity and potency in inhibiting osteoclast V-ATPase
(Gagliardi et al., 1998;Visentin et al., 2000). SB242784
has been shown to completely prevent retinoid-induced
hypercalcaemia in thyroparathyroidectomised rats
(Visentin et al., 2000). The protective effect of SB
242784 on preventing bone loss was comparable to an
optimal dose of estrogen (Visentin et al., 2000). In
addition, SB 242784 had a greater than 1000-fold
selectivity for the osteoclast V-ATPase compared with
those measured in the kidney, liver, spleen, stomach,
brain or endothelial cells and has no effect on other
cellular ATPases (Visentin et al., 2000). Evaluation of
SB 242784 toxicity in ovariectomised rats during a 6month treatment program recorded no overt toxic effects
on urinary acid excretion (Visentin et al., 2000). Since
V-ATPases located on the plasma membrane in kidney
tubules participates in urinary acidification, this finding
confirms in vivo selectivity. The efficacy of this
compound has been shown to be exceptional via
measurements of BMD, biochemical markers of bone
resorption and histomorphometry (Visentin et al., 2000).
However, the molecular mechanism of SB 242784
selectivity remains to be elucidated.
FR167356, or 2,6-dichloro-N-[3-(1-hydroxy-1methylethyl)-2-methyl-7-benzofuranyl]benzamide, is a
compound that was obtained from random screening
using osteoclast microsomes and chemical modifications
of a parental hit compound imidazopyridine to
benzofuranyl. FR167356 inhibits H+ transport in plasma
membrane vesicles of murine osteoclasts (IC50 170 nM)
and chicken osteoclast microsomes (IC50 220 nM), but
exerts no effect on H+ transport of mitochondrial ATPase
(F-ATPase) or gastric H + ,K + -ATPase (P-ATPase)
(Niikura et al., 2004). Further studies have shown that

FR167356 prevents bone resorption in ovariectomized
rats and alveolar bone destruction in experimental
periodontitis models (Niikura et al., 2005a,b).
The salicylihalamides, lobotamides and oximidines
are three groups of V-ATPase inhibitors that are able to
inhibit all mammalian V-ATPases, but show little or no
activity against other species (Farina and Gagliardi,
2002; Wu et al., 2002). These compounds share a
benzolactone enamide core, which may explain there
unusual selectivity (Snider and Song, 2000; Boyd et al.,
2001). Salicylihalamide A inhibits the V0 sector of the
V-ATPase through a mechanism distinct from
bafilomycin A1 (Xie et al., 2004).
Other naturally occurring inhibitors of V-ATPase
include Destruxin B, which was originally isolated from
the fungus Metarhisium anisopliae (Muroi et al., 1994).
In addition, thiol reagents represent another group of
general inhibitors of V-ATPase; these include
omeprazole, nitrobenzothiazole, nitrobenzimidazole,
methobenzoxazole. It has been shown that omeprazole
inhibits gastric H+/K+-ATPase at low concentrations, and
V-ATPase at higher concentrations (Fellenius et al.,
1981; Elander et al., 1986), suggesting that these
compounds are not selective for osteoclast V-ATPase.
Taken together, the essential role of V-ATPase in
bone resorption provides a prospect for pharmacological
intervention in the treatment of osteolytic disorders. The
emergence of novel V-ATPase inhibitors may ultimately
lead to the development of selective V-ATPase inhibitors
targeting osteoclasts.
Conclusion

This review summarizes recent research
developments in V-ATPase biology and highlights the
importance of V-ATPase as a potential prime target for
anti-resorptive agents. With the advance of molecular
and biological techniques such as knockout mouse
models, the body of knowledge regarding its structure
and function in osteoclasts is growing and this might
facilitate the search of selective inhibitors that target
osteoclast specific V-ATPase structure for the treatment
of bone resorption disorders, such as osteoporosis,
aseptic loosening and tumor-induced bone loss.
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3.1 – RATIONALE
The V-ATPase complexes play an essential role in the acidification of the extracellular
compartments between osteoclast ruffled border membranes and bone surfaces
(Teitelbaum 2000). The V-ATPase is composed of two structurally and functionally
distinct domains, a peripheral V1 domain and a membrane-bound V0 domain. In general,
V-ATPase complexes are structurally similar, however, different constitutions of
multiple iso-forms of the complexes have been found in different intracellular
organelles or tissues, implicating the specific V-ATPase machineries are needed to
regulate various biological processes.

Multinucleated osteoclasts are principle bone-resorbing cells. Osteoclast formation is
tightly controlled by a number of transcriptional factors such as NF-kB, MITF, PU.1
and NFATc1. The latter is claimed to be a “master” transcription factor, which
cooperates with other factors to induce the expression of many specific osteoclastic
genes such as TRAP, cathepsin K, OSCAR and DC-STAMP.

During osteoclastic bone resorption, the V-ATPase complexes are transported to the
ruffled border membranes, where protons are secreted into the bone resorption lacunae.
There are at least two different isoforms of a subunit of V0 domain, a1 mainly found in
non lysosomal organelles and a3 localized in both endosomal/lysosomal compartments
and plasmal membranes. The a3 subunit was up-regulated during osteoclastogenesis and
the significant roles of a3 containing V-ATPases during osteoclasts have been
highlighted by genetic evidence that a3 subunit mutations in human and a3 knockout
mice lead to dramatically increased bone mass, a phenotype of osteopetrosis (Li, Chen
et al. 1999; Kornak, Schulz et al. 2000).
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Although the essential role V-ATPase in bone resorption is well accepted, there are
open questions which still remain to be elucidated, including 1): the molecular
mechanism that controls the transportation of V-ATPase from intracellular
compartments to the ruffled border membranes. 2): the transcription factors regulate
gene expression profiles of these different V-ATPase subunits during osteoclast
formation.

Taken together, the scope of this thesis is to dissect the molecular mechanism regulating
V-ATPase activity during osteoclast development. It’s anticipated that a better
understanding of V-ATPase in osteoclasts will provide a scientific platform for finding
ultimate treatments for bone lytic diseases such as osteoporosis, Paget’s disease and
tumour-induced bone lysis.

3.2 – HYPOTHESIS AND AIMS
Two genes, encoding V-ATPase accessory subunit Ac45 and the d2 subunit of the V0
domain respectively, were identified to be the targets up-regulated during RANKLtreated osteoclast formation. Previously, the cytoplasmic terminal residues of Ac45 was
suggested to contain target information distinct from pervious reported domains (Jansen,
Holthuis et al. 1998). In addition, recently, genetic knock out of d2 resulted in impaired
pre-osteoclast fusion in vitro and in vivo (Lee, Rho et al. 2006).

Based on previous findings and current literature, the specific hypothesis and aims of
this study are proposed as followed:

HYPOTHESIS I:
1. The c-terminus of Ac45 is important for the proper association of Ac45 with other
subunits of the V0 domain.
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2. The accessory subunit Ac45 is an important component of the osteoclastic V-ATPase
and genetic deletion of the c-terminus of Ac45 may impair osteoclastic bone resorption.

AIMS:
1. To examine the expression, subcellular localization and functions of the V-ATPase
accessory subunit Ac45 in osteoclasts.
2. To determine the possible interacting partners of Ac45 within the V0 domain.
3. To examine whether c-terminal tail deletion of Ac45 can disrupt the proper
interaction patterns of V0 domain.

HYPOTHESIS II:
1. The osteoclastic transcriptional factors, such as NFATc1, MITF, might bind to the
V-ATPase d2 promoter to transactivate V-ATPase d2 gene expression during
osteoclastogenesis.
2. NFATc1 and MITF might cooperate with other unidentified transcriptional factors
to regulate V-ATPase d2 gene expression.

AIMS:
1. To determine whether NFATc1 and MITF can regulate V-ATPase d2 gene
expression.
2. To identify the binding regions of NFATc1 and MITF within the V-ATPase d2
promoter.
3. To explore unidentified transcription factors that can collaborate with NFATc1 and
MITF to regulating the V-ATPase d2 gene expression.
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4.1 – MATERIALS
4.1.1 – Cell Lines
Cell Line

COS-7

Description

Supplier

African Green Monkey kidney,
Simian CV-1 fibroblast-like cells

Kind gift from Dr. Karen
Kroeger, West Australian
Institute for Medical
Research, Western Australia

Mouse myeloid/monocytes

Kindly provided by Dr. A.I.
Cassady, Centre for Molecular
and Cellular Biology,
Department of Biochemistry,
University of Queensland

Retrovirus packaging cell line based
on the 293T cell line; 293T is a
derivative of HEK293 (Human
Embryonic Kidney cells) that stably
express the large T-antigen of SV40

Kindly provided by T
Kitamura, Department of
Hematopoietic Factors,
Institute of Medical Science,
University of Tokyo, 4-6-1
Shirokanedai Minato-ku,
Tokyo 108-8639, Japan

Mouse embryonic fibroblast cell line

ATCC, USA

RAW264.7

(Subclone C4)

Platinum-E
(Plat-E)

NIH 3T3 cells

4.1.2 – Bacterial Strains
Strain

Description

Supplier

DH5α

cDNA insert cloning host,
propagation of plasmid DNA

Invitrogen, Sydney, Australia

E.coli XL-1 Blue

cDNA insert cloning host,
propagation of plasmid DNA

Dr. B.J. Chang, Department of
Microbiology, University of
Western Australia

E.coli BL21
(DE3)

Prokaryotic expression host
EMD Biosciences Inc (Novagen),
for recombinant polypeptides San Diego, CA., USA

4.1.3 – Chemical Reagents
All experiments conducted in this thesis used chemical reagents that were of analytical
grade unless otherwise indicated and were purchased from the following manufacturers:
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Chemical Reagents

Manufacturer

Acrylamide, 99.9%

Bio-Rad Laboratories, Hercules, CA.,
USA

Agarose

Promega Corp., Madison, Wi., USA

Agar Powder

BDH Laboratory Supplies, Poole,
Dorset, England

4-(2-Aminoethyl) benzenesulfonyl fluoride
hydrochloride (AEBSF)

Sigma Chemical Co., St. Louis, Mo.,
USA

Ammonium persulfate

Bio-Rad Laboratories, Hercules, CA.,
USA

Ampicillin

Sigma Chemical Co., St. Louis, Mo.,
USA

BactoYeast Extract

Difco Laboratories, Detroit,
Michigan, USA

BactoTryptone

Difco Laboratories, Detroit,
Michigan, USA

BigDye™ Reaction Mix

Promega Corp., Madison, Wi., USA

BIS
(N, N’-methylene-bis-acrylamide)

Bio-Rad Laboratories, Hercules, CA.,
USA

Bovine Serum Albumin (BSA) Acetylated
10mg/ml

Promega Corp., Madison, Wi., USA

Bradford Reagent

Bio-Rad Laboratories, Hercules, CA.,
USA

Bromophenol Blue

Sigma Chemical Co., St. Louis, Mo.,
USA

Calcium chloride (CaCl2)

Sigma Chemical Co., St. Louis, Mo.,
USA

Cell Dissociation Buffer

Sigma Chemical Co., St. Louis, Mo.,
USA

Coelenterazine H

Promega Corp., Madison, Wi., USA

Complete Protease Inhibitor Cocktail Tablets

Roche Diagnostics Gmbh, Mannheim,
Germany

Coomassie® Brilliant Blue R-250

Bio-Rad Laboratories, Hercules, CA.,
USA

dATP, dTTP, dCTP, and dGTP Nucleotides

Promega Corp., Madison, Wi., USA

DEAE dextran

Sigma Chemical Co., St Louis, Mo.,
USA

DePeX Mounting Medium

BDH Laboratory Supplies, Poole,
Dorset, England
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Dimethyl sulphoxide (DMSO)

BDH Laboratory Supplies, Poole,
Dorset, England

Dithiothreitol (DTT)

Sigma Chemical Co., St. Louis., Mo.,
USA

DNA Ladder 100bp (250µl)

Promega Corp., Madison, Wi., USA

DNA Ladder 1kb (250µl)

Promega Corp., Madison, Wi., USA

Ethanol (100%)

BDH Laboratory Supplies, Poole,
Dorset, England

Ethidium bromide
Sigma Chemical Co., St Louis, Mo.,
(2,7-diamino-10-ethyl-9-phenylphenanthridium USA
bromide; homidium bromide)
Ethylene diamine tetra-acetic acid (EDTA)
disodium

Boehringer Mannheim Corp., Indpl.,
IN., USA

GammaBind G Sepharose

GE Healthcare Bio-Sciences AB,
Björkgatan, Uppsala, Sweden

Glacial Acetic Acid

BDH Laboratory Supplies, Poole,
Dorset, England

Glutathione, Reduced Form
(γ-Glu-Cys-Gly; GSH)

Sigma Chemical Co., St Louis, Mo.,
USA

Glycerol

BDH Laboratory Supplies, Poole,
Dorset, England

Glycine

BDH Laboratory Supplies, Poole,
Dorset, England

Hepes

Sigma Chemical Co., St Louis, Mo.,
USA

Hydrochloric acid (HCl)

BDH Laboratory Supplies, Poole,
Dorset, England

Isopropanol (Propan-2-ol)

BDH Laboratory Supplies, Poole,
Dorset, England

Isopropyl-β-thiogalactopyranoside (IPTG),
dioxane free

Promega Corp., Madison, Wi., USA

Leupeptin

Sigma Chemical Co., St Louis, Mo.,
USA

Pepstatin

Sigma Chemical Co., St Louis, Mo.,
USA

Phenylmethylsulfonyl Fluoride (PMSF)

Sigma Chemical Co., St Louis, Mo.,
USA

Potassium hydroxide (KOH)

Sigma Chemical Co., St Louis, Mo.,
USA
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Potassium Chloride (KCL)

Sigma Chemical Co., St Louis, Mo.,
USA

β-Mercaptoethanol

Sigma Chemical Co., St Louis, Mo.,
USA

Methanol

BDH Laboratory Supplies, Poole,
Dorset, England

Magnesium Chloride (MgCL2)
Nonidet® P-40 Substitute
(Nonylphenylpolyethylene glycol, NP-40)

Fluka Chemie AG., Sigma Chemical
Co., St. Louis, Mo., USA

Paraformaldehyde

Merck, Darmstadt, Germany

Phenylmethylsulfonyl fluoride (PMSF)

Boehringer Mannheim Corp., Indpl,
IN., USA

Prestained Protein Molecular Weight Marker,
Size Range: 20-120kDa; 250µl

Fermentas Life Sciences Inc.,
Burlington, CA., USA

poly(dI-dC)

Roche, Indianapolis, IN, USA

Skim Milk Powder

Diploma, Melbourne, AUS

Sodium acetate (CH3COONa)

BDH Laboratory Supplies, Poole,
Dorset, England

Sodium bicarbonate (NaHCO3)

Sigma Chemical Co., St. Louis, Mo.,
USA

Sodium chloride (NaCl)

BDH Laboratory Supplies, Poole,
Dorset, England

Sodium dodecyl sulphate (SDS)

BDH Laboratory Supplies, Poole,
Dorset, England

Sodium hydroxide (NaOH)

BDH Laboratory Supplies, Poole,
Dorset, England

Sodium phosphate, dibasic, anhydrous
(Na2HPO4)

Sigma Chemical Co., St. Louis, Mo.,
USA

Sodium phosphate, monobasic, anhydrous
(NaH2PO4)

Sigma Chemical Co., St. Louis, Mo.,
USA

TEMED
(N, N, N’, N’-tetra-methyl-ethylenediamine)

Bio-Rad Laboratories, Hercules, CA.,
USA

Trizma Base

Sigma Chemical Co., St. Louis, Mo.,
USA

Triton X-100
(Iso-octylphenoxypolyethoxyethanol)

Pachard Instrument International, SA.,
Zurich, Switzerland

Tween-20

Sigma Chemical Co., St. Louis, Mo.
USA

X-gal

Promega Corp., Madison, Wi., USA
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4.1.4 – Tissue Culture Reagents
Description

Supplier

α-MEM (alpha-Modification of Eagles
Medium)

TRACE, Sydney, Australia

Blasticidin

Sigma Chemical Co., St. Louis, Mo., USA

D-MEM (Dulbecco’s-Modification of
Eagle’s Medium)

TRACE, Sydney, Australia

FBS (Foetal Bovine Serum)

TRACE, Sydney, Australia

Gentimycin (G418)

Gibco BRL, Life Technologies, Melbourne,
Australia

L-Glutamine

Gibco BRL, Life Technologies, Melbourne,
Australia

Penicillin-Streptomycin

Gibco BRL, Life Technologies, Melbourne,
Australia

Puromycin

Sigma Chemical Co., St. Louis, Mo., USA

Trypsin-EDTA (pH7)

Gibco BRL, Life Technologies, Melbourne,
Australia

4.1.5 – Enzymes
Description

Supplier

Lysozyme (Chicken egg white)

Sigma Chemical Co., St Louis., Mo.,
USA

Moloney Murine Leukaemia Virus-Reverse Promega Corp., Madison, Wi., USA
Transcriptase (MMLV-RT)
Restriction Enzymes – BamH1, EcoR1,
HindIII, NotI and XbaI)

Promega Corp., Madison, Wi., USA

RNAsin

Promega Corp., Madison, Wi., USA

T4 DNA Ligase

Promega Corp., Madison, Wi., USA

T4 Ploynucleotide Kinase

Invitrogen, CA,USA

Taq DNA Polymerase

Promega Corp., Madison, Wi., USA

4.1.6 – Cytokines
Rat GST-RANKL for use in the generation of multinucleated osteoclasts from RAW264.7
precursor cells was readily available in our laboratory (Xu, Tan et al. 2000).
Recombinant human M-CSF was supplied by R&D Systems, Minneapolis, USA.
37

Chapter Four – Materials and Methods

4.1.7 – Antibodies
Antibody

Supplier

Dilution

Polyclonal Anti-Ac45

Kind gift from Dr. E. Jansen,
University of Nijmegen, The
Netherlands

1:100 (IF 1º Ab)

Monoclonal Anti-α.tubulin

Sigma Chemical Co., St.
Louis, Mo., USA

1:2000 (WB 1º Ab)

Monoclonal Anti-c.myc

Sigma Chemical Co., St.
Louis, Mo., USA

1:1000 (WB 1º Ab)

Monoclonal Anti-FLAG® M2

Sigma Chemical Co., St.
Louis, Mo., USA

1:1000 (WB 1º Ab)
5μg (IP)

Polyclonal Anti-GFP

Abcam, Sapphire Bioscience
Pty Ltd, Redfern, Sydney,
Australia

1:5000 (WB 1º Ab)

Monoclonal Anti-GM130

BD Transduction Laboratories,
BD Biosciences Pharmingen

1:500 (IF 1º Ab)

Polyclonal Anti-GST

Generated in our lab by
A/Prof. Jiake Xu

1:5000 (WB 1º Ab)

Polyclonal Anti-GST d2

Generated during the course of
this degree

1:100 (IF 1º Ab)
1:1000 (WB 1º Ab)

Monoclonal anti-MITF
antibody

Abcam, Sapphire Bioscience
Pty Ltd, Redfern, Sydney,
Australia

1:1000 (WB 1º Ab)

Polyclonal Anti-IκBα

Santa Cruz Biotechnology Inc.

1:1000 (WB 1º Ab)

Monoclonal Anti-NFATc1

Santa Cruz Biotechnology Inc.

1:1000 (WB 1º Ab)

Polyclonal Anti-MEF2A

Abcam, Sapphire Bioscience
Pty Ltd, Redfern, Sydney,
Australia

1:2000 (WB 1º Ab)

Monoclonal Anti-p62 lck ligand

BD Transduction Laboratories,
BD Biosciences Pharmingen

1:2000 (WB 1º Ab)

Monoclonal Anti-PDI

StressGen Biotechnologies
Corp.

1:500 (IF 1º Ab)

Polyclonal anti-VGLUT1
antibody

kindly provided by Prof.
Reinhard Jahn

1:3000 (WB 1º Ab)

Alexa Fluor® 488 Goat
Anti-Rabbit IgG

Molecular Probes Inc., Eugene

Alexa Fluor® 546 Goat
Anti-Mouse IgG

Molecular Probes Inc., Eugene

Goat Anti-Mouse IgG

Sigma Chemical Co., St.

1:500 (IF 2º Ab)
1:500 (IF 2º Ab)
1:5000 (WB 2º Ab)
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Peroxidase Conjugate

Louis, Mo., USA

Goat Anti-Rabbit IgG
Peroxidase Conjugate

Sigma Chemical Co., St.
Louis, Mo., USA

Polyclonal
Rhodamine-conjugated
Anti-Phalloidin

Molecular probes, Eugene,
Oregon, USA

1:5000 (WB 2º Ab)

1:500 (IF 1º Ab)

4.1.8 – Fluorescent Probes
Probe

Supplier
®

Alexa Fluor 546-conjugated Transferrin

Invitrogen, Sydney,USA

LysoTracker Red DND-99

Invitrogen, Sydney,USA

4.1.9 – Commercially Purchased Kits
Description

Supplier

Bio-Rad Protein Assay

Bio-Rad Laboratories, Hercules, CA., USA

Chromatin Immunoprecipitation
(ChIP) Assay Kit

Upstate Biotechnology, Billerica, MA, USA

Duro-Glo Luciferase Assay System

Promega Corp., Madison, WI., USA

™

ECL -Plus Western Blot Detection
System

Amersham Biosciences, GE Healthcare UK Ltd,
Little Chalfont, Buckinghamshire, UK

Gel Drying Kit

Promega Corp., Madison, WI., USA

Lipofectamine

Invitrogen, Sydney,USA

Leukocyte Acid Phosphatase
(TRAP) Kit

Sigma Chemical Co., St. Louis, Mo., USA

PCR-Select™ cDNA Subtraction Kit Clontech Laboratories Inc., CA., USA
pGEM® - T Easy Vector System I
®

Promega Corp., Madison, WI., USA

PolyFect Transfection Reagent
2mg/ml

QIAGEN Gmbh, Austalia

QIAEX II Gel Extraction Kit (500)

QIAGEN Gmbh, Australia

RNeasy Mini Kit

QIAGEN Gmbh, Australia

4-20% TBE Gels

Invitrogen, Sydney,USA

Taq DNA polymerase kit

Promega Corp., Madison, WI., USA

®

Wizard Plus SV Minipreps DNA
Purification System

Promega Corp., Madison, WI., USA

Wizard® Plus SV Midipreps DNA
Purification System

Promega Corp., Madison, WI., USA
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4.1.10 – Oligonucleotide Primers
Oligonucleotide primers for use in PCR amplification and sequencing were purchased
from Proligo LLC and Genset Oligos (Australia). Upon receipt in freeze-dried form, the
oligos were resuspended in ddH2O accordingly and stored at -20ºC in a constant
temperature freezer. The following primers were used in this thesis:
Primer Name

Forward Sequence

Reverse Sequence

V-ATPase V0 a3

5’-ggATCCgAATTCATCATg
ggCTCTATgTTC-3’

5’-ggATCCTCTAgACTAgTC
ACTgTCCACAgT-3’

V-ATPase V0 c

5’-ggATCCgAATTCgACATg
gCTgACATCAAg-3’

5’-ggATCCTCTAgACTACTT
TgTggAgAggAT-3’

V-ATPase V0 c”

5’-AggATCCgAATTCATgAC
ggggCTggAgTT-3’

5’-AggATCCTCTAgACTAgT
CACCCATCTTCA-3’

V-ATPase V0 d1

5’-ggATCCgAATTCATgTCg
TTCTTCCCggA-3’

5’-ggATCCTCTAgACTAAA
AgATggggATgTA-3’

V-ATPase V0 d2

5’-ggATCCgAATTCATgCTT
gAgACTgCAgAg-3’

5’-ggTCTAgATTATAAAATT
ggAATgTAgCT-3’

V-ATPase V0 GST.d2

5’-ggATCCCTggCTAATgAA
ACAAA-3’

5’-CATgTAggTgAgAAATg-3
’

V-ATPase Ac45

5’-AgATCTACCATgATggCg
gCAACAgT-3’

5’-AgATCTTCCACAATCTgg
gTCAAAgTgA-3’

Same as for Ac45

5’-ggTACCTgCAgACCATAg
gTgAATATg-3’

NFATc1

5’-CAACGCCCTGACCACC
GATAG-3’

5’-GGCTGCCTTCCGTCTCA
TAGT-3’

NFATc1

5’-CAACGCCCTGACCACC
GATAG-3’

5’-GGCTGCCTTCCGTCTCA
TAGT-3’

NFATc2

5’-GGGCCATGTGAGCAGG
AGGAGA-3’

5’-GCGTTTCGGAGCTTCA
GGATGC-3’

NFATc3

5’-CTTTCAGTTCCTTCACC
CTTTACCT-3’

5’-TGCCAATATCAGTTTCT
CCTTTTC-3’

MEF2A

5’-AAGCT TATGGGGCGAA
AGAAG ATACA-3’

5’-TCTAGATTAGGTCAC
CCATGTGTCCA-3’

MEF2B

5’-GTGCTTTGTGACTGCG
ACAT-3’

5’-CAAGGTGGCTTGGAGA
GAAG-3’

MEF2C

5’-AAGCTTATGGGGAGAA
A AAAGATTCAG-3’

5’-TCTAGATCATGTTGCCC
ATCCTTCAG-3’

MEF2D

5’-CCCTGAGGAAGAAGGG 5’-ATGTCACCAGGGAAGG

V-ATPase Ac45ΔC
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TRAP

TTTC-3’

AGTG-3’

5’-TGTGGCCATCTTTATGC
T3’

5’-GTCATTTCTTTGGGGCT
T3’

36B4

5’-TCATTgTgggAgCAgACA- 5’-TCCTCCgACTCTTCCTT
3’
T-3’

Calcitonin Receptor

5’-TggTTgAggTTgTgCCCA3’

5’-CTCgTgggTTTgCCTCAT
C-3’

Cathepsin K

5’-gggAgAAAAACCTgAAg
C-3’

5’-ATTCTggggACTCAgAgC3’

4.1.11 – Other Materials and Equipment
Material and Equipment
2

2

Manufacturer

7x10 cm and 10x10 cm UV perspex gel
tray; 8 and 15 well comb for Agarose gels

Bio-Rad, Hercules, CA., USA

AvantiTM J-25 I Series High Speed
Centrifuge

Beckman Instruments Inc., USA

Branson Sonifier Cell Disruptor Model B15

Branson Sonic Power Company,
Banbury, CT., USA

Baxter ddH20

Baxter, Sydney, Australia

Carbon dioxide (CO2) gas, food grade

Aligal®, Air Liquid, WA, Australia

Cell Culture Flasks: T25 & T75

Life Technologies, Australia

Cell Culture Plates: 6-, 12-, 24-, & 96-wells

Life Technologies, Australia

Cell Scraper

Sarstedt, Germany

Centrifuge 5415 D

Eppendorf AG, Barkhausenweg 1,
Hamburg, Germany

Centrifuge Tubes: 10ml & 50ml

Sarstedt, Germany

Cling Film

Glad, Australia

Coverslips (22mm x 22mm)

Knittel Glaser, Germany

Cryogenic Vials (sterile)

Corning Glassworks, USA

Curvettes, spectrophotometer (4mm gap,
sterile)

Nalgene Labware, Selby Biolab,
Australia

Filter Paper

Whatmans International, England

GeneAmp PCR System 2400 Thermal Cycler Perkins-Elmer
Glass Slides

Knittel Glaser, Germany

Grant W-14 water bath

Selby Scientific and Medical, USA

Hettich Universal 2S Centrifuge

Hettich Zentrifugen, Germany

Hybond™-C Nitrocellulose Membrane,
0.45μM

Amersham Biosciences, GE Healthcare,
Little Chalfont, Buckinghamshire, UK
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FujiFilm LAS-3000 Gel Doc. System

FujiFilm, Fuji Photo Co. Ltd, Tokyo,
Japan

HydroTech Vacuum Pump

Bio-Rad, Hercules, CA., USA

Liquid Nitrogen (N2)

Air Liquid, WA, Australia

Microcentrifuge Tubes: 1.5ml

Sarstedt, Germany

Microcentrifuge Tubes: 0.5ml & 2ml

TRACE Biosciences, Australia

MicroOne microcentrifuge

TOMY Kogyo Co. Ltd, Tagara,
Nerima-ku, Tokyo, Japan

Micropore Filters: 0.2μm, 0.45μm & 0.8μm

Crown Scientific, Australia

Mini-PROTEAN® III Cell Electrophoresis
System

Bio-Rad, Hercules, CA., USA

Mini Trans-Blot® Electorphoretic Transfer
Cell

Bio-Rad, Hercules, CA., USA

MiniSpin® and MiniSpin® Plus
microcentrifuge

Eppendorf AG, Barkhausenweg 1,
Hamburg, Germany

Model 583 Gel Dryer

Bio-Rad, Hercules, CA., USA

Model 680 Microplate Reader

Bio-Rad, Hercules, CA., USA

Nikon CoolPix S4 Digital Camera

Nikon Corp., Chiyodu-ku, Tokyo, Japan

Nikon Eclipse TE2000-5 Phase
Contrast/Fluorescent Microscope

Nikon Corp., Chiyodu-ku, Tokyo, Japan

Novex Xcell II minicell electrophoresis
System

Invitrogen, CA,USA

Orbital Mixing Incubator

RATEK Instruments, Australia

P1210 Weighing Balance

Metler, Zurich, Switzerland

Parafilm Laboratory film

American National Can™, Menasha,
Wi, USA

PCR Tubes: 0.2ml thin-walled tubes

Unimed Australia Pty Ltd, Australia

Petri Dishes: 90mm

Sarstedt, Germany

PolarStar Optima

BMG Labtechnologies

Rocking Platform Mixer

RATEK Instruments, Australia

Serological Pipettes: 5ml & 10ml

Life Technologies, Australia

Sonicater Ultrasonic Processor XL2020

Heatcraft

Sony Cyber-Shot DSC-T5 Digital Camera

Sony Corp., Japan

®

SPECTRA/POR 1, MWCO 6-8kDa

Spectrum Laboratories Inc.

Transfer Pipettes: 1ml

Sarstedt, Germany

4.1.12 – Centrifugation
All micro-centrifugation (0.5ml, 1.5ml and 2.0ml) procedures at room temperature were
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performed using the MiniSpin or MiniSpin Plus microcentrifuge. PCR (0.2ml)
Centrifugation was performed using the MicroOne micro-centrifugation at room
temperature.

Micro-centrifugation at 4°C was carried out in a Centrifuge 5415D.

Centrifugation of solutions in 10ml and 50ml centrifuge tubes were performed using a
Hettich Universal 2S centrifuge. All high speed and large volume (250ml and 500ml)
centrifugation procedures were performed in the J-2 Series High Speed Centrifuges
(Beckman Instruments) at 4°C unless otherwise specified.

4.2 – BUFFERS AND SOLUTIONS
All solutions and buffers used were prepared using autoclaved (sterilized), highly
purified MilliQue (MQ) doubled distilled water. Chemicals where weighed using a
Mettler p1210 balance.

pH adjustments were carried out on a pH-2 Scan pH meter

(Whatmans), calibrated with appropriate pH standards (pH 4.0 or 7.0).

4.2.1 – General Solutions
Solutions

Composition and Preparation
29g of acrylamide and 1g of bisacrylamide were dissolved
in a total volume of 60 ml ddH2O with mild heating at

30% Acrylamide

37°C to acid solubility. Volume adjusted to 100ml with
ddH2O, then filtered through two sheets of Whatman #1
filter paper. Stored at 4°C in the dark.

Ammonium persulphate
Ampicillin
Aprotinin

Bradford Reagent

10% stock prepared in ddH2O and stored in 1ml aliquots at
-20° C.
100mg/ml stock dissolved in ddH2O, sterilized by filtration
and stored in 1ml aliquots at -20° C.
10 mg/ml stock dissolved in ddH2O.

Dispensed into

small aliquots and stored at -20° C.
100mg Coomassie Brilliant Blue R-250 dissolved in 50ml
of 95% ethanol. 100ml of 85% phosphoric acid was then
added and the final volume adjusted to 1L with ddH2O.
The solution was filtered through two Whatman #1 filter
papers.
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BSA/PBS
Bromophenol blue
Calcium chloride

0.2% stock dissolved in 1xPBS, sterilized by filtration and
stored at 4°C.
1% stock prepared using sterile ddH2O.
use to suspend sediment.

Swirled before

100mM stock prepared from solid CaCl2.2H2O. Stored at
4°C.

Coelenterazine H

500μM stock solution prepared in methanol and store at
-20°C.

6x DNA Loading Buffer

Composition: 0.25% xylene cyanol, 0.25% bromophenol
blue, 30% glycerol. Stored at 4°C

dNTPs: dATP, dCTP,
dGTP & dTTP

100mM stock solution made up of each dNTP constituent
(dATP, dCTP, dGTP and dTTP). An equal volume of
these components mixed together produced a 25mM
combined stock of dNTPs, which was diluted to 5mM with
ddH2O and stored as 200μl aliquots at -20°C.

Dithiothreitol (DTT)

Prepared at a concentration of 1M and stored at -20° C in
1ml aliquots. Not sterilized.

EDTA

0.5M stock, brought to pH8.0 with NaOH and stored at
room temperature.

EGTA

0.1M stock, brought to pH 8.0 with NaOH and stored at
room temperature.

Ethidium bromide
Geneticin (G418)

ImmunoPrecipitation (IP)
Lysis Buffer

IPTG
Lysozyme

Prepared as 10mg/ml stock with sterile ddH2O. Stored in
the dark at 4°C.
50mg/ml stock dissolved in PBS, filter sterilised and stored
at 4°C.
50mM Tris-Cl pH7.5, 150mM NaCl, 1%(w/v) Nonidet
P-40. Stored at 4°C without autoclaving. Protease
Inhibitor Cocktail, Sodium orthovanadate (Na3PO4) and
PMSF was added to final concentration of 1x, 1mM and
50μg/ml respectively prior to use.
Prepared at a concentration of 100mM, filtered, and stored
in 1ml aliquots at -20° C.
10mg/ml stock solution made up fresh when required in
the appropriate buffer. Not sterilized.
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Magnesium chloride

0.1M and 1M stock solutions made up from MgCl2.6H2O
powder. Care was taken not to use wet MgCl2 for
preparation. Autoclaved and stored at 4°C.

Magnesium sulphate

4% Paraformaldehyde

1M stock solution prepared from MgSO4.7H2O powder.
Autoclaved and stored at room temperature.
10% Stock solution (5g paraformaldehyde in 50ml ddH2O)
diluted in PBS (pH7.4) to a final working dilution of 4%.
Stored at 4°C.

20x Phosphate buffered
saline (PBS)

20x stock prepared from the following components: 10g
NaH2PO4, 203.6g Na2HPO4, 170g NaCl in ddH2O. pH
was equilibrated to 7.4 with HCl.

1xPBS, pH7.4

1x solution was prepared by diluting 100ml of stock
solution in 1L ddH2O. Solution was filter-sterilized and
stored at room temperature.

PBS-T

10x stock solution was prepared from the following
components: 80g NaCl, 2 g KH2PO4, 14.4g Na2HPO4, 2g
KCl and 5ml of Tween-20. Stored at room temperature
without being autoclaved.

Phenol Red

1% stock solution prepared in ddH2O.

PMSF

100mM stock solution prepared fresh in ethanol when
required.

RipaRipa Lysis Buffer

50mM Tris pH7.5, 150mM NaCl, 1% Nonidet P-40, 0.1%
SDS, 1% Sodium deoxycholate.
Sterilized by
autoclaving and stored at 4°C.

Sodium acetate

Prepared at 3M sodium ion concentration by dissolving
24.6g of powder form in 100ml of ddH2O, adjusting the
pH with glacial acetic acid to 5.2, and making up any
remaining volume requirement with ddH2O. Sterilized by
autoclaving and stored at room temperature.

Sodium chloride

5M stock solution prepared in ddH2O, autoclaved and
stored at room temperature.

Sodium dodecyl suphate
(SDS)

Prepared as an unsterilized, 10% (w/v) solution, stored at
room temperature.

Sodium hydroxide

5M stock solution, stored at room temperature.
sterilized

Sodium orthovanadate
(Na3VO4)

0.25m stock solution in ddH2O was prepared from
powdered Na3VO4.14H2O. Stored at -20°C.

SDS-PAGE Gel
De-staining Solution

20% methanol, 5% glacial acetic acid (v/v) in ddH2O.

Not
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SDS-PAGE Gel
Coomassie Staining
Solution
SDS-PAGE Running
Buffer (10x)

SDS-PAGE Sample
Buffer

Coomassie Brilliant Blue R-250 (final concentration 0.5%
(w/v)) was dissolved in a 1:6:3 mixture of glacial acetic
acid, ddH2O and methanol. Filtered through two pieces of
Whatman #1 filter paper before use.
30.2g of Tris (hydroxymethyl) methane, 188g of glycine,
100ml of 10% SDS to 1L ddH2O: pH 8.3 (without
adjustment).
2x stock solution composed of 20mM Tris, 2mM EDTA,
40% glycerol and 2% SDS, 0.01% bromophenol blue.
Prepared from stock solutions of the respective
components. pH adjusted to 6.8 before addition of SDS.
Prior to use add 5% β-mercaptoethanol.

SDS-PAGE Stacking Gel
Buffer
SDS-PAGE Separating
Gel Buffer

0.5M Tris, 0.4% SDS.
Prepared in ddH2O from
powdered components.
pH adjusted to 6.8 before
addition of SDS.

Stored at 4°C.

1.5M Tris, 0.4% SDS.
Prepared in ddH2O from
powdered components. pH adjusted to 8.8 prior to
addition of SDS.

Stored at 4°C.

TAE

50x stock solution prepared by mixing 242g Trizma base,
57.1ml glacial acetic acid and 100ml of 0.5M EDTA
pH8.0, and diluting to 1L with ddH2O. Stored at room
temperature.

TE

Both 10x (100mM Tris pH7.5, 10mM EDTA) and 1x
(10mM Tris pH7.5, 1mM EDTA) stock solutions were
prepared and sterilized by autoclaving. Stock solutions of
1M Tris and 0.5EDTA diluted in ddH2O were used to
prepare them.

Tris-Cl buffers

1M Tris stock solutions were prepared at various pHs
between 7.3 and 8.0. Adjustment of the pH to the desired
value was achieved by adding appropriate amounts of
concentrated HCl after dissolving the Tris powder in a
volume of ddH2O 80% the amount of the total volume.
The final volume was then made up with more ddH2O.
Autoclaved and stored either at room temperature or 4°C.

Tris-buffered saline (TBS)

15ml of 5M NaCl, 25ml of 1M Tris-HCl (pH 7.4) in 500
ml ddH2O.

TBS-Tween (0.2%)
(TBST)

TBS containing 0.2% Tween-20.

Triton X-100/ PBS

0.1% stock solution made up by dissolving 50μl of (100%)
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Triton X-100 in 50ml PBS.
room temperature.
Trypsin-EDTA
Western transfer buffer

X-Gal

Filter-sterilised and stored at

50ml of 10x Trypsin-EDTA in 1xPBS to 500ml.
Filter-sterilised and stored at 4°C.
25mM Tris, 192mM glycine, 20% methanol; pH8.3
(without adjustment).

Stored at 4°C.

50mg/ml stock solution prepared by dissolving X-Gal
powder in N,N-dimethyl formamide.
Wrapped in
aluminium foil to prevent damage by light. Stored at
-20°C without sterilization.

4.2.2 – Media and Agar
Media

Composition and Preparation

Luria Bertani (LB)

1% (w/v) BactoTryptone, 0.5% (w/v) Bacto Yeast
Extract, 1% (w/v) NaCl.
Sterilized by
autoclaving.

LB-Amp

Stock LB was supplemented with 50μg/ml
Ampicillin when required.

LB-Amp Agar Plates

15g/L Bacto-Agar was added to stock LB before
autoclaving. Media was allowed to cool to room
temperature before Ampicillin was added to final
concentration of 50μg/ml. Media was poured into
90mm petri dishes and allowed to solidify before
storage at 4°C.

LB-Amp/IPTG/X-gal Agar Plates

IPTG (0.012%) and X-gal to 40μg/ml was spread
onto LB-Amp plates and allowed to dry prior to
usage.

4.3 – CELL CULTURE
Prior to addition to culture mediums, FCS was heat-inactivated by incubating the stock
serum at 55°C for 30mins.
4.3.1 – Cell Lines
A) COS-7 Cells
The monkey kidney fibroblast-like cell line, COS-7 cells, were cultured in Dulbecco’s
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Modification of Eagle’s Medium (DMEM) supplemented with 10% heat inactivated
FBS (TRACE), 2mM L-glutamine (Gibco BRL), 100U/ml penicillin and 100μg/ml
streptomycin (Gibco BRL) (Complete Media) in T75 culture flasks (Life Technologies)
in a humidified water-jacketed incubator (Forma Scientific) set at 5% CO2, 95% air and
at 37°C.

Culture media was replenished every two to three days with fresh complete

media and cells were passaged upon reaching appropriate confluence.

B) RAW264.7 Cells
The mouse macrophage RAW264.7 cells were cultured in alpha-Modification of Eagle’s
Medium (α-MEM) supplemented with 10% heat inactivated FBS, 2mM L-glutamine,
100U/ml penicillin and 100μg/ml streptomycin in T75 culture flasks in a humidified
water-jacketed incubator set at 5% CO2, 95% air and at 37°C.

Culture media was

replenished every two to three days with fresh complete media and cells were passaged
upon reaching appropriate confluence.

C) Platinum-E (Plat-E) Cell Line
The retroviral packaging cell line Plat-E generated from the HEK293T cell line (Morita,
Kojima et al. 2000) were cultured in Dulbecco’s Modification of Eagle’s Medium
(DMEM) supplemented with 10% heat inactivated FBS, 2mM L-glutamine, 100U/ml
penicillin, 100μg/ml streptomycin, 10μg/ml blasticidin and 1ug/ml puromycin in T75
culture flasks in a humidified water-jacketed incubator set at 5% CO2, 95% air and at
37ºC.

Cells were passaged upon reaching 70-90% confluency.

For the passage of Plat-E cells, the cells were gently sprayed off the culture flasks using
sterile transfer pipette or by tapping the rim of the culture flask. Non-adherent cells
were harvested and centrifuged at 1,300-1,500rpm for 5mins at RT. Supernatant was
discarded and cells were resuspended in fresh complete DMEM containing blasticidin
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(10μg/ml) and puromycin (1μg/ml) and about 1/5 of the resuspended cells was returned
to a new flask.

For passaging of COS-7 and RAW264.7 cells, media was aspirated from the flask and the
cell monolayer was incubated with ~3ml trypsin-EDTA per T75 flask at 37°C for
10-15mins. Following trypsinization, non-adherent cells were harvested and centrifuged
at 2,000rpm for 5mins RT.

The supernatant was discarded and the cell pellet was

resuspended in appropriate fresh complete media.

About a 1/3 of the resuspended cells

was returned to a new flask containing fresh media and cultured as above.

4.3.2 – Cryopreservation of Cell Lines
For long term storage of cell lines, cells were trypsinized and harvested as above. Cell
pellet was resuspended in cryopreservation medium (90% FCS and 10% DMSO) and
aliquotted into sterile 2ml cryogenic vials and store at -70°C in an ethanol-equilibrated
Cryo-freezing container before being transferred to liquid nitrogen for long term
storage.

4.3.3 – Generation of Osteoclasts
4.3.3.1 – RAW264.7 Cell Treated with RANKL
Osteoclasts (OCs) were generated using the highly osteoclastogenic RAW264.7 cells
subclone C4 (Cassady, Luchin et al. 2003) culture in T25 flasks at a density of 1x105
cells/flask, in 6-well plates at a density of 2-2.5x104 cells/well, in 96-well plates at a
density of 1-1.5x103 cells/well, or on glass coverslips in 24-well plates at a density of
1x104 cells/well in α-MEM containing 100ng/ml recombinant rat GST-RANKL (Xu,
Tan et al. 2000).

The medium was replaced every two to three days with fresh α-MEM

containing RANKL.
culture.

Osteoclast-like cells (OCLs) were evident after 5-7 days of

The cells were subsequently harvested and processed for total RNA extraction,
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Western Blot analysis, and/or immunohistochemistry. For bone resorption assays, OCLs
were detached from wells using Cell Dissociation Buffer (Sigma) and gentle scraping,
pelleted and reseeded onto devitalized bovine bone or whale dentine slices (100-150μm)
thick before being processed for Scanning Electron Microscopy (SEM) and Confocal
Immunofluorescence.

4.3.3.2 – Bone Marrow Cell Culture
Primary mouse or rat bone marrow monocytes (BMMs) were isolated from the long
bones of C57/Black Mice or Winstar Female Ex-Breeder Rat as described previously
(Udagawa, Takahashi et al. 1989) with minor modifications. BMMs were isolated and
pooled from whole bone marrow and cultured in T75 flasks in complete α-MEM (10%
heat inactivated FCS, 2mM L-glutamine, 100U/ml penicillin, and 100μg/ml
streptomycin) supplemented with 25ng/ml recombinant human M-CSF flasks at 37ºC
and 5% CO2.

After 48hrs of culture, the adherent cells were harvested and replated

according to each experimental condition in complete α-MEM in the presence of
recombinant hM-CSF (25ng/ml) and RANKL (100ng/ml). Media and cytokines were
replaced on the forth day of culture. A typical monolayer of multinucleated OCLs was
obtained around day 7 to day 10 of culture. In some experiments, the multinucleated
OCLs were detached from wells using Cell Dissociation Buffer, and reseeded onto
devitalized bovine bone or dentine slices for bone resorption assays.

4.4 – GENERAL METHODS
4.4.1 – RNA Extraction and Quantitation Methods
4.4.1.1 – General Handling Procedures
Buffers, ultrapure water, microfuge tubes, micropipette tips, and any implements that
were in contact with RNA were sterilized by autoclaving or filtration prior to use.
General aseptic techniques were employed when handling RNAs. RNAs were stored in
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sterile TE buffer pH8.0 or Baxter ultrapure water at -80°C and/or -20°C. When removed
from the freezer, RNAs were thawed and kept on ice. Caution was taken as to not keep
RNA on ice for long periods of time.

4.4.1.2 – Extraction of Total RNA
The total cellular RNA was isolated from various mouse tissues and cultured cells using
RNeasy Mini Kit (QIAGEN) in accordance with the manufacturer’s protocol.
Monolayers cells culture in 6-well plates were directly lysed in 350µl of Buffer RLT
and homogenized using QIAshredder spin column placed in a 2ml collection tube.
One volume (350µl) of 70% ethanol (EtOH) was subsequently added to the
homogenized lysates and mixed by pipetting. The total volume of sample (700µl)
including precipitates was transferred to RNeasy spin column placed in a 2ml collection
tube and centrifuged at 10,000 rpm for 15secs at room temperature (RT).
Flow-through was discarded and 700µl of Buffer RW1 was added to the RNeasy spin
column (collection tube was reused). Sample was again centrifuged at 10,000 rpm for
15secs at RT to wash the spin column membrane and flow-through was discarded.
500µl of Buffer RPE was then added to the spin column (reused collection tube) and
centrifuged at 10,000 for 15secs at RT. Discard flow-through and repeat wash with
Buffer RPE and centrifuge at 10,000 rpm for 2mins at RT. Discard flow-through and
collection tube and place spin column in new 1.5ml collection tube. Add 30-50µl of
RNase-free water directly to the spin column membrane and centrifuge at 10,000 rpm
for 1min at RT to elute the RNA. Purified RNA was ready to use immediately or stored
at -80ºC for future use.

4.4.1.3 – Quantitation of RNA
The concentration and purity of the purified RNA in each sample was determined
spectrophotometrically using a Beckman DU650 spectrophotometer according to
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Sambrook et al. (1989). The samples were diluted to 1:100 in Baxter ddH2O and the
OD260 and OD280 were measured against a Baxter ddH2O blank. An OD260 of 1 is
equivalent to 40µg/ml of single stranded (ss) DNA or RNA (Sambrook, Fritsch et al.
1989). The OD260/OD280 ratio was calculated to determine the purity of each RNA
sample.

A pure RNA sample usually has an OD260/OD280 ratio between 1.5 and 2.0

(Sambrook, Fritsch et al. 1989). All samples purified had ratios higher than 1.8.

4.4.2 – Reverse Transcription-Polymerase Chain Reaction (RT-PCR)
4.4.2.1 – Reverse Transcription of RNA
The reverse transcription of RNA was performed as follows: 2μl (~1μg) of template
RNA, 2μl of dNTP mix (20mM), 0.25μl of Oligo (dT) first strand primers and 9.75μl of
autoclaved MQ ddH2O were added on ice to a thin-walled, RNase-treated PCR tubes.
The reaction mixture was centrifuged briefly to make sure all ingredients were at the
bottom of the tube before being heated in a thermal cycler at 75ºC for 3mins to disrupt
secondary structures.

Subsequently the reaction mixtures were returned to ice to

promote primer annealing and followed by the addition of 4μl of 5x RT-PCR buffer
(Promega), 1μl of RNase Inhibitor (Promega) and 1μl of Moloney Leukaemia Virus
(M-MLV) Reverse Transcriptase to the reaction mixture to give final reaction volumes
of 20μl per sample. Samples were mixed briefly, centrifuged and incubated for 1hr at
42ºC in the thermal cycler followed by incubation at 92ºC for 10mins to inactivate the
reverse transcriptase. As negative controls, reaction mixtures without M-MLV RT were
used to check for genomic DNA contamination. All cDNA samples were stored at
-20ºC.

4.4.2.2 – Polymerase Chain Reaction (PCR) Amplification
The polymerase chain reaction is a powerful in vitro technique for the enrichment of
specific target DNA sequences. By carrying out repeated cycles of annealing, synthesis,
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and denaturation in the presence of a thermostable DNA polymerase such as the
Thermus aquaticus (Taq) DNA polymerase, target sequences bounded by a pair of short
specific primers which are complementary to the ends of the target sequence can be
amplified more than a million-fold. In general, PCR reaction mixtures contained:
400μM each of dATP, dCTP, dGTP and dTTP, 1U of Taq polymerase, 0.1μM for
forward and reverse primers (refer to Section 4.1.10 for primer sequences) in a 10x
reaction buffer consisting of 1.5mM MgCl2, 50mM KCl, 10mM Tris-Cl pH8.3 (Taq
DNA polymerase kit, Promega) and approximately 100ng of target cDNA in a final
reaction mixture of 50μl. Each reaction was mixed to ensure even distribution of
ingredients and centrifuged briefly before being placed into a thermal cycler. The
standard PCR cycling profiles comprises of an initial denaturation at 94ºC for 5min,
then 94ºC for 40secs, an annealing temperature (varied between primers, usually
~50-62ºC) and extension at 72ºC for 40secs, with 25-35 repeated cycles. A final
extension step of 72ºC for 10mins was carried out at the end of the amplification
process. PCR products were stored at -20ºC.

Primer annealing and cycling conditions

are summarised in Table 4.1
Primer

PCR Annealing Conditions

V-ATPase V0 a3, c
and c’’

58ºC, 45secs; 30 cycles

V-ATPase V0 d1 and
d2

58ºC, 45secs; 30 cycles

V-ATPase V0
GST.d2

58ºC, 45secs; 30 cycles

V-ATPase Ac45
Ac45ΔC

58ºC, 45secs; 30 cycles

NFATc1,
NFATc2
and NFATc3

58ºC, 45secs; 30 cycles

TRAP

55ºC, 45secs; 30 cycles

36B4

54ºC, 40secs; 25 cycles

Calcitonin Receptor

62ºC, 45secs; 30cycles

Cathepsin K

55ºC, 45secs; 30cycles
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4.4.3 – DNA Agarose Gel Electrophoresis
Depending on the number of DNA samples to run, a slab of agarose gel material
(7x10cm2 or 10x10cm2) is cast by melting a quantity of agarose powder in a volume of
1xTAE buffer in a microwave oven. The amount of agarose poweder to be dissolved is
dependent on the size of the DNA fragment to be separated. Larger fragments of DNA
would require a lower concentration of agarose whilst smaller fragments will require a
higher percentage of gel. Gel percentage and agarose concentration are summarised in
Table 4.2.

Ethidium bromide was added to the molten agarose gel solution in fumehood with care
to avoid any spillage as Ethidium bromide is a carcinogen. Gentle swirling was carried
out to ensure uniform distribution of the Ethidium bromide. The mixture was poured
into plastic Perspex gel trays taped at both ends followed by the positioning of the
well-forming comb at one end with a 2mm space between the ends of the teeth and the
base of the tray. The gel was left to solidify for 15mins at RT.

Gel Percentage

Agarose (g)

0.8%

0.4

1.0%

0.5

1.2%

0.6

1.5%

0.75

2.0%

1

1xTAE Volume (ml)

50

Table 4.2 Gel Percentage and Agarose Concentration for Casting 7x10cm2 Gel Slab.
For casting of 10x10cm2 gel slab, twice the amount of agarose is dissolved in 100ml of
1xTAE buffer.
DNA samples to be analysed were combined with 1/5th volume of 6x Loading Buffer
(Promega) and loaded into the wells. The DNA fragments were separated by
electrophoresis in a Bio-Rad mini- or wide mini-subcell apparatus in 1xTAE buffer at
90V for 30-45mins. 2ul of a 100bp (260ng) or 1kb (200ng) DNA ladder were
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electrophoresed in each gel to estimate fragment sizes. DNA bands were visualized by
UV transillumination using an UVP Benchtop UV Transillumintor M-20E (UVP) and
photographed with a Nikon CoolPix S4 (Nikon) digital camera.

4.4.4 – DNA Extraction from Agarose Gel
The extraction of DNA from agarose gel was performed using the QIAEXII Agarose
Gel Extraction kit (QIAGEN) in accordance with the manufacturer’s protocol with
minor modifications.

The DNA fragment of interest was excised from the agarose gel with a clean, sharp
scalpel and placed into a sterile 1.5ml centrifuge tube. The DNA-agarose gel slice was
solubilized by adding 3 volumes of Buffer QX1 to 1 volume of gel (eg. 300μl of Buffer
QX1 to 100mg gel slice) and in the presence of 10μl of resuspended QIAEXII silica-gel
particles at 50ºC for 10mins, mixing every 2mins. After incubation, the sample was
spun at 13,000rpm for 30secs and the supernatant was discarded. The pellet was then
washed with 500μl of Buffer QX1 to remove residual agarose followed by two 500μl
washes with ethanol-containing Buffer PE to remove any salt remnants. The final
washed DNA-QIAEXII pellet was air-dried at RT for 10-15mins to remove all traces of
residual ethanol which may interfere with subsequent enzymatic reactions. The DNA
was eluted from the silica-gel particles with 10μl autoclaved ddH2O for inserts and 20μl
of autoclaved ddH2O for vectors at 50ºC for 5mins. After elution, the QIAEXII was
pelleted by centrifugation and the supernatant containing the purified DNA and stored at
-20ºC.

4.4.5 – Cloning Methods
PCR products were cloned into pGEM®-T Easy Vector (Fig. 4.1) using the pGEM-T
Easy Vector System I kit (Promega). The high copy number pGEM®-T Easy Vector
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contain T7 and SP6 RNA polymerase promoters flanking a multiple cloning region
containing multiple restriction sites. The pGEM®-T Easy Vector multiple cloning region
is flanked by recognition sites for the restriction enzymes EcoR1, BstZ1 and Not1,
providing three single-enzyme digestions for release of the insert.

A

B

Figure 4.1 pGEM®-T Easy Cloning Vector. A) The multiple cloning sequence of
pGEM®-T Easy Cloning Vector showing restriction enzyme sites and position of T7 and
SP6 promoters. B) Vector circle map and sequence reference points

4.4.5.1 - pGEM®-T Easy Cloning Reactions
pGEM® cloning reactions were carried out in 0.5ml centrifuge tubes containing the
following ingredients:
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Purified PCR product

7μl

pGEM®-T Easy Vector

1μl

10x Ligation Buffer

1μl

T4 DNA Ligase

1μl

Final Volume

10μl

The ligation mixture was mixed by gentle flicking, centrifuged briefly and incubated at
RT for 3-4hrs or at 12ºC overnight. The ligation mixture was then stored at -20ºC until
required for transformation directly into competent bacterial cells.

4.4.5.2 – Transformation and Plating of Competent Cells
DH5α competent cells were thawed on ice and 5μl of ligation mixture was added to
100μl of competent cells. The mixture was then incubated on ice for 30mins, followed
by heat shock at 42ºC for 90secs and immediately back on ice for 2mins. Using aseptic
techniques, 1ml of LB medium was added to the DNA/cell mixtures and incubated at
37ºC with vigorous shaking at 225rpm in an orbital mixer incubator (RATEK) for 1hr.
Following incubation, cells were pelleted by centrifugation at 12,000rpm for 1min and
resuspended in 100μl of fresh LB medium. LB-Amp/IPTG/X-gal plates (section 4.2.2)
were spread with 50-100μl of transformed cells, dried and incubated overnight at 37ºC.
After incubation, the plates were placed at 4ºC for 2-3hrs to enhance colour
development.

4.4.5.3 – Bacterial Culture and Maintenance
Single white colonies were removed from plates with sterile yellow tips and inoculated
into 5ml LB medium containing 50μg/ml Ampicillin final concentration. Cultures were
incubated at 37ºC for 16-20hrs with vigorous shaking (225rpm). For long term storage,
both recombinant and non-recombinant bacterial cells were resuspended in LB medium
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supplemented with 15% glycerol, aliquotted into sterile 1.5 or 2ml microcentrifuge
tubes, snap-frozen in liquid nitrogen, and stored at -80ºC. To bring up cells from
frozen glycerol stock, an aliquot was thawed at the surface and using a micropipette tip,
removed a small sample of semi-solid material and streaked onto LB-Amp agar plates
or inoculated into fresh LB medium. The stock was refrozen and stored away at -80ºC.
Culture plates were stored at 4ºC for up to 2 months before discarding.

4.4.6 – Isolation and Purification of Plasmid DNA
Small-scale isolation and purification of plasmid DNA was performed using the
Wizard® Plus SV Mini-Preps DNA Purification System kit (Promega). A single,
well-isolated transformed colony from LB-Amp plate was picked up and inoculated into
5ml LB media containing 50μg/ml final concentration of Ampicillin and grown
overnight for 16-20hrs at 37ºC with vigorous shaking (225rpm) in a orbital
shaker/incubator (RATEK). Following overnight incubation, 4ml of culture was in
transferred to 2ml microcentrifuge tube and the cells were harvested by centrifugation at
12,000rpm for 5mins RT. Cells were lysed and plasmid DNA was extracted according to
the manufacturer’s protocol. Purified plasmid DNA was eluted from the mini-column
with 50μl of autoclaved MQ ddH2O and stored at -20ºC until further use. To the
remaining 1ml culture, 15% glycerol was added and resulting glycerol-bacteria mixture
was stored at -80ºC as long-term glycerol stock.

For medium-scale preparation of plasmids, 50-100μl of a small-scale overnight culture
of transformed bacteria was diluted into 100ml of fresh LB media containing 50μg/ml
final concentration of Ampicillin and allowed to grow at 37ºC for 16-20hrs in an orbital
shaker/incubator (RATEK) set at 225rpm. Following incubation, 100ml of culture was
pelleted by centrifugation at 12,000rpm for 10mins at 4ºC. Cells were lysed and the
plasmid DNA was extracted in accordance with the manufacturer’s instructions.
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Plasmid DNA was eluted from the midi-column with 300μl of preheated (65-70ºC)
autoclaved MQ ddH2O. The purified plasmid DNA was stored at -20ºC until further use.
DNA yields vary between 10-200μg depending on the plasmid copy number and the
bacterial strain used. Up to 200μg of high-copy-number plasmid DNA can be obtained
from 100ml culture.

4.4.7 – Restriction Enzyme Digestion
For digestion of plasmid DNA, the following components were added to a 0.5ml
microcentrifuge tube:

Plasmid DNA (Mini-Prep)

5μl *

10x Restriction Enzyme Buffer

3μl

Restriction Enzyme(s)

1μl

Baxter ddH2O

X μl **

Final Volume

20μl

* For midi-prepped plasmid DNA 1-2μl of can be used
** dependent on the number of restriction enzyme used in the digestion mixture.

The reaction mixtures were incubated overnight at 37ºC. Upon digestion, 10μl-20μl of
each reaction mixture were electrophoresed against DNA standards and visualized on a
UV transilluminator (Section 4.4.3). Gels were examined for plasmid DNA inserts
corresponding to predicted size. Remaining digests can be stored at -20ºC until further
use. In cases where single restriction enzyme digest were introduced, plasmids were
dephosphorylated with calf intestinal alkaline phosphatase (AP) to prevent self
relegation of plasmids. Typical reaction mixes consisted of the following:
Overnight Restriction Digest Mixture

20μl

AP

1μl
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10x AP buffer

4μl

Baxter ddH2O

15μl

Final Volume

40μl

Reaction mixtures were incubated at 37ºC for 1hr followed by incubation at 75ºC for
15mins to deactivate the AP. Samples were electrophoresed on agarose gel or stored at
-20ºC until further use.

4.4.8 – DNA Sequencing and Analysis
DNA sequencing was carried out using Big Dye™ (Promega) sequencing mix and the
ABI Prism® 377 automated sequencer.

4.4.8.1 – DNA Sequencing Reactions, Purification and Analysis
Following confirmation of inserts by restriction enzyme digestion, sequencing was
carried out to confirm insert has the correct DNA sequence. Sequencing reactions were
prepared in thin-walled 0.2µl PCR tubes containing 4µl of Big Dye terminator premix
Version 3, 2µM of appropriate sequencing primer and ~50ng of template DNA in a final
volume of 10µl of Baxter ddH2O. The reaction mixtures were placed into a thermal
cycler (Perkin-Elmer) and were incubated at 94ºC for 40secs followed by 25 cycles of
50ºC for 30secs and 60ºC for 4mins. After DNA sequencing cycles, PCR products were
transferred to 0.5ml microcentrifuge tubes and the volume adjusted to 20µl by the
addition of Baxter ddH2O. DNA was precipitated by adding 0.1 volume of 3M Sodium
acetate and 2.5 volumes of 100% Ethanol to each tube, mixed by shaking and incubated
at RT for 15mins. DNA was pelleted by centrifugation at 13,000rpm at RT for 20mins
and supernatant was discarded being careful as to not disturb the pellet. DNA pellet was
subsequently washed with cold 70% Ethanol, centrifuged at 13,000rpm for 5mins at 4ºC,
supernatant removed and air-dried for 5mins.
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Sequencing was performed at either the Australian Neuromuscular Research Institute
(QEII Medical Centre) or at the Department of Immunology (Royal Perth Hospital) by
resuspending the DNA pellet in 5µl of sequencing loading buffer, vortexed and
centrifuged at 5000rpm for 10secs. Samples were then denatured by incubation at 90ºC
for 2mins and placed on ice prior to loading into the ABI Prism® 377 DNA sequencer
for automated DNA sequence analysis.

4.4.9 – Protein Isolation from Cultured Cells
4.4.9.1 – Protein Extraction
For protein extraction from culture cells, cells grown as monolayers were lysed directly
in culture flasks (2-3ml for T75 flask) or 6-well plates (200µl) using RipaRipa Lysis
Buffer containing 1x Complete Protease Inhibitor Cocktail (Roche), 50µg/ml PMSF,
and 1mM Na3VO4. Lysis was allowed to occur on ice for 20mins following which the
resulting lysate suspension was transferred to 1.5ml microcentrifuge tubes. Protein
lysate suspension was centrifuged for 12,000rpm at 4ºC for 20mins to pellet cell nuclei
and unlysed cells. Cleared post-nuclear supernatant was retained and placed in fresh
1.5ml microcentrifuge tubes and stored at -80ºC until further use.

4.4.9.2 – Quantitation of Protein Concentration
Protein concentrations were determined using the Bio-Rad Protein Assay. This assay is
based on the method of Bradford (Bradford 1976) which involves the addition of an
acidic dye to the protein solution and subsequent measurement of absorbance at 595nm
with a spectrophotometer or microplate reader. Protein concentration can be
extrapolated from a Bovine Serum Albumin (BSA) standard curve. To prepare the BSA
standard curve, 5 dilutions of the BSA standard were prepared from a 10mg/ml BSA
stock with known concentrations ranging from 0.05mg/ml, 0.1mg/ml, 0.2mg/ml,
61

Chapter Four – Materials and Methods

0.3mg/ml, 0.4mg/ml, and 0.5mg/ml. To a 96-well microplate reader, 10µl of diluted
protein standard and sample of interest was pipetted into each well containing 200µl of
Dye Reagent and mixed gently. Reaction was incubated at RT for 5-10mins followed by
absorbance reading a 595nm on a Model 680 Microplate Reader (Bio-Rad).

4.4.10 – SDS-PAGE Gel Analysis
4.4.10.1 – Discontinuous Polyacrylamide Gel Preparation and Electrophoresis
In a discontinuous SDS-PAGE system two gels are prepared, a non-restrictive large pore
stacking gel which overlays a smaller pore resolving or separating gel. Each gel is made
with a different buffer, and the running buffer is different to the gel buffers. The
stacking gel is designed to ‘sweep-up’ proteins in a sample between two moving
boundaries so that they are compressed or stacked into micrometer thin layers when
they reach the separating gel. Electrophoresis of the SDS polyacrylamide gel slabs were
carried out using the Mini-PROTEAN® III Cell Electrophoresis System (Bio-Rad)
casting apparatus as specified in the manufacturer’s instructions. A 10% and 12.5%
separating gel solution was prepared as follows (enough for 2x 1.5mm Gels):

10%

12.5%

MQ ddH2O

6.185ml

4.935ml

SDS-PAGE Separating Gel Buffer

3.75ml

3.75ml

30% Stock Acrylamide/Bis

5.0ml

6.25ml

10% Ammonium persulfate

50μl

50μl

TEMED

15μl

15μl

Final Volume

15ml

15ml

The separating solution was pipetted into a pre-assembled glass plate sandwich to
~0.5cm below the level of the well comb. The surface of the gel was overlayed with
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20% Ethanol in ddH2O to remove any bubbles that had formed on the surface and to aid
in the polymerization of the gel. The solution was left to polymerize at RT for
15-25mins. Following polymerization, the ethanol was removed form the surface of the
separating gel and the space was rinsed with ddH2O. The remaining gel space was filled
with 4% stacking gel which was prepared as follows:
MQ ddH2O

6.09ml

SDS-PAGE Stacking Gel Buffer

2.5ml

30% Stock Acrylamide/Bis

1.3ml

10% Ammonium persulfate

100μl

TEMED

10μl

Final Volume

10ml

The appropriate well-forming comb was inserted into the stacking solution and was left
to polymerize at RT for another 15-25mins. Once the stacking gel had polymerized, the
comb was removed and the wells were rinsed with ddH2O to remove unpolymerized
acrylamide. The SDS-PAGE gel electrophoresis apparatus was assembled and filled
with 1xSDS-PAGE Running Buffer. To prepare the samples for electrophoresis, 10-25µl
of protein lysates (50-200µg/well) was combined with 10-25µl of 2x SDS-PAGE
Loading Buffer containing 5% β-Mercaptoethanol. Samples were heated to 95ºC for
5mins to facilitate denaturing of the proteins, briefly centrifuged and 30μl was loaded
into the wells. 5μl of Prestained Molecular Weight Marker (200μg/ml, Fermentas) was
ran in parallel for molecular weight analysis. Electrophoresis was carried out at room
temperature at 150V for 45mins or until the dye front reaches the end of the separating
gel.

4.4.10.2 – Protein Transfer to Nitrocellulose Membrane for Western Blotting
Another routine method following SDS-PAGE electrophoresis was the transfer of
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separated proteins onto a nitrocellulose membrane for western blot (WB) analysis using
specific antibodies to immunoblot the target protein of interest. Following
electrophoresis, SDS-PAGE gels were removed from the apparatus and incubated in
WB Transfer buffer for 10mins to remove excess SDS. The Mini Trans-Blot
Electrophoretic Transfer Cell (Bio-Rad) apparatus was assembled according to the
manufacturer’s instruction. For one gel, two scotch pads and six Whatman 3MM paper
were pre-soaked in WB Transfer Buffer. Nitrocellulose membranes (Hybond-C,
Amersham) were equilibrated by soaking in methanol for 10secs, rinsing in ddH2O and
then soaking in WB Transfer Buffer for 10mins. A scotch pad was placed onto the white
(positive) side of the Gel Holder Cassette followed by three pieces of Whatman 3MM
paper cut slightly larger than the gel (10cm x 6.5cm). The equilibrated nitrocellulose
membrane (9cm x 6cm) was then place onto the 3MM paper followed by the gel. All air
bubbles between the gel and the membrane were removed to facilitate even transfer of
proteins, then three pieces of Whatman 3MM paper followed by a second scotch pad
were place on top. The Gel Holder Cassette was closed and placed in the WB transfer
tank filled with WB Transfer Buffer and a ice block unit. Proteins were transferred at a
constant current of 30mA overnight.
4.4.10.3 – Western Blot
Following transfer of proteins to nitrocellulose membranes, the transfer apparatus was
disassembled and the membranes were briefly rinsed in 1xTBS. To reduce non-specific
binding, membranes were blocked with 1xTBS-Tween (TBS-T) containing 5% non-fat
(skim) milk for 1hr at RT on a rocking platform mixer (RATEK). Following blocking,
the membranes were washed with TBS-T for 15mins at room temperature. Proteins
were detected using primary antibodies summarized in Section 4.1.7 (marked WB)
diluted in 1% skim milk/TBS-T and incubated for 2hrs at RT. Following incubation,
membranes were washed three times in TBS-T for 10mins each and then incubated with
either a secondary HRP-conjugated anti-rabbit or anti-mouse antibody at a 1:5000
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dilution for 45mins to 1hr at RT. Following the removal of excess secondary antibody,
the membranes were washed twice in TBS-T followed by two washes with TBS for
5mins each. Visualization of immuno-reactivity was achieved using the ECL™-Plus
Western Blot Detection System (Amersham). Solutions A and B were pre-warmed to RT
then combined in a 40:1 ratio and incubated with washed membranes for 5mins at RT.
Excess detection solution was drained from the membranes and detection was carried
out using the FujiFilm LAS-3000 Gel Documentation System (FujiFilm) and its
associated software.

4.5 – EXPERIMENTAL METHODS
4.5.1 – PCR-selected cDNA Subtractive Hybridisation
Subtractive hybridization is a powerful technique enabling the comparison of two
populations of mRNA and obtaining clones of genes that are expressed in one
population but not in the other. subtraction is that firstly, both mRNA populations are
converted into cDNA with the cDNA that contains the specific (differentially expressed)
transcripts referred to as the ‘tester’ and the reference cDNA as the ‘driver’. Tester and
driver cDNAs are hybridized and the subsequent hybrid sequences are removed leaving
only the unhybridized cDNAs that represent genes that are expressed in the tester but
absent from the driver mRNA.

Subtractive hybridization was carried out using PCR-Select™ cDNA Subtraction kit
(Clontech) according to the manufacturer’s protocol. In brief, cDNA obtained from
RAW264.7 cells treated with RANKL for 5 days to from osteoclasts were used as the

tester cDNA, whilst the untreated RAW264.7 cells cDNA was used as the ‘driver’.
Tester and driver cDNA were digested with RsaI restriction enzyme at 37ºC for 1.5hrs
to obtain shorter, blunt end fragments. The tester cDNA was then subdivided into two
populations whereby each population is ligated with a different cDNA adaptor as
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follows:

Tester 1.1

Tester 1.2

Tester cDNA

2μl

2μl

Adaptor 1 (10μM)

2μl

-

Adapter 2R (10μM)

-

2μl

5x Ligation Buffer

2μl

2μl

T4 DNA Ligase (400U/μl)

1μl

1μl

Autoclaved MQ ddH2O

3μl

3μl

Final Volume

10μl

10μl

Components were mixed by gently flicking, centrifuged briefly and incubated overnight
at 16ºC.

It is important to note that the driver cDNA has no adaptors. Following

overnight ligation, two hybridizations were performed. The first hybridization involved
the addition of excess driver cDNA to each tester cDNA as shown below:

Hybridization Sample
1

2

RsaI-digested Driver cDNA

1.5μl

1.5μl

Adaptor 1-ligated Tester 1.1

1.5μl

-

-

1.5μl

4x Hybridisation Buffer

1μl

1μl

Final Volume

4μl

4μl

Adaptor 2R-ligated Tester 1.2

The samples were heat denatured at 98ºC for 90secs and then incubated at 68ºC for 8hrs
in a thermal cycler to allow hybridization to take place. During this process, cDNAs that
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are not differentially expressed in the tester will hybridize with cDNAs in the driver
thereby leaving behind and subsequently enriching ss (single stranded) differentially
expressed tester cDNAs. During the second overnight hybridization, the two primary
hybridization samples were mixed together without denaturing and fresh denatured
driver cDNA was added to the mixture to further enrich for differentially expressed
sequences. In this step, only the subtracted ss tester cDNAs from both tester samples
can associate and form ds (double stranded) tester molecules with different ends
corresponding to the sequences of Adaptors 1 and 2R. These ds tester molecules
represent differentially expressed tester sequences.

Two PCR amplification steps were then carried out to selectively amplify the
differentially expressed cDNAs. In the first amplification process using the PCR Primer
1 (10μM, provided in kit), only the ds cDNAs with different adaptor sequences on each
end are exponentially amplified. In the second amplification, Nested PCR Primer 1
and Nested PCR Primer 2R (both 10μM, provided in kit) were used on the first
amplified PCR products to further reduce background and enrich for differentially
expressed sequences. The resulting PCR products were then inserted into T/E cloning
vector as described in Section 4.4.5 to generate the ‘forward subtracted cDNA library’.
The cycling conditions for the first and second amplification process are shown in Table
4.3.
Cycling Conditions
First Amplification:
PCR Primer 1

94ºC, 25secs
30-35 cycles of 94ºC, 10secs; 66ºC, 20secs; and 72ºC, 90secs

Second Amplification:
Nested PCR Primer 1
Nested PCR Primer 2R

15-17 cycles of 94ºC, 10secs; 68ºC, 30secs; and 72ºC, 90secs

Table 4.3 Cycling Conditions for
Differentially Expressed Tester cDNAs.

First

and

Second

Amplification

of
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Dot blot arrays of clones from the forward subtracted cDNA library was hybridized with
labeled probes from either tester or driver populations to confirm that the individual
clones indeed represent differentially expressed genes. Clones that were recognized by
the tester probe and not by the driver probe are confirmed to be differentially expressed.
These clones were further confirmed by sequencing. Of 198 clones analysed, a gene
encoding the V-ATPase accessory subunit Ac45 was identified.

4.5.2 – DNA Micro-Array Analysis
DNA micro-array analysis was carried out to identify genes important for V-ATPase
mediated functions in osteoclastogenesis and bone resorption. Isolation of mRNA from
RAW264.7 cells and RAW264.7-cells derived osteoclasts and the generation of the

respective cDNAs was carried out as described in Sections 4.4.1 and 4.4.2. The cDNAs
from the two cell populations were then labeled with two different fluorophores, either
cyanine 3 (Cy3 - green, 595nm) and cyanine 5 (Cy5-red, 685nm). Two micro-array
slides/chips obtained from the Australian Genome Research Facility, consisted of 48
blocks arranged in a 4x12 configuration, with each block having 26 rows by 26 columns
of spots making a total of 32,448 spots.

Each spot represents a gene sequence that is

spotted in duplicated so there were 16,224 pairs of spots of genes. The fluorophore
labeled cDNAs were mixed and hybridized to each micro-array slide as indicated in
Table 4.4.

In this way, a ratio can be calculated which compares gene expression between
RAW264.7 precursor cells and RANKL-stimulated RAW264.7-cells derived osteoclasts.

The swapping of the dye label between the two cDNA population ensures that the
fluorescent signal represents true gene expression and not a characteristic of the dye
itself, that is, an attempt minimize or avoid artifacts associated with dye labeling.
Only data that aggress across the dye swap pairs were regarded as valid. Data was
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normalized by print-tip Lowess Normalization using Acuity Software (Molecular
Devices).
Micro-Array Slide #

Fluorophore Labeling
RAW264.7-cells derived
RAW264.7 Precursors
Osteoclasts

1

Cy5 (Red)

Cy3 (Green)

2

Cy3 (Green)

Cy5 (Red)

Table 4.4 Fluorophore labeling of cDNAs derived from RAW264.7 Precursor cells
and RANKL-stimulated RAW264.7-cells derived Osteoclasts on Micro-Array Slides.

4.5.3 – Construction of Expression Vectors and Fusion Proteins
To construct Ac45.EYFP and Ac45ΔC.EYFP, a 760bp BamH1 and EcoR1 restriction
fragment from the pEYFP vector (CLONTECH Laboratories Inc.) was first subcloned
into the BamH1 and EcoR1 sites of the cytomegalovirus (CMV) driven mammalian
expression vector pcDNA3.1 to generate pcDNA3.1-EYFP. The sequence for Ac45
(amino acids 1 to 463) and mutant Ac45ΔC (amino acids 1 to 437) was obtained by
PCR amplification as described in Section 4.4.2.2. Both amplified PCR fragments were
cloned into pGEM®-T Easy cloning vector as described in Section 4.4.5. Following
confirmation of inserts, the Ac45 fragment was generated with BglII and ligated into the
BamH1 restriction site of pcDNA3.1-EYFP containing expression vector. The Ac45ΔC
fragment was generated by BglII and KpnI double digestion and subcloned into the
BamH1 and KpnI sites of the pcDNA3.1-EYFP. The resulting vectors were named as
pcDNA3.1-Ac45.EYFP and pcDNA3.1-Ac45ΔC.EYFP

To generate V0 subunits (a3, c, c”, d1, and d2) as C-terminal fusion of EYFP and Renilla
luciferase (Rluc), sequences for the aforementioned subunits were amplified by PCR
using primers and cycling conditions summarized in Section 4.1.10 and Table 4.1
respectively. The PCR products were cloned into the pGEM®-T Easy cloning vector and
corresponding inserts were liberated from the cloning vector by restriction enzyme
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digest with BamH1 and XbaI. Restriction fragments were subcloned into the BamH1
and XbaI sites of the pcDNA3.1-EYFP and pcDNA3.1-Rluc expression vector
downstream of the EYFP and Rluc sequences respectively. The resulting cloning
generated expression plasmids that expressed EYFP and Rluc N-terminally tagged V0
domain subunits (ie. a3, c, c”, d1 and d2).

For the construction of Ac45.FLAG and Ac45ΔC.FLAG and myc.a3 constructs, cDNA
of Ac45, Ac45ΔC and a3 were subcloned into the pcDNA3.1 vector containing a
FLAG-epitope or myc-epitope respectively. For the construction of retroviral constructs,
full length Ac45 and mutant Ac45ΔC was cloned into the pMX-IRES.GFP retroviral
vector (kindly provided by Dr. Kitamura, University of Tokyo) upstream of the
IRES.GFP sequence to generate pMX-Ac45.IRES.GFP and pMX-Ac45ΔC.IRES.GFP
respectively. All constructs were verified for correct sequence by restriction digest with
the appropriate restriction enzymes and by DNA sequencing.

4.5.4 – Cell Biology Procedures
4.5.4.1 - Cultured Cell Transfection: PolyFect Mediated Transfection
All cell lines were transiently transfected with various expression plasmids using
PolyFect® Transfection Reagent (QIAGEN) in accordance with manufacturer’s protocol
with minor modifications. In brief, for transient transfection of COS-7 and platE cells in
6-wells plate, 1-2x105 cells per well were seeded in completed DMEM medium the day
before transfection to allow cells to reach 40-80% confluenct on the day of transfection.
Cells were incubated for further 20-24hrs for maximal expression of transfected gene.
Summary of the parameters for transient transfection of COS-7 cells in different culture
plates using PolyFect Transfection Reagent is shown Table 4.5.
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Culture
Format

Cell
Density
to Seed

Volume

DNA

of
Media
(ml)

DNA
(μg)

Dilution
Volume
(μl)

PolyFect
Reagent
(μl)

Volume
of
media
to add
to cells
(ml)

Volume of
media to
add to
complexes
(μl)

6-well
plate

2x105

3ml

2

100

10

1.5

600

12-well
plate

1x105

1.5ml

1.5

50

5

0.75

300

24-well
plate

5x104

1ml

0.75

25

2.5

0.5

150

Table 4.5 Parameters for Transient Transfection of COS-7 Cells in Different
Culture Formats.

4.5.4.2 – Immunofluorescence
Cells grown as monolayers on glass coverslips, or on bone and dentine slices (150μm),
were washed twice with PBS, fixed with 4% paraformaldehyde in PBS for 15mins at
RT followed by three washes in PBS. Subsequently cells were incubated for 5mins in
0.1% Triton X-100 in PBS to permeabilize the cells. Following permeabilization, cells
were washed twice with 0.2% Bovine Serum Albumin (BSA) in PBS and labeled with
primary antibody (diluted in 0.2% BSA-PBS) summarized in Table 4.5 above and
incubated at RT for 2hrs. Following incubation cells were washed four times with 0.2%
BSA-PBS, four times with PBS and then twice with 0.2% BSA-PBS. Cells were then
incubated with secondary antibodies as shown in Table 4.6 for 45mins at RT in the dark.
Cells were then extensively washed with 0.2% BSA-PBS and PBS as above, and then
mounted on glass slides with Low Fade Mounting Medium.

For the detection of F-actin microfilaments, cells were fixed and permeabilized as above
and incubated with Rhodamine-conjugated Phalloidin (1:100) for 2hrs at RT. For the
detection of endosomal and lysosomal compartments, cells were serum-starved for
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30mins at 37ºC and then incubated with Alexa Fluor® 546-conjugated Transferrin
(20μg/ml) for 30mins or with the fixable acidotropic probe LysoTracker Red DND-99
(1μl/ml of 100nM) for 30mins in complete α-MEM.

Cells were then fixed with 4%

paraformaldehyde and immunofluorescence was carried out as described above.
Primary Antibody

Dilution

Secondary Antibody

Dilution

Anti-Ac45

1:10 1:100

Alexa Fluor® 546 Goat Anti-Rabbit IgG
Alexa Fluor® 488 Goat Anti-Rabbit IgG

1:500

Anti-GM130

1:500

Alexa Fluor® 546 Goat Anti-Mouse IgG

1:500

Anti-GST.d2p

1:10 1:100

Alexa Fluor® 546 Goat Anti-Rabbit IgG

1:500

Anti-PDI

1:500

Alexa Fluor® 546 Goat Anti-Mouse IgG

1:500

Table 4.6 Dilution Factors for Primary and Associated Secondary Antibodies for
Immunofluorescence.
4.5.4.3 – TRAP Cytochemical Staining
Cells grown as monolayers or on devitalized bone and dentive slices (150μm) were
stained for tartrate-resistant acid phosphatase (TRAP) using the Leukocyte Acid
Phosphatase (TRAP) kit (Sigma) in accordance with manufacturer’s guidelines. In brief,
cells were washed twice with 1xPBS and fixed for 15mins in 4% paraformaldehyde.
Fixed cells were then washed three times in 1xPBS and incubated for 30mins at 37ºC in
staining solution. After staining, cells were rinsed with 1xPBS and photographed and
quantified under a light microscope.

4.5.4.4 – Bone Resorption Assay
To study the ability of osteoclasts to form resorption pits on bone and dentine,
osteoclasts were generated by seeding RAW264.7 cells onto 150μm thick bone/dentine
slices and cultured for 9 days in the presence of soluble rat GST-RANKL (150ng/ml).
The multinucleated osteoclasts formed on the bone/dentine slices were subsequently
fixed and stained for TRAP activity as described above. Bone/dentine slices were then
incubated in 2M NaOH for 2hrs and adherent cells were removed by gently brushing
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and sonication (Branson Sonifier Cell Disruptor Model B15). Resorption pits were
processed and visualized by either scanning electron microscopy (SEM).

4.5.5 – Co-Immunoprecipitation (Co-IP)
For co-immunoprecipitation of wildtype Ac45 and Ac45 mutant (Ac45ΔC) with V0
subunits a3, c and c”, Cos-7 cells were seeded to a density of 2x106 in 10cm petri dishes
and 24 hrs later were co-transfected with 4μg each of Ac45-FLAG or Ac45ΔC.FLAG
with 4μg myc-a3, EYFP.c or EYFP.c” using PolyFect Transfection Reagent (QIAGEN)
as described in Section 4.4.10. Forty eight hours after transfection, cells were washed
twice in ice cold 1xPBS prior to lysis with 1ml Lysis Buffer (50mM Tris-HCl [pH 7.5],
150mM NaCl, and 1% Nonidet P-40) containing Complete Protease Inhibitor Cocktail
(Roche), 1mM Na3V04 (phosphatase inhibitor) and 50μg/ml PMSF (serine protease
inhibitor) for 30mins on ice. Lysates were scraped into 1.5ml tubes on ice, passed
through a 23½-gauge needle and cleared by centrifugation at 14000 rpm at 4ºC for
30mins.

Lysates were then pre-cleared with incubation with GammaBind G Sepharose

beads (Amersham) for 2hr at 4ºC. One milligram of total protein was then incubated at
4ºC overnight with 5μg of Anti-FLAG antibody (Sigma).

Antibody-bound proteins

were then captured by incubation with washed (twice with lysis buffer) GammaBind G
Sepharose beads at 4ºC for 2hrs. Antibody-protein-beads complex was then washed 5
times with lysis buffer and proteins were eluted with the addition of 2x SDS Sampling
Buffer containing 5% β-Mercaptoethanol.

Samples were subjected to SDS-PAGE

electrophoresis and transfer to WB analysis as described in Section 4.4.9. For the
detection of myc.a3, primary anti-c.myc antibody (1:.2000.) and secondary anti-mouse
(1:5000) was used.

For the detection of EYFP.c and EYFP.c”, primary anti-EYFP

antibody at a dilution of 1:5000 and secondary anti-rabbit antibody (1:5000) was used.
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4.5.6 – Bioluminescence Resonance Energy Transfer (BRET) Assay
BRET is a recently developed method for assaying protein-protein interactions in vitro
and in vivo that incorporates the attractive advantages of the FRET assay (fluorescent
resonance energy transfer) while avoiding the problems of associated with fluorescence
excitation (Xu, Piston et al. 1999). In BRET, the donor fluorophore of one candidate
protein is fused to a blue light emitting bioluminescent Renilla luciferase (Rluc) while
the acceptor fluorophore of the other candidate protein is fused to a blue light absorbing
fluorescent protein (eg. EYFP). Upon molecular proximity of the two candidate proteins,
the bioluminescence from the luciferase in the presence of a substrate (Coelenterazine-h,
Promega) excites the EYFP emitting fluorescence at its characteristic wavelength.
This energy transfer can be measured spectrofluorometrically by detecting the emission
spectrum and quantifying the fluorescence/luminescence ratio. If the proteins of interest
do not interact, Rluc and EYFP will be too far apart (~100Å) for significant energy
transfers therefore only the emission spectrum for Rluc will be detected.

Briefly, BRET assays were carried out following the co-transfection of an Rluc-tagged
protein candidate and a EYFP-tagged protein candidate into COS-7 cells using PolyFect
Transfection Reagent in 6-well plates as described in Section 4.4.10. Following
transfection, cells were harvest by trypsinization and washed three times with 1xPBS.
Cells were resuspended in HANKS buffer and reseeded onto white-based 96-well plates
in triplicates with a cell density of atleast 5x104 cells per well in a final volume of 50μl.
A 10μM Coelenterazine-h substrate (Promega) solution was prepared in HANKS buffer
from a 500μM stock solution. The BRET assay was performed on the PolarStar Optima
Spectrofluorometer (BMG Labtechnologies) and its associated software. The basic
parameters for simultaneous dual luminescence and fluorescence well mode detection is
summarised in Table 4.7.
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Basic Parameters (Well Mode)
1st Emission Filter (Channel 1 – Rluc Signal)
nd

2 Emission Filter (Channel 2 – EYFP Signal)
Gain

475nm
530nm
4000

Measurement Start Time

0.0sec

Measurement Interval Time

1.0secs

Interval Time

1.0secs

Injection Start Time

10.0secs

No. of Intervals

60

Pump Speed

260μl/sec

Volume of 10μM Coelenterazine-h per well

50μl

Table 4.7 Basic Parameters for the Simultaneous Dual Luminescence and
Fluorescence Dectection (Well Mode) Performed on the PolarStar Optima
Spectrofluorometer (BMG Labtechnologies).

Background/blank Luminescence and fluorescence readings (without substrate) were
recorded for 10secs at which point 50μl of 10μM Coelenterazine-h was injected into
each well and readings were further obtained over a period of 50 Secs at 1 Sec intervals.
Averages of readings for triplicate sets for each test were used for the calculation of the
Simple BRET ratio and Normalized BRET Ratio. Rluc vector alone and Rluc vector
co-transfected with EYFP vector were used as negative controls. The simple ratio was
calculated by dividing the EYFP signal (emission at 530nm) by the Rluc signal
(emission at 475nm). The normalized BRET ratio was calculated as follows:
[(Emission at 530nm) – (Emission at 475nm) x cf]
Normalized BRET Ratio =
Emission at 475nm

Where,
Emission at 530nm = sum of EYFP signal collected from 11-60secs
Emission at 475nm = sum of Rluc signal collected from 11-60secs, and
Emission at 530nm
cf

=

= Simple BRET Ratio
Emission at 475nm
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Averages of normalized BRET ratio of triplicate set for each test was calculated and
plotted as a bar graph ± standard deviation. The normalized BRET ratio eliminates data
variability caused by fluctuations in light output which can be found with variation in
assay volume, cell types, number of cells per well and/or signal decay across the plate.
For a positive interaction, the normalized BRET ratio of the test sample must be
significantly greater than the normalized BRET ratio of the non-specific interaction
between Rluc and EYFP. At least three independent experiments were conducted and a
data set was chosen at random to be presented in this thesis.

4.5.7 – Protein Purification
4.5.7.1 – Expression and Induction of GST-fusion Proteins
GST-fusion protein plasmids were transformed into BL-21 competent cells and the
transformed cells were grown in 20ml of LB overnight (16-20hrs) at 37ºC with vigorous
shaking at 225rpm in an orbital mixer incubator. Following incubation, the 20ml
bacterial culture was inoculated into 500ml of LB containing 50μg/ml final
concentration of Ampicillin. The culture was grown at 37ºC with vigorous shaking at
225rpm for 2-3hrs or until an OD600 reading of 0.4-0.5. IPTG to a final concentration of
0.1mM was added to the culture to induce the production of GST-fusion protein.
Induction was allowed to proceed for a further 2-4hrs at 30ºC with vigorous shaking at
225rpm.

The cultures were then harvested by centrifugation at 4,000rpm for 30mins at

4ºC using the Avanti™ J-25 I Centrifuge (Beckman Instruments). The supernatant was
discarded and the cell pellet was stored at -80ºC.

4.5.7.2 – Extraction of GST-fusion Proteins
The cell pellets were removed from the -80ºC and allowed to thaw at RT.

The pellets

were then resuspended in 20ml Lysis Buffer and when completely resuspended 1.5ml of
10mg/ml of lysozyme and 0.5ml 8.8mg/ml PMSF was added to the suspension. The
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lysate was incubated at RT for 15mins before the addition of 0.3ml neat Triton X-100,
placed on ice and incubated for further 30mins with occasional agitation to mix
suspension. The viscuous lysate was then sheared by passing through a >25 gauge
needle until the lysate becomes non-viscuous. Ultra-sonication on a Sonicater
Ultrasonic Processor XL2020 was carried out to ensure the complete breakdown of cells.
The cell debris was then pelleted by centrifugation at 16,000rpm at 4ºC for 30mins
using the Avanti™ J-25 I Centrifuge. The supernatant was transferred to a new sterile
50ml tube.

4.5.7.3 – Purification of Soluble GST-fusion Proteins on Glutathione-Sepharose Beads
and Concentration Determination
The supernatant containing the soluble GST-fusion proteins was incubated with 0.5ml
of Glutathione Sepharose™ 4B beads overnight on a rotating wheel at 4ºC. Following
incubation, the beads containing supernatant was packed into a Bio-Rad column and the
supernatant was allowed to flow through the column and discarded. The beads
remaining in the column was three times with 10ml of washing buffer containing 1%
Triton X-100, followed by 2 washes with 20ml washing buffer without Triton X-100
removing unbound proteins from the column. The GST-fusion proteins were eluted
form the beads by adding 1ml of Elution buffer containing 10mM reduced Glutathione
(at pH7.8) and incubated for 10mins at RT with occasional agitations. The elutions were
collected in 10 fractions of 1ml and checked for the presence of proteins using
SDS-PAGE analysis as described in Section 4.4.9. Concentration of each elution was
determined using the Bio-Rad Bradford Protein Assay as described in Section 4.4.8.2.

4.5.7.4 – Dialysis of Purified GST-fusion proteins
The purified GST-fusion protein was subjected to dialysis to remove or substantially
reduce the amount of reduced glutathione, salt concentration as well as any other
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contaminating particulates present in the elution. SPECTRA/POR® 1 (Spectrum
Laboratories Inc.) molecular-porous tubing with a MWCO (molecular weight cut off) of
6000 - 8000 (6-8kDa) was used as the dialysis tubing. The tubing was taken out of 1mM
EDTA storage solution, and washed with sterilized 1xPBS before use. One side of the
tubing was then clamped with a dialysis membrane clamp and all air bubbles were
squeezed out from the opened end. The total volume of one elution was pipetted
carefully into the dialysis bag through the opened end to avoid any spillage of the
elution. The dialysis bag was securely sealed off with another membrane clamp and
immediately immersed into 1L of sterilized 1xPBS. The dialysis tubing containing the
protein was dialysed at 4ºC with gentle stirring overnight.

The next day the tubing was

removed from the conical flask and immersed into fresh 1xPBS. The dialysis procedure
was carried out for another 5 hours before the tubing was removed. The dialysed
purified GST-fusion protein was removed from the tubing and transferred into a fresh
1.5ml tube and stored at -20ºC to maintain stability.

4.5.8 – Antibody Production
The purified GST-Ac45C1 protein was sent off to the Polyclonal Antibody Production
Facility in the School of Molecular and Biomedical Sciences at University of Adelaide
for the production of a rabbit polyclonal antibody. The antibody generation program
was based on a 12 week immunisation period that included a pre-immune serum, three
immunisations, a serum test, final immunisation boost and finally a terminal serum. The
first initial antigen immunisation shot was comprised of 100µg of GST-d2p (antigen)
emulsified in 500µl of endotoxin free PBS plus an equal volume of Complete Freund’s
Adjuvant (CFA) and injected into the rabbit subcutaneously at 4 – 5 sites.

The second

immunisation comprised of the same amount of GST fusion protein antigen in 500µl of
endotoxin free PBS to which was added an equal volume of Incomplete Freund’s
Adjuvant and emulsified as above.
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Adjuvants are used to, 1) stimulate an immune response to an antigen that is not
inherently immunogenic, 2) improve and enhance the intensity of the immune response,
and 3) preferentially stimulate either a cellular or a humoral response (Harlow 1988).
Adjuvants have four main modes of action: enhance antigen uptake and localization,
extend antigen release, activation of macrophage and stimulation of T and B cells
(Freund 1956). Complete Freund’s Adjuvant (CFA) is a water-in-oil emulsion that
localizes antigens for release for periods of up to 6 months. CFA is formulated with
non-metabolized mineral oil (surrounds the antigen and protects it from rapid
catabolism), the surfactant mannide monoleate (promote concentration of antigen over a
large surface area), heat-killed Mycobacterium tuberculosis (stimulate non-specific
immune response), and Mycobacterium butyricum or their extracts (for aggregation of
macrophages at the inoculation site) (Freund 1956; Harlow 1988). Thus this potent
adjuvant stimulates both cell mediated and humoral immunity. Incomplete Freund’s
Adjuvant (IFC) has the same formulation as CFA but does not contain mycobacterium
or its components. Therefore, IFA usually is limited to booster doses of antigen since it
is normally less effective than CFA for initial antigen challenge.

Approximately 2½ weeks after the second immunisation antigen challenge, a test bleed
sample was collected from the ear veins of the rabbits. Regular boosts and bleeds are
performed to collect the maximum amount of serum. The third and any subsequent
injection boosts were carried out with 50–100 µg of antigen plus 50µg of peptide
adjuvant that is made up to 1 ml in endotoxin free PBS and injected subcutaneously into
4 – 5 sites. The boosts were given every 6 weeks and serum samples were collected
approximately 10 days after each boost. Terminal serum was collected at the end of the
immunisation program. The terminal serum was assayed against the antigen to test the
quality and specificity of the serum.
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4.5.9 – Retrovirus Production
4.5.9.1 – Retroviral Construct Transfection and Retrovirus Production
Generation of recombinant retrovirus was performed by transfection of pMX vectors
into packaging cell line Plat-E. Briefly, Plat-E cells were seeded into 6-well plates to a
density of 4x105 cells per well and incubated overnight at 37ºC and 5% CO2. The next
day the cell density should be around 30-50% confluent (no more than 50%) before
continuing on with transfection. For transfection, a cocktail of 1μg of DNA and 3μl of
FuGene6 (Roche) was prepared in 100μl of serum-free DMEM. The DNA mixture was
incubated at RT for 15mins and then added to the cells dropwise distributing it around
the well. The plate was gently swirled to ensure even dispersal and incubated at 37ºC
and 5% CO2. Following 48hrs incubation, the medium containing recombinant
retrovirus in each well was harvested, pooled together into one volume and filtered
through a 0.45μm syringe filter. The retrovirus containing supernatant was stored at 4ºC
until further use.

4.5.9.2 – Retrovirus Infection/Transduction of Bone Marrow Monocyte (BMM) Cells
For the retroviral transduction of bone marrow cells, BMM were seeded in 6-well
collagen coated plates to a density of 6 x 104 cells per well in the presence of 25ng/ml
hM-CSF the day prior to transduction. On the day of transduction, the retroviral cocktail
consisting of 1ml of virus, polybrene to a final concentration of 4~10 μg/ml and 25
ng/ml hM-CSF was added to the cells and incubated for 48hrs at 37 ºC and 5% CO2.
After 48hrs of infection, puromycin (2 μg/ml) was added to the culture to select for
gene-integrated cells. Cells were then stimulated with 100 ng/ml RANKL in the
presence of 25 ng/ml hM-CSF for 6 to 7 days replacing half of the spent medium with
fresh medium supplemented with hM-CSF and RANKL every 2 days. The cells were
fixed and stained for TRAP activity to identify multinucleated osteoclasts. For bone
resorption assays, multinucleated osteoclasts were removed from the wells with Cell
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Dissociation buffer and reseeded onto devitalized bovine bone or dentine slices to a
density of ~300-500 osteoclasts per bone/dentine slice. Cells were left on the
bone/dentine slices for 48hrs and resorption pits were analysed by scanning electron
microscopy (Section 4.5.10.2).

4.5.10 Promoter analysis
4.5.10.1 Promoter cloning and site-directed mutagenesis
Different fragments of the V-ATPase d2 promoter sequence, ranging from
-3203,-2109,-1009 or -609 to +1, were amplified by PCR using following the specific
primers, 0.6 kB sense: 5’-aagcttGAATTCGGTACC tgtctcaaaaactaaga-3’; 1.0 kB sense:
5’-aagcttGAATCGGTACCtgccagctgtgccttct-3’; 2.0 kB sense: 5’-aagcttGAATTCGGT
ACCActatgaatggagagga-3’; 3.0 kB: 5’-aagcttGAATTCGGTACCAACATGGCAGC
AGAACATTTCC-3’ (sense) and 5’-GAATTCAGATCTGGATCCACTGCTCAGGC
TGAAGTGGC-3’ (antisense). The fragments were subcloned into pGL3 luciferase
vector (Promega, madison, WI).

4.5.10.2 Transfection and Luciferase Reporter Assay
RAW264.7 cells were transfected with 0.5μg of the 1kB d2 luciferase reporter
constructs using DEAE dextran (Sigma) as previously described (Wang, Steer et al.
2003). After transfection, cells were seeded at 0.2 x 106 cells per well of a 24-well plate
in 0.5ml of complete medium. The transfected cells were and luciferase activities
measured using the Promega Luciferase Assay System according to the manufacture’s
instructions. Results are expressed as the mean ± sem of three independent experiments.
COS-7 cells (3 x 104 per well of a 24-well plate) were transfected with 0.01μg of
phRL-CMV (Promega), 0.1μg of 1kB d2 luciferase reporter construct and 0.2μg of
either CaNFAT expression vector or 0.2μg of the empty pEF6 expression vector using
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Lipofectamine Plus (Invitrogen) according to the manufacturer’s instruction. After 48
hours transfection, cells were lysed and renilla and firefly luciferase assays performed
using the Dual-Glo Luciferase Assay System (Promega). For each well, the firefly
luciferase activities were divided by renilla luciferase activities to account for
differences in cell numbers and transfection efficiencies. Results are expressed as the
mean ± SEM of three independent experiments.

4.5.10.3 Chromatin immunoprecipitaion (ChIP)
ChIP assay was performed using a ChIP assay kit (Upstate Biotechnology, Billerica,
MA, USA) according to the manufacture’s instructions. In brief, 1 X 106 RAW264.7
cells, treated with RANKL for different time points (0, 24, 48 and 96 hours), were fixed
with 1% formaldehyde for 10 min at 37 oC. The cells were then washed, harvested with
1 X phosphate-buffered saline and lysed in lysis buffer (1% SDS, 10mM EDTA, 50mM
Tris, pH 8.1, 0.01% protease inhibitor mixture). After lysis, the samples were sonicated
to shear DNA and then subjected to centrifugation. Immunoprecipitation using
antibodies against NFATc1 (7A6, Santa Cruz, USA) or control murine IgG (Sigma) was
performed at 4 oC overnight. Cross-linking between proteins and DNA were reversed
by incubation at 65 oC for 4h and proteinase k was added to digest protein. DNA was
precipitated with ethanol and resuspended in distilled water after extraction with
phenol/chloroform. Purified DNA was analysis by PCR using the following primers,
5-aagcttGAATTCGGTACCtgccagctgtgccttct-3’ (sense) and 5’-GAATTCAGATCTGGA
TCACTGCTCAGGCTGAAGTGGC-3’ (antisense),to detect 1.0 KB (relative to ATG
start codon) V-ATPase d2 promoter sequence.

4.5.10.4 Nuclear Extract Preparation
Nuclear extractions were performed as described previously (Liu, Shi et al. 2003).
Briefly, RAW264.7 cells were treated with or without RANKL for the indicated times.
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Approximately 1 x 107 cells were washed with cold PBS three times. Cells were then
scraped off the dishes, spun down, resuspended in 1.5 ml of cold PBS, and transferred to
2-ml microcentrifuge tubes. Cells were pelleted in a microcentrifuge for 30s, media
were removed, and the cells were resuspended in 500 µl of hypotonic lysis buffer (10
mM Hepes-KOH, pH 7.9, 10 mM KCl, 1.5 mM MgCl2, 0.5 mM DTT, 0.5 mM
phenylmethylsulfonyl fluoride). Cells were lysed for 15 min on ice, at which time 32 µl
of 10% Nonidet P-40 was added to the suspension, followed by vortexing the tube for
15 s and incubating on ice for 10 min. Nuclei were spun down and resuspended in 100
µl of nuclear extraction buffer (20 mM Hepes-KOH, pH 7.9, 420 mM NaCl, 1.2 mM
MgCl2, 0.2 mM EDTA, 25% glycerol, 0.5 mM DTT, 0.5 mM phenylmethylsulfonyl
fluoride, 0.5 mM AEBSF, 5 µg/ml pepstatin, and 5 µg/ml leupeptin; DTT,
phenylmethylsulfonyl fluoride, BAESF, pepstatin, and leupeptin were added freshly to
the buffer). The nuclei were incubated with the extraction buffer on ice for 20 min and
spun down in a microcentrifuge. The supernatant (nuclear extract) was aliquoted,
quickly frozen in dry ice/ethanol bath, and stored at –80°C. Protein concentration of
nuclear extracts was determined using a Bradford protein assay kit (Bio-Rad, Hercules,
CA).

4.5.10.5 Eletrophoretic mobility shift Assays (EMSA)
Sense olginucleotide sequences for EMSA were synthesized (Sigma) as following: N1
sequence:

5’-CGAAATGCACAAAGGTAGAGGCTCCGAGTATAGACT G-3; N2

sequence: 5’-TTCAGTATTTTAAAAAGGAAAGTTTTA-3’; N3 sequence:

5’-ATG

TACTAATGTGGAAAAGGTATATTT-3’ and N2 mutant sequence: 5’-TTCAGTA
TTTTAAAACTTAAAGTTTTA-3’. Oligonucleotides were end-labeled with

32

P by T4

polynucleotide kinase (Invitrogen). 2–5 x 104 cpm probe was incubated with 3 µg of
nuclear extracts in a 20-µl volume of binding reaction (10 mM Tris-Cl, pH 7.5, 100 mM
NaCl, 10% glycerol, 50 ng/ml poly(dI·dC) on ice for 20 min). In competition
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experiments, a 50x excess amounts of unlabeled competitors was premixed with labeled
probe before being added to the binding mixture. The binding reaction was then allowed
to proceed for 20 min on ice. In supershift experiments, probes were incubated with 3
µg/ml nuclear extracts in a 20-µl volume of binding reaction for 20 min on ice, at which
time 4 µg of control IgG or 4 µg of NFATc1 antibodies (Sigma) were added, followed
by incubation on ice for an additional 30 min. All binding mixtures were separated,
using 0.5x TBE buffer as the running buffer, at 4 °C and 100 V for 3.5 h by 4–20%
gradient TBE gels (Invitrogen) in a Novex Xcell II minicell electrophoresis system. The
gels were transferred to 3M blotting paper and dried, and exposures were made to film.

4.5.11 – Microscopy Methods
4.5.11.1 – Confocal Microscopy
The detection of fluorochromes was carried out using a confocal laser-scanning
microscope (MRC-1000, Bio-Rad) equipped with a Krypton-Argon laser or a
Helium/Neon laser coupled with an epifluorescence Nikon Diaphot 300 inverted
microscope. For the detection of immunofluorescence staining and EYFP signals, 60x
oil immersion objective lens (Nikon, NA=1.6), 40x oil immersion objective lens (Nikon,
NA=1.2) and 10x dry lens (Nikon, NA=0.7) were used. Forty serial optical sections
(z=0.1μm) were acquired according to the Nyquist criteria for sampling. In somes
cases, individual osteoclasts cultured on bone slices were assessed throughout the entire
cell using serial optical sections (0.5-1μm intervals). The serial optical sections (z-stacks)
from each cell were collected for the construction of three-dimensional images.
Images were recorded in a 512x512 pixel formation. Confocal images were collected as
Bio-Rad PIC files and were analysed by Confocal Assistant 4.02.

4.5.11.2 – Scanning Electron Microscopy
For scanning electron microscopy (SEM), osteoclasts cultured on bone/dentine slices
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were fixed with 4% paraformaldehyde in PBS. Depending on the experiment, the
osteoclasts were either left attached to the bone/dentine slices or mechanically removed
to expose the underlying resorption pits. Bone/dentine slices were washed extensively
with 1xPBS and dehydrated in varying grades of ethanol. Following overnight drying at
RT, the bone/dentine slices were subjected to critical point drying before being
carbon-coated using the sputter coater. The samples were visualized using an Olympus
Scanning Electron Microscope and the images were collected as TIFF formats and
processed using Adobe® Photoshop CS2.

4.5.12 – Statistical Analysis and Data Presentation
Statistics were performed using paired or unpaired Students’t-test or analysis of
variance (ANOVA) with significance taken at p<0.05, p<0.001, p<0.0001. All data
shown represent one of at least three independent experiments.
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CHAPTER FIVE

Cytoplasmic terminus of vacuolar type proton
pump accessory subunit Ac45 is required for
proper interaction with V0 domain subunits and
efficient osteoclastic bone resorption
(J Biol Chem. 2008 May 9; 283(19):13194-204)

Supplemental Material can be found at:
http://www.jbc.org/cgi/content/full/M709712200/DC1
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solubilization of mineralized bone material (1). Upon attachment to the bone surface, the osteoclast undergoes a series of
cytoskeletal reorganization and polarization events that culminate in the formation of a unique apical membrane known as
the ruffled border. The ruffled border is the “resorptive
organelle” of the osteoclast and is formed by the polarized targeting and fusion of acidified intracellular vesicles with the
plasma membrane (2– 4). These transport vesicles courier acidifying machineries as well as osteolytic enzymes such as,
TRACP, cathepsin K, and matrix metalloproteinases (2, 5–7) to
the ruffled border membrane domain where each cargo plays a
discrete role in the resorptive function. Vacuolar H⫹-adenosine
triphosphatases (V-ATPases)5 that line the ruffled border have
long been established to play a vital role in the resorptive process. V-ATPases function to pump H⫹ into the underlying
resorptive lacunae. This elevation in protons results in a highly
acidified microenvironment that solubilizes the mineralized
component of bone while providing optimal conditions for the
degradation of the exposed organic phase by collagenolytic
enzymes such cathepsin K (2, 7).
The importance of V-ATPase in osteoclastic bone resorption
is exemplified by studies employing specific inhibitors and gene
knock-out strategies to impair V-ATPase functions (8 –11).
Furthermore, mutations in the human TCIRG1 gene, which
encodes for a osteoclast specific V-ATPase subunit, a3,
results in infantile malignant osteopetrosis, thus substantiating the importance of V-ATPase in osteoclastic bone
resorption (12–15). The structural and functional analyses
of the V-ATPase complex in osteoclasts might facilitate the
development of anti-resorptive agents targeting specifically
the osteoclast V-ATPases (16).
V-ATPases belong to a unique class of ATPases responsible
for the acidification of intracellular compartments in all
eukaryotic cells (17, 18). In phagocytic cells such as macro5

The abbreviations used are: V-ATPase, vacuolar H⫹-adenosine triphosphatase; BRET, bioluminescence resonance energy transfer; EYFP,
enhanced yellow green fluorescent protein; Rluc, Renilla luciferase; TRACP,
tartrate-resistant acid phosphatase; PBS, phosphate-buffered saline; GST,
glutathione S-transferase; RT, reverse transcriptase; GFP, green fluorescent
protein; PBS, phosphate-buffered saline; TBS, Tris-buffered saline; M-CSF,
macrophage colony-stimulating factor; OCL, osteoclast-like cell; IP,
immunoprecipitation.
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Solubilization of mineralized bone by osteoclasts is largely
dependent on the acidification of the extracellular resorption
lacuna driven by the vacuolar (Hⴙ)-ATPases (V-ATPases)
polarized within the ruffled border membranes. V-ATPases
consist of two functionally and structurally distinct domains, V1
and V0. The peripheral cytoplasmically oriented V1 domain
drives ATP hydrolysis, which necessitates the translocation of
protons across the integral membrane bound V0 domain. Here,
we demonstrate that an accessory subunit, Ac45, interacts with
the V0 domain and contributes to the vacuolar type proton
pump-mediated function in osteoclasts. Consistent with its role
in intracellular acidification, Ac45 was found to be localized to
the ruffled border region of polarized resorbing osteoclasts and
enriched in pH-dependent endosomal compartments that
polarized to the ruffled border region of actively resorbing osteoclasts. Interestingly, truncation of the 26-amino acid residue
cytoplasmic tail of Ac45, which encodes an autonomous internalization signal, was found to impair bone resorption in vitro.
Furthermore, biochemical analysis revealed that although both
wild type Ac45 and mutant were capable of associating with
subunits a3, c, cⴖ, and d, deletion of the cytoplasmic tail altered
its binding proximity with a3, cⴖ, and d. In all, our data suggest
that the cytoplasmic terminus of Ac45 contains elements necessary for its proper interaction with V0 domain and efficient osteoclastic bone resorption.
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EXPERIMENTAL PROCEDURES
Reagents and Antibodies—Transferrin Alexa Fluor 546,
Lysotracker, and rhodamine-conjugated phalloidin were purchased from Invitrogen. Restriction enzymes and reverse
MAY 9, 2008 • VOLUME 283 • NUMBER 19

transcriptase were purchased from Promega (Sydney, Australia), and DNA polymerase was from GeneWorks (Adelaide, Australia). GST-rRANKL160 –318 recombinant proteins
were expressed and purified in our laboratory as previously
described (29). Anti-GFP rabbit polyclonal antibodies were
obtained from Abcam (Sapphire Bioscience Pty. Ltd., Sydney,
Australia). Anti-FLAG and anti-c-Myc monoclonal antibodies
were purchased from Sigma. A rabbit anti-Ac45 antibody
raised against the last 12 amino acids of mouse Ac45 was kindly
provided by Dr. E. Jansen (Department of Animal Physiology,
University of Nijmegen, The Netherlands). The anti-Ac45 antibody was precleared by absorption with bacterial cell lysates
and purified by protein-agarose beads (30). Antibodies against
the a3 subunit of the V-type H⫹-ATPase were raised in guinea
pigs and were kindly provided by Dr. Jens C. Fuhrmann (Zentrum fur Molekulare Neurobiologie Hamburg, ZMNH, Universitat Hamburg, Falkenried, Hamburg, Germany) (31). Rabbit
polyclonal anti-d2 antibodies were raised against GST-d2 peptide antigen produced in our lab and affinity-purified.
PCR-selected Subtractive Hybridization and Expression of
Ac45 by RT-PCR—The cDNA-subtracted library was constructed using RAW264.7 (driver) and RAW264.7-derived
osteoclasts (tester) according to the procedures of the Clontech
PCR-Selected cDNA subtractive hybridization kit (Clontech).
The cDNA sequence of the subtracted cDNA library was determined using BigDye termination reaction mix and automated
sequencer (PerkinElmer Life Sciences). To determine the tissue
distribution of Ac45 mRNA expression in normal mice, total
RNA was isolated from various snap-frozen tissues using RNAzol solution according to the manufacturer’s instructions
(Ambion Inc., Austin, TX). For RT-PCR, single-stranded
cDNA was prepared from 2 g of total RNA using reverse transcriptase with an oligo(dT) primer. Cycle-dependent PCR was
carried out using 2 l of each cDNA (94 °C, 40 s; 54 °C, 40 s; and
72 °C, 40 s) with mouse Ac45 primers (forward, 5⬘-AGATCTACCATGATGGCGGCAACAGT-3⬘; reverse, 5⬘-AGATCTTCCACAATCTGGGTCAAAGTGA-3⬘). Primers fora3 (forward, 5⬘-GGATCCGAATTCATCATGGGCTCTATGTTC3⬘; reverse, 5⬘-GGATCCTCTAGACTAGTCACTGTCCACAGT-3⬘), c (forward, 5⬘-GGATCCGAATTCGACATGGCTGACATCAAG-3⬘; reverse, 5⬘-GGATCCTCTAGACTACTTTGTGGAGAGGAT-3⬘), c⬙ (forward, 5⬘-AGGATCCGAATTCATGACGGGGCTGGAGTT-3⬘; reverse, 5⬘-AGGATCCTCTAGACTAGTCACCCATCTTCA-3⬘), d1 (forward, 5⬘-GGATCCGAATTCATGTCGTTCTTCCCGGA-3⬘; reverse, 5⬘-GGATCCTCTAGACTAAAAGATGGGGATGTA-3⬘), d2 (forward, 5⬘GGATCCGAATTCATGCTTGAGACTGCAGAG-3⬘; reverse,
5⬘-GGTCTAGATTATAAAATTGGAATGTAGCT-3⬘), and
calcitonin receptor (forward, 5⬘-TGGTTGAGGTTGTGCCCA-3⬘; reverse, 5⬘-CTCGTGGGTTTGCCTCATC-3⬘) were
also used to determine their expression during osteoclast formation. As an internal control, the single-stranded cDNA was
PCR-amplified for 25 cycles using 36B4 primers (forward, 5⬘TCATTGTGGGAGCAGACA-3⬘;
reverse,
5⬘-TCCTCCGACTCTTCCTTT-3⬘).
Construction and Expression of GST-Ac45 Fusion Protein—
The mouse Ac45 gene was PCR-amplified using mRNA isolated from mouse osteoclasts with the Ac45 primers (forward,
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phages, V-ATPases are known to mediate cytoplasmic pH
homeostasis and the acidification of most intracellular
organelles. In addition, these macromolecular proton pumps
are crucial to a number of fundamental cellular processes,
including receptor recycling, protein processing and sorting,
and microbial degradation (19, 20). Structurally, V-ATPases
has been well modeled and are known to consist of two core
functional domains, V1 and V0 (17, 18). The V1 domain is
responsible for ATP hydrolysis and is composed of a 570-kDa
complex, which is made up of eight different subunits A–H,
with a molecular mass of 70 –14 kDa, whereas the V0 domain
functions as a proton translocation unit located across the limiting membrane.
The V0 domain consists of a 260-kDa integral complex that is
made of several subunits with molecular masses of 100 –17 kDa
(subunit a, d, c/c⬘, and c⬙), with six copies of the c/c⬘ subunits
and single copies of a, d and c⬙ subunits (21). The largest subunit
(subunit a) of 100 kDa of the V0 is a transmembrane glycoprotein displaying characteristics of an N-terminal hydrophilic
domain and a C-terminal hydrophobic domain with multiple
potential transmembrane helices (22). Four isoforms (a1, a2, a3,
and a4) of the 100-kDa subunit of the vacuolar proton-translocating ATPase have been identified (23–25). The second largest
single subunit (subunit d) of 38 kDa is a hydrophilic protein
containing no membrane helices (26) and has been found to be
tightly associated with V0 (27). The smallest subunits (subunits
c/c⬘ and c⬙) of 17–19 kDa are highly hydrophobic proteins with
characteristics of proteolipids (18). In addition to the core subunits, a 45-kDa polypeptide, Ac45, has been reported to copurify with the V0 domain of V-ATPases from bovine adrenal
chromaffin granules (28) and is predicted to be oriented toward
the luminal side of the complex anchored to the membrane by a
single ␣-helix in the C terminus of the polypeptide. Currently,
the interaction of Ac45 with other subunits of V-ATPase complex and its biological function remain to be elucidated.
In the present study, using a subtractive hybridization
approach we identified accessory V-ATPase subunit Ac45 in
osteoclasts. Ac45 was differentially expressed during osteoclastogenesis and found to localize to the ruffled border and endosomal compartments in polarized osteoclasts. To investigate
the potential role of Ac45 in osteoclasts, we expressed a cytoplasmic terminus deletion mutant (Ac45⌬C) that lacks the
26-amino acid internalization signal. Overexpression of
Ac45⌬C in osteoclasts showed a dramatic reduction on bone
resorption. Furthermore, using immunoprecipitation and
bioluminescence resonance energy transfer (BRET) assays, we
demonstrate, for the first time, that Ac45 specifically associates
with the V0 domain subunits a3, c, and c⬙. Interestingly, deletion of the C-terminal tail (Ac45⌬C) altered Ac45 association
with subunits a3, c⬙, and d. In all, our studies suggest that the
cytoplasmic terminus of Ac45 is required for its proper interaction with V0 domain subunits and plays an important role in
osteoclastic bone resorption.
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Ac45⌬C, in which the 26-residue cytoplasmic tail (amino acids
437– 463) of Ac45 is truncated, into pMx-IRES-EGFP vector
(kindly provided by Dr. Kitamura, University of Tokyo). Retrovirus packaging was performed by transfection of the pMx vectors into packaging cell line plat E cells (32). Virus stocks were
prepared by collecting the media from cultures 48 h after
transfection.
Osteoclastogenesis and Retroviral Transduction—To generate osteoclast precursors, freshly isolated bone marrow cells
were cultured for 3 days with 10 ng/ml M-CSF in ␣-modified
essential medium supplemented with 10% fetal calf serum.
Adherent cells were used as osteoclast precursors. For retroviral transduction, the osteoclast precursors were transduced
with viral supernatants in the presence of polybrene (2 g/ml).
On day 2 of transduction, puromycin (2 g/ml) was added into
the culture to select gene-integrated cells. The cells were then
cultured with M-CSF (10 ng/ml) and RANKL (the receptor
activator of NF-B ligand; 100 ng/ml) for 5 or 6 days at 37 °C in
an atmosphere of 5% CO2/95% air and were fed every 2 days by
replacing half of the spent medium with fresh medium and
M-CSF and RANKL. The cells were fixed and stained for
TRACP activity to identify osteoclasts. TRACP⫹ cells containing ⱖ3 nuclei were scored as osteoclasts or osteoclast-like cells
(OCLs). Osteoclastic bone resorption assays were done as previously described (33).
Immunoprecipitation—For co-immunoprecipitation of
Ac45 and Ac45⌬C mutant with V0 subunit a3, COS-7 cells were
seeded to a density of 2 ⫻ 106 in 10-cm Petri dishes and 24 h
later were co-transfected with 2 g each of Ac45-EYFP and
Myc-a3 or with Ac45⌬C-EYFP with Myc-a3 using PolyFect
transfection reagent (Qiagen). Twenty four hours post-transfection, medium containing transfection complexes were
removed and replaced with fresh Dulbecco’s modified Eagle’s
medium and incubated for further 24 h. After 24 h the cells were
washed twice in ice-cold 1⫻ PBS prior to lysis with 1 ml of lysis
buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA,
and 1% Nonidet P-40) containing Complete protease inhibitor
mixture (Roche Applied Science). The lysates were scraped into
1.5-ml tubes on ice, passed through a 23.5-gauge needle, and
cleared by centrifugation at 14000 rpm at 4 °C for 30 min. The
lysates were then precleared with incubation with Sepharose
G bead slurry (GammaBind G Sepharose; Amersham Biosciences) for 2 h at 4 °C. One milligram of total protein was then
incubated at 4 °C overnight with 5 g of anti-GFP antibody
(Abcam; Sapphire Bioscience). Antibody-bound proteins were
then captured by incubation with washed (twice with lysis
buffer) Sepharose G beads at 4 °C for 2 h. Protein-bound beads
were then washed three times with lysis buffer, and proteins
were eluted with the addition of 2⫻ SDS sampling buffer containing 2% ␤-mercaptoethanol. Boiled samples were separated
on 10% SDS-polyacrylamide gel followed by overnight transfer
to nitrocellulose membrane (Amersham Biosciences). After
overnight transfer, the membranes were blocked with 5% (w/v)
skim milk powder in TBS-T (10 mM Tris-HCl, pH 7.5, 150 mM
NaCl, 0.1% (v/v) Tween 20) and then probed with anti-Myc
(Sigma) antibody diluted 1/1000 in 1% (w/v) skim milk powder
in TBS-T. After washing three times with TBS-T, the membranes were incubated with horseradish peroxidase-conju88
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5⬘-AGATCTACCATGATGGCGGCAACAGT-3⬘; reverse, 5⬘AGATCTTCCACAATCTGGGTCAAAGTGA-3⬘). The PCR
product was cloned into a pCR 2.1 T/A cloning vector to make
pCR2.1-Ac45, and its sequence was confirmed. A 606-bp
BamHI and EcoRI restriction fragment was then subcloned into
the BamHI and EcoRI sites of the pGEX-3X to make pGEX-3XAc45. To express glutathione S-transferase (GST) fusion proteins, plasmid pGEX-3X-Ac45 was transformed into the bacterial strain BL-21. Following growth in Luria-Bertani medium
containing 100 g/ml of ampicillin for 3 h at 30 °C, isopropyl
␤-D-thiogalactopyranoside was added to a final concentration
of 0.1 mM, and the bacterial culture was incubated for a further
4 h at 30 °C. Bacteria were harvested and lysed in a standard
SDS sampling buffer (Bio-Rad).
Immunofluorescence and Confocal Analysis—For immunofluorescent staining, RAW264.7 cells or osteoclasts cultured
on glass coverslips or dentine slices were fixed with 4%
paraformaldehyde in PBS for 10 min at room temperature and
washed four times with PBS. Fixed cells were treated with 0.1%
of Triton X-y100 for 5 min and washed. The anti-Ac45 antibody was added at final dilution of 1:100 and incubated for 1 h
at room temperature. A secondary antibody labeled with fluorescence (Sigma) was used at final dilution of 1:300. For the
subcellular localization of Ac45, endocytic or lysosome tracers
were added to the RAW264.7 cells. Lysotracker was added to
cell culture at a final concentration of 1 M and incubated for 30
min. Transferrin Alexa Fluor 546 was added to a final concentration of 20 g/ml and incubated for 30 min. For co-localization of Ac45 and a3, the anti-Ac45 antibody was added at final
dilution of 1:100, and the anti-a3 was added at a final dilution of
1:200. Secondary antibodies were labeled with rhodomine for
the anti-Ac45 antibody and fluorescence for the anti-a3 antibody, respectively. Fluorescent images were collected on a BioRad MRC 1000/1024 UV laser scanning confocal microscope.
High numerical aperture Nikon 10⫻, 40⫻, and 60⫻ oil immersion objectives were used in this study. In some experiments,
optical sectioning of entire cells at 0.1 M was acquired using a
Z step. The serial optical section stacks from each cell were used
for reconstruction of three-dimensional images. For F-actin costaining, 0.3 M rhodamine-conjugated phalloidin (Invitrogen)
was used.
Western Blot—The proteins were separated on SDS-PAGE
gels and then transferred to nitrocellulose by electroblotting as
previously described (30). The blots were incubated in 5% dry
skim milk in Tris-buffered saline (TBS; 0.05 M Tris, 0.15 M NaCl,
pH 7.5) for 1 h and probed with rabbit anti-Ac45 polyclonal
antibody, rabbit anti-d2 antibody, mouse anti-␣-tubulin antibody, or rabbit anti-GFP antibody at final concentrations of
1:200, 1:1000, 1:2500, or 1:2000 in TBS containing 5% skim
milk, respectively. The blots were washed 10 min with TBS
three times and incubated with peroxidase conjugated IgG
(Sigma) at 1:1000 in TBS containing 5% skim milk. Following
three washes with TBS, the antibody reactivity was detected by
ECL (Amersham Biosciences) according to the manufacturer’s
instructions.
Production of Retroviruses—Retroviral vectors pMx-Ac45IRES-EGFP and pMx-Ac45⌬C-IRES-EGFP were constructed
by inserting full-length mouse cDNA of Ac45 and mutated
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RESULTS
Identification, Expression, and Localization of Ac45 in
Osteoclasts—In an effort to identify differentially expressed
genes that are important to osteoclast differentiation and function, we employed a subtractive hybridization approach using
mRNA derived from RAW264.7 cells treated in the presence or
absence of RANKL for 7 days to form multinucleated osteoclasts (supplemental Fig. S1A). From a total of 198 clones analyzed, one clone was found to encode mouse Ac45 (supplemental Fig. S1, B and C). This sequence has been deposited in the
GenBankTM (accession number of AY033882) and is identical
to an unpublished version of mouse C7–1 sequence (GenBankTM accession number AB031290), with the exception that
it encodes an additional 327 bases at its 3⬘-untranslated region.
MAY 9, 2008 • VOLUME 283 • NUMBER 19

The homologues of Ac45 gene have previously been cloned
from bovine adrenal medulla (28), the Xenopus intermediate
pituitary gland (35), and the rat frontal cortex (36), but no counterpart have been identified in yeast V-ATPases based on the
genomic sequencing of Saccharomyces cerevisiae (17).
As an initial step to confirm the gene expression of Ac45 in
osteoclasts, cycle-dependent PCR was carried out using mouse
osteoclast cDNA (supplemental Fig. S1D). To determine the
expression of Ac45 during osteoclastogenesis, 30 cycles of PCR
amplification within the linear range of amplification was used
as compared with other V0 subunits a3, c, c⬙, d1, and d2 (Fig.
1A). Semi-quantitative RT-PCR analysis using cDNA time
course derived from RANKL-stimulated RAW264.7 cells (days
0 –5) revealed that Ac45 was up-regulated approximately
⬃2-fold (Fig. 1B) during the course of osteoclastogenesis. By
comparison, the a3 subunit was found to display ⬃4-fold
increase, and d2 expression was also highly induced following
RANKL stimulation. On the other hand, subunit c⬙ and d1
appeared to be constitutively expressed in both osteoclasts and
their precursor cells (Fig. 1, A and B). In addition, we examined
the tissue distribution of Ac45 from selected mouse organs (Fig.
1C). The results revealed that the level of Ac45 mRNA expression was high in the brain, the heart, and osteoclasts followed by
kidney, muscle, thymus, spleen, liver, and lung (Fig. 1D). The
relative abundance of 36B4 mRNA expression was used as an
internal control (Fig. 1, A and C).
Next, we examined the protein expression and subcellular
localization of Ac45 protein using a polyclonal anti-Ac45 antibody that had been raised against a synthetic peptide representing the C terminus (amino acids 452– 463) of mouse Ac45.
First, to validate the specificity of the anti-Ac45 antibody, a
C-terminal region of Ac45 (amino acids 261– 463) (Fig. 2, A and
B) was expressed as a recombinant GST fusion protein in BL-21
Escherichia coli using the pGEX expression system (Fig. 2C).
Western blot analysis showed that the purified anti-Ac45 antibody specifically reacted with the GST-Ac45 (amino acids 261–
463) fusion protein but not with GST alone or other bacterial
proteins (Fig. 2, D and E). To further confirm the specificity of
this antibody to Ac45, RAW264.7 and osteoclast lysates were
used to test for endogenous Ac45 expression. A band corresponding to the predicted size (⬃45 kDa) was detectable in
both RAW264.7 and RAW264.7 cells-derived osteoclast-like
cells (Fig. 2F). Furthermore, the protein expression of the d2
subunit was used as a positive control because this subunit is
highly up-regulated in osteoclasts as compared with its precursor cells (36).
We next examined the subcellular localization of Ac45 in
osteoclasts and their mononuclear precursors by immunofluorescent staining. Confocal analyses revealed that Ac45
localizes to punctuate vesicular structures distributed
throughout the cytoplasm of both RAW264.7 cells-derived
osteoclasts and their precursor cells (Fig. 2G). These structures were often enriched near the perinuclear region of the
cell and co-localized with transferrin. Little to no co-localization was observed with Lysotracker, suggesting that Ac45
was preferentially expressed in early rather than late endosomal/lysosomal compartments (Fig. 2G). Importantly,
Ac45 showed significant overlap with V-ATPase subunit a3,
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gated secondary antibody diluted 1/5000 in 1% (w/v) skim
milk powder in TBS-T. The membranes were then developed using the enhanced chemiluminescence system (Amersham Biosciences).
BRET Assays—PCR-based methodology was used to generate the following constructs for BRET assays. These include
pcDNA-Rluc-V-ATPase-a3, pcDNA-Rluc-V-ATPase-d, pcDNARluc-V-ATPase-c, pcDNA-Rluc-V-ATPase-c⬙, pcDNA-Ac45EYFP, and pcDNA3.1-Ac45 mutant-EYFP. Primers a3 forward
(5⬘-GGATCCGAATTCATCATGGGCTCTATGTTC-3⬘) and
a3 reverse (5⬘-GGATCCTCTAGACTAGTCACTGTCCACAGT-3⬘) were used to make pcDNA-Rluc-V-ATPase-a3. Primers c forward (5⬘-GGATCCGAATTCGACATGGCTGACATCAAG-3⬘) and c reverse (5⬘-GGATCCTCTAGACTACTTTGTGGAGAGGAT-3⬘) were used to make pcDNA3.1-Rluc-VATPase c. Primers c⬙ forward (5⬘-AGGATCCGAATTCATGACGGGGCTGGAGTT-3⬘) and c⬙ reverse (5⬘-AGGATCCTCTAGACTAGTCACCCATCTTCA-3⬘) were used to make
pcDNA-Rluc-V-ATPase-c⬙. Primers d1 forward (5⬘-GGATCCGAATTCATGTCGTTCTTCCCGGA-3⬘) and d1 reverse
(5⬘-GGATCCTCTAGACTAAAAGATGGGGATGTA-3⬘)
were used to make pcDNA3.1-Rluc-VATPase d. Primers Ac45
forward (5⬘-AGATCTACCATGATGGCGGCAACAGT-3⬘)
and Ac45 reverse (5⬘-AGATCTTCCACAATCTGGGTCAAAGTGA-3⬘) were used to make pcDNA-Ac45-EYFP. Ac45 forward primer (5⬘-AGATCTACCATGATGGCGGCAACAGT3⬘) and Ac45 mutant reverse primer (5⬘-GGTACCTGCAGACCATAGGTGAATATG-3⬘) were used to make pcDNA3.1Ac45⌬C-EYFP, which expressed Ac45 (amino acids 437– 463).
Sequencing analysis was used to verify the identity of each construct. BRET assays were performed as previously described
(34). In brief, COS-7 cells were transiently transfected in 6-well
plates using PolyFect (Qiagen), and the cells were assayed 48 h
post-transfection. The transfected cells were detached with
0.05% trypsin/PBS and washed twice in PBS. Approximately
20,000 cells/well were assayed in a 96-well plated. The coelenterazine (h form) (Invitrogen) was added to a final concentration of 5 M, and readings were collected immediately following
this addition using the Mithras LB940 BRET plate reader
(Berthold Technologies, Inc., Germany). Repeated readings
were taken, and the BRET ratios for the co-expression of Rluc
and EYFP constructs were normalized against the BRET ratios
for the Rluc expression construct alone.
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endocytic compartments within
the ruffled border region of osteoclasts during born resorption.
Deletion of the Cytoplasmic Tail
of Ac45 Impairs Osteoclastic Bone
Resorption—It is well accepted that
during bone resorption V-ATPases
accumulate in the ruffled border
membrane of osteoclasts whereby
they actively secrete protons to dissolve the underlying mineralized
bone. Given the fact that Ac45 also
localized to the ruffled border
region of osteoclasts, we reasoned
that Ac45 might play an important
role in the V-ATPase-mediated
bone resorption process. To address
this possibility we adopted a mutational approach and deleted the
26-amino acid cytoplasmic tail of
Ac45 (Ac45⌬C). The 26-residue
cytoplasmic tail of Ac45 has been
previously shown to contain autonomous targeting information distinct from previously described
routing determinants (38). Thus, we
hypothesized that the cytoplasmic
tail may be important for Ac45 association and function with the
V-ATPase complex and therefore
osteoclastic bone resorption.
To explore this notion, retroviral
constructs (Ac45-IRES-GFP and
Ac45⌬C-IRES-GFP) were generated and retroviruses were produced using the plat E packaging
cell line (Fig. 4A). Bone marrow cells
were subsequently transduced with
the virus, and up to 90% of cells were
deemed to be GFP positive (⫹) for
each group (data not shown). FolFIGURE 1. A, different V0 subunits expression profiles during osteoclastogenesis. RAW264.7cells were treated lowing transduction, osteoclast forwith RANKL (100 ng/ml) for different time periods (0, 1, 3, and 5 days). RT-PCR analysis was carried out using mation was induced through the
specific primers to Ac45 and V0 subunits including a3, c, c⬙, d1, and d2. Calcitonin receptor (CTR) and 36B4
primers were used as control for osteoclastogenesis and house keeping gene, respectively. TRACP staining in addition of M-CSF and RANKL.
a parallel experiment was also included with OCLs highlighted with circles. B, the expression of each subunit After 7 days, resulting multinuclerelative to 36B4 during osteoclastogenesis was expressed as the fold change over mock. C, RT-PCR analysis of
Ac45 (upper panel) and 36B4 (lower panel) in various mouse tissues. D, the relative expression of Ac45 in various ated cells were fixed and stained for
TRACP activity. Approximately
tissues relative to 36B4.
95% of all osteoclasts were GFP (⫹)
confirming its association with the V-ATPase complex in in each group as judged by confocal microscopy (Fig. 4, B, E, and
osteoclast-like cells (Fig. 3, A–F). In bone resorbing oste- H). In addition, quantitative analysis of multinucleated (⬎3
oclasts, Ac45 co-localized with transferrin consistent with nuclei/cell) TRACP positive cells yielded no significant differthe localization observed on glass (Fig. 3, G and H). This ence among the three retrovirally transduced groups (Fig. 4, C,
overlap was largely toward the ruffled border region of the F, I, and K). Next, we examined whether overexpression of Ac45
osteoclast (Fig. 3I). In addition, Ac45 showed significant or Ac45⌬C affected osteoclastic bone resorption. To this end,
overlap with filamentous actin (F-actin) at the sealing zone, retrovirally transduced bone marrow cells were cultured on the
suggesting that Ac45 is targeted toward the ruffled border dentine slices in the presence of M-CSF and RANKL. After 2
membrane in polarized osteoclasts (Fig. 3, J–L). Taken weeks, multinucleated cells were subsequently removed, and
together, these findings indicate that Ac45 associates with resorption lacunae were visualized under scanning electron
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explore the molecular mechanism of
impaired osteoclastic bone resorption
by Ac45⌬C, we tested whether overexpression of Ac45⌬C in osteoclasts
could result in mislocalization of V0
a3 subunit. By using specific anti-a3
antibody, immunostaining analysis
showed that there is no observable
difference among the EYFP, Ac45IRES-GFP, and Ac45⌬C-IRES-GFP
osteoclasts (supplemental Fig. S2,
A–I). Together, these data hint that
the cytoplasmic tail of Ac45 may play
an important role in osteoclastic bone
resorption.
Ac45 Specifically Associates with
V0 Subunits of the V-ATPase
Complex—Ac45 has been previously reported to co-purify with the
V0 sector of the V-ATPase complex
(28). However, its precise association with specific subunits of the V0
domain of the V-ATPase complex
has not yet been established.
Because of Ac45 apparent function
in osteoclast bone resorption, we
sought to clarify its association with
the V-ATPase complex in an effort
to shed further insight into its
potential role. To this end, we
examined the association of Ac45
with other V0 subunits. Having
established that Ac45 co-localizes
with a3 in osteoclasts, we initially
confirmed this physical association
by co-immunoprecipitation. For
FIGURE 2. Expression and localization of Ac45 in OCLs. A and B, expression of GST-Ac45 and Western analysis this purpose COS-7 cells were cowith an anti-Ac45 antibody. A, molecular structure of the mouse Ac45. S, signal sequence; TM, transmembrane transfected with Ac45-FLAG or
region. C-terminal amino acid residues 452– 463 were used for the generation of anti-Ac45 rabbit polyclonal
and
a3-Myc,
antibody. B, a cDNA fragment encompassing amino acid residues 261– 463 of mouse Ac45 was cloned into the Ac45⌬C-FLAG
pGEX-3X expression vector. C, Coomassie Blue-stained polyacrylamide gel showing the induction and expres- EYFP-c, or EYFP-c⬙, and immunosion of GST-Ac45261– 463 fusion proteins in E. coli. MW, molecular mass. D and E, Western blot analysis of GST
fusion proteins using a rabbit anti-GST antibody (D) or a rabbit anti-Ac45 antibody (E). F, Western blot analysis precipitation was carried out 48 h
of Ac45 in RAW cell-derived osteoclasts and their precursor cells. A band corresponding to a 45-kDa protein post-transfection. Following immuwas detected using the Ac45 antibody in both in RAW cell-derived osteoclasts and their precursor cells. Protein noprecipitation (IP), bound a3, c, or
expression of V-ATPase subunit d2 was used as positive control, and anti-␣-tubulin was used as an internal
control. G, confocal microscopy analysis of Ac45 protein localization in osteoclastic precursor RAW264.7 cells c⬙, proteins was detected using an
and in no-resorbing OCLs. RAW264.7 cells or RAW cell-derived osteoclasts were seeded on glass coverslips. anti-Myc or anti-GFP antibody,
Transferrin Alexa Fluor 546 was added to a final concentration of 50 g/ml and incubated for 30 min. Lysotracker
respectively. As shown in Fig. 5B,
was added to cell culture at 1 l/ml and incubated for 30 min. The cells were fixed with 4% paraformaldehyde in PBS
and stained with purified anti-Ac45 antibody. Fluorescent-labeled secondary antibody was used, and fluorescent both Ac45 and Ac45⌬C interacted
images were recorded using a confocal laser scanning microscope (MRC-1000 Bio-Rad). The cells stained with with a3, suggesting that the C termisecondary antibody only were used as the negative control and showed no staining signals.
nus is not required for its association with the a3 subunit. Similarly,
microscopy. As shown in Fig. 4 (D, G, and L), no significant the c and c⬙ subunits were also immunoprecipitated with Ac45
difference in bone resorption was observed in osteoclasts trans- as well as with the C-terminal deletion mutant. These data indiduced with GFP or wild type Ac45. In contrast, osteoclasts cate that both Ac45 wild type and the C-terminal truncation
expressing Ac45⌬C displayed a dramatic reduction in bone mutant Ac45⌬C is incorporated into the V0 complex. Considresorption capacity when compared with GFP and Ac45 groups ering that all these V0 subunits are membrane-bound proteins,
(Fig. 4, J and L). Notably, resorption was not completely abolished, we also co-transfected Ac45 or Ac45⌬C with Rab3D gene encodprobably reflecting the presence of untransfected osteoclasts, ing a membrane bound vesicle protein (3) into COS-7 cells to
given that the population is 95% GFP-positive. In addition, to exclude the possibility of nonspecific interactions shown in these

92

Ac45 in Osteoclastic Bone Resorption

IP results. No interaction was detected between either Ac45 or
Ac45⌬C and Rab3D proteins (data not shown), indicating that the
IP observed for a3, c, and c⬙ with Ac45 and Ac45⌬C was a specific
interaction.
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DISCUSSION
Generation of a continuous proton gradient across the osteoclastic ruffled border domain is
critical to its resorptive function (2, 5). Previous studies have
shown that various V-ATPase subunits play important roles in
osteoclast differentiation and function (9, 24, 39). Targeted dis92
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FIGURE 3. Confocal microscopy analysis of Ac45 co-localization with a3 in OCLs. A–E, osteoclasts cultured
on glass coverslips were fixed and permeabilized in 0.1% Triton X-100. The cells were immunostained with
primary rabbit Anti-Ac45 and guinea pig anti-a3 for 2 h followed by secondary goat anti-rabbit Alexa Fluor 546
(A) and fluorescein isothiocyanate-conjugated anti-guinea pig (B) for 45 min, respectively. Co-localization was
examined following the overlaying of the Ac45 and a3 signals (C). D–F, higher magnification of the boxed area.
G–I, osteoclasts seeded onto bone slices for 3 days were incubated with Alexa Fluor 546-conjugated transferrin
(G) for 30 min followed by fixation and permeabilization. The cells were immunostained with an anti-Ac45
antibody (H) for 2 h and then with secondary goat anti-rabbit Alexa Fluor 488 for 45 min before confocal
analysis. Co-localization between Ac45 and transferrin filled endosomal vesicles were observed in z-x or vertical
section imaging (I). J–L, confocal microscopy analysis of Ac45 protein localization in resorbing osteoclasts.
Following 3-day culture on bone slices, osteoclasts were fixed and permeabilized in 0.1% Triton X-100. The cells
were again immunostained for with an anti-Ac45 antibody (J) and secondary goat anti-rabbit Alexa Fluor 488.
F-actin was stained with rhodamine-conjugated phalloidin (K). Ac45 was observed to extensively co-localize
with F-actin surrounding the resorption lacunae (L).

Although IP provides important
confirmation of protein-protein
interaction, it does not quantitatively
reflect the protein association in living cells. Therefore we examined this
interaction in live COS-7 cells by
BRET analysis. EYFP-tagged Ac45 or
Ac45⌬C and Rluc-tagged V0 a3, c, c⬙,
or d fusion proteins (Fig. 5C) were coexpressed in COS-7 cells, and the
BRET ratios were determined by
measuring the Rluc activity and EYFP
activity. As shown in Fig. 5E, the ratios
of Ac45-EYFP and Rluc-a3 were significant higher compared with EYFP
control, again confirming Ac45 association with the a3 subunit. In addition, Ac45-EYFP wild type was found
to associate with Rluc-c and Rluc-c⬙,
but not Rluc-d. The BRET signals
were highest between Ac45 and the c⬙
subunit followed by subunits c and a3,
suggesting that Ac45 is most tightly
associated with the c⬙ subunit of the
V0 domain. Like Ac45-EYFP,
Ac45⌬C-EYFP also interacted with
V0 subunit c; however, this association is markedly lower with subunit c⬙
as compared with wild type Ac45,
suggesting that the cytoplasmic tail of
Ac45 maybe part of a specific binding
element that is required for efficient
interaction with subunit c⬙, hence a
reduction but not total attenuation of
interaction between the two subunits.
Furthermore this reduced association
of Ac45⌬C with the c⬙ subunit may
also account for the impaired resorptive activity of osteoclasts overexpressing Ac45⌬C. Interestingly, however, Ac45⌬C showed a slight
increase in BRET ratio with a3 and d1
as compared with wild type. This
enhancement may reflect conformational changes in Ac45 because of a
deletion at its C terminus. Again to
test for specificity of the BRET assay,
EYFP-Rab3D was used as a control.
EYFP-Rab3D did not interact with
any of the Rluc-tagged V0 subunits
(data not shown).
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was found to co-localize with pHdependent transferrin, consistent
TM IRES
with previous reports indicating
COOH
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that V-ATPases are enriched on
TM IRES
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COOH
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endocytic compartments (18, 40).
This finding is also in line with preSEM
vious localization studies of Ac45 in
Glass
Bone
the Xenopus (38). In addition, Ac45
C
D
B
was found associate with the ruffled
K
border and sealing zone of resorbing
140
osteoclasts as evidenced by its sig120
nificant co-localization with the a3
100
V-ATPase subunit and F-actin.
80
10µm
These findings are consistent with
60
the notion that V- ATPases are
40
E
F
G
transported to the ruffled border via
20
0
actin filaments (2, 41– 43). Studies
by Nakamura et al. (42) demonstrated that V-ATPases associate
L
with the detergent-insoluble actin
10µm
cytoskeleton of osteoclast and that
30
this interaction is crucial for oste25
I
J
H
oclast function (42). In addition,
20
V-ATPases have been shown to
15
bind to actin filaments and to be
10
transported to the polarized ruffled
***
5
border membrane by actin-myosin
10µm
0
II contraction (41). More recently,
V1 subunits B and C have also been
shown to directly associate with filFIGURE 4. The effect of overexpression of Ac45 or Ac45⌬C on osteoclast formation and osteoclastic bone amentous actin in osteoclasts (44,
resorption. A, schematic representation of GFP, Ac45-IRES-GFP, and Ac45⌬C-IRES-GFP constructs. Bone mar- 45). Whether Ac45 targeting is also
row cell derived osteoclasts transduced with GFP (B–D), Ac45-IRES-GFP (E–G), or Ac45⌬C-IRES-GFP (H–J) retroviruses. Transduced cells were seeded on glass coverslips or 96-well culture plates or bone slices in the pres- actin-dependent will be the focus of
ence of RANKL and M-CSF. After 7 days on the glass coverslips or the culture dishes, the cells were fixed and future investigations.
processed for confocal analysis (B, E, and H) or TRACP staining (C, F, and I). In 96-well culture plates, TRACP
Knock-out of specific V-ATPase
positive OCLs were counted, and no significant difference was observed between all groups (K). The cells on
the bone slices were removed after 14 days of culture, and resorptive lacunae were examined by scanning subunits commonly result in
electron microscopy (D, G, and J). Quantitative analysis shows the percentage of bone slice surface occupied by embryonic lethality (46 – 49), pointresorption lacunae (L). ***. p ⬍ 0.001.
ing to an essential role for the
V-ATPases in early embryonic
ruption of the ATP6I gene in mouse that encodes the osteoclast development. Targeted disruption of the Ac45 gene in mice has
specific a3 subunit of the vacuolar proton pump, termed OC116, been reported to inhibit blastocyst development (50), indicatconfers a severe osteopetrotic phenotype because of the inability of ing that Ac45 is indispensable for cell functioning and survival.
the osteoclast-like cells to carry out resorption lacunae acidifica- It has previously been shown that the cytoplasmic tail of Ac45
tion (9). Furthermore, mutations in the TCIRG1 gene, which contains autonomous targeting information that is capable of
encodes for the human a3 subunit, have been reported in patients mediating endocytosis of Ac45 from the cell surface to vacuolar
affected by infantile malignant osteopetrosis, a heterogene- structures (38). Therefore in an effort to investigate the potenous autosomal recessive disorder of bone metabolism (12– tial function of Ac45 in osteoclasts, we overexpressed a deletion
15). In addition, recent study has shown that V0 subunit d2 is mutant of Ac45 lacking the C-terminal domain in osteoclasts
important for osteoclast fusion (37). Although these studies and examined its effect on bone resorption. Strikingly, overexhighlight the importance of V-ATPase activity in osteoclast pression of Ac45⌬C was found to dramatically reduce ostefunction, the precise role(s) of the individual subunits that oclastic bone resorption, indicating that the C-terminal domain
comprises the V-ATPase complex in osteoclast differentia- is an important requirement for osteoclastic function. Unfortunately because of the lack of appropriate reagents, at this
tion and function remains to be elucidated.
In this study, using a subtractive hybridization approach, we stage we are unable to determine whether the deletion of the
identified accessory V-ATPase subunit Ac45 in osteoclasts. C-terminal domain impairs the targeting of Ac45 to the ruffled
Furthermore, Ac45 was found to be differentially expressed border or the proton translocation of the V-ATPase itself.
during osteoclastogenesis, albeit at a lesser degree than that of Immunostaining analysis using specific antibody to V0 subunit
V-ATPase subunits a3 and d2. By immunofluorescence, Ac45 a3 suggests that this C-terminal deletion of Ac45 seemed not
NH2
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Previous studies indicate that
Ac45 co-purifies with the V0 domain of the V-ATPase complex in
bovine chromaffin granules (28).
However, the precise localization
and subunit(s) association of Ac45
within the V-ATPase complex
remains unclear. Ultrastructural
analysis of the V-ATPase complex
has previously suggested that Ac45
may represent a globular density
orientated toward the luminal side
V0 domain subcomplex (51). This
proposed structure was found to be
associated and centered in the
asymmetric ring composed of six c
subunits and one c⬙ subunit, with
the a subunit seen as peripheral
density next to ring of c/c⬙ subunits
(51). In this study, our immunoprecipitation data showed that both
Ac45 and Ac45⌬C co-precipitated
with these V0 subunits in vitro. The
IP data indicate that both the wild
type Ac45 and the C-terminal truncation mutant Ac45⌬C can interact
with the V0 subunits and are incorporated into the V0 subcomplex. A
recent study suggested that tagged
a3 subunit did not exhibit the corresponding localization as the
authentic protein (24), raising the
concern that tagged V-ATPase
subunits may cause misfolding or
mislocalization. However, other
groups have demonstrated that GFPtagged a3 and other a isoforms localize to the proper intracellular compartments (52, 53). Moreover, studies
have used epitope-tagged V-ATPase
FIGURE 5. A, schematic representation of Ac45-FLAG, Ac45⌬C-FLAG, a3-cMyc, EYFP-c, and EYFP-c⬙ constructs subunits to rescue the various defecused for immunoprecipitation assays. B, immunoprecipitation analysis showing that Ac45 and Ac45⌬C interact tive phenotypes caused by knock out
with a3, c, and c⬙, respectively. C, schematic representation of Ac45-EYFP, Ac45⌬C-EYFP, Rluc-a3, Rluc-c, Rlucc⬙, and Rluc-d1 constructs used for BRET assays. D, Western blot analysis of COS-7 cells transfected with EYFP, of the corresponding V-ATPase subAc45-EYFP, or Ac45⌬C. Transfected COS-7 cells were lysed in standard sample buffer, and cell lysates (30 l) units in yeast and fly (54) and ostewere subjected to analysis by SDS-PAGE and immunoblotting with anti-GFP rabbit polyclonal antibody. E, BRET oclasts (37) as well as in immunopreassays showing the levels of interaction of Ac45 with V0 subunits a, c, c⬙, and d1. COS-7 cells co-expressing
Ac45-EYFP or Ac45⌬C-EYFP and either Rluc tagged a3, c, c⬙, or d1 subunits were assayed following the addition cipitation assays for the identification
of coelenterazine and the BRET ratio relative to the Rluc alone expressing cells determined (normalized BRET of interacting V-ATPase subunits
ratio). Similarly, the normalized BRET ratio was determined for cells co-expressing EYFP with each of the
(55–59).
Rluc-tagged subunits. The data represent the means from six independent experiments ⫾ S.E. p values ⬍ 0.05
V-ATPases are large multisubindicate significant differences between Ac45-EYFP and EYFP alone control. p values ⬍ 0.05 indicate the
significant differences between Ac45 mutant and wild type (WT) Ac45.
unit complexes where their correct
assembly into functional units
affect the intracellular localization of a3. This may indicate a requires dedicated assembly factors for orchestrating the
more direct role of the C-terminal truncation mutant of Ac45 assembly events within the endoplasmic reticulum (60). In
itself in the V-ATPase function in osteoclasts. Although fur- yeast, several endoplasmic reticulum assembly factors, includther investigation comparing the V-ATPase activity of wild ing Vma12, Vma21, and Vma22, are responsible for V0 domain
type and C-terminal truncation mutant Ac45 will need to be assembly, an event that occurs independently from V1 assembly
carried out to draw any conclusion, our data support a role event (60, 61). However, at present, the mammalian homofor Ac45 in the resorptive process of the osteoclasts.
logues of these chaperones remain to be identified. In addition,
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FIGURE 6. Schematic diagram of the predicted localization and close
proximity of the Ac45 with other V0 subunits in the V-ATPase complex.

region, which has been predicted to be located within the lumen
(51), may serve to anchor Ac45 with a3. According to current
models, rotational catalysis requires relative rotation of the c/c⬙
proteolipid ring relative to the a subunit. The interaction
between Ac45 and c⬙, as modeled in Fig. 6 may modulate rotation of the c/c⬙ ring and rotational catalysis. Truncation of the
C-terminal tail of Ac45 results in an altered association configuration with the V0 complex that might account for malfunctions of V-ATPase during osteoclastic bone resorption.
Acknowledgments—We thank Drs. Lin Huang and Karin Kroeger for
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how different V0 subunits associate under physiological conditions remains unclear. Although our data suggest that Ac45 is
incorporated into the V0 complex through its association with
subunits a3, c, and c⬙, the fact of an incomplete co-localization
between Ac45 and a3 could not conclude that Ac45 is a functional essential subunit of the osteoclastic V-ATPases.
Nevertheless, using BRET analysis, we demonstrated that
Ac45 is in close proximity with V0 subunits c⬙ ⬎ c ⬎ a3 ⬎ d.
These findings are in line with the notion that Ac45 is tightly
affiliated with the proteolipid c/c⬙ ring proposed by Wilkens
and Forgac (62) based on their three-dimensional structure
analysis of the V0 domain. The high BRET signal for subunit c⬙
may reflect the close association of Ac45 within this ring. Interestingly deletion of the c-terminal of Ac45 (Ac45⌬C) dramatically decreased its association with c⬙. Significant reduction,
albeit not complete inhibition, in the interaction between
Ac45⌬C and c⬙ suggests that the C-terminal domain may only
account for part of the Ac45-c⬙ interacting domain. Additional
interacting elements within Ac45⌬C may enable c⬙ to remain in
close proximity, although not as efficient as the wild type
Ac45. In addition, the deletion of the C-terminal of Ac45 also
altered the affinity for subunits a3 and d, suggesting that the
loss of the C-terminal may also alter the conformation of
Ac45, thus increasing its proximity and association with subunits a3 and d. Future investigations will focus on elucidating the precise Ac45 structural domains required for
V-ATPase subunit interactions.
Previous modeling studies have demonstrated that the asymmetric protein ring (c, c⬘, c⬙, and the C terminus of a) of the V0
domain exists with two small openings on the luminal side and
one large opening on the cytoplasmic side (62). A globular protein and two cross-linked and elongated proteins have been
predicted to cover the central pore of luminal side and cytoplasmic opening, respectively. In the same study, Ac45 has been
suggested to be a mass located and covering the luminal side,
whereas the N terminus of a3 and d is localized in a way that
covers the gap on the cytoplasmic side of asymmetric proteolipid ring (62). In addition, the rotation of the proteolipid ring
relative to the a subunit drives the active transport of protons
across the limiting membrane, an event of which is precisely
manipulated by conformational rearrangements of the subunits (a and d) and the c/c⬙ proteolipid rotary ring (60, 62). The
three-dimensional resolution of this model of the structure of
V0 domain, together with our BRET results, suggests that the C
terminus of Ac45 may play an important role in covering the
luminal opening of the proteolipid ring and is required for the
correct conformational rearrangement of V0 domain during
proton translocation. Taken as such, the C-terminal deletion of
Ac45, although it does not affect the assembly of the V0 domain,
may actually impair the V0 rotary mechanism, thus perturbing
the stability and efficiency of the V-ATPase complex. This may
account for the reduction, albeit not complete inhibition, of
osteoclastic bone resorption observed in vitro.
Overall, based on these findings together with the previously
predicted model of the V0 domain (18), we proposed a revised
structural model of Ac45 with other subunits of the V0 domain
(Fig. 6). Ac45 appears to closely associate with the c⬙ subunit
through its C-terminal tail, whereas the Ac45 N-terminal
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Supplementary Fig. 1. (A: a-b) Microscopic images of RAW264.7 cells that were treated
with RANKL for 5 days (b) or left untreated (a) and stained for TRAP activity. cDNA
samples derived from paralleled experiments were subjected to PCR-selected cDNA
subtractive hybridization by using RAW264.7 (driver) and RAW264.7 -derived osteoclasts
(tester). (A:c-d) Radiographs showing cDNA clones that were hybridized with subtractive
cDNA from RAW264.7 (c) and RAW264.7 -derived osteoclasts (d). (B) A cDNA clone
encoding a fragment of Ac45 gene that was identified by PCR-selected cDNA subtractive
hybridization. (C) Schematic illustration of Ac45 coding region. S=signal sequence;
TM=transmembrane region; cyt=cytoplasmic tail. D) Cycle dependent RT-PCR analysis
of Ac45 transcripts using total RNA isolated from RAW cell-derived osteoclasts
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transduced cells were stained with a guinea pig anti-a3 antibody (red) (B, E, and H).
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The V-ATPase d2 protein constitutes
an important subunit of the V-ATPase proton
pump which regulates bone homeostasis,
however to date little is known about its
transcriptional regulation. In this study, we
found that V-ATPase d2 expression was
highly up-regulated during RANKL-induced
osteoclastogenesis,
whilst
other
proosteoclastogenic factors, including M-CSF,
TNF- and LPS, had only modest effects. A
combination of ChIP, EMSA and V-ATPase
d2 promoter luciferase reporter assays were
used to demonstrate the presence of NFATc1,
microphthalmia-associated
transcription
factor (MITF) and myocyte enhancer factor 2
(MEF2) binding sites within the V-ATPase d2
promoter. Moreover, targeted mutation of
binding sites at -85 to -93 (MITF), -336 to -346
(MEF2), -555 to -561 (NFATc1), or -563 to 573 (MEF2) was found to significantly
diminish transactivation of the V-ATPase d2
promoter. Intriguingly, activation of the VATPase d2 promoter by NFATc1 was
enhanced by either MITF or MEF2
overexpression. In contrast, overexpression of
MITF and MEF2 together did not enhance VATPase d2 promoter activity above that of
overexpression of either MITF or MEF2
alone. MEF2 and NFATc1 proteins are colocalized in the nucleus of mature osteoclasts.
Taken together, our data provide evidence
that MEF2 and MITF cooperate with
NFATc1 to activate the V-ATPase d2
promoter
during
RANKL-induced
osteoclastogenesis.
Key words: V-ATPase d2, NFATc1, MEF2,
MITF, osteoclast, RANKL

Bone
resorbing
osteoclasts
are
multinucleated giant cells derived from the
fusion
of
mononuclear
precursors
of
haematopoietic lineage (1). Excessive osteoclast
activity has been linked to many common bone
lytic disorders including osteoporosis, aseptic
loosening, non-union of bone allografts and
tumour-induced bone destruction (2).
Several transcription factors, including
NF-κB, c-Fos, MITF, PU-1 and NFATc1 have
been found to be critical for osteoclast
differentiation and function (1,3). NFATc1, a
member of the nuclear factor of activated T cells
(NFAT) family of transcription factors, is
activated by the Ca+/calmodulin regulated
phosphatase calcineurin (4). Like other NFAT
family members, inactive NFATc1 resides in the
cytoplasm in a phosphorylated form and shows
low affinity for DNA. Upon activation by
intracellular
calcium
influx,
calcineurin
dephosphorylates NFATc1, leading to its
translocation to the nucleus, where NFATc1
binds to specific DNA transcriptional response
elements and subsequently activates the
expression of associated genes. The essential
role of NFATc1 in osteoclast physiology has
been revealed by recent studies showing that i)
RANKL up-regulates NFATc1 gene expression
and ii) NFATc1-/- embryonic stem cells failed to
form osteoclasts following RANKL stimulation,
suggesting NFATc1 plays a master regulatory
role in osteoclastogenesis (5). Indeed, during
osteoclastogenesis, NFATc1 has been shown to
co-operate with several other transcription
factors, including MITF, c-fos, PU.1 and p38, to
induce the expression of a number of specific
osteoclastic genes (6-8). Moreover, NFAT
binding sites have been identified within the
promoter regions of TRAP, cathepsin K (CATH
K), calcitonin receptor (CTR), DC-STAMP,
OSCAR and human integrin β3(6,8-11).
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The V-ATPase complex plays an
essential role in osteoclast function and thus
represents a candidate target for the treatment of
lytic bone disorders (12). Structurally, the VATPase complex is composed of two distinct
functional domains, a cytoplasmically oriented
V1 domain and a membrane bound Vo domain,
and several accessory subunits, including Ac45
and M8-9 (12-14). However, the exact
configuration of osteoclast specific V-ATPases
remains to be elucidated (12). The functional
importance of V-ATPase in osteoclasts has been
highlighted by the finding that mutations of VATPase a3 gene in human causes infantile
malignant osteopetrosis (15), and a3 deficient
mice exhibited severe osteopetrosis due to a
defect in osteoclast-mediated extracellular
acidification (16). More recently, we have
demonstrated that the accessory subunit Ac45 is
required for efficient osteoclastic bone
resorption (17). Unexpectedly, recent studies by
Lee et al (18) have suggested that in addition to
their conventional role in acidification during
osteoclastic bone resorption, V-ATPases may
also contribute to pre-osteoclast fusion. Targeted
disruption of the V-ATPase d2 subunit resulted
in a marked increase in bone mass, surprisingly
without affecting V-ATPase acidification. In
addition, the size of osteoclasts derived from VATPase d2 -/- mice were unexpectedly reduced
both in vivo and in vitro presumably reflecting
impaired fusion capacity of precursor cells (18).
At present, the precise role of the V-ATPase d2
subunit in osteoclast fusion remains unclear.
Moreover, the transcriptional regulation of the
V-ATPase d2 subunit during RANKL-induced
osteoclastogenesis has yet to be defined.
In this study, we investigated the
expression and regulation of the V-ATPase d2
subunit during RANKL-induced osteoclast
differentiation.
Using EMSA, ChIP and
mutagenesis, we found that NFATc1 bound
directly to the 1 kB region of V-ATPase d2
promoter and mapped the binding site to -555 to
-561 of this region. Furthermore, mutation of
this binding site impaired the transactivation of
the promoter by NFATc1 and RANKL
stimulation. Most intriguingly, co-expression of
NFATc1 with MITF or MEF2 potentiated VATPase d2 promoter activity. We propose that
MITF and MEF2 cooperate with NFATc1 to
enhance the activation of the V-ATPase d2
promoter during osteoclastogenesis.

EXPERIMENTAL PROCEDURES
Reagents and materials - Primary antibodies
used in this study include: monoclonal antiNFATc1 (7A6), polyclonal goat anti-MEF-2C
(E-17) (Santa Cruz); monoclonal anti-α tubulin
antibody (Sigma); polyclonal rabbit anti-MEF2A
(ab32866) and monoclonal mouse anti-MITF
antibody (C5) (ABCAM); anti-VGLUT1
antibody (kindly provided by Prof. Reinhard
Jahn); and a polyclonal rabbit anti-V-ATPase d2
antibody raised against GST-d2 peptide antigen
produced in our laboratory. Secondary
antibodies: Alexa Fluor 546-conjugated goat
anti-mouse immunoglobulin G (IgG), Alexa
Fluor 488-conjugated goat anti- rabbit IgG
(Invitrogen). Plasmids used were: pEF6
(Invitrogen), pGL3-basic (Promega), pAd MEF2
and pAd MEF2C R24L (kindly provided by
Prof. Leon J. De Windt); pMSCV-caNFATc1
(kindly provided by N.A.Clipstone); pEF6 MITF
(kindly provide by Dr. Alan I. Cassady). Hoechst
dye was purchased from Invitrogen. Restriction
enzymes and reverse transcriptase were
purchased from Promega (Sydney, Australia),
and DNA polymerase was from GeneWorks
(Adelaide, Australia). The GST-rRANKL160–318
recombinant protein was expressed and affinitypurified in our laboratory as previously described
(19).
Cell Culture and Osteoclast Formation RAW264.7 cells were cultured in αMEM and
3T3 and COS-7 cell lines in DMEM medium.
Both media were supplemented with 10% FCS,
2mM
L-glutamine
and
100
U/mL
penicillin/streptomycin. Cell lines were from
ATCC (Manassas, VA, USA) and medium and
FCS from Biosciences Pty Ltd (NSW,
Australia). Murine bone marrow (BM) cells
were prepared as previously reported (20) and
cultured in DMEM supplemented with 10%
FCS,
2mM
L-glutamine,
100
U/mL
penicillin/streptomycin and M-CSF (50 ng/ml).
RAW264.7 cells and BM cells were induced to
differentiate into osteoclasts by the addition of
GST-rRANKL (100 ng/ml) as previously
described (19).
Reverse Transcriptase Polymerase Chain
Reactions (RT-PCR) - Total RNA samples were
harvested using an RNA extraction kit
(Invitrogen) and cDNAs were synthesized using
Reverse Transcriptase (Promega), 1mM dNTPs,
1 μg of oligo(dT) primers, and supplied buffer,
as previously described (21). PCR amplification
was carried out using the following primer pairs.
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V-ATPase
d1
primers:
5’ATGTCGTTCTTCCCGGA-3’ (forward) and 5’CTAAAAGAT GGGGATGTA-3’ (reverse); VATPase
d2
primers:
5’ATGCTTGAGACTGCAG AG-3’ (forward) and
5’-TTATAAAATTGGAATGTAGCT-3’
(reverse);
NFATc1
primers:
5’CAACGCCCTGACCACCGATAG-3’ (forward)
and
5’-GGCTGCCTTCCGTCTCATAGT-3’
(reverse);
NFATc2
primers:
5’GGGCCATGTGAGCAGGAGGAGA-3’
(forward)
and
5’GCGTTTCGGAGCTTCAGGATGC-3’
(reverse);
NFATc3
primers:
5’CTTTCAGTTCCTTCACCCTTTACCT-3’
(forward)
and
5’TGCCAATATCAGTTTCTCCTTTTC-3’
(reverse);
MITF
primers:
5’AAGCTTATGCTGGAAATGCTAGAATA-3’
(forward)
and
5’TCTAGACTAACACGCATGCTCCGTTT3’(reverse);
MEF2A
primers:
5’AAGCTTATGGGGCGAAAGAAGATACA-3’
(forward)
and
5’TCTAGATTAGGTCACCCATGTGTCCA3’(reverse);
MEF2B
primers:
5’GTGCTTTGTGACTGCGACAT-3’ (forward)
and
5’-CAAGGTGGCTTGGAGAGAAG3’(reverse);
MEF2C
primers:
5’AAGCTTATGGGGAGAAAAAAGATTCAG3’
(forward)
and
5’-TCTAGATC
ATGTTGCCCATCCTTCAG-3’
(reverse);
MEF2D
primers:
5’CCCTGAGGAAGAAGGGTTTC-3’ (forward)
and
5’-ATGTCACCAGGGAAGGAGTG-3’
(reverse); Cathepsin K (CATH K) primers: 5’GGGAGAAAAACCTGAAGC-3’ (forward) and
5’-ATTCTGGGGACTCAGAGC-3’ (reverse);
Calcitonin
Receptor
primers:
5’TGGTTGAGGTTGTGCCCA-3’ (forward) and
5’-CTCGTGGGTTTGCCTCATC-3’ (reverse);
36B4
primers:
5’TCATTGTGGGAGCAGACA-3’ (forward) and
5’-TCCTCCGACTCTTCCTTT-3’
(reverse).
o
The PCR was performed at 94 C for 1 min, 58
o
C (except for calcitonin receptor, which was
o
o
performed at 62 C) for 1 min and 72 C for 45
second for a total of 30 cycles (except the PCR
reaction for MEF2B was run for 40 cycles).
Western Blot analysis - Western Blotting was
performed as previously described (22). In brief,
proteins from whole cell extracts were separated
by SDS-PAGE and electroblotted onto
nitrocellulose membranes (BioRad, NSW,

Australia). Membranes were blocked with 5%
(w/v) non-fat milk powder in TBST (10 mM
Tris, pH7.5, 150 mM NaCl, 0.1% (v/v) Tween
20) and then probed with primary antibodies to
V-ATPase d2, VGLUT1, MEF2A, MEF2C,
MITF, NFATc1 and α-tubulin in the blocking
solution. After washing 3 times with TBS
membranes were incubated with horseradish
peroxidase-conjugated secondary antibodies
diluted 1/5000 in 1% (w/v) non fat milk powder
in TBST. The membranes were then developed
using an enhanced chemiluminescence system
(Amersham Pharmacia Biotech).
Promoter cloning and site-directed mutagenesis
- A V-ATPase d2 promoter truncation series,
ranging from -3203,-2109,-1009 and -609 to +1,
were amplified by PCR using the following
forward
primers,
0.6
kB
:
5’AAGCTTGAATTCGGTACCTGTCTCAAAAA
CTAAGA-3’;
1
kB
:
5’AAGCTTGAATCGGTACCTGCCAGCTGTGC
CTTCT-3’;
2.0
kB
:
5’AAGCTTGAATTCGGTACCACTATGAATG
GAGAGGA-3’;
3.0
kB:
5’aagcttGAATTCGGTACCAACATGGCAGCAG
AACATTTCC-3’ and a common reverse primer
5’GAATTCAGATCTGGATCCACTGCTCAGGC
TGAAGTGGC-3’.
The
fragments
were
subcloned into the pGL3-Basic luciferase
reporter vector (Promega, Madison, WI).
The mutants of V-ATPase d2 luciferase
promoters were generated by Mutagenex, Inc
(Piscataway, NJ). The following primers were
used to generate a series of V-ATPase d2
promoter
mutant
luciferase
constructs:
M(N2):
5'ACCAATCTTTTAGGCTGGCCAATG-3’
(forward)
and
5’TTTTAAAATACTGAAAAATGCTG3’(reverse);
M(N1-3):
5’CCCTCCCAGTATAGACTGTTTAAGA-3’
(forward) and 5'-TCTACCTTTGTGCATTTCG3’
(reverse);
5'ACCAATCTTTTAGGCTGGCCAATG-3’
(forward);
5'GTCCAATTGGTATATTTACAACAACC-3’
(reverse);
and
5'GTCCAATTGGTATATTTACAACAACC-3’
(forward);
and
5'ATTAGTACATTAATTATAAATTATA-3’
(reverse).
M(M2):
5’AGAGCGACCACAACACCC-3’
(forward);
and
5’-GCAGATAGTCAGGGTGCTTC-3’
(reverse).
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M(M1-3):
5’CCAGAAGGCTGAGGCAGGTGGATTTC-3’
(forward);
5’-AGGTGGAATTAAAGGCATGAGCCAC-3’
(reverse); 5’-AGAGCGACCACAACACCC-3’
(forward);
5’GCAGATAGTCAGGGTGCTTC-3’ (reverse);
and
5’-GTAGCTATCCAGGACTCGG-3’
(forward); 5’-AGAACACTGGCCCTGGTCC-3’
(reverse).
M(E1):
5’CGTAAAAAGGAAAGTTTTAGGCTG-3’
(forward);
and
5’ATACTGAAAAATGCTGGGTGTG-3’
(reverse).
M(E2):
5’ATTAATGTACTAATGTGGAAAAG-3’
(forward)
5’CGTAAATTATATTTATTTCATTCTGG-3’
(reverse).
M(E1-2):
5’CGTAAAAAGGAAAGTTTTAGGCTG-3’
(forward);
5’ATACTGAAAAATGCTGGGTGTG-3’
(reverse);
and
5’ATTAATGTACTAATGTGGAAAAG-3’
(forward);
5’CGTAAATTATATTTATTTCATTCTGG-3’
(reverse). The amplified PCR products were
treated with PNK (poly nucleotide kinase) and
DpnI and then purified from agarose gel. The
purified PCR products were self-ligated and
transformed. For the M(N1-3) multiple
mutagenesis, we performed three rounds of PCR
reactions with each of the PCR primer pairs
(M(N1), M(N2) and M(N1-3)). All constructs
were confirmed by DNA sequencing.
Transfection and Luciferase Reporter Assays RAW264.7 cells were transfected with 0.5μg of
the V-ATPase d2 luciferase reporter constructs
using DEAE dextran (Sigma) as previously
described (23). After transfection, cells were
seeded at 0.2 x 106 cells per well of a 24-well
plate in 0.5ml of complete medium. The
transfected cells were harvested and after 72
hours luciferase activities measured using the
Promega Luciferase Assay System according to
the manufacture’s instructions. Results are
expressed as the mean ± sem of three
independent experiments.
COS-7 cells (4 x 104 per well of a 24well plate) were transfected with 0.01μg of
phRL-CMV (Promega), 0.1μg of 1 kB VATPase d2 luciferase reporter constructs (either
WT or its derived mutants) and 0.2 μg of
expression vector(s) using Lipofectamine 2000

(Invitrogen) according to the manufacturer’s
instruction. 48 hours after transfection, cells
were lysed and renilla and firefly luciferase
assays performed using the Dual-Glo Luciferase
Assay System (Promega). For each well, the
firefly luciferase activities were divided by
renilla luciferase activities to account for
differences in cell numbers and transfection
efficiencies. Results are expressed as the mean ±
sem of three independent experiments.
Chromatin immunoprecipitation (ChIP) - ChIP
assays were performed using a kit (Millipore)
according to the manufacture’s instructions. In
brief, RAW264.7 cells (1 x 106) were treated
with RANKL for 0, 1, 3 or 5 days, fixed with 1%
formaldehyde for 10 min at 37oC, washed with
phosphate-buffered saline and then lysed with a
1% SDS, 10 mM EDTA, 50 mM Tris (pH 8.1),
0.01% protease inhibitor solution. Following
lysis samples were sonicated to shear DNA and
cell debris removed by centrifugation.
Supernatants containing the released crosslinked protein:DNA complexes were subjected
to overnight immunoprecipitation at 4oC with
antibodies against NFATc1 (7A6, Santa Cruz),
MITF, MEF2A or control murine IgG (Sigma).
Cross-linking between proteins and DNA was
reversed by incubation at 65oC for 4 hours and
proteinase k was added to digest protein.
Following phenol/chloroform extraction DNA
was precipitated with ethanol and resuspended in
distilled water. Purified DNA was subjected to
PCR using the following primers, 5’AAGCTTGAATTCGGTACCTGCCAGCTGTG
CCTTCT-3’
(forward)
and
5’GAATTCAGATCTGGATCCACTGCTCAGGC
TGAAGTGGC-3’ (reverse), to detect the 1 kB
(relative to ATG start codon) V-ATPase d2
promoter sequence.
Nuclear Extract Preparation - Nuclear
extractions were performed as described
previously (24). Briefly, RAW264.7 cells (1 x
107) treated with RANKL or vehicle for the
indicated times were washed 3 times with cold
PBS then scraped off culture dishes and
transferred in 1.5ml of PBS to 2 ml
microcentrifuge tubes. Cells were centrifuged at
16000g for 30s, and pellets resuspended in 500
µl of hypotonic buffer (10 mM Hepes-KOH, pH
7.9, 10 mM KCl, 1.5 mM MgCl2, 0.5 mM DTT,
0.5 mM phenylmethylsulfonyl fluoride). After 15
min on ice, 32 µl of 10% Nonidet P-40 was
added and tubes vortexed for 15s and then
incubated on ice for a further 10 minutes to
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ensure the complete lysis of the swollen cells.
Nuclei were spun down and resuspended in 100
µl of nuclear extraction buffer (20 mM HepesKOH, pH 7.9, 420 mM NaCl, 1.2 mM MgCl2,
0.2 mM EDTA, 25% glycerol, 0.5 mM DTT, 0.5
mM phenylmethylsulfonyl fluoride, 0.5 mM
AEBSF, 5 µg/ml pepstatin, and 5 µg/ml
leupeptin; DTT, phenylmethylsulfonyl fluoride,
BAESF, pepstatin, and leupeptin were added
freshly to the buffer). The nuclei were incubated
with the extraction buffer on ice for 20 min. The
supernatant (nuclear extract) from a 16000g spin
was aliquoted, quickly frozen in dry ice/ethanol
bath, and stored at –80°C. The protein
concentration of nuclear extracts was determined
using a Bradford protein assay kit (Bio-Rad,
Hercules, CA).
Electrophoretic mobility shift Assays (EMSA) Pairs of complementary oligonucleotides were
annealed and 5’ end-labelled with γ-32P-ATP
using T4 polynucleotide kinase (Invitrogen).
Nuclear extracts (3ug) were incubated with
binding buffer (20 μl volume for NFAT: 10 mM
Tris-Cl (pH 7.5), 100 mM NaCl, 10% glycerol,
50 μg/ml poly(dI·dC) and 10 μl volume for
MEF2 and MITF : 20 mM HEPES (pH 7.9), 50
mM KCl, 4% Ficol, 1 mM EDTA, 1 mM DTT
and 50 μg/ml poly(dI·dC) ) for 10 min on ice or
at room temperature. Probe (1 μl equivalent to
2–5 x 104 cpm) was then added and binding
reactions proceeded for 20 min. In competition
experiments, a 40 X excess of unlabeled probe
was added 10 min before the labelled probe. In
supershift experiments, antibodies (1-2 ug) were
added after the 20 minutes binding reaction and
incubation continued for a further 30 minutes.
NFAT binding mixtures were separated on 4–
20% gradient TBE gels (Invitrogen) using 0.5 X
TBE running buffer at 100 V for 3.5 h at 4 °C in
a Novex Xcell II minicell electrophoresis
system. MEF2 and MITF binding mixtures were
separated on 4% TBE gels using 0.5 X TBE
running buffer at 150 V for 1.5hr at room
temperature in a BioRad Protean II
electrophoresis system. Gels were transferred to
3MM blotting paper, dried and exposed to film.
The sense sequence of complimentary probes
used
in
EMSA
wereN1:
5’CGAAATGCACAAAGGTAGAGGCTCCGAG
TATAGACTG-3;
N2:
5’-TTCAGT
ATTTTAAAAAGGAAAGTTTTA-3’; N3: 5’ATG TACTAATGTGGAAAAGGTA TATTT3’;
N2
mutant:
5’TTCAGTATTTTAAAACTTAAAGTTTTA-3’;
M1:
5’-

TCCACCATTTGAAGGCTGAGGCAGGTGG
A-3’;
M2:
5’-AGCACCCTGACTAT
CAGCTGAGCGACCAC-3’; M2 mutant: 5’AGCACCCTGACTATCTGCAGA
GCGACCAC-3’;
M3:
5’CAGGGCCAGTGTTCAGTTGCTATCCAG3’;
E1:
5’AGCATTTTTCAGTATTTTAAAAAGGAA-3’;
E1
mutant
:
5’-AGCATT
TTTCAGTATCGTAAAAAGGAA-3’; E2: 5’ATAATTTATAATTAATGTAC TAAT-3’; E2
mutant:
5’ATAATTTACGATTAATGTACTAAT-3’;
Immunostaining and confocal analysis - For
immunofluorescent staining, RAW264.7 cells or
osteoclast-like cells cultured on glass coverslips
were fixed with 4% paraformaldehyde in PBS
for 10 min at room temperature and washed four
times with PBS. Fixed cells were treated with
0.1% Triton X 100 for 5 min and washed.
Following permeabilization, anti-MEF2 and
anti-NFATc1 primary antibodies were added at
final dilution of 1:200 and incubated for 1.5
hours at room temperature. After extensive
washing with PBS containing 2% bovine serum
albumin (BSA), goat anti-rabbit Alexa Fluor 488
and goat anti-mouse Alexa Fluor 546 secondary
antibodies (Invitrogen) were used at a final
dilution of 1:500 and incubated for 45 min. Cell
nuclei were visualized by counterstaining with
Hoechst dye (1:10,000, Invitrogen). Fluorescent
images were collected on a Biorad MRC
1000/1024 UV Laser Scanning Confocal
Microscope as previously described (20).
RESULTS
V-ATPase d2 gene expression is
regulated by RANKL - To investigate the
expression of the V-ATPase d2 gene during
osteoclastogenesis, we determined its mRNA
profile in murine bone marrow cells cultured
with M-CSF (50ng/ml) and RANKL (100ng/ml)
over 5 days. Total RNA was extracted and
reverse transcribed into cDNA. PCR showed that
the V-ATPase d2 and CTR mRNAs were upregulated
during
RANKL-induced
osteoclastogenesis, whereas the mRNAs for VATPase d1 isoform and 36B4 were
constitutively
expressed
throughout
osteoclastogenesis (Fig. 1A, upper panel).
During the 5 days of RANKL plus M-CSF
stimulation bone marrow cells differentiated into
TRAP positive osteoclasts (Fig. 1A, lower
panel).
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Murine monocytic RAW264.7 cells
stimulated with RANKL (100 ng/ml) also
showed enhanced V-ATPase d2 mRNA
expression, peaking on day 7, at a time which
coincided with the formation of TRAP positive
osteoclast-like cells (Fig. 1B). The expression of
mRNA for CTR, CATH K, and the transcription
factor NFATc1 followed a similar time course.
By comparison mRNA for MITF and the VATPase d1 isoform, which shares 83%
homology with the V-ATPase d2 gene (25),
were constitutively expressed throughout
osteoclastogenesis (Fig. 1B).
To confirm that the increased expression
of V-ATPase d2 mRNA translated into increased
protein we performed western blotting analysis
of extracts from RANKL treated RAW264.7
cells. An affinity purified rabbit polyclonal
antibody specific for the V-ATPase d2 isoform,
revealed an immunoreactive polypeptide of
about 38kDa, the predicted mass for V-ATPase
d2, after 3 and 5 days of RANKL stimulation
(Fig. 1C). The RANKL-regulated osteoclast
marker, vesicular glutamate transporter 1
(VGLUT1) protein (26) showed a similar pattern
of expression to that of the V-ATPase d2
protein, whereas NFATc1 protein expression
peaked on the third day of RANKL stimulation
(Fig. 1C). Protein levels of MITF and α-tubulin,
however,
remained
constant
during
osteoclastogenesis (Fig. 1C).
Having established that the V-ATPase
d2 subunit was a bona fide target of RANKL
activation, we next turned our attention towards
investigating whether other known proosteoclastogenic/inflammatory factors could
similarly regulate its transcription. To this end,
RAW264.7 cells were exposed to various agents
including RANKL, M-CSF, TNF-α and LPS and
their effects on V-ATPase d2 mRNA expression
compared by RT-PCR. Treatment with M-CSF
and TNF-α increased V-ATPase d2 gene
expression (2 and 4 fold respectively), to a much
smaller extent than RANKL (10.2 fold), whereas
LPS treatment had no effect (Fig. 1D).
Interestingly, NFATc1 mRNA was induced by
RANKL, and to a lesser extent by TNF-α and
M-CSF treatments, whereas NFATc2 and
NFATc3 were induced by M-CSF, TNF-α and
LPS stimulation but not by RANKL (Fig. 1D).
These latter findings are in agreement with
previous reports indicating that NFATc1 is
largely regulated by RANKL (5,27).

Identification of the RANKL responsive
region within the mouse V-ATPase d2 promoter
- To further investigate the role of RANKL in VATPase d2 transcriptional activation, we next
generated a 5’- truncation series of V-ATPase d2
promoter luciferase reporter constructs (Fig.
2A). RAW264.7 cells, transiently transfected
with these constructs, were treated with or
without RANKL for 72 hours and luciferase
activities were measured. RANKL enhanced
transcriptional activity of each of the V-ATPase
d2 promoter reporter vectors, with the greatest
activity occurring in cells transfected with the 1
kB fragment of the V-ATPase d2 promoter (~ 2
fold) (Fig. 2B). The reduced activity of the
longer promoter reporters possibly reflects the
presence of repressor elements in upstream
regions of the V-ATPase d2 promoter.
Having established that RANKL
transcriptionally activates the V-ATPase d2
promoter we next employed the Transcription
Element
Search
Software
(TESS)
(http://www.cbil.upenn.edu/cgi-bin/tess/tess) to
screen for candidate transcriptional binding
elements within the 1 kB V-ATPase d2
promoter. Several putative transcription factor
binding sites were identified including three
putative NFAT transcription binding sites (N1,
N2 and N3), three putative MITF binding sites
(M1, M2, and M3) and two putative MEF2 sites
(E1 and E2) (Fig. 3A).
NFATc1 and MITF co-activate the 1.0
kB region of the V-ATPase d2 promoter - To
confirm whether NFATc1 or MITF were capable
of binding to the 1 kB V-ATPase d2 promoter
region during osteoclastogenesis ChIP assays
were performed. These assays demonstrated that
MITF was constitutively associated with the 1
kB V-ATPase region of unstimulated
RAW264.7 cells whereas NFATc1 was not (Fig.
3B). RANKL treatment enhanced the association
of MITF and induced the association NFATc1
over 4 days. No PCR products were observed
from DNA precipitated by the isotype matched
control antibodies
Next, we used 1 kB V-ATPase d2
luciferase reporter gene assays to examine
whether NFATc1 and MITF co-operatively
activate the V-ATPase d2 promoter. caNFATc1
or MITF overexpression increased transcription
from the V-ATPase d2 promoter in COS-7 cells
about 6 and 14 fold, respectively (Fig. 3C).
Furthermore, co-transfection of caNFATc1 and
MITF resulted in a cooperative induction (24
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fold) of transcription from the V-ATPase d2
promoter.
The putative NFAT site at -555 to -561
within the 1 kB V-ATPase d2 promoter binds to
NFATc1 and is functional - Our analysis of the
V-ATPase d2 promoter region had revealed that
NFATc1 associated with the 1 kB V-ATPase d2
promoter region. Hence we used electromobility
shift assays (EMSA) to investigate whether
probes spanning the putative N1, N2 and N3
NFAT sites (Fig. 3A) were capable of binding
NFATc1. Nuclear extracts from control and
RANKL treated RAW264.7 cells produced two
retarded complexes with the N2 and N3 but not
the N1 probe (Fig. 4A). Binding of these
complexes to the N2 probe from nuclear extracts
of RANKL treated RAW264.7 cells was more
prominent than binding from nuclear extracts
from unstimulated RAW264.7 cells. Both the
complexes binding the N2 probe could be
competed by incubation with excess unlabelled
probe (Fig. 4B) and supershift experiments using
an NFATc1 antibody significantly diminished
the intensity of the bands (Fig. 4C).
A
supershifted complex, more evident upon
prolonged film exposures (data not shown), was
observed in EMSAs conducted at either 4 oC or
37 oC (Fig. 4C). In order to determine if each of
the complexes binding the N2 probe
corresponded to authentic NFATc1 binding, we
generated a mutant N2 oligonucleotide, in which
the putative NFAT binding sequence
GGAAAGT was mutated to TTAAAGT (Fig.
4D upper). EMSA revealed a specific depletion
of the upper band following incubation with the
mutated N2 probe, indicating that it represented
a binding site for the NFATc1-oligonucleotide
interacting complex. However, the identity of the
lower DNA-protein complex within the VATPase d2 promoter requires further
investigation. Taken together, these data clearly
demonstrate the existence of a NFATc1 binding
site (N2) at -555 to -561 within the first 1 kB of
the V-ATPase d2 promoter region.
To establish whether the NFAT (N2)
sequence was functionally involved in NFATc1induced V-ATPase d2 transactivation we
generated another two 1 kB V-ATPase d2
luciferase reporter constructs, one containing
mutations of the N2 binding site M(N2) and the
other containing mutations of all three putative
NFAT sites M(N1-3) (Fig. 5A). COS-7 cells
were then cotransfected with 1 kB V-ATPase d2
reporter constructs (either wild type, M(N2) or

M(N1-3)) and a constitutively active form of
NFATc1. caNFATc1 strongly transactivated the
wild type 1 kB V-ATPase d2 promoter (~ 4 fold)
whereas it poorly transactivate the M(N2) and
M(N1-3) 1 kB promoters (Fig. 5B). RAW264.7
cells were then transfected with 1 kB V-ATPase
d2 reporter constructs (either wild type, M(N2)
or M(N1-3)) and treated with RANKL for 3
days. RANKL strongly transactivated the wild
type 1 kB V-ATPase d2 promoter (~3 fold)
whereas it poorly transactivated the M(N2) and
M(N1-3) 1 kB promoters (Fig. 5C). The fact that
these mutations did not completely abolish
promoter transactivation points to the likely
involvement of transcription factors other than
NFAT in RANKL-induced V-ATPase d2 gene
expression.
Interestingly,
no
significant
difference was evident between mutations N2
and N1-3 suggesting that NFATc1 binding to the
N2 site alone is sufficient to transactivate the VATPase d2 promoter. Collectively, these data
suggest that the N2 site is a major, if not the
exclusive NFATc1 binding site within the 1kB
V-ATPase d2 promoter, and implies that this
binding site is responsible for the up-regulation
of the V-ATPase d2 gene expression during
RANKL-induced osteoclastogenesis.
To further explore the effect of NFATc1
in V-ATPase d2 gene regulation, we examined
the effect of cyclosporine A (CsA), an
established NFAT inhibitor, on V-ATPase d2
expression in RAW264.7 cells in either the
presence or absence of RANKL. CsA potently
suppressed RANKL-induced V-ATPase d2
mRNA expression (supplementary Fig. 1).
Similar effects have been observed on other
known NFATc1 regulated osteoclastic genes
including CATH K, albeit to a lesser degree
(28). Furthermore, CsA also appeared to inhibit
the basal expression of V-ATPase d2, CATH K
and TRAP genes. Taken together, these data
support the view that NFATc1 is an important
regulator of V-ATPase d2 transcription.
The putative MITF site at -85 to -93
within the 1 kB V-ATPase d2 promoter binds to
MITF and is functional - Next, EMSA assays

were carried out to examine the three
putative MITF binding sites (M1, M2 and
M3) within the 1 kb V-ATPase d2 promoter
region (Fig. 3A). Whereas all three probes
bound factors in nuclear extracts from
unstimulated
and
RANKL
treated
RAW264.7 cells only the M2 probe
demonstrated increased binding with nuclear
7
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extracts from RANKL treated RAW264.7
cells (Fig. 6A). Thus, further investigation
was focused on the M2 (-85 to -93) site. The
M2 binding complex was diminished by
competition with unlabelled M2 probe but
was barely affected by competition with
unlabelled mutated M2 probe (Fig. 6B).
Supershift experiments carried out with antiMITF diminished the intensity of a major
binding band. However, we failed to detect a
discrete supershifted band (Fig. 6B). Several
repeats using two sources of MITF
antibodies (Santacruz and Cell signalling)
also failed to pick up a discrete supershift
band from M2 binding complexes.
To establish whether the M2 MITF site
was functionally involved in increased
transcription from the 1 kB V-ATPase d2
promoter we generated two mutated 1 kB VATPase d2 luciferase reporter constructs, one
containing mutations of the M2 binding site
M(M2) and the other containing mutations of all
three putative MITF sites M(M1-3) (Fig. 6C).
COS-7 cells were then cotransfected with 1 kB
V-ATPase d2 reporter constructs (either wild
type or M(N2) or M(N1-3) mutants) and a wild
type MITF expression construct (29).
Overexpression of MITF strongly trans-activated
the wild type 1 kB V-ATPase d2 promoter (~16
fold) whereas it failed to transactivate the 1 kB
promoters that contained the M(M2) or M(M1-3)
mutations (Fig. 6D). Taken together, these
results indicate that M2 site is an important site
responsible for MITF-mediated V-ATPase d2
promoter activity.
MEF2 cooperates with NFATc1 to
transactivate of the 1.0 kB V-ATPase d2
promoter - During mapping of the N2 (-555 to 561) NFATc1 binding site by EMSA, the
presence of another transcription factor binding
site within the 29-bp probe was revealed (Fig.
4C-D). TESS analysis had identified a highly
scored myocyte enhancer factor 2 (MEF2)
binding site (-563 to -573, E1, Fig. 3A) within
the 29-bp probe. An additional putative MEF2
binding site (E2) was also identified in a region
between -336 to -366 of the V-ATPase d2
promoter (Fig. 3A). MEF2 and NFAT have been
shown to coactivate expression of functional
genes in T lymphocytes and muscle cells (30,31),
raising the possibility that MEF2 may cooperate
with NFATc1 to regulate the V-ATPase d2
promoter. To this end, we first examined the

expression of MEF2 during osteoclastogenesis.
Using semi-quantitative RT-PCR, we found that
MEF2A, B, C, D genes were all expressed in
oseoclast-like cells. Interestingly, MEF2A, C,
and D were constitutively expressed, whereas
MEF2B expression was upregulated by RANKL
stimulation, albeit weakly (Fig. 7A). In addition,
the expression of MEF2A and MEF2C proteins
was confirmed by western analysis (Fig. 7B).
Next, to determine whether MEF2 binds
to the endogenous V-ATPase d2 promoter, ChIP
assays were performed and showed that MEF2
were constitutively associated with the 1 kB VATPase region of unstimulated RAW264.7 cells
(Fig. 7C). RANKL treatment of RAW264.7 cells
had no effect on MEF2s association with the 1
kB V-ATPase d2 region. Furthermore, using
luciferase reporter gene assays, we demonstrated
that expression of wild type MEF2 activated the
V-ATPase d2 promoter, whereas the dominant
negative form MEF2 (MEF2 R24L), which can’t
bind to DNA but retains its demerization ability
(32), failed to enhance V-ATPase d2 promoter
activity (Fig. 7D). Interestingly, MEF2
cooperates with NFAT but not with MITF to
activate V-ATPase d2 promoter in cotransfection
experiments with reporter gene assays (Fig. 8 A
and B).
To further confirm the association of
MEF2 with the 1 kB V-ATPase d2 promoter
region, EMSA assays were performed with
probes spanning the putative E1 (-563 to -573)
and E2 (-336 to -346) sites (Fig. 3A). Both
probes bound factors in nuclear extracts from
unstimulated and RANKL treated RAW264.7
cells, with the E1 probe, adjacent to the -555 to 561 NFAT site, demonstrating the stronger
binding (Fig. 9A). Complexes binding the MEF2
probes were diminished by competition with
unlabelled probe but were less affected by
competition with unlabelled probes which had
their MEF2 site mutated (Fig. 9A). Supershift
experiments carried out with anti-MEF2A,
which also binds MEF2C, failed to diminish the
intensity of major binding bands, however a
weak supershifted band was evident (Fig. 9B).
To demonstrate the functionality of the MEF2
sites, 1 kB V-ATPase d2 luciferase reporter
vectors with mutations of the E1, E2 or both
sites were constructed (Fig. 10A). Mutation of
either or both MEF2 sites blocked the induction
of transcription from the 1 kB V-ATPase d2
promoter in COS-7 cells overexpressing MEF2
(compare the first and third bars for each vector)
(Fig. 10B).
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Subcellular localization of NFATc1
and MEF2 during osteoclastogenesis - Upon
RANKL
stimulation,
NFATc1
is
dephosphorylated and subsequently shuttles
from cytoplasm to nucleus, where it can interact
with other transcription factors {Takayanagi,
2002 #16}{Matsumoto, 2004 #17}{Sharma,
2007 #38}. Therefore, Immnuostaining analysis
was employed to examine the subcellular
localization of NFATc1 and MEF2 during
osteoclastogenesis. RAW264.7 cells were treated
with RANKL for 0, 1, 3 and 5 days then fixed
and incubated with antibodies to MEF2 and
NFATc1 which were in turn fluorescently
labeled. Fluorescent confocal microscope
revealed that MEF2 was strongly expressed in
the nucleus (or peri-nuclear) and only weakly
expressed in the cytoplasm at all time points
studied. NFATc1, however, was initially
localized in the cytoplasm and migrated to the
nucleus over the course of RANKL treatment.
We observed that the degree of colocalization of
MEF2 and NFAT increased gradually following
RANKL treatment reaching a maximum after 5
days when osteoclasts were formed (Fig. 11).
DISCUSSION
According to the contemporary view of
osteoclastic bone resorption V-ATPases,
interposed within the ruffled border membrane,
actively transport protons into the underlying
resorptive lacunae thereby providing an acidified
microenvironment required for the dissolution of
mineralised bone (33). Indeed, the importance of
V-ATPases in osteoclast acidification and
function has been exemplified by targeted
disruption studies in mice. Deletion of the
osteoclastic V-ATPase a3 subunit is associated
with osteopetrosis (16). Mice lacking the VATPase d2 subunit also exhibit a phenotype of
enhanced bone mass (18). However, unlike a3
knockout osteoclasts which exhibit impaired
acidification during bone resorption, osteoclasts
derived from d2-null mice exhibit normal VATPase activity but are phenotypically smaller
(18).
Although
the precise
molecular
mechanism(s) underlying this phenomenon are
currently unclear, this finding implies an
unconventional role for the V-ATPase d2
subunit in pre-osteoclastic fusion during
osteoclastogenesis (18). Consistent with this
notion, we and others (18,34) have demonstrated
that V-ATPase d2 expression is markedly
induced during osteoclast differentiation

following RANKL stimulation. Moreover, the
findings presented in this study shed important
new light on the molecular machinery involved
in the transcriptional activation of the V-ATPase
d2 gene during osteoclastogenesis.
During osteoclastogenesis, RANKL
activates signalling of several transcription
factors including NF-κB, c-Fos, MITF, PU-1 and
NFATc1, each indispensable for osteoclast
development (1,3). For example, embryonic
stem cells lacking NFATc1 fail to differentiate
into osteoclasts (5). On the other hand, ectopic
expression of a constitutively active form of
NFATc1 is able to induce osteoclast formation
in the absence of RANKL (5,35). Recent studies
by Yamashita et al. (2007) hinted that NFATc1
induction occurred downstream of NF-κB p50
and p52 activation following RANKL induced
signalling in osteoclasts because overexpression
of NFATc1 alone was sufficient to rescue
osteoclastogenesis from p50/p52 deficient cells
(36). Based on these findings, NFATc1 has been
suggested to be a master regulator of RANKLinduced osteoclast differentiation(5).
There is accumulating evidence that
NFATc1 regulates the transactivation of several
osteoclast specific genes such as TRAP, CATH
K, CTR, DC-STAMP, OSCAR and human
integrin β3, in cooperation with other established
transcriptional factors including MITF, PU.1 and
p38 (6-8,10,27,29). The findings presented in
this study add the V-ATPase d2 subunit to the
list of genes known to by regulated by NFATc1
following
RANKL
stimulation.
Using
complementary RT-PCR and immunoblotting
approaches we demonstrated that NFATc1 and
V-ATPase d2 were highly up-regulated by
RANKL as compared to other proinflammatory
agents (M-CSF, TNF-α, LPS). In addition, CsA
treatment was found to suppress V-ATPase d2
gene expression in the presence of RANKL
treatment suggesting a role of NFATc1 in the
transcriptional regulation of the V-ATPase d2
gene following RANKL induction. This
observation was further supported by our
luciferase and ChIP assays which demonstrated
that the immediate 1 kB region of the V-ATPase
promoter contains several RANKL responsive
elements to which endogenous NFATc1 binds
specifically. The consensus sequences of
NFATc1 binding have been well established (4).
We have identified the presence of three putative
NFAT binding sites (N1, N2 and N3) within the
1 kB V-ATPase d2 promoter by bioinformatic
analysis. It appears that the N2 site was a major
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NFATc1 binding site by EMSA. In addition,
mutation of the N2 binding site alone
significantly decreased NFATc1 induced
transactivation of the V-ATPase d2 promoter as
compared to wild type, adding strength to the
notion that V-ATPase d2 gene expression is
regulated via NFATc1 during RANKL-induced
osteoclastogenesis. A recent study by Kim et al
(2008) has revealed that NFATc1 regulates the
5.0 kb promoter region of V-ATPase d2 (37). In
our study, using several sophisticated assays
including EMSA, ChIP and site directed
mutagenesis, we have clearly mapped a major
NFATc1 binding site to a region - 555 to -561
bps from the translation start site of the VATPase d2 gene.
It is interesting to note that V-ATPase
d2 and NFATc1 proteins were up-regulated
during the first 3 days of RANKL treatment,
however, beyond this time NFATc1 protein
expression fell while V-ATPase d2 protein
expression was maintained (Fig. 1D). These
observations raised an intriguing possibility that
some factors other than NFATc1 are involved in
regulating V-ATPase d2. Indeed, NFATc1induced activation of the V-ATPase d2 promoter
is coactivated with MITF, which has been
shown to regulate the promoters of CATH K
(38) and CLC 7 (29). One limitation of the MITF
study has been the supershift assays using
antibodies to MITF. Despite multiple repeated
experiments with various conditions, a discrete
supershift band was not detected for reasons
reminding unknown. Nevertheless, several
complementary experiments, including ChIP
assays, site directed mutagenesis and reporter
gene analysis, cold competition assays show
consistent results, pointing to the presence and
involvement of MITF binding site (M2) in VATPase d2 promoter region.
Interestingly,
NFATc1-induced
activation of V-ATPase d2 promoter is
cooperatively enhanced by coexpression with
MEF2. The presence of MEF2 binding sites and
the coactivation of MEF2 with NFATc1 in the
V-ATPAse d2 promoter was a surprise, given
that the expression and function of MEF2 in
osteoclasts have not previously been reported.
MEF2 was originally identified, as their family
name implies, based on their role in muscle

differentiation (39), although the expression of
the MEF2 family are not restricted to contractile
tissue. While it has been known for more than a
decade that MEF2s are also abundantly
expressed in neurons, their contributions to the
development and function of the nervous system
are only now being elucidated (40). Recently,
Arnold et. al demonstrated that MEF2C, a
member of MEF2 family is a early regulator
necessary for chondrocyte hypertrophy and
subsequent growth plate maturation (41).
Calcineurin has also been shown to
dephosphorylate MEF2 directly (42,43),
therefore regulating its activity. It has been
suggested that calcineurin may regulate the
association of MEF2 not only with specific
enhancer elements, but also with transcriptional
coactivators and corepressors to generate
transcriptional outcomes tuned to specific
patterns of calcium flux (39,40). Moreover,
MEF2 and NFAT3 have been shown to
cooperatively activate several genes by binding
adjacent sites, raising the possibility that they
converge on common downstream target genes
in muscular hypotrophic pathway (42). Here, our
data showed that MEF2 cooperated with
NFATc1 to activate V-ATPase d2 promoter in
osteoclast-like cells, implying a regulatory role
of MEF2 during RANKL-induced gene
expression in osteoclast-like cells, including VATPase d2.
Taken together, our data indicate an
important role for NFATc1 in RANKL-induced
activation of V-ATPase d2 gene transcription.
We also demonstrate that a specific NFATc1
binding site within the 1 kB V-ATPase d2
promoter region is largely responsible for
NFATc1 transactivation. Interestingly, MITF
and MEF2 cooperate with NFAT to activate the
V-ATPase d2 promoter. Thus, we propose a
hypothetic model, depicting the cooperative
action of MITF and MEF2 with NFATc1 (Fig.
12). Elucidation of the biological mechanism
regulating V-ATPase d2 may provide important
new insights into their enigmatic roles in
osteoclast differentiation, potentially uncovering
novel therapeutic targets for the treatment and
alleviation of osteoclast-related bone diseases
such as osteoporosis.
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FIGURE LEGENDS
FIG. 1. V-ATPase d2 gene expression is regulated by RANKL. A, upper panel: RANKL
induces V-ATPase d2 gene expression in BM cells. RNA from murine BM cells cultured with
RANKL (100 ng/ml) and M-CSF (50 ng/l) for 0 (Mock), 1, 3 or 5 days was reverse transcribed into
cDNA and 30 cycles of PCR was performed using specific primers for d1, d2, CTR and 36B4.
Amplified products were separated on 10% agarose gels in 1x TAE buffer and stained with ethidium
bromide (1ug/ml) prior to visualization. Lower panel: RANKL induces BM cells to differentiate into
osteoclasts. Phase contrast micrographs representing 0 (mock), 5 day RANKL (100 ng/ml) and MCSF (50 ng/ml) treated BM cultures stained for TRAP activity B, upper panel: RANKL induces V-
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ATPase d2 gene expression in RAW264.7-cells. RNA from RAW264.7 cells treated with RANKL for
0 (mock), 4 hours, 1, 3, 5 and 7 days was analysed by RT-PCR with specific primers for d2, d1,
NFATc1, MITF, CATH K, CTR and 36B4 as described above. Lower panel: Phase contrast
micrographs of 0 (mock) and 7 day RANKL treated cultures with and without TRAP staining. C,
RANKL induces the expression of V-ATPase d2 protein. Western blot analysis of d2, MITF and
NFATc1 expression over 5 days of RANKL-induced RAW264.7 cells osteoclastogenesis. Vesicular
glutamate transporter-1 detection was used as positive control for osteoclastogenesis and α-tubulin as
a loading control. D, upper panel: RANKL induces greater V-ATPase d2 gene expression than MCSF and TNFα. RT-PCR analysis was carried out after RNA extraction from RAW264.7 cells treated
for 3 days with RANKL (100ng/ml), M-CSF (50μg/ml), TNF (10 μg/ml), LPS (1 μg/ml) or no
treatment (CTRL). 30 cycles of PCR amplification were carried out using primers specific for d2,
NFATc1, NFATc2, NFATc3, CATH K, and 36B4. Lower panel: Densitometric quantification of
upper panel. Gene mRNA expression normalized by 36B4 mRNA expression presented as a fold of
control.
FIG. 2. The V-ATPase d2 promoter is activated in RAW264.7 cells by RANKL. A,
schematic depiction of 5’ deletion V-ATPase d2 promoter luciferase reporter constructs. Promoter
fragments upstream of the V-ATPase d2 transcriptional start site: -609 to -1 (0.6 kB), -1109 to -1 (1
kB), -2009 to -1 (2.0 kB) and -3009 to -1 (3.0 kB) were subcloned into the pGL3-Basic luciferase
reporter vector. B, RAW264.7 cells were transiently transfected, using DEAE dextran, with 0.5 μg of
the V-ATPase d2 promoter luciferase reporter constructs and luciferase activities were measured after
72 hours of culture in the absence (open bars) or presence (hatched bars) of 100 ng/ml RANKL. Bars
are the mean ± sem from three independent experiments.
FIG. 3. NFATc1 and MITF bind to the endogenous V-ATPase d2 promoter and
overexpression of caNFATc1 and MITF coactivate the 1 kB d2 promoter. A, bioinformatic
analysis of the 1 kB V-ATPase d2 promoter. The TESS analysis identified putative NFAT sites (N1,
N2 and N3), MITF sites (M1, M2 and M3) and MEF2 sites (E1 and E2) (sequences underlined). B,
ChIP assays. Following culture in the presence (OC) or absence (RAW) of 100ng/ml RANKL for up
to 5 days RAW264.7 cells were fixed and the cross-linked protein-chromatin complexes treated with
anti-NFATc1, anti-MITF or isotype matched control antibodies. Precipitated DNA was then subjected
to PCR using primers directed against the 1 kB V-ATPase d2 promoter region and products visualized
as described in the caption of Fig. 1A. B, COS-7 cells were transfected (Lipofectamine 2000) with
100 ng of the V-ATPase d2 luciferase reporter construct, 10ng of the renilla luciferase reporter
construct (phRL-CMV) to correct for transfection efficiency and 200 ng of NFATc1, MITF or both
expression vector(s). 72 hours later firefly and renilla luciferase activities were assayed. Results are
expressed as fold of control (firefly luciferase corrected by renilla luciferase) activity. Each bar is the
mean ± sem of 3 independent experiments.
FIG. 4. EMSA analysis of the putative NFAT sites within the 1 kB V-ATPase d2
promoter. A, the N2 probe is retarded by a factor in RAW264.7 cell nuclear extracts that is enhanced
by RANKL treatment. Nuclear extracts (3-4 μg) from RAW264.7 cells cultured for 4 days in the
presence or absence of RANKL (100 ng/ml) were incubated with 32P-labelled oligonucleotide probes
specific for the N1, N2, or N3 putative NFAT binding sites. Protein-DNA complexes were separated
and visualized as described in materials and methods. B, excess unlabelled N2 probe out competes the
binding of factors to the 32P-labelled N2 probe. Protein-DNA complexes from nuclear extracts of
RAW264.7 cells treated with RANKL (100 ng/ml) for 4 days are marked with arrows. C, incubation
of protein-DNA complexes, at either 4ºC or 37ºC, with anti-NFATc1 diminished the intensity of
protein-DNA bands (arrowed) and produced supershifted protein-DNA complexes (bracketed arrow)
indicating that the factors bound to the NFAT (N2) probe contained NFATc1. D, a 32P-labelled probe
with mutation of the -555 to -561 NFAT binding site, depicted in the upper panel lower sequence,
resulted in the loss of the more slowly migrating protein-DNA complex (arrowed).
FIG. 5. Mutation of the N2 NFAT site at -555 to -561 of the 1 kB V-ATPase d2 promoter
dramatically reduces both NFATc1 and RANKL induced transcriptional activity A, schematic
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representation of the mutations ((M(N2) and M(N1-3)) of the putative NFAT sites within the 1 kB VATPase d2 promoter luciferase reporter construct (WT). B, mutation of the N2 NFAT site of the 1 kB
V-ATPase d2 promoter reduces NFATc1 induced transcriptional activity. COS-7 cells were
transfected (Lipofectamine 2000) with 1Kb V-ATPase d2 luciferase reporter constructs (100 ng) and
renilla luciferase reporter construct (10 ng) to correct for transfection efficiency and 200ng of
NFATc1 overexpression vector. 72 hours latter firefly and renilla luciferase activities were assayed.
Results are expressed as firefly luciferase corrected by renilla luciferase activity. Each bar is the mean
± sem of 3 independent experiments. C, mutation of the N2 NFAT site within the 1 kB V-ATPase d2
promoter reduces RANKL induced transcriptional activity. RAW264.7 cells were transfected (DEAE
dextran) with WT, M(N2) or M(N1-3) 1 kB V-ATPase d2 luciferase reporter constructs (0.5 μg) and
18 hours latter treated with RANKL (100 ng/ml) for 72 hours. Each bar is the mean ± sem of 3
independent experiments. (*** p<0.001 compared to WT, AVOVA)
FIG. 6. The M2 site at -85 to -93 of the 1 kB V-ATPase d2 promoter binds to MITF and
is functional A, EMSA analysis of the putative MITF sites within the 1 kB V-ATPase d2 promoter.
Nuclear extracts from RAW264.7 cells treated with or without the RANKL (100 ng/ml) for 0 , 1, 2, 6,
24 or 48 hours were incubated with 32P-labelled probes corresponding to the putative M1, M2 and
M3 MITF sites within the 1 kB V-ATPase d2 promoter. B, left panel: Factors binding the 32Plabelled M2 probe from 24 hours RANKL stimulated RAW264.7 cell nuclear extracts are competed
by 40X free-unlabelled M2 WT probe but not by unlabelled mutant M2 probe (arrowed). Right panel:
The M2 protein-DNA complex from 24 hours RANKL stimulation RAW264.7 cell nuclear extracts
was diminished by anti-MEF2 but not an Ig G control antibody. C, schematic representation of the
mutations (M(M2) and M(M1-3)) of the putative MITF sites within the 1 kB V-ATPase d2 promoter
luciferase reporter construct (WT). D, mutation of the M2 MITF site of the 1 kB V-ATPase d2
promoter reduces MITF induced transcriptional activity. COS-7 cells were transfected (Lipofectamine
2000) with 1 kb V-ATPase d2 luciferase reporter constructs (100 ng), and 200 ng of MITF
overexpression vector. 72 hours latter firefly luciferase activities were assayed. Each bar is the mean ±
sem of 3 independent experiments.
FIG. 7. A, Gene expression profiles of four MEF2 isoforms during osteoclastogenesis.
RAW264.7 cells were treated with RANKL (100ng/ml) for indicated time periods. After RNA
extraction, RT-PCR was carried out using specific primers for all MEF2 isoforms (MEF2-A, -B, -C, D). V-ATPase d2 and NFATc1 primers were used as a positive control for osteoclastogenesis and
36B4 as house keeping gene. B, B, MEF2A and MEF2C proteins are expressed both constitutively
and during osteoclastogenesis. Western blot analysis of whole cell extracts from RAW264.7 cells
treated with RANKL for 0, 4hr, 1, 3 and 5 days was carried out with anti-MEF2A, anti-MEF2C
antibodies. Anti-VGLUT1 antibody served as a positive control for osteoclastogenesis and anti-αtubulin as a loading control. C, overexpression of MEF2 transactivated the 1kB V-ATPase d2
promoter. COS-7 cells were cotransfected with the 1kB V-ATPase d2 promoter and either empty
vector or MEF2 WT or MEF2C R24L. Cells were lysed after 48hr and luciferase activity assayed.
Data represent mean ± sem of three independent experiments.
FIG. 8. MEF2 cooperates with NFATc1 but not MIFT to transactivate the 1 kB VATPase d2 promoter. A, MEF2 cooperates with NFATc1 to activate the 1kB V-ATPase d2
promoter. COS-7 cells were cotransfected with the 1kB V-ATPase d2 luciferase reporter construct
(100 ng) and either the NFATc1, MEF2 WT (200 ng) vectors, NFATc1 + MEF2 WT, the dominant
negative MEF2C R24L or NFATc1 + MEF2C R24L expression vectors. Expression vectors were
transfected at 200 ng per vector and the total amount of DNA transfected was kept constant at 500 ng
with empty expression vector DNA. Bars are mean ± sem of at least three independent experiments.
B, MEF2 does not cooperate with MITF to activate the 1kB V-ATPase d2 promoter. COS-7 cells
were transfected as in A above except that NFATc1 overexpression vector was replaced by MITF
overexpression. Bars are mean ± sem of at least three independent experiments.
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FIG. 9. EMSA analysis of the putative MEF2 sites within the 1 kB V-ATPase d2 promoter. A,
MEF2 probes (E1 and E2) were retarded by factors in unstimulated and RANKL treated RAW264.7
cell nuclear extracts. Nuclear extracts (4 μg) from RAW264.7 cells cultured in the presence or
absence of RANKL (100 ng/ml) were incubated with 32P-labelled oligonucleotide probes specific for
the E1 and E2 putative NFAT binding sites. Protein-DNA complexes (arrowed) were separated and
visualized as described in materials and methods. Excess unlabelled E1 and E2 probes out competes
the binding of factors to the 32P-labelled MEF2 probes. B, incubation of protein-DNA complexes with
anti-MEF2 failed to diminish the intensity of protein-DNA bands, however a supershifted band is
evident (arrow).
FIG. 10. Mutation of MEF2 binding sequences within the 1 kB V-ATPase d2 promoter
diminishes MEF2s ability to enhance NFATc1 transcription. A, Schematic representation of the 1
kB V-ATPase d2 promoter luciferase construct without (WT) or with mutations of putative MEF2
binding sites (M(E1), M(E2) and M(E1-2)). B, mutation of MEF2 binding sequences within the 1 kB
V-ATPase d2 promoter diminishes MEF2s ability to enhance NFATc1 transcription. COS-7 cells
were cotransfected with the 1 kB V-ATPase d2 luciferase reporter construct (100ng) and either the
NFATc1 (200 ng) or MEF2 overexpression (200 ng) vector or both overexpression vectors. The total
amount of DNA transfected was kept constant with empty expression vector DNA. Luciferase
activities were measured 48hr after tansfection. Bars represent mean ± sem of at least three
independent experiments. (#, p<0.05; NS, p>0.05; **, p<0.01; ***, p<0.001, ANOVA).
FIG. 11. Subcellular localizations of NFATc1 and MEF2 during RANKL-stimulated
osteoclast formation. RAW264.7 cells seeded on the glass cover-slips were stimulated with RANKL
for different time points (0 day, 1 day, 3 days and 5 days). The cells were fixed and stained with antiMEF2A (green) and ani-NFATc1 (red) antibodies, before subjected to fluorescent-conjugated
secondary antibodies labelling. Cell nuclei were stained by Hoechst 33258 (blue). The images were
recorded using a confocal laser scanning microscope (MRC-1000 Bio-Rad). The cells stained with
secondary antibody only were used as the negative control and showed no staining signals.
.
FIG. 12. Schematic diagram showing a hypothetical model in which MEF2 and MITF
cooperate with NFATc1 to activate V-ATPase d2 gene expression.
SUPPL. FIG. A, Cyclosporin A (CsA) inhibition of NFATc1 activity down-regulates VATPase d2 gene expression following RANKL stimulation. RNA was obtained from RAW264.7
cells treated with RANKL (100 ng/ml) in the presence or absence of CsA (5 μg/ml) for 48 hours.
Following reverse transcription 25 cycles of PCR amplification was carried out with primers for VATPase d2, NFATc1, CATH K, TRAP and 36B4 on products run an agarose gels in TAE buffer and
then stained with ethidium bromide. B, Quantitation of amplified PCR products in panel A.

15

113

A

C
RANKL STIMULATION (100 ng/ml)
0

DAY 1

DAY 3

DAY 5

~38kDa

d2

~90kDa

NFATc1

~55kDa

MITF

~60kDa

VGLUT1

~50kDa

α-TUBULIN

D

RANKL STIMULATION (100 ng/ml)

MOCK
(Day 0) 4HRS DAY 1 DAY 3 DAY 5 DAY 7

CTRL

RANKL M-CSF TNF-α LPS

d2
d2

NFATc1

d1

NFATc2
NFATc3

NFATc1

CATH K

MITF

36B4

CTR

12

CATH K

10

36B4

Fold Change

B

4HRS

Control
RANKL
M-CSF
TNF-α
LPS

8
6
4
2

MOCK (Day 0)

DAY 7

0

TRAP (DAY 7)

d2

NFATc1

NFATc2

NFATc3

CATH K

Fig. 1

114

A

d2 PROMOTER

-1

-3203

LUC

3KB

-1

-2109

2KB

-1

1KB

-1009
-609

-1

0.6KB

-1

0KB

Luciferase Activity

B
600000

NIL
RANKL(72hr)

500000
400000
300000
200000
100000
0

0KB

0.6KB

1KB

2KB

3KB

Fig. 2
115

A

B

C

IgG

Input

RAW

OC
MITF

IgG

CTRL

caNFATc1

MITF

caNFATc1 + MITF

27

OC

Luciferase Activity
(Relative change)

RAW
NFATc1

30

24
21
18
15
12
9

Input

6
3
0
1 KB V-ATPase d2 promoter

Fig. 3

116

A

B
-

-

+

+

NUCLEAR EXTRACT -

+

+

+

-

-

-

+

RANKL (4 DAYS)

N3

N2

N1
NUCLEAR EXTRACT

-

+

+

-

+

+

-

+

+

RANKL (4 DAYS)

-

-

+

-

-

+

-

-

+

COMPETITOR (100x)

FREE PROBE
FREE PROBE

C

D

NFAT (N2) REGION

PROBE

NFAT (N2)

RANKL (4 DAYS)
NUCLEAR EXTRACT

-

+

+

ANTIBODY (2μg)

-

-

IgG

+

WT:

5’-TTCAGTATTTTAAAAAGGAAAGTTTTA-3’

MUT:

5’-TTCAGTATTTTAAAAATTAAAGTTTTA-3’

+
NFAT (N2) REGION

NFATc1
4ºC

37ºC

NUCLEAR EXTRACT

-

+

+

PROBE

-

WT

MUT

NFATc1

Fig. 4
117

A
N1

N2

N3

N1

N2

N3

N1

N2

N3

1

LUC

WT
1

LUC

M(N2)
M(N1-3)

1

LUC

NFAT putative binding site

B

C
140000

2.50

120000
Luciferase Activity

Luciferase Activity
(Relative change)

2.00
1.50
1.00

***

0.50

***

100000
80000
60000

***

40000

***

20000
0.00
WT

M(N2)

M(N1-3)

CaNFATc1

0

WT

M(N2)

M(N1-3)

RANKL (72HRS)

Fig. 5

118

A
RANKL (hr)

0

1

2

6 24 48

0

1

2

6

24 48

0

1

M2

M1

B

2

6 24 48

M3

C
WT

M1

M2

M3

1
LUC
1

Nuclear Extract (RANKL 24 Hr)
_

+

_

_

_

_

MITF2 Mut probe

_

_

+

_

_

_

Ig G (Control)

_

_

_

_

_

+

MEF2 antibody

_

_

_

_

+

_

1

M(M1-3)

LUC

putative MITF Binding Site

D
120000
100000
Luciferase Activity

MITF2 WT probe

LUC

M(M2)

CTRL
MITTF

80000
60000
40000
20000
MITF

Fig. 6
119

B

A

RANKL STIMULATION (100ng/ml)
0

5D

4HRS

DAY 1

DAY 3

DAY 5
MEF2A
MEF2C

MEF 2A

VGLUT1
α-TUBULIN

MEF 2C

C

RANKL
Input

Day

0

1

3

5

IgG

Day 1

MEF2B

MEF2D

1.0 KB d2
promoter

3

D

P>0.05

2.5
*P<0.05
d2

NFATc1

36B4

Luciferase Activity
( fold change)

3D

24
H

4H

0H

Ma
rke
r

RANKL (100ug/mL)

2
1.5
1
0.5

MEF2 WT

0

MEF2 R24L

_

+

-

_

_

+

Fig. 7

120

A

B

15

Luciferase Activity
( fold change)

Luciferase Activity
( fold change)

12

8

4

10

5

0

0
caNFATc1

_

+

_

+

_

+

MITF

MEF2 WT

_

_

+

+

_

_

MEF2 WT

MEF2 R2L

_

_

_

_

+

+

MEF2 R24L

_

+

_

+

_

+

_

_

+

+

_

_

_

_

_

_

+

+

Fig. 8

121

A
RANKL (Hr)

0

1

2

6

24 48

E1
Oligo (40X)

E2
Oligo (40X)

WT Mut
24 24

WT Mut
0

1

2

6

24

48 24

24

E2

E1

B
Ig G (Control)

_

_

+

_

_

+

MEF2 antibody

_

+

_

_

+

_

NE 24 (Hr)

+

+

+

+

+

+

E1

E2

Fig. 9

122

A
E1

E2

WT

1
LUC
1
LUC

M(E1)
1

LUC

M(E2)
1

LUC

M(E1-2)
putative MEF2 Binding Site

B

14

Luciferase Activity
( fold change)

12
10

#

8

NS

**

NS

**

NS

***

6
4
2
0

WT

M(E1)
CTRL

M(E2)

M(E1-2)

MEF2A

caNFATc1

caNFATc1 + MEF2A

Fig. 10

123

MEF2A

RANKL
(DAY)

A

NFATc1

Nuclear staining

Merged

B

C

D

10 μm

10 μm

10 μm

G

H

10 μm

10 μm

0D

10 μm

E

F

10 μm

10 μm

1D

I

J

K

L

3D

10 μm

M

10 μm

10 μm

N

O

10 μm

P

5D

10 μm

10 μm

10 μm

10 μm

Fig. 11

124

Ca2+

Calcineurin

Cytoplasmic
NFATc1

Nuclear

MEF2

MITF
d2 promoter

RANKL
MITF

RANK
MEF2

Fig. 12

125

A

B
120

- RANKL, - CsA
+ RANKL, - CsA

CsA (5μg/ml)
d2

NFATc1

-

+

+

-

-

-

+

+

+ RANKL, + CsA
- RANKL, + CsA

Relative Expression

RANKL

100

80

60

40

CATH K
20

36B4
0

d2

NFATc1

CATH K

36B4

Supplementary Figure 1

126

CHAPTER SEVEN

General Summary and Future Directions

Chapter Seven – General Summary and Future Directions

7.1 – GENERAL SUMMARY
During osteoclastic bone resorption, generation of acidic environment within the bone
resorption lacunae by the V-ATPase is pivotal for the demineralization and degradation
of the bone matrix. The significant roles of V-ATPase in bone development have been
demonstrated by genetic evidence that both a3 subunit mutations in human and a3
knockout mice lead to osteopetrosis (Li, Chen et al. 1999; Kornak, Schulz et al. 2000).
The a3 subunit was found to be up-regulated during osteoclastogenesis and localized in
both endosomal/lysosomal compartments and plasmal membranes. In addition to the
core V0 subunits, Ac45, a 45-kDa accessory subunit, has been suggested to mediate the
acidification of multiple intracellular organelles. Interestingly, the cytoplasmic tail of
Ac45 contains targeting motif distinct from previously described routing determinants
(Jansen, et al. 1998). In addition to the conventional role of V-ATPase in acidification
during osteoclastic bone resorption, Lee et al. have unexpectedly found that the d2
subunit of V-ATPase complex is important for pre-osteoclast fusion (Lee, Kim et al.
2006). The above works have highlighted the importance of V-ATPase complex in
osteoclastic bone resorption and osteoclast formation. In light of the importance of
regulation of the V-ATPase activity during osteoclastogensis, the aim of this thesis is to
further understand the assembly and functions of the V-ATPase complexes as well as
explore the transcriptional regulation of the V-ATPase d2 subunit during
RANKL-induced osteoclastogenesis.

In the first part of this thesis, the subtractive hybridisation approach was used to identify
an accessory subunit of V-ATPase, known as Ac45, during osteoclastogenesis. The
mRNA expression profiles of Ac45 during osteoclast formation were assessed by
semi-quantitative PCR and compared with other V-ATPase V0 domain subunits and
several osteoclast specific marker genes. Ac45 was found to be differentially expressed
during osteoclastogenesis (~2 fold), similar to osteoclastic specific a3 subunit but to less
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extent (~4 Fold). On the other hand, d2 isoform was found to be expressed in cells
committed to differentiate into osteoclasts. In contrast, d1 isoform is constitutively
expressed in the whole course of osteoclast formation. Moreover, using tissue specific
cDNA, Ac45 was also found to be abundantly expressed in the brain, heart and kidney,
with lower expression levels in the muscle, spleen, thymus, liver and lung.

It has been shown that Ac45 co-purifies with the V0 domain of the V-ATPase complex
from bovine chromaffin granules (Supek, Supekova et al. 1994) and this was confirmed
with immunoprecipitation (IP), which showed that Ac45 could co-precipitate with other
V0 domain membrane subunits including a3, c, and c”. The IP results indicate that Ac45
is indeed associated with the V0 domain of the V-ATPase. Furthermore,
bioluminescence resonance energy transfer (BRET) assay was employed to explore the
association pattern of Ac45 with other V0 domain subunits. From the BRET analysis,
Ac45 was found to associate most closely with the proteolipid pore subunits c” and c,
followed by the a3 isoform and little association with the non-membranous d2 isoform
of the d subunit. Based on these results a revised structural model (Chapter 7, Fig 5)
was proposed which incorporates Ac45 into the V-ATPase complex.

To determine the subcellular localization of endogenous Ac45 in osteoclasts,
immunostaining and confocal analysis were performed using a specific anti-Ac45 rabbit
polyclonal antibody. Endogenous Ac45 was found to be co-localized with a3 subunit
and a pH-dependent, early endosomal marker transferrin. Moreover, in bone-resorbing
osteoclasts, Ac45 proteins are re-translocated to ruffled borders and sealing zones,
evident by the high degree of co-localization with F-actin rings and transferrin close to
the bone surfaces. It is generally assumed that the ruffled border is formed through the
fusion of intracellular endocytic and lysosomal vesicles with the plasma membrane
during osteoclast polarization towards bone resorption (Baron, Neff et al. 1988;
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Palokangas, Mulari et al. 1997). Thus, these data suggest that Ac45 localized in late
endosomal/lysosomal vesicles, which also contains the a3-specific V-ATPasec complex,
are re-oriented towards the ruffled border membrane during osteoclast bone resorption.
However, the mechanism whereby these vesicles are polarized from their intracellular
localization towards the ruffled border remains unknown.

Some studies reported that

direct interaction of V-ATPases with actin filament components might contribute to the
redistribution of V-ATPase complex to the bone-resorbing regions (Nakamura,
Takahashi et al. 1997; Holliday, Lu et al. 2000; Vitavska, Wieczorek et al. 2003). In
addition, a previous study has found that the c-terminus of Ac45 contains autonomous
targeting signals coded within the last 26 amino acid residues and is important for the
intracellular trafficking of Ac45 (Jansen, Holthuis et al. 1998). Therefore, it is
reasonable to speculate that Ac45 through its targeting signals may play a role in
directing the a3-specific V-ATPase containing vesicles to the ruffled border membrane
during osteoclast bone resorption.

To investigate the functional importance of c-terminus of Ac45, a pMX based retroviral
system (Kitamura 1998) was adopted to introduce wild-type Ac45 (Ac45 WT) and a
c-terminal truncation mutant of Ac45 (Ac45ΔC) into osteoclast precursor cells and
examine the effect on osteoclast formation and function. Although both Ac45 WT and
mutant Ac45ΔC expressing precursor cells were able to form multinucleated osteoclasts
that were similar to those formed from GFP control, Ac45ΔC osteoclasts had dramatic
reduction in their bone resorptive capability compared with resorptive function of GFP
and Ac45 WT expressing osteoclasts. Intriguingly, BRET analysis showed that the
c-terminal truncation mutant also exhibited a significant reduction in its ability to
associate with the c” subunit and also showed alteration in its association with the a3
isoform. Based on these results two possible scenarios for the effects of the truncation
mutant on bone resorption is proposed: 1) the trafficking of the V-ATPase containing
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vesicles to the ruffled border is impaired; or 2) the V-ATPase activity is impaired due to
the disruption of proper association of Ac45 with other V0 domain subunits. Currently
these data suggest that Ac45 is an essential subunit for V-ATPase-mediated osteoclast
bone resorption. Further investigation will need to clarify the exact mechanism of the
inhibition of bone resorption by this Ac45 truncation mutant.

The second molecule focused in this thesis was the d2 isoform of the V0 domain d
subunit. The V-ATPase d2 subunit was highly up-regulated by RANKL stimulation, as
compared with other osteoclastogenic factors including TNF, M-CSF and LPS. Until
now, functional roles for the d subunit within the V-ATPase complex have yet to be well
depicted. However, genetic disruption of V-ATPase d2 yeast homologue, Vma6p,
prevents assembly of both the intact complex and the V0 domain leading to a typical
VMA- phenotype (Nishi, Kawasaki-Nishi et al. 2003). Furthermore, recent study by Li
et al. has reported that the genetic deletion of V-ATPase d2 gene in mice leads to a
severe osteopetrosis phenotype (Lee, Rho et al. 2006). Further in vitro examination in
this study found that bone marrow cells from d2 null mice had defects in osteoclast
fusion capacity compared with those from normal mice. Given the fact that the
emerging role of V-ATPase d2 in pre-osteoclast fusion has been proposed, it is
important to understand the regulatory mechanism of the V-ATPase d2 gene during
RANKL-stimulated osteoclastogenesis.

To achieve this goal, a series of V-ATPase d2 promoter fragments including 0, 0.6 kB, 1
kB, 2 and 3 kB (relative to start codon) were cloned to pGL3 luciferase vector.
Luciferase assay was performed after transfection of these luciferase vectors into
RAW264.7 cells respectively and subsequent stimulation by RANKL for 72 hours.
Among all the fragments, the 1 kB V-ATPase d2 promoter region was chosen for further
analysis because it exhibited the highest level induction by RANKL treatment.
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In osteoclast development, RANKL, upon binding to its receptor RANK, subsequently
triggers a number of transcriptional signalling pathways among which NFATc1, PU.1,
c-Fos, MITF and p38 have been found to be critical for osteoclast differentiation,
apoptosis and activity (Teitelbaum 2000; Boyle, Simonet et al. 2003; Takayanagi 2007).
NFATc1 and MITF have been shown to work together to transactivate a number of
osteoclastic gene expressions such as TRAP, CATH K, osteoclast associated receptor
(OSCAR) (Kim, Kim et al. 2005; Sharma, Bronisz et al. 2007). The consensus binding
sites of NFATc1 and MITF had been identified within the promoters of these induced
genes. Using bioinformatic analyis of the 1 kB promoter, three each of NFAT (N1, N2
and N3) and MITF (M1, M2 and M3) putative binding sties were identified within this
region. Further ChIP analysis demonstrated that both NFATc1 and MITF bound to the
endogenous V-ATPase d2 promoter in osteoclasts. Over-expression of either caNFATc1
or MITF in COS-7 cells activated the V-ATPase d2 promoter luciferase activity and
co-action of the V-ATPase d2 promoter was observed by enforced introduction of both
caNFATc1 and MITF. Thus these results prompted us to determine which of NFAT and
MITF binding sites are responsible for RANKL-induced activation of the V-ATPase d2
gene.

To address this issue, using specifically designed oligonucleotides spanning each of
NFAT and MITT binding sites, EMSA assay was employed to determine binding
affinity of those binding sites with nuclear extracts from RAW264.7 cells and their
derived osteoclasts. EMSA results showed that RANKL treatment significantly
promotes nuclear proteins binding to two putative consensus bind sites (N2 and M2).
Consistently, site-direction mutations of N2 or M2 site in the region abrogated the
activation of the d2 promoter activity by over-expression of caNFATc1 and MITF
respectively, further supporting that N2 and M2 sites are responsible for the transaction
of d2 by NFATc1 and MITF.
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Unexpectedly, a binding site for the transcription factor MEF2, adjacent to the N2, was
also identified during initial EMSA analysis of NFAT binding sites of the d2 promoter. It
has been reported that MEF2 served as co-activator of NFAT to trigger specific gene
expression of different cell types responding to calcium-regulating signals (Passier,
Zeng et al. 2000; Wu, Naya et al. 2000; Youn, Chatila et al. 2000). In this study we
hypothesize that MEF2 might cooperate with NFATc2 to activate the d2 gene during
RANKL-induced osteoclastogenesis. To test this hypothesis, RT-PCR and western-blot
analysis were carried out to examine the gene expression profiles of all four MEF2
iso-forms (MEF2 –A, -B, -C, -D). During osteoclast differentiation, all MEF2 iso-forms
were detected but with distinct expression patterns, suggesting potential specific roles of
individual MEF2 in osteoclasts. Again, ChIP assay supported that MEF2 bound to
endogenous V-ATPase d2 promoter in both RAW264.7 cells and osteoclasts. Luciferase
assay showed that overexpression of MEF2 WT significantly activated the V-ATPase d2
promoter, although no such effect was observed in MEF2 dominant negative mutant
(MEF2 R24L). Furthermore, overexpression of both caNFATc1 and MEF2 in COS-7
cells lead to a synergistic activation of the V-ATPase d2 promoter luciferase activity.
But such a synergistic effect is not detected with co-introduction of MITF and MEF2
into the cells, indicating that NFATc1 is a specific partner of MEF2 in the context of
activation of V-ATPase d2 gene expression.

By bioinformatic analysis two MEF2 binding sequences (E1 and E2) were found within
the 1 kB V-ATPase d2 promoter region, both of which are adjacent to a NFAT consensus
binding sites. The subsequent EMSA assays, including competition and supershift assay,
demonstrated that both binding sites are specific for MEF2 binding. Mutation of either
of the MEF2 binding sites resulted in significant reduction of the synergistic effect of
the V-ATPase d2 promoter on luciferase activity by overexpression of caNFATc1 and
MEF2 WT. More critically, double mutation of MEF2 binding sites abrogated the
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synergistic activation. In line with our hypothesis, confocal analysis showed that
NFATc1 is induced by RANKL and shuttles from cytoplasmic to nucleus in mature
osteoclasts, where it overlapps highly with MEF2 proteins.

In conclusion, the results in this thesis have provided further insights into the
composition of the osteoclast V-ATPase proton pump with the identification and
functional analysis of the accessory subunit Ac45. During osteoclast activation towards
bone resorption, the a3-specific V-ATPase is transported to the ruffled border where it
serves to acidify the extracellular resorption lacunae. Ac45 might be responsible for this
targeting process as Ac45 c-terminus truncation mutant impairs osteoclast bone
resorption. Moreover, by analysis of the 1 KB d2 promoter, the data also provides
evidence that MEF2 and MITF collaborate with NFATc1 to activate V-ATPase d2
promoter in RANKL-induced osteoclastogenesis.

7.2 – FUTURE DIRECTIONS
The data presented in this thesis has opened several new directions for future research
which can be pursued in order to better understand the functions of the V-ATPase pump
in osteoclasts. The ultimate goal of these studies is to allow us to develop osteoclast
specific anti-resorptive therapeutics that can be used in clinical practice for the
treatment of osteoclast-related bone diseases.

Precise Role of Ac45 in V-ATPase Complex
As demonstrated, the mechanism in which overexpression of the c-terminal truncation
mutant of Ac45 inhibited V-ATPase-mediated osteoclastic bone resorption is not fully
understood. Two possible scenarios have been suggested for further investigation:
1. Deletion of the targeting signal of Ac45 may disrupt the transportation of the
a3-specific V-ATPases from intracellular compartments to the ruffled borders during
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osteoclast activation, resulting in the absence of functional V-ATPases at the ruffled
border membranes.

2. As has been demonstrated the Ac45 c-terminal deletion mutant (Ac45ΔC) might alter
proper association between Ac45 and other subunits of the V0 domain, even without
affecting the assembly of V0 domain (Chapter 7). The Ac45ΔC mutant might disrupt
the rotary of V0 domain or integrity of V-ATPase complex and therefore lead to the
impairment of V-ATPase activity.

To address these two issues, it is critical to examine whether acidification activity of the
V-ATPase can be affected by c-terminal deletion of Ac45. Parameters of intracellular
acidification from the Ac45ΔC or Ac45 WT cells can be measured and compared using
the acridine orange quenching method. In addition, the same method can be used to
perform acidification analysis on endosomeal/lysosomal vesicles isolated from wildtype and mutant cells. To examine whether the a3-specific V-ATPase is properly
targeted to the ruffled borders, immunostaining analysis will need to be performed on
bone-resorbing

osteoclasts

seeded

on

bone/dentine

slices.

Furthermore,

a

complementary approach to the current study is the use of RNA interference techniques
to silence Ac45 and evaluate the outcome on V-ATPase activity and osteoclast bone
resorption.

Exploration of Molecular Mechanism of d2-mediated Osteoclast fusion
The fusion of mononuclear precursors (monocytes/macrophages) is a fundamental event
for the development of osteoclasts. Although several molecules, such as CD44,
macrophage fusion receptor (MFR), CD 47 and DC-STAMP, have been suggested to be
involved in mediating the fusion events, little is known of its mechanistic underpinnings.
A recent study also proposed that the V-ATPase d2 protein would be a potential new
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“fusogenic” regulator required for the efficient fusion of osteoclast precursor cells,
based on the histological analysis of osteopetrotic phenotype in the V-ATPase d2
knockout mice and in vitro osteoclastogenesis analysis (Lee, Rho et al. 2006). However,
no molecular mechanism and interacting partners were provided to support this
hypothesis. In addition, the V0 domain complex has also been implicated to play a role
in vacuole fusion following trans-SNARE pairing in yeast (Peters, Bayer et al. 2001;
Bayer, Reese et al. 2003). Thus whether V-ATPase d2 itself is a fusogenic regulator, or
the d2-specific V0 domain complex functions as the regulator, also requires
investigation.

To explore the V-ATPase d2-mediated osteoclastic fusion, our laboratory has adopted
the yeast-two-hybrid screening method by using V-ATPase d2 tagged protein as bait. By
using this method, we have identified several potential interacting partners of V-ATPase
d2. So we hope that future studies on these V-ATPase d2 interacting molecules will shed
light on the molecular mechanism(s) of osteoclastic fusion.

The roles of MEF2 in regulating osteoclast development
MEF2 serves as a lynchpin in the multiple signalling pathways that control the cell
differentiation, proliferation, apoptosis and survival of a wide range of cell types
(Potthoff and Olson 2007). The spectrum of downstream target genes regulated by
MEF2 in different cell types depends on extracellular stimulus and transcriptional
co-activator interaction that modulates MEF2 activity. Until now, there has been no
report about the functional roles of MEF2 in osteoclast development. However, the
current study found that all four MEF2 isoforms were expressed and displayed at
distinct levels during RANKL-stimulated osteoclastogensis. In addition, together with
NFATc1, MEF2 can co-activate gene expression of V-ATPase d2. Therefore it is
tempting to speculate that MEF2 might also control other osteoclast marker genes and
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thereby contribute to osteoclast differentiation and activity. The following experiments
are planned in order to examine this speculation:

1. To introduce retroviral constructs of MEF2 WT dominant negative or
constitutive active mutants into RAW264.7 cells and then test the effect on both
osteoclastogenesis and bone resorption in the presence of RANKL.

2. The specific knock-down of each of the MEF2 isoforms using the RNA
interference approach will help us to identify the specific function of each MEF2
isoform during osteoclast development.

3. Although the null mice of all four MEF2 isoforms have been generated by other
groups (Naya, Black et al. 2002; Vong, Ragusa et al. 2005; Potthoff and Olson
2007), no study has been carried out to examine the bone phenotype of these
mice. However, it is of importance to characterize the bone structure using
microCT and histomorphometry analysis. Moreover, it is necessary to examine
in vitro osteoclastogesis tests in these MEF2s null mice.
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