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ABSTRACT
Vacuolar‐type Hþ

‐ATPases (V‐ATPases) are located in lysosomes and at the ruffled border in osteoclasts. We showed previously that the R740S
mutation is dominant negative for V‐ATPase activity, uncouples proton transport fromATP hydrolysis and causes osteopetrosis in heterozygous
mice (þ/R740S). Here we show mice homozygous for R740S (R740S/R740S) have more severe osteopetrosis and die by postnatal day 14.
Although R740S/R740S osteoclasts express wild‐type levels of a3, it is mislocalized. Acridine orange staining of R740S/R740S osteoclasts grown
on a Corning resorptive surface reveals no resorption and no acidification of intracellular compartments. Whereas osteoblast and osteocyte
apoptosis is normal, R740S/R740S osteoclasts exhibit increased apoptosis compared with wild‐type osteoclasts. Localization of the enzyme
tartrate‐resistant acid phosphatase (TRAP) is also aberrant. Transmission electron microscopy reveals that R740S/R740S osteoclasts do not
polarize, lack ruffled borders, and contain fewer autophagosomes. Consistent with an early stage defect in autophagy, expression of LC3II is
reduced and expression of p62 is increased in R740S/R740S compared to wild‐type osteoclasts. These results indicate the importance of
intracellular acidification for the early stages of autophagy as well as for osteoclast survival, maturation, and polarization with appropriate
cytoplasmic distribution of key osteoclast enzymes such as TRAP. J. Cell. Biochem. 114: 2823–2833, 2013. � 2013 Wiley Periodicals, Inc.
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Osteoclasts and osteoblasts are vital mediators of the tightly
regulated bone remodeling process. Osteoblasts, of mesenchy-

mal origin, are the bone‐forming cells. Osteoclasts, of the
hematopoietic lineage, are large, multinucleated cells found at the
bone surface where they resorb bone. In order to resorb bone,
osteoclasts adhere to the bone surface, become polarized, and form a
tight seal (sealing zone) and a specialized membrane called the ruffled
border. Into this sealed area, osteoclasts pump protons to acidify the
surface mineral component of bone and then secrete enzymes to
digest the extracellular matrix proteins. When the balance between
bone formation and bone resorption is altered, the pathological result

is that bone mass is either increased (osteopetrosis) or decreased
(osteoporosis).

Osteopetrosis describes a heterogeneous group of diseases with
varying degrees of osteoclast dysfunction. The most severe form of
osteopetrosis is autosomal recessive infantile malignant osteopetrosis
(ARO). Children with ARO have osteoclasts that are morphologically
normal but are unable to resorb bone due to defects in the
acidification of the space between the osteoclast and the bone
surface [Frattini et al., 2000; Kornak et al., 2000, 2001; Chalhoub
et al., 2003; Taranta et al., 2003]. The lack of resorption causes dense
bone, bone marrow failure, anemia, and hepatosplenomegaly
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[Gerritsen et al., 1994; Fasth and Porras, 1999]. Over 50% of human
cases of osteopetrosis are due to mutations in the a3 subunit of
vacuolar‐type Hþ

‐ATPases (V‐ATPase), the proton pump responsible
for acidification of the bone surfaces [Kornak et al., 2000; Sobacchi
et al., 2001; Frattini et al., 2003].

V‐ATPases are ubiquitous multi‐subunit enzymes that consist of
a membrane‐embedded proton translocation domain V0, containing
the a, c, c0, d, and e subunits, and a cytoplasmic ATP hydrolysis
domain V1, containing the A–H subunits [Nishi and Forgac, 2002;
Kawasaki‐Nishi et al., 2003; Toei et al., 2010]. The V0 subunit ‘a’ has
four isoforms, a1–a4. The a1 and a2 are ubiquitously expressed, while
a4 is found in kidney, inner ear, and testes [Toyomura et al., 2003;
Pietrement et al., 2006]. Although found in other cells, the a3 isoform
is highly enriched in osteoclasts [Manolson et al., 2003], where it
localizes to lysosomes and plasma membranes in non‐resorbing
osteoclasts and to the ruffled border in actively resorbing osteoclasts
[Toyomura et al., 2003]. Beyond the association of a3 mutations with
human osteopetrosis, the importance of this subunit is further
demonstrated by the phenotype of mouse models: both the oc/oc
mouse, a spontaneous mutation causing truncation of the N‐terminal
portion of a3 [Schlager and Dickie, 1967; Marks et al., 1985], and the
Tcirg1�/� mouse [Li et al., 1999] do not express the a3 protein, have
progressive osteopetrosis and die within 3–5 weeks. Although
osteoclasts in both models appear morphologically normal, they do
not acidify or resorb bone [Marks et al., 1985; Li et al., 1999].

We previously reported that a dominant negative missense
mutation in a3 (Arg740Ser [R740S]) causes mild osteopetrosis in
heterozygous mice (þ/R740S) due to decreased bone resorption
[Ochotny et al., 2011]. This mutation replaces the evolutionarily
conserved arginine 740, involved in translocating protons across the
membrane [Kawasaki‐Nishi et al., 2001], with serine, abolishing
proton pumping. Unlike osteoclasts from humans with a3 mutations,
or mouse models that lack the a3 subunit, the þ/R740S osteoclasts
within long bones are polarized and form ruffled border membranes
[Ochotny et al., 2011]. Here we show that osteoclasts from mice
homozygous for the R740S mutation (R740S/R740S) do not polarize
and lack ruffled border membranes, a feature similar to the oc/oc and
Tcirg1�/�mousemodels of osteopetrosis. At the same time, these cells
display unique phenotypic traits not seen in these other models such
as lack of intracellular acidification, increased osteoclast apoptosis
and defective autophagy.

MATERIALS AND METHODS

MICE
Mice were generated as described by Ochotny et al. [2011]. Female and
male þ/R740S heterozygous mice were bred to produce homozygous
R740S/R740S F1. All experimental procedures received approval from
the local animal care committees and were conducted in accordance
with the guidelines of the Canadian Council on Animal Care.

GENOTYPING
DNA was extracted from small pieces of tails incubated in 100ml
of PCR buffer containing 10� PCR buffer, 0.1M DTT, 1mg/ml
proteinase K, and 10% SDS and incubated at 55°C for 2.5 h,
then amplified with Primer 1 (TTGAGGGAAGGGAAGCACCTTT)

and Primer 2 (TAAGAACGACCCACCCAACTCA). The PCR products
were digested with Hinf1 (Invitrogen, Burlington, ON, Canada),
separated on a 1.5% agarose gel and the genotype was determined
based on the number and molecular weight of the bands: wild
type, one band at 472 kb; heterozygote, three bands at 472, 304, and
167 kb; homozygote, two bands at 304 and 167 kb.

SERUM MEASUREMENTS
Serum was collected from 9‐ and 10‐day‐old mice (5mice/genotype)
and used to measure total calcium, total phosphate, and total glucose
(IDEXX Laboratories, Burlington, ON, Canada).

BALANCE TESTS
The mice were tested individually. The righting reflex was tested by
placing the mouse in the center of a horizontal metal pole that was
gradually lifted to a vertical position. Normal mice will grip the pole
and walk up and down the pole. The mice were then placed in an
uncapped 50ml Falcon tube with air holes drilled into the closed end,
and the tube was turned sideways. Normal mice will move in the
direction opposite to the turning. Next the mice were observed for
3min in a viewing box where the gait and posture were observed.
Three mice per genotype at P14 were analyzed.

HISTOPATHOLOGY
Histopathology was performed at the Centre for Modeling Human
Disease, Samuel Lunenfeld Institute, affiliated with Mount Sinai
Hospital in Toronto, ON, Canada. A total of 13 mice underwent
histopathology that included P0, n¼ 3mice/genotype and P14, n¼ 3
þ/þ and n¼ 4 R740S/R740S.

MICRO‐COMPUTED TOMOGRAPHY (mCT)
The left femurs were scanned with a GE Healthcare eXplore Locus SP
instrument (Baie d0Urfe, Quebec, Canada). Two‐dimensional images
were used to generate 3D reconstructions of bones from n¼ 3 per
genotype at P10. Morphometric parameters were calculated with 3D
software eXplore Microview V.2.2 supplied with the instrument.

TRANSMISSION ELECTRON MICROSCOPE (TEM) IMAGING
Femurs from newborn mice (4 per genotype) were fixed and prepared
for TEM as described previously [Ochotny et al., 2011]. Samples were
viewed with a Hitachi H‐7000 electron microscope (Toronto, ON,
Canada) and a Hamamatsu ORCA‐HR digital camera (Hammamitsu
City, Japan) in the Microscope Imaging Laboratory (MIL) at the
University of Toronto.

PARAFFIN EMBEDDED SPECIMENS
Femurs of mice at 1, 2, and 3 days of age (4mice/genotype) were
excised, cleaned of soft tissue, fixed, and decalcified in 1.9%
gluteraldehyde and 0.15M EDTA for 3 days, embedded in paraffin
and sectioned at 5mm thickness. Sections were stained with
hematoxylin and eosin and for tartrate‐resistant acid phosphatase
(TRAP).

TUNEL STAINING
Unstained sections prepared as above were deparaffinized in xylenes,
rehydrated in decreasing concentrations of ethanol, and used for
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colorimetric detection of apoptotic cells with the fragEL DNA
Fragmentation Kit according to the manufacturer0s directions
(Calbiochem, EMD Biosciences, Burlington, ON, Canada). The total
number of osteoclasts, osteoblasts, and osteocytes and the number of
cells with apoptotic nuclei were counted.

IMMUNOHISTOCHEMISTRY
Unstained sections prepared as above were deparaffinized in xylenes
then rehydrated in decreasing concentrations of ethanol. The
deparaffinized sections underwent antigen retrieval in either citrate
buffer, pH 6.0 for the LC3 antibody (Thermo Scientific, Rockford, IL),
or Tris–EDTA buffer, pH 9.0 overnight at 60°C for the Anti‐SQSTM1/
p62 antibody (Abcam, Cambridge, MA). No antigen retrieval was
needed for the V‐ATPase a3 (rabbit polyclonal antibody, custom
made by Cedarlane Laboratories, Burlington, ON, Canada using
RNTQRRRAGQQDEDTDKLLASPDASTLEN peptide). Immunochemi-
cal staining was performed using the Vectastain Elite ABC Kit (Vector
Laboratories, Burlingame, CA) according to the manufacturer0s
instructions. Diaminobenzene (DAB; Vector Laboratories) was used
as the peroxidize substrate and counterstaining was with methyl
green (Calbiochem, EMD Biosciences), after which specimens were
mounted using Permount (Vector Laboratories).

QUANTITATIVE REVERSE TRANSCRIPTASE POLYMERASE CHAIN
REACTION (QRT‐PCR)
Total RNA was extracted from bones using TRIzol reagent, and 3mg
was treated with DNase I (Invitrogen) at 1 U of DNase I/mg of RNA
then reverse transcribed using Maxima Reverse Transcriptase
(Fermentas, Burlington, ON, Canada) according to the manufacturer0s
instructions. qRT‐PCR was performed using BioRad iQ SYBR Green
Supermix in a Mx3000P qPCR system (Stratagene, Hercules, CA).
Primer sequences used in the reactions were: L32, forward (50–30)
CACAATGTCAAGGAGCTGGAAGT, reverse (50–30) TCTA-
CAATGGCTTTTCGGTTCT, a3, forward (50–30) CACCCGGGGGCCA-
CATTCAG, reverse (50–30) CCCTCGCGGCACACCAGACC, Trap,
forward (50–30) ACACAGTGATGCTGTGTGGCAACTC, reverse (50–
30) CCAGAGGCTTCCACATATATGATGG. Conventional PCR reac-
tions were performed in 50ml volumes using HotStarTaq polymerase
(Qiagen, Valencia, CA). PCR products were visualized using
GeneSnap software version 4.00.00 (SynGene, Cambridge, UK). The
primer sequence used in the reaction was: a2 forward (50–30)
GGCCAGTCCTCCCGCACCAC, reverse (50–30) GCCCGCCACAG-
CATCCTTTCA. All qRT‐PCR data were normalized to the ribosomal
protein L32. All conventional PCR data were normalized to Gapdh.
Three separate experiments were performed, each on four 1‐day‐old
mice per genotype.

PROTEIN ISOLATION FROM BONES
Femurs and tibias from newborn mice were excised and cleaned of
soft tissue, snap frozen in liquid nitrogen then crushed under liquid
nitrogen with a mortar and pestle. The resulting bone powder was
incubated overnight with gentle shaking at 4°C in lysis buffer
containing 50mM Tris pH 8.0, 150mM NaCl, 2mM EDTA, 1% Triton
X‐100, 1% SDS, 0.5% sodium deoxycholate, 1mM PMSF, and
protease inhibitor cocktail from Sigma (Oakville, ON, Canada; P8340).
The sample was centrifuged at 12,000g for 20min at 4°C and protein

concentrations were measured by the bicinchoninic acid (BCA)
protein assay (Pierce, Nepean, ON, Canada).

IMMUNOBLOTTING
Sixty micrograms of protein isolated from bones (as described above)
was separated by 10% SDS–PAGE, transferred to nitrocellulose
membrane, and probed for V‐ATPase subunit a3 (rabbit polyclonal
antibody described above) and E (from Dr. Beth Lee, Ohio State
University, OH), LC3 (polyclonal antibody, Thermo Scientific,
Rockford, IL), SQSTM1/p62 (polyclonal antibody, Abcam), and
GAPDH antibody (Abcam). Images were captured using BioRad
ChemiDoc Gel Docking System and Quantity One software (BioRad,
Hercules, CA) and analyzed by rolling disk method using Quantity
One software.

OSTEOCLAST ISOLATION FROM SPLEEN
Splenocytes from P3 mice were plated at a cell density of
1� 106 cells/ml on a Corning Osteo Assay Surface (Corning Life
Sciences, Tewksbury, MA) in 10% fetal bovine serum, alpha MEM,
and antibiotic (10mg/ml penicillin G, 50mg/ml gentamycin, 0.03mg/
ml fungizone) supplemented with 200 ng/ml soluble RANKL (made
in‐house) and 50 ng/ml M‐CSF (Calbiochem) for 2 days, then media
was replenished for another 3 days at 37°C and 5% CO2.

ACRIDINE ORANGE STAINING
Spleen‐derived osteoclasts were generated as above. On the 6th day of
culture, the medium was changed for alpha MEM including 10% FBS
and acridine orange at 5mg/ml (Invitrogen) for 15min at 37°C,
washed with warm PBS (37°C) and chased for 10min in alpha MEM
plus 10% FBSwithout acridine orange. Acid production was observed
under a Leica DM IRE2microscope (Wetzlar, Germany) with a 490 nm
excitation filter and a 525‐nm emission filter in the presence and
absence of 100 ng/ml concanamycin.

STATISTICAL ANALYSIS
Results are presented as mean� s.d.; n value is defined in table and
figure legends. Statistical analysis was performed using an unpaired
two‐tailed Student0s t‐test, and P values are included with all results.

RESULTS

R740S/R740S MICE APPEAR NORMAL AT BIRTH BUT DIE BY
POSTNATAL DAY 14
R740S/R740S mice are born at the Mendelian ratio and are
indistinguishable at birth from theirþ/þ littermates. Histopathology
confirms normal development of all organ systems in newborn
R740S/R740S mice (data not shown). However, by P14, mutant mice
are smaller, have a significantly decreased body weight compared to
þ/þ mice (6.03� 0.29 g vs. 10.9� 1.1 g, respectively) and exhibit a
malformed dome‐shaped skull (Fig. 1A). At P13–14, R740S/R740S
mice are unable to right themselves during a rotarod test and display
unsteady gait and some circling behavior, possibly as a result of
compression of the midbrain (hippocampus) secondary to defective
skull development seen by histopathology. Like oc/oc mice [Schinke
et al., 2009], R740S/R740S mice exhibit features of osteopetrorickets,
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including a disorganized growth plate, widened metaphysis, and
irregular trabeculae (primary spongiosa) that contain a central
cartilaginous core surrounded by variably thick layers of osteoid and
mineralized bone (Fig. 1B).

No difference in osteoblast surface/bone surface (Ob.S/BS) is
observed, but large increases in both the number of osteoclasts (Oc.N)
and osteoclast surface/bone surface (Oc.S/BS) are seen in R740S/
R740S compared toþ/þ P1 femurs (summarized in Table I). Micro‐CT

analysis indicates that P5 R740S/R740S mice display a severe
osteopetrotic phenotype as demonstrated by a dramatic increase in
bone volume (BV/TV), trabecular number (Tb.N), bone mineral
density (BMD), and bone mineral content (BMC), and significant
decrease of trabecular spaces (Tb.S) and bone marrow area (Fig. 1C,
Table I). Serum analysis reveals that calcium, phosphorous, and
glucose levels are significantly decreased in R740S/R740S versus
þ/þ mice (Table I); the decreased glucose in serum has not been
reported in other a3 mutant mouse models, however, the glucose
result is consistent with the observation of emaciation that occurs
prior to death.

These results demonstrate that even though R740S/R740S mice
exhibit no detectable phenotype at birth, they develop severe
osteopetrosis and die by P14. Therefore, to elucidate the specific
effects of themutation and to avoid the secondary effects of emaciation
and other physiological changes that occur before death, all subsequent
experiments were conducted using mice between P1 and P4.

R740S/R740S OSTEOCLASTS EXPRESS NORMAL LEVELS OF A3 BUT
IT IS MISLOCALIZED
Quantitative PCR (qPCR) analysis demonstrates that a3 mRNA is
expressed in mutant bones, although the levels are decreased (�10%)
in R740S/R740S compared to þ/þ bones (Fig. 2A). Despite the
decrease in expression of a3 mRNA, the mRNA expression level of a2
is similar in R740S/R740S and þ/þ bones (Fig. 2B, C). Protein levels
of a3 are not significantly different between the genotypes (Fig. 3A,B)
and protein levels of subunit E, an ubiquitous V1 subunit, are also
similar between the genotypes (Fig. 3A,C) suggesting that the R470S
mutation does not affect protein expression of either V1 (E) or V0 (a3)

Fig. 1. a3 R740S/R740S mice appear normal at birth but die by postnatal day
14. A: Appearance of R740S/R740S mice at day 14. The R740S/R740S mouse is
smaller and exhibits a domed head and shortened face. B: H&E stained images of
femurs from P14 mice show the disorganized growth plate, widened metaphysis
and irregular trabeculae in R740S/R740S femur. C: Micro‐CT images from P5
mice reveal excessive trabecular bone in R740S/R740S femur.

TABLE I. Analysis of R740S/R740S andWild‐Type Femurs UsingmCT
and Histomorphometric Analyses

þ/þ R740S/R740S P‐value

mCT imaging
BMC (mg) 0.0971� 0.005 1.21� 0.014� 0.010
BMD (mg/cm3) 150� 7.37 192� 8.77� 0.007
BV/TV (%) 25.1� 10.3 42.3� 11.1� 0.001
Marrow area (mm2) 0.32� 0.013 0.033� 0.022� 0.007
Tb.N 7.93� 0.52 17.8� 1.54� 0.006
Tb.S (mm) 0.11� 0.003 0.042� 0.006� 0.004
Tb.Th (mm) 0.0332� 0.002 0.025� 0.003� 0.002

Histomorphometry
Ob.S/BS (%) 16.6� 4.34 16.5� 5.12 0.594
N.Oc 56.6� 13.2 91.4� 8.53� 0.016
Oc.S/BS (%) 7.93� 1.16 13.7� 3.15� 0.043

Serum (P10)
Calcium (mmol/L) 2.54� 0.242 1.90� 0.294� 0.040
Phosphorous (mmol/L) 6.01� 0.223 3.63� 0.84� 0.022
Glucose (mmol/L) 5.92� 0.165 4.34� 0.19� 0.008

Femurs from 5‐day‐old mice were analyzed by mCT (n¼ 4/genotype). Femurs from
P1 mice (n¼ 5/genotype) were analyzed for static histomorphometric parameters.
Sera from P10 mice (n¼ 5/genotype) were analyzed. �P¼ 0.05.
BMC, bone mineral content; BMD, bone mineral density; BV/TV, bone volume/
tissue volume; Tb.N, trabecular number; Tb.S, trabecular space; Tb.Th, trabecular
thickness; Ob.S/BS, osteoblast surface/bone surface; Oc.S/BS, osteoclast surface/
bone surface; N.Oc, number of osteoclasts.

Fig. 2. Small decrease in a3 mRNA expression but no difference in mRNA
expression of a2. A: Real‐time PCR analysis of a3mRNA expression in long bones
of P1 R740S/R740S mice reveal a small yet significant (10%) decrease in a3
expression (P¼ 0.01). Values are the average� 1 SD of four mice normalized to
housekeeping gene L32 and expressed as the percentage of þ/þ levels. B:
Conventional PCR shows that R740S/R740S bones contain a similar level of a2
mRNA asþ/þ bones. C: Quantification of expression of a2, normalized to Gapdh
and the ratio of the bones were set at 100%.
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domain subunits. However, whereas immunohistochemistry confirms
that a3 protein is expressed predominantly in osteoclasts in both
genotypes, its distribution varies greatly between þ/þ and R740S/
R740S cells. a3 staining is more intense and localized primarily at the
ventral side (adjacent to the bone surface) in þ/þ osteoclasts, while
the staining is fainter and evenly distributed throughout the
cytoplasm in R740S/R740S osteoclasts (Fig. 3D).

R740S/R740S OSTEOCLASTS HAVE INCREASED APOPTOSIS AND
ACIDIFICATION OF EXTRACELLULAR AND INTRACELLULAR
COMPARTMENTS DOES NOT OCCUR
TUNEL staining reveals increased osteoclast apoptosis in long bones
from R740S/R740S compared with þ/þ mice (Fig. 4A); however,
there is no difference in osteoblast and osteocyte apoptosis between
the genotypes (osteoblasts: 3% vs. 2% apoptosis; osteocytes: 2% vs.
2% apoptosis, R740S/R740S vs. þ/þ, respectively). Increased
osteoclast apoptosis is an unexpected finding considering that the
number of osteoclasts is increased in R740S/R740S bones. An assay
with splenocyte‐derived osteoclasts reveals that resorption by R740S/
R740S osteoclasts is virtually undetectable (Fig. 4B). Acridine orange
(a lysosomal dye that stains acidic compartments) reveals that þ/þ
osteoclasts have a strong fluorescent staining of intracellular
compartments as expected, while R740S/R740S osteoclasts display

minimal staining, indicating absence of acidification (Fig. 4C). Taken
together, these results indicate that the R740S mutation disrupts both
intracellular and extracellular acidification in osteoclasts.

R740S/R740S OSTEOCLASTS EXHIBIT ABNORMAL MORPHOLOGY
Closer investigation of the osteoclasts within the long bones of R740S/
R740Smice reveals that TRAP localization, similarly to that of a3, is also
different between the genotypes, with þ/þ osteoclasts exhibiting
intense TRAP staining mostly at the ventral side adjacent to the bone
surface, but relatively homogeneous staining in R740S/R740S osteo-
clasts (Fig. 5A). In addition, large cytoplasmic vacuoles are evident in
R740S/R740Sbut notþ/þ osteoclasts (these vacuoles can also be seen in
R740S/R740S osteoclasts stained for a3; Fig. 3D). Transmission electron
microscopy (TEM) reveals that osteoclasts from R740S/R740Smice have
no ruffled borders, no polarization and numerous vacuoles (Fig. 5B).
These results indicate that R740S/R740S osteoclasts not only have
impaired function, but also display aberrant morphology.

a3 R740S/R740S OSTEOCLASTS HAVE FEWER AUTOPHAGOSOMES
DUE TO DEFECTIVE EARLY STAGE AUTOPHAGY
Several studies have shown that inhibiting V‐ATPase activity with
bafilomycin A1 induces the formation of large numbers of
autophagosomes [Hsin et al., 2012]. We therefore predicted that

Fig. 3. R740S/R740S osteoclasts express normal levels of a3 but it is mislocalized. A: Representative immunoblots of whole bone protein lysates (60mg) show equivalent
expression of the V‐ATPase V0 subunit a3 and V1 subunit E in R740S/R740S relative toþ/þ long bone. B, C: The a3 and E proteins were each normalized to GAPDH and the ratios of
þ/þ bone protein were set at 100% (n¼ 5 mice/genotype). D: Diffuse a3 staining in R740S/R740S osteoclasts. Representative images ofþ/þ and R740S/R740S bones stained for
the a3 subunit of V‐ATPase at 20� magnification. The arrow points to an osteoclast containing a large vesicle (n¼ 12/genotype)
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Fig. 4. a3 R740S/R740S osteoclasts have increased apoptosis and acidification of extracellular and intracellular compartments does not occur. A: Increased apoptosis of R740S/
R740S osteoclasts (P¼ 0.002). TUNEL assay was conducted on long bone sections (n¼ 10/genotype). B: Resorption assay on Corning Osteo Assay surface. The surface was not
resorbed by R740S/R740S osteoclasts. n¼ 4 per genotype plated in triplicate. C: Acidic compartments were detected in þ/þ cells but not R740S/R740S cells grown on Corning
Osteo Assay surfaces. The upper images are representative brightfield pictures of osteoclasts and the lower images are fluorescent pictures of the same cells, 40� magnification;
n¼ 4 per genotype plated in triplicate.

Fig. 5. a3 R740S/R740S osteoclasts have abnormal morphology. A: Diffuse TRAP localization in R740S/R740S osteoclasts. Representative images ofþ/þ (upper left) and R740S/
R740S (upper right) bone sections stained for TRAP at 20�magnification. B: Representative transmission electron micrographs from the lower metaphyseal region of femursþ/þ
(lower right) and R740S/R740S (lower left). R740S/R740S osteoclasts lack polarization, ruffled borders, and contain numerous vesicles. (n¼ 4/genotype; RB, ruffled border, V,
vesicles).
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the accumulated vesicles within R740S/R740S osteoclasts are
autophagosomes. However, when the number of autophagosomes,
defined as double membrane structures surrounding cytoplasmic
contents (depicted in Fig. 6A), was quantified, we found fewer
autophagosomes within R740S/R740S compared to þ/þ osteoclasts
(Fig. 6B). To assess autophagic flux we looked at two well‐known
proteins used to monitor autophagy, microtubule‐associated protein
1 light chain 3 (LC3), a marker for autophagosomes and sequestosome
1/SQSTM1 (p62), a protein degraded primarily by autophagy [Bjorkoy
et al., 2005; Klionsky et al., 2008]. LC3 exists in two forms; LC3I is
diffusely localized in the cytoplasm while LC3 II is associated with
autophagosomes [Mizushima et al., 2010]. Consistent with a block
in autophagosome formation, the autophagosome‐associated LC3II
protein levels are decreased while the level of LC3I is unchanged
in R740S/R740S compared with þ/þ long bone protein lysates
(Fig. 7A,B). LC3 staining within þ/þ osteoclasts is more punctuate
as expected, while the stainingwithin R740S/R740S osteoclasts is less
punctuated (Fig. 8A). Immunoblotting of long bone protein lysates
reveals an accumulation of p62 in R740S/R740S long bone protein
lysates relative to þ/þ (Fig. 7A,C) and p62 staining is darker and
more punctate within R740S/R740S osteoclasts compared to þ/þ
osteoclasts (8B). The low LC3II expression and accumulation of p62
are consistent with an early stage defect in autophagy [Mizushima
and Yoshimori, 2007].

DISCUSSION

In this study, we provide novel insights into the role of V‐ATPases in
osteoclast maturation, function and autophagy using the osteope-
trotic a3 R740S/R740S mutant mouse model. Similarly to other
mutants with loss‐of‐function of the a3 subunit, that is, the oc/oc
and Tcirg1�/� mouse models [Marks et al., 1985; Li et al., 1999],
homozygous a3 R740S/R740Smice develop progressive osteopetrosis
and die at a young age due to the severity of the disease. Also
consistent with the osteopetrotic phenotype observed in humans and
mouse models [Udagawa et al., 1992; Taranta et al., 2003; Neutzsky‐
Wulff et al., 2010], the R740S/R740S osteoclasts lack polarization and
have no ruffled border. However, R740S/R740S osteoclasts also
exhibit unique features such as no intracellular acidification,
increased apoptosis, diffuse localization of the a3 protein and
defective early stage autophagy.

The lack of intracellular acidification, which contrasts with what is
seen in osteoclasts from þ/R740S, oc/oc and Tcirg1�/� mice [Marks
et al., 1985; Li et al., 1999; Voronov et al., 2013], likely accounts for
the aberrant localization of TRAP and a3 itself, as well as the lack of
polarization of R740S/R740S osteoclasts. Acidification of lysosomes
in þ/R740S osteoclasts presumably reflects the residual activity
from a wild‐type copy of the a3 subunit. Acidification of lysosomes
in oc/oc and Tcirg1�/� osteoclasts likely reflects from the high

Fig. 6. a3 R740S/R740S osteoclasts have fewer autophagosomes. A: Representative transmission electron micrograph images depicting the vesicular structures found within the
þ/þ and R740S/R740S osteoclasts. Arrows point to autophagosomes defined as double membrane structures that contain cytoplasmic contents. B: R740S/R740S osteoclasts
contain fewer autophagosomes (P¼ 0.003; n¼ 7 osteoclasts/genotype).

JOURNAL OF CELLULAR BIOCHEMISTRY V-ATPASE A3 R740S RESULTS IN OSTEOCLAST APOPTOSIS 2829



compensatory expression of the a2 isoform in the complete absence of
a3 [Sun‐Wada et al., 2006], a compensation that is not seen with
the homozygous expression of a3 R740S within R740S/R740S
osteoclasts.

A variety of data support the view that lack of intracellular
acidification prevents the polarized trafficking, targeting and fusion
of acidified vesicles such as lysosomes with the plasma membrane to
form the ruffled border [Palokangas et al., 1997; Mulari et al., 2003;

Fig. 7. R740S/R740S osteoclasts express decreased LC3II and increased p62 and show defective early stage autophagy. A: Representative immunoblots of whole bone
protein lysates (60mg) shows reduced expression of LC3II (P¼ 0.002) and increased expression of p62 (P¼ 0.001) in R740S/R740S relative to þ/þ bones (n¼ 5/genotype).
B, C: Quantification of LC3II and p62 protein. The LC3II and p62 proteins were each normalized to GAPDH and the ratios of þ/þ bone protein were set at 100%.

Fig. 8. Diffuse staining of LC3 and darker staining of p62 in R740S/R740S osteoclasts reveals defective autophagy. A: Diffuse staining of LC3 in R740S/R740S osteoclasts in long
bone (n¼ 9,þ/þ and n¼ 10, R740S/R470S), 40�magnification. Arrows indicate osteoclasts. B: Darker punctate staining of p62 in R740S/R740S osteoclasts in long bone (n¼ 9,
þ/þ and n¼ 10, R740S/R470S), 40� magnification. Arrows point to the osteoclasts.
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Yang et al., 2012]. LC3II and a3‐containing V‐ATPases are found
within acidified vesicles and at the ruffled border of osteoclasts
[DeSelm et al., 2011; Chung et al., 2012]. Similarly to R740S/R740S
osteoclasts, osteoclasts from mice lacking Trap or Plekhm1 contain
numerous large vesicles throughout the cytoplasm, which are thought
to reflect defective trafficking within the cell [Hollberg et al., 2002;
VanWesenbeeck et al., 2007]. Additionally, osteoclasts from a patient
with a point mutation in PLEKHM1 have reduced endosome/
lysosome acidification [Del Fattore et al., 2008] and lack ruffled
borders [Van Wesenbeeck et al., 2007]. Moreover, silencing the
V‐ATPase accessory subunit Ac45 results in reduced intracellular
acidification and reduced endocytosis, which is attributed to defective
trafficking of lysosomes and endosomes within the osteoclasts,
concomitant with lack of polarization and lack of bone resorption
[Qin et al., 2011].

The lack of intracellular acidification may also account for the
increased apoptosis seen in R740S/R740S long bone osteoclasts in
vivo, which was not seen in R740S/R740S osteoblasts and osteocytes
orþ/R740S osteoclasts in vivo [Ochotny et al., 2011]. Osteoclasts are
100‐fold enriched for a3 [Manolson et al., 2003] so are more sensitive
to disruption of V‐ATPase activity compared with other cells. This
is consistent with the observation that treatment with inhibitors of
V‐ATPase activity, such as bafilomycin A1 or concanamycin A,
results in osteoclast apoptosis specifically, without affecting
osteoblasts [Okahashi et al., 1997; Xu et al., 2003].

R740S/R740S osteoclasts, exhibit fewer autophagosomes, have
low LC3II expression and an accumulation of p62, all of which are
consistent with an early stage defect in autophagy [Yamamoto
et al., 1998; Bjorkoy et al., 2005; Mizushima and Yoshimori, 2007;
Hsin et al., 2012]. In studies with Drosophila neurons, the loss of the
a1 subunit of V‐ATPases results in defective endosomal/lysosomal
acidification and inhibition of autophagy, resulting in increased
susceptibility to neurotoxic insults [Williamson and Hiesinger, 2010].
It is thus interesting to speculate that the lack of acidification of
internal compartments may result in increased sensitivity of R740S/
R740S osteoclasts to toxic events such as accumulated misfolded
proteins that would normally be removed by the autophagy process,
resulting in apoptosis. In this regard, it is also notable that p62 is
involved not only in autophagy, but can interact with both TRAF 6 to
stimulate osteoclastogenesis and with caspace 8 to promote apoptosis
[McManus and Roux, 2012]. Whether and how the excess p62
detected within R740S/R740S osteoclasts directly affects the balance
between osteoclastogenesis and apoptosis remains to be explored
further.

Growing evidence supports multifunctional roles for not only p62
but also for other proteins involved in autophagy. In osteoclasts, the
formation of a ruffled border requires LC3 and other autophagy
proteins such as Atg4B, Atg5, and Atg7 [DeSelm et al., 2011].
Indeed, conversion of LC3I to LC3II is correlated with osteoclast
maturation and function [DeSelm et al., 2011; Chung et al., 2012]
and increased conversion of LC3I to LC3II is correlated with
osteoclast resorptive activity but not autophagic activity [DeSelm
et al., 2011; Chung et al., 2012]. Similarly, an in vitro LC3
knockdown study reveals no effect on osteoclast differentiation but
mature osteoclast functions such as cathepsin K release and actin
ring formation, and therefore bone resorption, are reduced [Chung

et al., 2012]. Over expression of Beclin 1, an autophagy protein
enhances both osteoclastogenesis and resorptive capacity of
osteoclasts, while pharmacological inactivation of autophagy
prevents osteoclast differentiation [Lin et al., 2012]. These studies
taken together provide evidence that autophagy proteins are
involved in osteoclastogenesis, maturation, and function. The
aberrant levels of LC3 conversion and p62 in R740S/R740S
osteoclasts correlates with their lack of ruffled borders and other
anomalies, and supports the need for additional studies to dissect the
functional inter‐relationships of autophagy proteins and other
aspects of osteoclast maturation.

In summary, our observations on R740S/R740S mice and
osteoclasts indicate the importance of intracellular acidification
for the early stages of autophagy as well as for osteoclast
survival, maturation, and for the appropriate cytoplasmic distribution
of key osteoclast enzymes such as TRAP and ruffled border
formation.
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