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Abstract
Lysosomal trafficking and protease exocytosis in osteoclasts are essential for ruffled border
formation and bone resorption. Yet, the mechanism underlying lysosomal trafficking and the
related process of exocytosis remains largely unknown. We found ATP6ap1 (Ac45), an accessory
subunit of vacuolar-type H+-ATPases (V-ATPases), to be highly induced by receptor activator for
nuclear factor kappa B ligand (RANKL) in osteoclast differentiation. Ac45 knockdown osteoclasts
formed normal actin rings, but had severely impaired extracellular acidification and bone
resorption. Ac45 knockdown significantly reduced osteoclast formation. The decrease in the
number of osteoclasts does not result from abnormal apoptosis; rather, it results from decreased
osteoclast precursor cell proliferation and fusion, which may be partially due to the
downregulation of ERK phosphorylation and FBJ osteosarcoma oncogene (c-fos), nuclear factor
of activated T-cells, cytoplasmic 1 (NFATc1) and Tm7sf4 expression. Notably, Ac45 knockdown
osteoclasts exhibited impaired lysosomal trafficking and exocytosis, as indicated by the absence of
lysosomal trafficking to the ruffled border and a lack of cathepsin K exocytosis into the resorption
lacuna. Our data revealed that the impaired exocytosis is specifically due to Ac45 deficiency, and
not the general consequence of a defective V-ATPase. Together, our results demonstrate the
essential role of Ac45 in osteoclast-mediated extracellular acidification and protease exocytosis, as
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well as the ability of Ac45 to guide lysosomal intracellular trafficking to the ruffled border,
potentially through its interaction with the small GTPase Rab7. Our work indicates that Ac45 may
be a novel therapeutic target for osteolytic disease.
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Introduction
Osteoclasts are multinucleated cells of bone marrow lineage, which are responsible for bone
resorption through degradation of the organic and inorganic bone matrix. Osteoclasts exert a
profound impact on skeletal metabolism and dynamic balance: either too much or too little
osteoclast activity could lead to bone disorders, such as osteoporosis or osteopetrosis
respectively. Osteoclasts resorb bone by attaching to the bone surface and forming a
resorption lacuna surrounded by a ruffled border, and then secreting protons into the
extracellular compartment (1). The ruffled border is the “resorptive organelle” of the
osteoclast and is formed by the polarized targeting and fusion of acidified vesicles with the
plasma membrane through intracellular vesicular trafficking (2–4). Since vesicular
trafficking and the related mechanism of exocytosis are key to osteoclastic bone resorption,
there is a great need to better understand these mechanisms (5).

Vacuolar-type H+-ATPase (V-ATPase) is primarily responsible for proton secretion and
intracellular vesicle acidification. It has been suggested that V-ATPases are involved in a
wide variety of physiological processes, including endocytosis, exocytosis, intracellular
membrane trafficking, membrane fusion, and cell–cell fusion (6–9). Understanding the
molecular and cellular mechanisms by which V-ATPases regulate endocytosis, exocytosis
and intracellular trafficking in bone-resorbing osteoclasts will likely to facilitate the
development of novel and selective inhibitors for the treatment of lytic bone disorders.

ATP6ap1 (Ac45), an accessory subunit of the V-ATPase complex, is a type I
transmembrane protein associated with the V-ATPase membrane domain (V0). Ac45
knockout results in early embryonic lethality, indicating that Ac45 is essential to embryonic
development (10). Louagie et al. demonstrated that impaired processing of Ac45 may be
responsible for disturbed intragranular acidification in the endocrine pancreas (11). Jansen et
al. reported that Ac45 was intrinsically capable of mediating endocytosis of a cell surface
protein in CV-1 kidney fibroblasts, indicating that the cytoplasmic tail of Ac45 contains an
internalization signal for endocytosis (12). Recently, overexpression of an Ac45 cytoplasmic
terminus deletion mutant in RAW264.7 cells resulted in a dramatic reduction in osteoclast-
mediated bone resorption and alterations in the binding proximity of Ac45 with the V-
ATPase V0 domain subunits a3, c”, and d (13). Another study pointed towards the
physiologic importance of the entire Ac45 protein by revealing that the intact N-linked
glycosylated Ac45 is cleaved into a C-terminal (42±44 kDa) fragment and a previously
unreported N-terminal (~22-kDa) fragment in the endoplasmic reticulum or cis-Golgi
(where activation of the V-ATPase is necessary) (14). These studies demonstrate that Ac45
has diverse roles in different cells and stages of development. Numerous critical questions
remain unanswered related to whether or not Ac45 plays an important role in osteoclast-
mediated extracellular acidification, exocytosis in osteoclasts, or intracellular lysosomal
trafficking to the ruffled border. The mechanism underlying Ac45’s ability to guide
lysosomes to the ruffled border also remains unknown. We began to address these critical
questions by investigating the role of Ac45 in osteoclasts. Previous studies led us to
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hypothesize that Ac45 may regulate vesicular intracellular trafficking and protease
exocytosis in resorbing osteoclasts. We determined that osteoclasts have a high expression
level of Ac45 after receptor activator for nuclear factor kappa B ligand (RANKL) induction.
Since there are likely distinct functional differences between the intact and truncated Ac45
protein, we used lentivirus-mediated RNAi silencing to knockdown Ac45 gene expression
and perform a loss-of-function study on the Ac45 protein that would reveal features of its
physiological role. We revealed that Ac45 affects osteoclast-mediated acidification and bone
resorption through its important roles in the regulation of lysosomal trafficking and protease
exocytosis, as well as its role in osteoclast differentiation and cell fusion. We also revealed
that lysosomal trafficking, osteoclast differentiation, and osteoclast fusion may be regulated
through Ac45’s involvement in the Rab7, ERK/c-fos/NFATc1, and Tm7sf4 signaling
pathways (respectively). These findings provide essential insight to longstanding cell
biology questions regarding the mechanism underlying lysosomal trafficking and
exocytosis, processes which are indispensable for proper osteoclastic bone resorption.

Materials and Methods
Constructs and Western blotting

We designed 5 shRNA specifically targeting the mRNA of mouse Ac45 (NM_018794)
using The RNAi Consortium (TRC) (http://www.broadinstitute.org/rnai/public/) with the
sense strand sequences of 5’-1745CCTTGCTGTTTATAGTGCTTT1765-3’(ac45s1),
5’-1344GCACATGATACTCAGCCTAAA1364-3’(ac45s2),
5’-1075GCCCATTTCAATGTTTCCCAA1095-3’(ac45s3),
5’-274CGTAATGTACTGCTGTTCCTA294-3’(ac45s4), and
5’-844GCATACAAAGACGAGTGGAAA864-3’(ac45s5). The negative control siRNA
targeting GFP is 5’-ACAACAGCCACAACGTCTATA-3’. The siRNA targeting ATP6v1e1
(NM_007510.2) as a control is 5’-806GCTTCCTCTTTCTGTTCTA AT826-3’. The shRNA
oligos were annealed and ligated into the AgeI-EcoRI cloning site of the pLKO.1 vector,
which carries the puromycin- resistance gene and drives shRNA expression from a human
U6 promoter. SDS-PAGE and Western blot analysis were carried out as our lab previously
described (15;16).

Confocal microscopy and three-dimensional reconstruction for lysosomal intracellular
trafficking and exocytosis of cathepsin K in osteoclasts

Confocal microscopy and three-dimensional reconstruction were performed in the Optical
Image Office of Harvard Neurodiscovery Center (Boston, MA) and the University of
Alabama at Birmingham (UAB) High Resolution Imaging Facility (Birmingham, AL) to
observe the intracellular trafficking of lysosomal marker lamp-1, V-ATPases, and the
exocytosis of cathepsin K. For observation of lysosomal intracellular trafficking in non-
resorbing (non-polarized) osteoclasts, mouse bone marrow (MBM) was cultured on glass
slices. For observation of lysosomal intracellular trafficking in resorbing (polarized)
osteoclasts, MBM was cultured on dentin slices or bone slices. To localize the V-ATPase,
we used three different antibodies (1:75): anti-ATP6v0a3, anti-ATP6v1b2, and anti-
ATP6v1c1. Fluorescent antibody distribution was monitored with a Zeiss LSM 510 confocal
laser-scanning microscope (Zeiss, Germany) using standard filter settings and sequential
scanning to avoid crosstalk. For the exocytosis assay, cathepsin K antibodies (1:100) and 2
U/ml rhodamine phalloidin were used to co-stain cathepsin K and the actin ring of
osteoclasts cultured on dentin slices. For both assays, MBM cells were isolated and cultured
in 24 well-plates in α-MEM with 10ng/ml M-CSF and 10ng/ml RANKL for 48 hours and
then cells were transduced with lentivirus. Untransduced cells (mock) and transduced cells
were cultured with M-CSF/RANKL for a total of 5 days before analysis. The thickness of
the optical section was set to 1µm for the z-stack scan. In some images, the maximum
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projection image was generated to allow the visualization of the area just above the bone
surface to the bottom of the pit. For three-dimensional reconstruction, the optical thickness
of the x-y sections was set to 0.5 µm and sections were collected from the top of the cell to
the bottom of the pit. The sections were then added together with Imaris software (Bitplane,
Zürich, Switzerland) and displayed as x-z and y-z sections of the whole cell. Experiments
were repeated three times.

Immunofluorescence Co-localization
MBM was grown on bone slices and induced by RANKL and M-CSF for 5 days. The cells
were then fixed with 2% formaldehyde in PBS for 20 minutes, washed with PBS 3 times,
incubated in 0.2% Triton X-100 for 15 minutes, and blocked for one hour with 10% normal
goat serum in PBS. Additionally, cells were incubated in the primary antibodies (1:50),
diluted in 1% normal serum in PBS overnight at 4°C, washed three times with PBS for 5
minutes, and incubated with either secondary antibody goat-anti-rabbit-FITC (1:50), goat-
anti-rabbit-TR (1:50), or with goat-anti-mouse-TR (1:50) for 1 hour. Cells were then washed
with PBS and mounted with anti-fade mounting medium (gift from Dr. Shi-liang Ma).
Observations were performed by fluorescence in a Zeiss LSM 510 confocal laser-scanning
microscope (Zeiss, Germany).

Results
Ac45 was highly expressed in mouse osteoclasts

To determine if Ac45, an accessory subunit of the V-ATPase, has an important role and
function in osteoclasts, we first analyzed expression profiles of the Ac45 gene and protein in
osteoclasts. Using microarray analysis as our lab and others have described (15–17), we
found that the mRNA expression level of Ac45 was induced about 3.5-fold higher in mature
osteoclasts [mouse bone marrow (MBM) induced by macrophage colony-stimulating factor
(M-CSF) and RANKL for 5 days] than in monocytes (MBM induced by M-CSF alone for 5
days) (Fig. 1A). We used Western blot analysis to detect Ac45 protein expression (Fig. 1B)
and found that the protein level of Ac45 continued to increase during osteoclast
differentiation and maturation (normalized to the β-actin level; Fig. 1C). After 120 hours of
RANKL and M-CSF induction, Ac45 protein expression was approximately 10-fold higher
than at the 24-hour time point. These results indicated that Ac45 is much more highly
expressed in osteoclasts compared to monocytes and that it can be induced by RANKL and
M-CSF during osteoclast differentiation, suggesting that Ac45 may be of particular
importance in mature osteoclasts.

Ac45 expression was effectively depleted by lentivirus siRNA in osteoclasts
To accurately determine the effect of the loss-of-function of Ac45, we prepared five
lentiviral constructs, which encode siRNAs that target Ac45. Through Western blot analysis,
it was demonstrated that two of the five siRNAs (ac45s1 and ac45s2) had the ability to
deplete about 90% of the expression of Ac45 in osteoclasts (Fig. 1D,E) in comparison to
untransduced osteoclasts (mock) and to osteoclasts treated with siRNA targeting GFP.
Therefore, we used the lentivirus packaged with pLKo.1-ac45s1 and pLKo.1-ac45s2 [named
Lentivirus-Ac45-RNAi(s1) and Lentivirus-Ac45-RNAi(s2) respectively] to transduce
osteoclasts for different functional assays. We also used the lentivirus packaged with pLKo.
1-GFP (Lentivirus-GFP-RNAi) as an internal control. Lentiviral transduction itself did not
cause any change in Ac45 expression since control osteoclasts transduced with Lentivirus-
GFP-RNAi showed similar protein levels as mock cells (Fig. 1D,E). These results indicate
an effective and specific depletion of Ac45 by siRNA in primary cultured osteoclasts.
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Knockdown of Ac45 reduced the formation of multinucleated osteoclasts
We determined through Western blot that Ac45 expression in osteoclasts was significantly
knocked down by Lentivirus-Ac45-RNAi(s1) compared to osteoclasts treated with
Lentivirus-GFP-RNAi (Fig. 2A,B). Transduction efficiency of Lentivirus-Ac45-RNAi(s1)
and Lentivirus-Ac45-RNAi(s2), which carried 10% reporter GFP DNA, was confirmed
through GFP expression in almost all osteoclasts compared to the fluorescence expressed in
osteoclasts transduced by Lenti-pLB that carried 100% reporter GFP DNA (Fig. 2C) as our
lab previously described (15). Compared to the control cells, there were fewer tartrate-
resistant acid phosphatase (TRAP) positive multinucleated osteoclasts (MNCs) (with ≥3
nuclei) in groups depleted of Ac45 at the 48 and 72 hour time points (Fig. 2C,D) even
though all groups were cultured with M-CSF/RANKL for a total of 5 days. Compared to the
control group, the nuclei number per MNC and the average MNC size was significantly
reduced in the group depleted of Ac45 at the 48-hour time point, but not in the group
depleted of Ac45 at the 72-hour time point (Fig. 2E,F). Therefore, we checked the
expression of fusion genes Tm7sf4 and d2 (18;19) to determine if Ac45 has a role in
osteoclast fusion. Interestingly, we found that Tm7sf4 mRNA expression significantly
decreased in groups depleted of Ac45 at the 48-hour time point but not in groups depleted of
Ac45 at the 72-hour time point. Expression of d2 was not significantly changed when Ac45
was depleted at 48 or 72 hours (Fig. 2G,H). Hence, Ac45 may also be important for the
development of mature multinucleated osteoclasts.

Ac45-depleted multinucleated osteoclasts formed normal filamentous actin (F-actin) rings
and did not undergo apoptosis

To investigate if Ac45-depleted osteoclasts fail to form normal actin rings, which are formed
during osteoclast maturation (20), we used phalloidin staining for F-actin. Although Ac45
deficiency reduces the number of multinucleated osteoclasts, our results indicate that it does
not affect the formation of F-actin podosomal belts in those multinucleated osteoclasts that
do develop (Fig. 2C).To elucidate if cell apoptosis is the pathway by which depletion of
Ac45 impairs formation of multinucleated osteoclasts, we performed an apoptosis assay
with Hoechst 33258 staining. Compared with the apoptosis control group, the nuclei of
osteoclasts transduced with GFP-RNAi, Lentivirus-Ac45-RNAi(s1), and Lentivirus-Ac45-
RNAi(s2) did not show the obvious chromatin condensation and/or nuclear fragmentation
associated with apoptosis (Fig. 2I). Therefore, it is unlikely that Ac45 influences the
development of mature osteoclasts through cell apoptosis.

Depletion of Ac45 impaired extracellular acidification and decreased osteoclastic bone
resorption

Since actin rings are intact in the multinucleated osteoclasts that form after Ac45
knockdown at the 48 and 72 hour time points, it is important to clarify if these osteoclasts
are also capable of normal extracellular acidification and bone resorption. We measured the
acidification activity by vital staining of osteoclasts with acridine orange (21). Lentivirus-
Ac45-RNAi(s1) and Lentivirus-Ac45-RNAi(s2) transduced osteoclasts displayed little
orange-red staining (indicates active production of H+ and extracellular acidification)
compared to mock and Lentivirus-GFP-RNAi osteoclasts. This indicates a severe block of
acidification activity due to the knockdown of Ac45. Since ATP6v1e1 is a core subunit of
the osteoclast V-ATPase and not an accessory subunit like Ac45, it is expected that its
depletion will impair extracellular acidification. Thus, we transduced an additional group of
cells with Lentivirus-ATP6v1e1-RNAi as a control. The Lentivirus-ATP6v1e1-RNAi
effectively and specifically depleted about 90% of the expression of ATP6v1e1 in
osteoclasts, compared with the Lentivirus-GFP-RNAi group (data not shown). As expected,
osteoclasts transduced with Lentivirus-ATP6v1e1-RNAi also had little orange-red staining
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(Fig. 3A). This result promotes us to further determine if impaired extracellular acidification
is the result of general damage to the V-ATPase. So, we used confocal microscopy to
observe Atp6v0a3 (a3) and Atp6v1c1 (C1) colocalization to determine if Ac45 knockdown
impaired assembly of the V-ATPase complex as described (22). We found that Ac45
knockdown has no effect on osteoclast V-ATPase assembly since a3 colocalized with C1 as
in the control osteoclasts. Importantly, we found that a3 and C1 colocalized mostly on the
plasma membrane of control osteoclasts and mostly in the cytoplasm of the Ac45-
knockdown osteoclasts (Fig. 3B). This result suggests that Ac45 knockdown has no effect
on V-ATPase assembly and that the decrease in osteoclast extracellular acidification when
Ac45 is knocked down may be partially due to impaired V-ATPase trafficking to the plasma
membrane.

We also assessed the formation of resorption pits on bovine cortical bone slices by mock and
Lentivirus-GFP-RNAi control osteoclasts and by osteoclasts transduced with Lentivirus-
Ac45-RNAi(s1) or Lentivirus-Ac45-RNAi(s2) after 48 or 72 hours of M-CSF/RANKL
induction. All cells were cultured with M-CSF/RANKL for a total of 5 days. We seeded the
same number of MBM cells on each bone slice (Fig. 3C,D,E). Corresponding with our
previous finding that Ac45 knockdown inhibits MNCs formation, there were less MNCs in
the Ac45 knockdown group (Fig. 3F). Our ELISA assay revealed that there was a significant
reduction in the CTX concentration in Ac45-knockdown osteoclast culture media compared
to the control osteoclast media (Fig. 3G). In addition, scanning electron microscopy analysis
of the bone slices indicated that Ac45-depleted osteoclasts had a dramatic reduction in bone
resorption (2%-7% resorbed area per mm2) compared to control cells (approximately 60%
resorbed area) (Fig. 3H,I). Taken together, these results suggest that Ac45 is essential for the
extracellular acidification and bone resorption of osteoclasts.

Depletion of Ac45 resulted in defective lysosomal trafficking and sorting towards the
ruffled border

A key step for extracellular acidification and bone resorption is the insertion of V-ATPases
into the lysosomal membrane and their recruitment to the ruffled border. In Fig. 3B, we
found that Ac45 knockdown may block V-ATPase trafficking to the plasma membrane but
that it does not affect V-ATPase assembly. Accordingly, we examined if Ac45 knockdown
in osteoclasts blocks lysosomal trafficking. It has been reported that in osteoclasts, V-
ATPases with the a3 isoform were immunochemically colocalized with lysosome marker
lamp2 and detected in acidic organelles (23). Furthermore, V-ATPases with the a3 isoform
localized in late endosomes/lysosomes that are transported to the cell periphery during
differentiation and finally assembled into the plasma membrane of mature osteoclasts (23).
Consequently, we first used a3 localization to indirectly address the role of Ac45 in
lysosomal trafficking. We also used Atp6v1b2 (B2) and Atp6v1c1 (C1) subunits to further
indicate the effect of Ac45 on lysosomal trafficking because B2 (24) and C1 (15) are also
specific subunits in the osteoclast plasma V-ATPase. In both non-resorptive cells on glass
slices (Fig. 4IA-4Ii) and resorptive cells on dentin slices (Fig. 4IJ-IU), the V-ATPase
diffused throughout the cytoplasm in the Ac45-depleted group (Fig. 4IG-Ii,4IP-IR,4IU)
compared to the mock (Fig. 4IA-IC,4IJ-IL,4IS) and Lentivirus-GFP-RNAi (Fig. 4ID-IF,
4IM-IO,4IT) control groups in which V-ATPase was localized to the ruffled border. The Z
axis view in the three-dimensional system provides a view of the diffusion of the V-ATPase
throughout osteoclast cytoplasm in Ac45-depleted cells (Fig. 4IPz-IRz), which is contrasted
by the precise targeting of the V-ATPase to the bone surface in control cells (Fig. 4IJz-IOz).
Notably, the 3D reconstruction of the bone surface shows that the Ac45-depleted cells,
unlike the control (Fig. 4IT) and mock cells (Fig. 4IS), appeared to maintain a non-polarized
status (Fig. 4IU). These findings indirectly indicate that lysosomes lost their targeted
trafficking ability when Ac45 was knocked down. To further confirm these findings, we
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used lysosome marker lamp-1, together with osteoclast-specific V-ATPase subunit a3, to
directly determine if knockdown of ac45 impairs lysosomal trafficking in osteoclasts on
bone slices. In mock and Lentivirus-GFP-RNAi control resorptive osteoclasts, both lamp-1
(red, Fig.4IID,4IIE) and a3 (green, Fig.4IIA,4IIB) were localized to the ruffled border
within the resorption zone (Fig. 4IIA,4IIB,4IID,4IIE, white arrows). In contrast, both lamp-1
(red, Fig. 4IIF) and a3 (green, Fig. 4IIC) diffused throughout the cytoplasm in Ac45-
depleted osteoclasts. The XZ and YZ views in the three-dimensional system provide
additional views of the diffusion of a3 and lamp-1 throughout the osteoclast cytoplasm in
Ac45-depleted cells (Fig. 4IIL), which is contrasted by the precise targeting of a3 and
lamp-1 to the bone surface in control cells (Fig. 4IIJ,4IIK, white arrows). Notably, a3 and
lamp-1 are always associated, both in control osteoclasts (Fig. 4IIG,4IIH and 4IIJ,4IIK,
white arrows) and in ac45-depleted osteoclasts (Fig. 4IIi,4IIL). Together, our data
demonstrates that lysosomal trafficking to the ruffled border is lost in Ac45-depleted
osteoclasts, which indicates that Ac45 has a role in regulating V-ATPase and lysosomal
trafficking and sorting.

Depletion of Ac45 impaired exocytosis of cathepsin K
To explore whether the exocytosis of cathepsin K (a protease involved in bone resorption) is
also impaired by Ac45 depletion, we performed cathepsin K and actin ring co-staining in
osteoclasts on bone slices. In mock (Fig. 5A–C) and Lentivirus-GFP-RNAi control (Fig.
5D–F) cells, large amounts of cathepsin K were exocytosed into the resorption lacunae
circumscribed by actin rings. Cells treated with Lentivirus-Ac45-RNAi(s1) or Lentivirus-
Ac45-RNAi(s2) formed actin rings (Fig. 5G,J), however, cathepsin K remained chiefly
located in the cytoplasm (Fig. 5I,L) instead of accumulating within the actin ring and being
exocytosed as in the mock and control cells (Fig. 5C,F). The Z axis view in the three-
dimensional system provides a better view of the exocytosis of cathepsin K in the
extracellular resorptive compartment between the cell and surface of the dentin slice at the
resorption pit site (Fig. 5Dz-Fz). This exocytosis of cathepsin K was totally blocked by
Ac45 depletion, as shown by the absence of cathepsin K in the resorption lacunae (Fig. 5Jz-
Lz). Osteoclasts were also transduced by Lentivirus-ATP6v1e1-RNAi in order to compare
the function of Ac45 with that of a core V-ATPase subunit. Similar to mock and Lentivirus-
GFP-RNAi groups, we observed that osteoclasts transduced with Lentivirus-ATP6v1e1-
RNAi had a higher concentration of cathepsin K within the actin ring than without (Fig.
5M–O). We further checked the cathepsin K protein level in osteoclast culture media and
found that Ac45 knockdown significantly reduced cathepsin K secretion in the media (Fig.
5P–R). Together, these results demonstrate that cathepsin K can be produced in Ac45-
depleted osteoclasts, but that its exocytosis towards resorption lacunae via the ruffled border
is markedly inhibited.

Ac45 interacts with small GTPase Rab7
It is known that Rab7, a small GTPase, is involved in vesicular trafficking (25). As an initial
investigation of the relationship between Ac45 and Rab7 in the mechanism underlying
extracellular acidification, lysosomal trafficking, and cathepsin K exocytosis, we performed
an immunostaining analysis. We found that Ac45 colocalized with Rab7 in resorbing
osteoclasts cultured on bone slices (Fig. 6A). In addition, a co-immunoprecipitation assay
revealed that Ac45 directly interacted with Rab7, but not with Rac1 (Rac1 is important for
regulation of the actin cytoskeleton (25)) (Fig. 6B). Furthermore, immunoprecipitation of
the fusion protein FLAG-Rab7 with monoclonal anti-FLAG and Western blot analysis show
that Ac45 was precipitated with both wild-type Rab7 and its active form RAB7Q67L (Fig.
6C). Osteoclasts that had been transduced with empty vectors and the total cell lysates
(TCL) were used as controls. Our results suggest that Ac45 directly interacts with both the
wild-type and the constitutively active forms of Rab7 and that Ac45 colocalizes with Rab7
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in resorbing osteoclasts. Therefore, Ac45’s role in extracellular acidification, lysosomal
trafficking, and cathepsin K exocytosis may be through the Rab7 pathway.

Knockdown of Ac45 reduced osteoclast differentiation, osteoclast precursor cell
proliferation, and the expression of proteins that promote osteoclastogensis

During our initial investigation of the role of Ac45 in osteoclast function, we noted that the
formation of multinucleated osteoclasts was significantly inhibited (Fig. 2). In order to
further clarify the role of Ac45 in the differentiation of mononuclear cells to mature
osteoclasts, MBM cells were transduced with lentivirus after 12 or 24 hours of culture in α-
MEM with 10ng/ml M-CSF and 10ng/ml RANKL. After the transduced cells were cultured
for an additional 4–5 days, we determined that Ac45-depleted groups had a dramatic
reduction in the number of TRAP+ multinucleated osteoclasts compared to the control
groups (Fig. 7A,B). However, differentiation of TRAP+ mononuclear cells from MBM was
not affected (Fig. 7A). This further demonstrates that cell-cell fusion is severely impaired by
Ac45 deficiency as in Fig. 2C–H. However, it is still unclear if Ac45 knockdown decreases
the final number of osteoclasts by influencing osteoclast precursor cell proliferation and
apoptosis. To address this question, monocytes were transduced at the 12-hour time point.
After an additional 48 hours of induction with M-CSF, cells were incubated with BrdU for
2.5 hours or incubated with α-MEM without FBS and M-CSF for 24 hours. We found that
the Ac45-depleted group had a dramatic reduction in the ratio of BrdU positive cells (Fig.
7C,D), but had no significant difference in the ratio of TUNEL positive cells compared to
the controls (Fig. 7E,F). To understand the mechanism of Ac45’s role in osteoclastogenesis,
we examined if Ac45 knockdown affects the ERK/c-fos/NFATc1 signaling pathway, which
is known to be important for osteoclast differentiation (26). Western blot revealed that
protein expression of phosphorylated ERK (p-ERK), FBJ osteosarcoma oncogene (c-fos),
and nuclear factor of activated T-cells, cytoplasmic 1 (NFATc1) was significantly
downregulated when Ac45 was knocked down at the 24- or 72-hour time point (Fig. 7G,H).
Our findings indicate that Ac45 is involved in the ERK/c-fos/NFATc1 signaling pathway,
thereby regulating osteoclast differentiation.

Discussion
Our research on the Ac45 protein, a V-ATPase accessory subunit, demonstrated that Ac45 is
highly expressed in osteoclasts and important for osteoclast precursor cell differentiation and
fusion, but not for actin ring formation. Our results also showed that Ac45 is required for
osteoclast-mediated extracellular acidification and bone resorption. In addition, Ac45 is
important for intracellular trafficking and sorting of lysosomes to the ruffled border in
osteoclasts and for the exocytosis of cathepsin K.

Surprisingly, knockdown of Ac45 after 48 or 72 hours of RANKL/M-CSF induction
reduced the formation of multinucleated osteoclasts (Fig. 2C–F), which is similar to the
recent report by Qin. et al. (27). The underlying mechanism did not involve apoptosis (Fig.
2I), but it did involve the downregulation of the fusion gene Tm7sf4 (especially at the 48-
hour transduction time point). Ac45 may have important functions related to
osteoclastogensis that remain to be further explored. Our results in Fig.7 provided additional
insight to the role of Ac45 in osteoclast differentiation. We found that Ac45 knockdown
blocked osteoclast precursor cell proliferation, but had no effect on their apoptosis (Fig. 7C–
F). During the process of osteoclastogenesis, RANKL activates TNF receptor-associated
factor 6 (TRAF6), which leads to the activation of ERK through ERK phosphorylation (p-
ERK) (28). Sustained ERK activity induces c-fos expression and stabilization (29). In turn,
c-fos induces NFATc1, the major transcription factor of osteoclastogenesis (26). The role of
Ac45 in this signaling pathway is supported by our findings that Ac45 is important for the
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differentiation of TRAP+ mononuclear cells to mature osteoclasts and for cell fusion (Fig. 7
and Fig. 2). Notably, protein expression of p-ERK, c-fos, and NFATc1 was downregulated
by Ac45 knockdown (Fig. 7G,H), suggesting that Ac45 acts upstream of the ERK/c-fos/
NFATc1 signaling pathway which regulates osteoclast differentiation.

Despite the inhibition of osteoclast differentiation resulting from Ac45 knockdown, a
significant number of multinucleated osteoclasts are still present after Ac45 knockdown and
allow for functional studies. Although these Ac45-depleted osteoclasts are capable of actin
ring formation (Fig. 2C), they had little to no extracellular acidification activity (Fig. 3A),
which may be due to impaired polarization of V-ATPases to the plasma membrane (Fig.
3B). Ac45-depleted osteoclasts also had severely impaired bone resorption (Fig. 3G–I).
Confocal microscopy and three-dimensional reconstruction indirectly revealed that unlike
mock cells, osteoclasts transduced with Lentivirus-Ac45-RNAi(s2) do not form deep bone
resorption pits (Fig. 5Ez,Kz). These results confirm and build on the findings of a previous
study which reported that the cytoplasmic terminus of Ac45 may play an important role in
osteoclastic bone resorption (13).

To reveal the mechanism of Ac45's role in osteoclastic bone resorption, we examined if
Ac45-depleted osteoclasts impair lysosomal sorting and routing since V-ATPase recruitment
to the ruffled border is a key step for acidification and bone resorption (30;31). Instead of
sorting towards the cell membrane, we found that lysosomes lost their targeted trafficking
property and diffused throughout the cytoplasm in Ac45-depleted cells, as shown by the loss
of V-ATPase polarization at the plasma membrane (Fig. 3B and Fig. 4). Use of osteoclasts
as a polarized cell model in this study provides strong evidence that Ac45 is likely a
regulator for lysosomal trafficking in a defined direction in osteoclasts and perhaps in other
cells. This finding is consistent with a previous report that the cytoplasmic terminus of Ac45
contains autonomous targeting and sorting signals that contribute to the transport of the
Ac45 protein in fibroblasts (12). In osteoclasts, there are major implications for Ac45’s role
in lysosomal routing since V-ATPases must be recruited to the ruffled border in order to
pump hydrogen ions into the resorptive lacuna, which creates a low pH microenvironment
that contributes to bone resorption by degrading inorganic minerals (32–34). Bone
resorption also requires the secretion of proteolytic enzymes (e.g. cathepsin K) (35;36) into
the resorptive lacuna for organic matrix degradation. Our research revealed that cathepsin K
exocytosis towards the resorption lacuna was remarkably reduced in Ac45-depleted
osteoclasts (Fig. 5). Importantly, this appears to be specifically due to Ac45 deficiency, and
not the general consequence of a defective V-ATPase, since ATP6v1e1 (an osteoclast V-
ATPase subunit) depletion did not block cathepsin K exocytosis. Furthermore, the function
of cathepsin K exocytosis is independent from extracellular acidification since ATP6v1e1
knockdown resulted in impaired extracellular acidification (Fig. 3A), but maintained normal
cathepsin K exocytosis (Fig. 5O). Our research indicates that defective lysosomal trafficking
to the ruffled border may partly contribute to the inhibited exocytosis of cathepsin K.
However, it remains unknown to what degree the signaling pathways or biosynthetic
vesicular trafficking routes that regulate these processes are similar or overlapping (37).
Importantly, we demonstrate for the first time that Ac45 regulates lysosomal trafficking and
the exocytosis of cathepsin K, thereby affecting extracellular acidification and the important
function of bone resorption.

Recent studies have shown that Ras GTPase-activating-like protein (IQGAP1) binds to
cytoplasmic linker protein 170 (CLIP-170) and Rac1, which directly interacts with Rab7 and
forms a complex that is capable of regulating the movement of acidic vesicles along
microtubules to actin filaments and into the fusion zone of the ruffled border (38). Indeed,
inhibition of the expression of Rab7 impairs formation of the ruffled border and osteoclast
secretion (39). Notably, our research demonstrates that intracellular trafficking of lysosomes
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to the ruffled border is dramatically blocked when Ac45 is depleted (Fig. 4), indicating that
Rab7 is not sufficient for vesicular trafficking in the absence of Ac45. As a transmembrane
protein of vesicles and a protein which directly binds to Rab7, Ac45 has the potential to
bridge the V-ATPase in vesicles to Rab7 and consequently drag the vesicle along the
microtubule to the ruffled border. The potential role of Ac45 in vesicular trafficking is
supported by our finding that Ac45 co-localizes with Rab7, and directly interacts with Rab7
(Fig. 6). Although detailed mechanisms of vesicular trafficking and cathepsin K exocytosis
in osteoclasts remain to be elucidated, we suspect that the interaction of Ac45 with Rab7
may be involved in these processes. Based on our findings and the work of others (38;40),
we suggest that Ac45 may have the capacity to bridge the V-ATPase in vesicles to the Rab7-
Rac1 complex and consequently drag the lysosome along the microtubule to the ruffled
border.

Our study demonstrates for the first time that Ac45 has an important role in osteoclast
differentiation through the ERK/c-fos/NFATc1 signaling pathway and in osteoclast-
mediated protease exocytosis. We also demonstrate that Ac45 has an important role in the
regulation of lysosomal trafficking to the ruffled border, possibly through a Rab7 signaling
pathway. This research provides insight to the long-standing question of the mechanism
underlying vesicular trafficking to the ruffled border and the related process of cathepsin K
exocytosis. These findings suggest that Ac45 may be an ideal target for treating osteolytic
diseases such as osteoporosis or rheumatoid arthritis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Expression of Ac45 in osteoclasts and its effective depletion by lentiviral siRNA. (A)
Microarray data of expression levels of Ac45 in monocytes and osteoclasts. Intensity units
(IU). (B) Western blot analysis of the time-course of Ac45 protein expression in MBM
induced by M-CSF and RANKL. (C) The protein levels on time-course blot were analyzed
and quantified with the NIH ImageJ software. The values shown represent ratios of Ac45 to
β-actin protein levels that have been normalized (n=3). (D) Western blot verified Ac45
knockdown effect of 5 siRNAs by lentivirus-mediated transduction. GAPDH was used as a
protein loading control and Lentivirus-GFP-RNAi as a transduction efficiency control. (E)
The protein levels on blot were analyzed and quantified with the NIH ImageJ software. The
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values shown represent ratios of Ac45 to GAPDH protein levels that have been normalized
(n=3). *P<0.05, **P<0.01 compared with that of Lentivirus-GFP-RNAi treated cells.

Yang et al. Page 14

J Bone Miner Res. Author manuscript; available in PMC 2014 March 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Lentivirus-mediated knockdown of Ac45 reduced the formation of multinucleated
osteoclasts, but it did not impair actin rings formation. (A) Western blot of Ac45 protein
expression in mock cells and monocytes, as well as in osteoclasts transduced with
Lentivirus-Ac45-RNAi (s1) and Lentivirus-GFP-RNAi after 48 or 72 hours of M-CSF/
RANKL induction. β-actin was used as a protein loading control. (B) The protein levels on
blot were analyzed and quantified with the NIH ImageJ software. The values shown
represent ratios of Ac45 to β-actin protein levels that have been normalized (n=3). (C)
Various assays performed on osteoclasts transduced with Lentivirus-GFP-RNAi, Lentivirus-
Ac45-RNAi(s1), or Lentivirus-Ac45-RNAi(s2). Row 1: Verification of lentivirus
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transduction and siRNA expression through GFP reporter gene expression. Row 2 and 3:
TRAP staining of osteoclasts transduced after 48 or 72 hours of M-CSF/RANKL induction
as indicated. Row 4: Immunostaining of F-actin podosomal belts with rhodamine phalloidin.
The osteoclasts shown were representative of the data (n=3). (D) Quantification of TRAP-
positive multinucleated cell (MNC) number (≥ 3 nuclei) in rows 2 & 3 of C. All data are
expressed as mean ± s.d. (n=5). (E) Quantification of the number of nuclei per MNC in rows
2 & 3 of C. All data are expressed as mean ± s.d. (n=10). (F) Quantification of MNC size in
rows 2 & 3 of C. All data are expressed as mean ± s.d. (n=10). (G) d2 mRNA expression
level relative to Hprt1. (n=3). (H) Tm7sf4 mRNA expression level relative to Hprt1. (n=3).
In D-H, column 1 is Lentivirus-GFP-RNAi, column 2 is Lentivirus-Ac45-RNAi(s1), and
column 3 is Lentivirus-Ac45-RNAi(s2). (I) Apoptosis assay with Hoechst 33258 staining in
osteoclasts 48 hours after M-CSF/RANKL induction. Compared to the positive apoptosis
control (apoptosis induced by M-CSF/RANKL starvation for 12 hours), apoptosis does not
occur as a result of Ac45 depletion. Red arrows indicate apoptotic nuclei and white arrows
indicate normal nuclei. *P<0.05, **P<0.01, ***P<0.001 compared with that of Lenti-GFPi
treated cells at the same time points of transduction.
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Fig. 3.
Depletion of Ac45 impaired extracellular acidification, V-ATPase trafficking to the plasma
membrane, and osteoclastic bone resorption. (A) Acridine orange staining of mock
osteoclasts and osteoclasts transduced by Lentivirus-GFP-RNAi, Lentivirus-Ac45-
RNAi(s1), Lentivirus-Ac45-RNAi(s2), and Lentivirus-ATP6v1e1-RNAi (as a control) after
48 or 72 hours of M-CSF/RANKL induction. (B) Atp6v1c1 and Atp6v0a3
immunofluorescence staining of osteoclasts as indicated, white arrows indicate
colocalization of Atp6v1c1 and Atp6v0a3. (C) TRAP staining of bone discs with osteoclasts
as indicated. (D) Rhodamine phalloidin and DAPI staining of osteoclasts on bone as
indicated. (E) Quantification of nuclei per mm2 in D (n=5). (F) Quantification of MNCs’
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nuclei per mm2 in D (n=5). (G) ELISA assay of CTX concentration in osteoclast culture
media as indicated. (H) Bone resorption pits on bovine cortical bone slices resulting from
mock osteoclasts and osteoclasts transduced with Lentivirus-GFP-RNAi, Lentivirus-Ac45-
RNAi(s1), and Lentivirus-Ac45-RNAi(s2) after 48 or 72 hours of M-CSF/RANKL
induction. The bone slices were subjected to scanning electron microscopy analysis. White
inset boxes: higher magnification view of the bone resorption pits. (I) Quantification of
percentage of resorption area per mm2 among the groups at different time points of
transduction. (n=3). In E, F, G, and I, column 1 is Mock, column 2 is Lentivirus-GFP-RNAi,
column 3 is Lentivirus-Ac45-RNAi(s1), and column 4 is Lentivirus-Ac45-RNAi(s2).
*P<0.05, **P<0.01 compared with that of Lentivirus-GFP-RNAi treated cells. All results
are mean ± s.d.
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Fig. 4.
Depletion of Ac45 resulted in sorting failure and a loss of lysosomal trafficking to the
ruffled border. (I) Three different antibodies anti-ATP6v0a3, anti-ATP6v1b2, and anti-
ATP6v1c1 were used to localize V-ATPases either in (IA-Ii) non-resorptive cells on glass
slices or (IJ-IU) resorptive cells on dentin slices. Mock osteoclasts and osteoclasts
transduced with Lentivirus-GFP-RNAi or Lentivirus-Ac45-RNAi(s1) after induction with
M-CSF/RANKL for 48 hours were viewed as follows: (IA-Ii) Zeiss Axioplan microscope
assay of V-ATPase localization; (IJ-IR) horizontal views (x-y sections) of confocal
microscopy analysis of V-ATPase localization; (IJz-IRz) lateral views (z-x sections) of cells
stained for anti-ATP6v0a3, anti-ATP6v1b2, and anti-ATP6v1c1. The positions of confocal
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sections are shown by dotted lines in the corresponding images. (IS-IU) Three-dimensional
reconstruction of the cell on the bone surface. The length of the scale bar is 10 µm. (II) Two
different antibodies, anti-ATP6v0a3 (fluorescence appears green) and anti-lamp-1
(fluorescence appears red), were used to localize lysosomes in resorptive cells [mock
osteoclasts and osteoclasts transduced with Lentivirus-GFP-RNAi or Lentivirus-Ac45-
RNAi(s1)] on bone slices. (IIA-IIi) Three-dimensional reconstruction of cells on the bone
surface. Nuclei were labeled using DAPI DNA stain, and appear blue in merged images.
Yellow staining in merged images indicates colocalization of Atp6v0a3 and lamp-1. (IIJ-
IIL) Slices and sections of IIG-IIi. The surface of the cells in XZ and YZ is outlined in
white. The positions of confocal sections are shown by dotted lines in the corresponding
images. White arrows indicate staining at the ruffled border. Blue arrows indicate staining in
monocytes. The length of the scale bar is 20 µm.
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Fig. 5.
Depletion of Ac45 causes defects in cathepsin K exocytosis. Cathepsin K was
immunostained with anti-cathepsin K antibody and then costained with F-actin by secondary
antibody conjugated with FITC and rhodamine phalloidin in (A-C) mock cells and
osteoclasts transduced with (D-F, Dz-Fz) Lentivirus-GFP-RNAi, (G-I) Lentivirus-Ac45-
RNAi(s1), (J-L, Jz-Lz) Lentivirus-Ac45-RNAi(s2), or (M-O) Lentivirus-ATP6v1e1-RNAi
(as a control) after induction with M-CSF/RANKL for 48 hours. These resorbing cells were
detected by confocal microscopy and analyzed by three-dimensional reconstruction software
Imaris. Horizontal views (x-y sections) of 1-µm thickness were taken 1-µm above the bone
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surface. Lateral views (z-x sections) of (Dz-Fz) mock cells and (Jz-Lz) osteoclasts
transduced with Lentivirus-Ac45-RNAi(s2) that were stained for the cathepsin K and actin.
The lateral view reveals that unlike mock cells, osteoclasts transduced with Lentivirus-
Ac45-RNAi(s2) do not form deep bone resorption pits as indicated by the white arrows and
lines. The positions of confocal sections are shown by dotted lines in the corresponding
images. The length of the scale bar is 10 µm. (P) Representative Western blotting assay of
cathepsin K protein level in osteoclast culture media as indicated. (Q) Representative
ponceau S stain for Western blots of P. (R) Quantification of P. (n=3). In P-R, column 1 is
Mock, column 2 is Lentivirus-GFP-RNAi, column 3 is Lentivirus-Ac45-RNAi(s1), column
4 is Lentivirus-Ac45-RNAi(s2). M indicates marker. **P<0.01 compared with that of
Lentivirus-GFP-RNAi treated cells. All results are mean ± s.d.
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Fig. 6.
Ac45 interacts with Rab7 in osteoclasts. (A) Ac45 colocalized with Rab7 (white arrows
indicate colocalization) in resorbing osteoclasts cultured on bone slice. The cells shown are
representative of the data. (B) Immunoblot of Ac45 when the whole cell extracts were
immunoprecipitated with anti-Rab7 and anti-Rac1. (C) Top Left: Immunoprecipitation with
anti-FLAG of cells transduced with recombinant viruses containing an empty vector as a
control (vec), wild-type Rab7 (Rab7WT) and the active form of Rab7 (Rab7Q67L). The
cells were analyzed by Western blot for the detection of Ac45 and IgG (positive control).
Top Right: Total cell lysates (TCL) of non-immunoprecipitated cells were analyzed with
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Western blot for Ac45 and IgG (negative control). Bottom: Immunoprecipitated cells and
total cell lysates analyzed by Western blot for FLAG (control).
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Fig. 7.
Lentivirus-mediated knockdown of Ac45 impaired differentiation of mononuclear cells to
mature osteoclasts, inhibited osteoclast precursor cell proliferation, and downregulated
proteins that promote osteoclastogensis, but had no effect on osteoclast precursor cell
apoptosis. (A) TRAP staining of mock cells, as well as osteoclasts transduced with
Lentivirus-GFP-RNAi, Lentivirus-Ac45-RNAi(s1), and Lentivirus-Ac45-RNAi(s2) after 12
or 24 hours of M-CSF/RANKL induction. (B) Quantification of TRAP+ multinucleated cell
(MNC) number (≥ 3 nuclei) in A. All data are expressed as mean ± s.d. (n=5). (C)Anti-BrdU
staining of osteoclast precursor cells after 2.5 hours of incubation with BrdU and M-CSF.
(D) Quantification of the percentage of BrdU positive cells per view. (n=10). (E) TUNEL
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staining of osteoclast precursor cells after 24 hours of incubation with media without FBS
and M-CSF. (F) Quantification of the ratio of TUNEL positive cells per view. (n=10). In B,
D, and F, column 1 is Mock, column 2 is Lentivirus-GFP-RNAi, column 3 is Lentivirus-
Ac45-RNAi(s1), and column 4 is Lentivirus-Ac45-RNAi(s2). **P<0.01, ***P<0.001
compared with that of Lentivirus-GFP-RNAi treated cells at the same time points of
transduction. (G) Western blot analysis of expression levels of ERK, phosphorylated ERK
(p-ERK), c-fos, and NFATc1 in mock osteoclasts and osteoclasts transduced by Lentivirus-
GFP-RNAi (control), Lentivirus-Ac45-RNAi(s1), or Lentivirus-Ac45-RNAi(s2) after 24 or
72 hours of M-CSF/RANKL induction. β-actin was used as a protein loading control. (H)
Quantification of the protein levels on blot (lanes 1–7). The values shown represent ratios of
ERK, p-ERK, c-fos, or NFATc1 to β-actin protein levels that have been normalized (n=3).
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