
Regulated Proteolysis of Nonmuscle Myosin IIA Stimulates
Osteoclast Fusion*

Received for publication, November 12, 2008, and in revised form, February 19, 2009 Published, JBC Papers in Press, March 5, 2009, DOI 10.1074/jbc.M808621200

Brooke K. McMichael‡, Robert B. Wysolmerski§, and Beth S. Lee‡1

From the ‡Department of Physiology and Cell Biology, The Ohio State University College of Medicine, Columbus, Ohio 43210 and
the §Department of Neurobiology and Anatomy and Mary Babb Randolph Cancer Center, West Virginia University,
Morgantown, West Virginia 26506

The nonmuscle myosin IIA heavy chain (Myh9) is strongly
associated with adhesion structures of osteoclasts. In this study,
we demonstrate that during osteoclastogenesis, myosin IIA
heavy chain levels are temporarily suppressed, an event that
stimulates the onset of cell fusion. This suppression is notmedi-
ated by changes in mRNA or translational levels but instead is
due to a temporary increase in the rate of myosin IIA degrada-
tion. Intracellular activity of cathepsin B is significantly
enhanced at the onset of osteoclast precursor fusion, and spe-
cific inhibition of its activity prevents myosin IIA degradation.
Further, treatment of normal cells with cathepsin B inhibitors
during the differentiation process reduces cell fusion and bone
resorption capacity, whereas overexpression of cathepsin B
enhances fusion. Ongoing suppression of the myosin IIA heavy
chain via RNA interference results in formation of large oste-
oclasts with significantly increased numbers of nuclei, whereas
overexpression of myosin IIA results in less osteoclast fusion.
Increased multinucleation caused by myosin IIA suppression
does not require RANKL. Further, knockdown of myosin IIA
enhances cell spreading and lessens motility. These data taken
together strongly suggest that base-line expression of non-
muscle myosin IIA inhibits osteoclast precursor fusion and that
a temporary, cathepsin B-mediated decrease in myosin IIA lev-
els triggers precursor fusion during osteoclastogenesis.

The final stages of osteoclastogenesis involve fusion of differ-
entiated precursors from the monocyte/macrophage lineage
(1). Although the membrane structural components regulating
preosteoclast fusion are not well understood, in recent years a
number of candidate cell surface molecules have been impli-
cated, including receptors CD44 (2, 3), CD47 and its ligand
macrophage fusion receptor (also known as signal regulatory
protein �) (4–6), the purinergic receptor P2X7 (7), and the
disintegrin andmetalloproteinaseADAM8 (8). A recently iden-
tified receptor, the dendritic cell-specific transmembrane pro-
tein, is essential for osteoclast fusion both in vitro and in vivo (9,
10). More recently, the d2 subunit of proton-translocating vac-
uolar proton-translocating ATPases, a membrane subunit iso-
form expressed predominantly in osteoclasts, similarly was

demonstrated to be required for fusion in vitro and in vivo (11).
However, elucidation of the mechanisms by which these mole-
cules may mediate cell fusion has proved to be difficult.
The mammalian class II myosin family consists of distinct

isoforms expressed in skeletal, smooth, and cardiac muscle, as
well as three nonmuscle forms designated IIA, IIB, and IIC (12–
14). Although all class II molecules are composed of two heavy
chains, two essential light chains, and two regulatory chains,
their unique activities are a function of their particular heavy
chain isoforms. Although the nonmuscle heavy chain isoforms
share extensive structural homology, they have been shown to
demonstrate distinct patterns of expression (15–18), enzyme
kinetics and activation (12, 19–21), and cellular function (22–
24). Knock-out of either myosin IIA or IIB results in embryonic
lethality, although death derives from defects unique to each
isoform (25, 26). In vitro, myosin IIA, a target of Rho kinase, has
been shown to be involved in a wide variety of cellular func-
tions, including cytokinesis, cell contractility, and adhesion and
motility.
The actin cytoskeleton of osteoclasts possesses features

unlike those ofmostmammalian cell types. First, osteoclasts do
not possess stress fibers but instead form a meshwork of fine
actin filaments throughout the cell (27–29). Osteoclasts
express unusual attachment structures typified by the podo-
some, a form of adhesion structure most typically present in
cells of the monocyte/macrophage lineage, dendritic cells, and
smoothmuscle cells. Podosomes are integrin-based cell-matrix
contact structures that are notable for the presence of a short
(0.5–1.0 �m) F-actin core surrounded by a ring of adaptor pro-
teins, kinases, smallGTPases, and regulators of endocytosis (30,
31). When cultured on glass, mature osteoclasts generate a belt
of podosomes at the cell periphery. However, when cultured on
bone, osteoclasts formadense ring of podosome-like structures
that is usually internal to the cell margins (32). This region,
termed the sealing zone, surrounds a specialized membrane
domain termed the ruffled border, from which protons and
proteases are secreted to induce resorption of bone (1). We
previously demonstrated that myosins IIA and IIB localize to
distinct subcellular regions within osteoclasts, with MyoIIA2

strongly segregating to both podosomes and the actin ring of
the sealing zone (28). Because of this distribution into oste-
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oclast adhesion structures and findings in other cells showing
MyoIIA to be associated with dynamic Rho-kinase-dependent
functions, such as adhesion and locomotion, we hypothesized
that MyoIIA may play a vital role in cell motility and the bone
resorption function. In this study, we examined cellular
expression of MyoIIA during osteoclastogenesis and, along
with RNA interference-mediated suppression of the protein,
have confirmed its role in cell spreading, motility, and seal-
ing zone formation. However, this study also unexpectedly
revealed a role for MyoIIA in regulating preosteoclast fusion
during osteoclastogenesis.

EXPERIMENTAL PROCEDURES

Reagents and Cell Culture—Rabbit polyclonal antibodies
against theMyoIIA heavy chain were previously generated (28)
or were purchased from Sigma. Loading control antibodies to
GAPDH and �-actin were purchased from Abcam. Protease
inhibitors, excluding CA-074Me and CA-074, and an antibody
to cathepsin B were purchased from EMD Biosciences.
CA-074Me and CA-074 were obtained from Enzo Life Scienc-
es/BioMol. Osteoclasts were generated either from RAW264.7
macrophages (ATCC) or murine bone marrow, as previously
described (28, 33, 34). Mature osteoclasts, as evidenced by a
peripheral belt of podosomes (35), were present by days 5–7 of
culture. Resorption and motility assays were performed as pre-
viously described (34, 36).
Immunocytochemistry and Microscopy—Osteoclasts were

cultured either on glass coverslips or thinly cut ivory slices.
Cells were fixed and permeabilized, as previously described (28,
33, 34, 36). Primary antibodies were added in a standard poly-
ethylene glycol blocking buffer and were detected using Alexa-
coupled secondary antibodies (Invitrogen). F-actin was labeled
using Alexa-coupled phalloidin, also from Invitrogen. Nuclei
were detectedwith bisbenzimide staining. Cells were visualized
using either a Nikon 80i fluorescent microscope with SPOT
camera software (Diagnostic Instruments) or a Zeiss 510
META laser-scanning confocal microscope (Campus Micros-
copy and Imaging Facility, TheOhio State University). Cell and
sealing zone perimeters were measured using SigmaScan Pro
5.0 software (SPSS Science, Chicago, IL). Active cathepsin B
was visualized using theCathepsinBMagicRed real timedetec-
tion kit (Immunochemistry Technologies, LLC, Bloomington,
MN). The intensity of cathepsin B labeling was quantified using
SigmaScan Pro 5.0 software.
Competitive RT-PCR of Myh9 mRNA—Murine myosin IIA

heavy chain (Myh9) expression was determined by competitive
RT-PCR. The corresponding sense primer was of the sequence
5�-AGACCGCTGATGCTATGAACCG-3�, whereas the anti-
sense primer was of the sequence 5�-ATGGTCAGAG-
CAGTCTCAAGGC-3�. An internal standard cDNA template
for the reaction was generated as previously described (37, 38).
This template was transcribed in vitro using the MAXIscript
system (Ambion), and 10 pg of the resulting RNAwas added to
1 �g of osteoclast total cellular RNA prior to reverse transcrip-
tion andPCR.These reactionswere performedusing the Super-
script first strand synthesis system and Taq DNA polymerase,
both from Invitrogen. The resulting RT-PCR products were
run in a 2% gel and stained with ethidium bromide to visualize

relative intensities of the bands, which were measured using
Quantity One software (Bio-Rad).
Western Analysis—For Western analysis, osteoclast lysates

were harvested with M-PER reagent (Pierce) and were run in
precast polyacrylamide gels (Bio-Rad) and transferred to
Hybond membrane (GE HealthCare). Primary antibodies were
allowed to bind to themembranes using standardmethodology
and were detected using horseradish peroxidase-labeled sec-
ondary antibodies coupled with SuperSignalWest Pico Chemi-
luminescent reagents (Pierce).
Pulse-Chase Analysis—Osteoclasts on days 0, 3, and 7 of dif-

ferentiation were labeled for 2 h in methionine- and cysteine-
free medium supplemented with 45 �Ci/ml Tran35S-label (MP
Biomedicals). The cells were then incubated in complete
medium for various times before immunoprecipitation, per-
formed as previously described (39). The precipitates were run
in SDS-PAGE, and the gel was subsequently treated with
Fluoro-Hance (Research Products International) and exposed
to film. Quantity One software was used to quantify the inten-
sity of the myosin IIA immunoprecipitate bands.
Knockdown and Overexpression of MyoIIA—siRNA oligonu-

cleotides were designed and synthesized by Ambion. siRNA1,
which was used for all relevant experiments, was of the
sequence 5�-GGCUGAUUUCUGCAUUAUCtt-3� (sense) and
5�-GAUAAUGCAGAAAUCAGCCtt-3� (antisense). siRNA2,
used to confirm many of the results, was of the sequence
5�-GGUGAACAAGGACGACAUCtt-3� (sense) and 5�-GAU-
GUCGUCCUUGUUCACCtt-3� (antisense). These siRNAs
showed identity to no other myosin isoform or murine tran-
script. For all experiments, a nontargeting double-stranded
RNA from Ambion was used as a negative control (C0),
although siRNAs homologous to siRNA1 and siRNA2 but con-
taining point mutations also were used for confirmation. The
mutant siRNA1 (C1) was of the sequence 5�-GGCUGAU-
cagUGCAUUAUCtt-3� (sense) and 5�-GAUAAUGCAcugAU-
CAGCCtt-3� (antisense), whereas themutant siRNA2 (C2) was
of the sequence 5�-GGUGAACAcacACGACAUCtt-3� (sense)
and 5�-GAUGUCGUgugUGUUCACCtt-3� (antisense).
RAW264.7- and marrow-derived osteoclasts were transfected
on day 4 of culture using 25–50 nM targeting or control siRNA.
RAW264.7 cells were transfected with Lipofectamine 2000
(Invitrogen), and marrow-derived osteoclasts were transfected
via electroporation, as previously described. Osteoclasts were
transfected by these methods with �95% efficiency (34, 36). In
other experiments, a human myosin IIA cDNA in the
pEGFP-C3 vector (40) or the empty vector (Clontech)was tran-
siently transfected into RAW264.7 cells on day 3 of RANKL
treatment and assayed for cell perimeter and nuclear number
on day 5. Transfectionwas performed by electroporation at 250
V/250 microfarads, and efficiency was �90%.
Overexpression of Cathepsin B—A murine cDNA clone of

cathepsin Bwas obtained by RT-PCR fromRAW264.7 cells and
was subcloned into the pEF6/V5-His expression vector
(Invitrogen). Following transfection of this construct into
RAW264.7 macrophages, selection for stable transfectants was
performed by selection with 3 �g/ml blasticidin. Two overex-
pressing clones were chosen for analysis.
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Statistical Analysis—Pairwise comparisons of samples were
performed using Student’s t test. Linear regression was used to
model the relationship between cell or sealing zone perimeter
and the number of nuclei, allowing for different slope and inter-
cept terms for each cell type, and was performed by the Center
for Biostatistics (Ohio State University). In order to satisfy the
assumptions of normality and constant variance, the data were
modeled on the log scale. F-tests were used to determine the
significance of type-specific slope and intercept parameters.
Statistical comparison was deemed significant at p � 0.05.

RESULTS

Myosin IIA Distribution in Osteoclasts—We previously
showed that nonmusclemyosin IIA, but not IIB, was associated
with podosomes and the actin ring of polarized osteoclasts (28).
More detailed examination of these structures demonstrates
thatMyoIIA is distributed in the cloud of actin surrounding the
podosome core but not the core itself. Fig. 1A illustrates immu-
nocytochemistry ofMyoIIA surrounding F-actin cores of podo-
somes (arrowheads). Additionally, detailed examination of the
sealing zone of polarized osteoclasts showed that MyoIIA is
distributed over the inner face of the actin ring (Fig. 1B, arrow-
heads). These results, demonstrating a strong presence of
MyoIIA in adhesion structures, suggest a role in osteoclast
motility and/or bone resorption.
Myosin IIA Expression Is Transiently Decreased during

Osteoclastogenesis—Two culture models of murine osteoclas-
togenesis are widely used to study this process. Mouse bone
marrow precursors or the mouse macrophage cell line
RAW264.7, when stimulated to differentiate with a soluble
formof RANKL, can formmature osteoclasts over the course of
5–7 days in culture. Dividing precursors cease mitosis and ini-
tiate fusion after about 3 days, continuing to become more
extensively multinucleated as long as fusion partners are in

close proximity (41, 42). As a first
step in examining the role of
MyoIIA in osteoclast function, pre-
cursor cells were differentiated in
the presence of RANKLover a 7-day
culture period. Western blots dem-
onstrated that differentiating oste-
oclasts temporarily decreased their
cellular levels of the MyoIIA heavy
chain during the middle of this dif-
ferentiation period, corresponding
to the time when precursor cells
cease mitosis and begin to fuse (41,
42). Fig. 2A shows representative
Western blots of this process in
RAW264.7 cells, whereas the graph
in Fig. 2B shows quantitation of
three such experiments each for
RAW264.7 cells andmousemarrow
precursors. In both cases, MyoIIA
levels decreased by about half by day
4 of culture and returned to base-
line levels by day 7. In contrast, lev-
els of �-actin and the housekeeping

protein GAPDH remained constant (Fig. 2A). Additionally,
expression levels of the MyoIIB isoform were unchanged over
the same period (data not shown). To determine the mecha-
nism behind this transient decrease, MyoIIA heavy chain
mRNA levels were assayed by competitive RT-PCR. As shown
in Fig. 2C, mRNA remained steady during the differentiation
period, indicating that the temporary loss of MyoIIA resulted
from a translational or post-translational mechanism. To fur-
ther define this mechanism, pulse-chase analysis was per-
formed on differentiating RAW 264.7 cells at days 0, 3, and 7 of
culture to determine MyoIIA heavy chain half-life. Fig. 2D
shows that although day 0 and day 7 cells exhibited only a
10–20% loss of MyoIIA after 9 h of chase, the day 3 cells lost
�70%of their labeledMyoIIAover the same time period. These
results demonstrate that the temporary decrease in MyoIIA
expression during mid-osteoclastogenesis is due to increased
degradation of the protein.
Cathepsin B Regulates Myosin IIA Levels and Osteoclast

Fusion—Differentiating osteoclasts were tested with a panel of
specific protease inhibitors to identify the class of enzyme
responsible for the transient decrease in MyoIIA expression.
RAW264.7 cells on day 3 of culture were treated with a panel of
these compounds for 6 h. The proteasomal inhibitors MG132
and ZLLF did not suppress MyoIIA degradation; nor did the
cysteine protease inhibitor E64 (Fig. 3A) or the specific calpain
inhibitor calpeptin (data not shown). A single nonspecific
inhibitor of cysteine proteases, ALLM, produced a slight sup-
pression of degradation. However, because ALLM is estab-
lished as having a degree of reactivity with cathepsins B and L,
cathepsin inhibitor I (which inhibits B and, to a lesser extent, L)
also was tested on differentiating osteoclasts. Cells treated with
cathepsin inhibitor I expressed MyoIIA at levels greater than
that of control cells or cells undergoing any other treatment.
These data indicate a role for cathepsin B (catB) in promoting
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FIGURE 1. Myosin IIA is strongly localized to adhesion structures of osteoclasts. A, osteoclasts were cul-
tured on glass coverslips and labeled for MyoIIA and F-actin. The arrowheads indicate MyoIIA surrounding the
actin core of podosomes. B, osteoclasts were cultured on ivory and labeled for MyoIIA (green) and F-actin (red).
Z-stack images demonstrate that MyoIIA is present at the inner face of the sealing zone (arrowheads). The
boxed regions in A and B are magnified for closer inspection.
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MyoIIA degradation. To explore this finding further, differen-
tiating osteoclasts were treated with either CA-074 or
CA-074Me, specific inhibitors of cathepsin B. Although
CA-074 ismostly impermeant to cellmembranes, CA-074Me is
modified with a cleavable methyl ester that allows cell entry. As
shown in Fig. 3A, treatment with CA-074Me, but not CA-074,
strongly increased MyoIIA levels, demonstrating further that
MyoIIA degradation is promoted by intracellular cathepsin B.

Previous studies (43) have demonstrated increasing levels of
both catB protein and activity in lysates from differentiating
human osteoclast precursors. We confirmed and extended
these studies by taking advantage of a commercially available
cell-permeant cathepsin B substrate that fluoresces upon cleav-
age, allowing visual identification of active catBwithin live cells.
Examination of osteoclasts at varying stages of maturation
demonstrated a distinct rise in active catB levels when oste-
oclast precursors shifted from amononucleated to multinucle-
ated stage. Fig. 3B, left, shows an example of day 3 osteoclast
cultures containing a mixture of mononuclear (open arrows)
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FIGURE 2. Myosin IIA is transiently down-regulated during osteoclasto-
genesis. A, osteoclasts were cultured to maturity over a 7-day period. Cell
lysates probed on immunoblots for MyoIIA, GAPDH, and �-actin show a tran-
sient decrease in MyoIIA during mid-osteoclastogenesis. B, multiple experi-
ments like that in A, for both RAW264.7- and marrow-derived cells, were
quantified. Results shown are the mean of three experiments � S.D. C, MyoIIA
mRNA levels during osteoclastogenesis were examined by competitive RT-
PCR. The upper band represents the signal from MyoIIA mRNA, whereas the
lower band represents an internal standard. D, pulse-chase analysis was
performed to determine the half-life of MyoIIA protein on day 0, 3, or 7 of
RAW264.7 culture. Each culture demonstrated similar efficiencies of incor-
poration of 35S-labeled amino acids, and immunoprecipitation was per-
formed from equivalent cpm. Results shown are the average of three
experiments � S.D.

FIGURE 3. Cathepsin B levels during osteoclastogenesis correlate with
the extent of cell fusion. A, a panel of protease inhibitors was added to
RAW264.7 osteoclasts on day 3 of culture. Only cell-permeant cathepsin B
inhibitors (cathepsin inhibitor I and CA-074Me) were able to prevent degra-
dation of MyoIIA. B, differentiating osteoclast cultures were labeled for active
cathepsin B on day 3. A multinucleated cell (closed arrow) demonstrates
higher levels of labeling than mononuclear cells (open arrows). Scale bar, 50
�m. At right, the labeling intensities of day three cells were quantified and
expressed as mean � S.D.; p � 0.00001. C, the addition of cell permeant
cathepsin B inhibitors to cultures on days 3– 4 results in suppression of oste-
oclast multinucleation. Results shown are mean � S.D. For cathepsin inhib-
itor I versus vehicle, p � 0.01; for CA-074Me versus vehicle, p � 0.0001; for
CA-074 versus vehicle, p � 0.1. D (left), Western analysis shows catB expres-
sion in clonal RAW264.7 macrophages stably transfected with either
empty vector (lane C) or catB-expressing plasmid (lanes 1–3). Only clones
2 and 3 demonstrated overexpression of catB and were chosen for analy-
sis. Right, average relative nuclear number and cell perimeter are shown
for mature osteoclasts derived from clone 2 or the empty vector control.
Clone 3 showed similar results. Data are expressed as mean � S.D.; for
both nuclei and perimeter, p � 0.05.
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andmultinuclear (closed arrowhead) cells.Multinucleated cells
demonstrated intense active catB labeling. Quantification of
staining intensity in day 3 cultures revealed a clear rise in active
enzyme levels as preosteoclasts underwent multinucleation
(Fig. 3B, right). This rise in activity temporally correlates with
the loss of MyoIIA expression demonstrated in Fig. 2A.
To determine whether inhibition of cathepsin B activity had

any effect on osteoclast formation, cathepsin B inhibitors were
added to day 3 preosteoclasts, and the resulting cells were
examined the next day. Fig. 3C, left, illustrates that the addition
of cathepsin inhibitor I produced a significant decrease in
multinucleation, relative to vehicle-only controls. Similar
results were obtained when CA-074Me, but not CA-074, was
added to cultures (Fig. 3C, right). These results demonstrate
that inhibitors of intracellular cathepsin B suppress osteoclast
fusion. Further, to determine the effects of catB gain of func-
tion, a murine cDNA clone was isolated by RT-PCR and over-
expressed in RAW264.7 macrophages (Fig. 3D, left). Upon dif-
ferentiation into mature osteoclasts, catB-overexpressing cells
demonstrated an 84% increase in nuclear number, with a simi-
lar accompanying increase in cell perimeter (Fig. 3D, right).
These results suggest that cathepsin B activity has an effect on
osteoclast fusion by promoting proteolysis of MyoIIA.
RNA Interference-mediated Suppression of Myosin IIA—The

results above suggest that modulation of MyoIIA levels plays a
key role in osteoclastogenesis. To test the role of MyoIIA more
directly, RNA interference was used to knock down MyoIIA
expression in the latter half (day 4 onward) of the osteoclast
differentiation process, thus preventing recovery of its expres-
sion levels after the normal transient decrease. Two siRNAs
specific to theMyoIIAheavy chainwere designed and tested for
efficacy in both RAW264.7 and mouse marrow cells, as were
three control double-stranded oligonucleotides. Cells were
transfected on day 4 of culture and assayed for MyoIIA mRNA
and protein levels 2 and 3 days later, respectively. Fig. 4A (top)
demonstrates that both targeting siRNAs diminished levels of
MyoIIA mRNA, whereas the three control double-stranded
RNAoligonucleotides (C0–C2) had no effect. The lower panels
of Fig. 4A confirm a significant loss of MyoIIA protein after
siRNA treatment, whereas cellular GAPDH and �-actin levels
remained constant. The remaining panels of Fig. 4 illustrate the
time course of diminished MyoIIA expression achieved with
siRNA1. Notable decreases in MyoIIA mRNA were evident as
early as 1 day post-transfection (Fig. 4B), with suppressed pro-
tein levels evident 1 day later (Fig. 4C). GAPDH and �-actin
levels were unaffected over the length of the time course.Quan-
titation of multiple experiments with siRNA1 showed MyoIIA
protein to drop to �60% of control levels by 2 days post-trans-
fection in both RAW264.7 and marrow cells and to diminish
further to about 30% of controls by 5 days post-transfection
(Fig. 4D). In a single time course experiment, similar results
were obtained with siRNA2 in RAW264.7 cells (data not
shown). These results demonstrate that MyoIIA levels can be
efficiently and specifically suppressed in the latter half of the
osteoclast differentiation process.
Alteration of Myosin IIA Levels Modulates Osteoclast Fusion,

Spreading, and Motility—An immediately obvious conse-
quence of MyoIIA suppression was the generation of oste-

oclastswith larger surface areas than normal osteoclasts or con-
trol-transfected cells. Generation of podosomal actin cores
appeared unaffected. Fig. 5A shows photomicrographs of phal-
loidin-labeled control- and siRNA-treated cells, demonstrating
the large size of cells subjected to RNA interference. The left
and center panels illustrate typical fields of control- and siRNA-
treated cells, whereas the right panel shows an example of the
enormous size to which the siRNA-treated cells could develop
(all photographs are at the same scale). These differences were
quantified in Fig. 5B (left), which shows that for both siRNA1-
and siRNA2-treated cells, average cell perimeter roughly dou-
bled when compared with controls. To determine whether the
large siRNA-treated cells were the product of increased preos-
teoclast fusion, control- or siRNA-treated cells (at 4 days fol-
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FIGURE 4. Myosin IIA levels are efficiently suppressed via RNA interfer-
ence. A (top), competitive RT-PCR shows specific knockdown of MyoIIA mRNA
with two siRNAs but not with three control oligonucleotides (C0 –C2) 2 days
post-transfection. Bottom, Western blot analysis for MyoIIA, GAPDH, and
�-actin at 3 days post-transfection. B, a time course shows the effects of
siRNA1 on MyoIIA mRNA for 4 days post-transfection. C, transfection of
siRNA1 produces a sustained suppression of MyoIIA protein through 5 days
post-transfection. D, multiple experiments like those in C were quantified and
graphed. Results shown are the means of at least three experiments � S.D.
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lowing transfection) were labeled with bisbenzimide, and their
nuclei were enumerated. Fig. 5B, right, illustrates that nuclear
number approximately doubled in either RAW264.7 ormarrow
cultures when cells were treated eitherwith siRNA1 or siRNA2.
To determine whether siRNA-treated cells might undergo
greater fusion than controls due to enhanced cell survival,

nuclear number and apoptosis (via
a terminal deoxynucleotidyltrans-
ferase-mediated dUTP nick end-la-
beling assay) were measured in con-
trol and siRNA-treated samples. No
significant differences were seen
(data not shown).
In a separate experiment,

RAW264.7 macrophages were
transfected with control or siRNA1
nucleotides and cultured in the
absence of RANKL to determine
whether knockdown of MyoIIA
stimulated fusion in the absence of
preosteoclast differentiation. After
7 days, control-treated macro-
phages possessed an average of
1.01 � 0.01 nuclei, whereas siRNA-
treated cells possessed 3.78 � 0.71
nuclei (n � 100 for each treatment).
These results clearly indicate that
suppression of MyoIIA levels alone
is sufficient to induce macrophage
multinucleation without a require-
ment for RANKL-mediated differ-
entiation. The resultingmultinucle-
ated cells possessed none of the
hallmark features of osteoclasts,
since they were negative for tar-
trate-resistant acid phosphatase
and did not demonstrate increased
expression of osteoclast differenti-
ation markers, such as the vacuo-
lar proton-translocating ATPase
a3 subunit (44, 45) or �3 integrin
(46) (data not shown). Thus,
MyoIIA-regulated fusion occurs
independently of RANKL-induced
differentiation. However, RANKL
treatment appears to enhance
fusion, since MyoIIA knockdown
in the presence of RANKL pro-
duces greater multinucleation
than MyoIIA knockdown alone.
This may be due in part to
RANKL-mediated up-regulation
of cathepsin B expression via
NF-�B-responsive elements in its
promoter (47).
As an additional indicator of the

direct role of MyoIIA in regulating
osteoclast fusion, a MyoIIA-GFP

fusion protein was transiently expressed in differentiating
RAW264.7 osteoclasts, resulting in a�2-fold overexpression of
MyoIIA, and cell perimeter and nuclear number were assessed.
Cells were transfected on day 3 following RANKL treatment,
when endogenous MyoIIA levels drop, and assayed on day 5.
Fig. 5C demonstrates that increased MyoIIA levels resulted in

FIGURE 5. Alteration of myosin IIA levels during osteoclastogenesis alters cell fusion and spreading.
A, control- or siRNA1-transfected cultures were labeled with fluorescent phalloidin to show the peripheral
podosome belt. Scale bar, 200 �m. B, RAW264.7- or marrow-derived osteoclasts were treated with control
oligonucleotides, siRNA1, or siRNA2. Left, perimeters of siRNA-treated marrow cells were statistically different
from controls (p � 0.001), as were the perimeters of siRNA-treated RAW264.7 cells (p � 0.00001). Right, nuclei
were enumerated in RAW264.7- or marrow-derived osteoclasts treated with control or siRNA oligonucleotides.
siRNA-treated RAW264.7 cells demonstrated greater nuclear number than controls (p � 0.05 for both siRNA1
and -2), as did marrow cells (p � 0.01 for both siRNA1 and -2). C, myosin IIA-GFP was transiently expressed in
differentiating RAW264.7 osteoclasts, as demonstrated by Western analysis (left). The shift in molecular weight
caused by the GFP fusion was not clearly visible due to the high molecular mass of MyoIIA. The pEGFP-C3 vector
was transfected as a control, and with both constructs, transfection efficiency was �90%. In MyoIIA-overex-
pressing cells, both cell perimeter and nuclear number were decreased (graphs); p � 0.005. D, nuclear number
versus cell perimeter was plotted for wild type (WT) RAW264.7 osteoclasts as well as for control- or siRNA-
transfected cells. For the perimeter outcome, the slopes of the log-transformed data were not significantly
different (p � 0.253), and thus a common slope was used in the final model. Pairwise comparisons between
each siRNA and control cells showed significant differences at the intercept and at 10 nuclei (all p values �
0.001). E, siRNA-treated RAW264.7 osteoclasts showed diminished motility in migration assays relative to
controls; p � 0.05.
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decreased cell perimeter and nuclear number, consistent with a
role in its inhibition of osteoclast fusion.
Although these data demonstrate a role forMyoIIA in medi-

ating osteoclast fusion, numerous studies in other cell types
have suggested a role for this protein in cell spreading and
motility (22, 48–50). Therefore, we sought to determine
whether the larger surface area of siRNA-treated cells was a
result solely of increased preosteoclast fusion or whether cell
spreading also was affected. We first investigated whether we
could quantify a relationship between nuclear number and cell
perimeter in normal osteoclasts generated from RAW264.7
cells. A survey of �300 cells at different stages of maturation
indicated that cell perimeter increases proportionately to
nuclear number (Fig. 5D, wild type (WT) cells). In further
experiments, control- and siRNA-treated cells also were exam-
ined for the relationship between nuclear number and cell
perimeter. These cells were transfected on day 4 of differentia-
tion and assayed 4 days later, using the same protocol as that
described in the legend to Fig. 4. As shown in Fig. 5D, control-
treated cells, which possessed up to 16 nuclei, had a slightly
greater perimeter thanwild type cells of the same nuclear num-
ber. This increased spreading may be attributable to the lipid-
based transfection methods used in this study. In contrast,
siRNA-treated cells, which possessed up to 28 nuclei, demon-
strated perimeters that were similar to control cells at low
nuclear number but increased rapidly as nuclear number
increased. These results, which were very similar for both
siRNA1 and siRNA2, show that loss of MyoIIA increases not
only cell fusion but also cell spreading in highly multinucleated
cells, resulting in formation of extremely large osteoclasts, such
as that shown in Fig. 5A. Nearly identical results were obtained
from marrow-derived osteoclasts (data not shown).
Because myosin IIA plays a role in cell adhesion, we assessed

the effects of its suppression on cell motility. Most motility
assays are dependent on cell size, relying either on the ability of
cells to migrate through filters of a particular pore size or on
their ability to migrate and generate a path over a given surface
area. Because normalMyoIIA-suppressed cells aremuch larger
than their control counterparts, we needed to produce culture
conditions in which the siRNA-treated cells produced were of
similar size as the controls. To achieve this, differentiating
RAW264.7 osteoclast cultures were washed extensively just
prior to transfection with either anti-MyoIIA or control siRNAs.
This treatment resulted in removal of mononuclear cells and
inhibited further cell fusion. The resulting cultures produced
cells very similar in nuclear number and perimeter (control,
4.4 � 2.8 nuclei, 501.4 � 206.0 �m, n � 47; siRNA1, 4.8 � 2.5
nuclei, 508.1 � 216 �m, n � 53).When tested for osteopontin-
directed migration (Fig. 5E), the siRNA-treated cells showed
significantly diminished motility (inhibition of �35–50%),
indicating a role for MyoIIA in osteoclast migration.
Effects ofMyoIIA andCathepsin B on Sealing Zone Formation

and Bone Resorption—Because of the presence of MyoIIA in
the sealing zone of polarized osteoclasts, we determined
whether actin ring formation was affected by suppression of its
expression. When plated on bone, siRNA-treated cells demon-
strated obviously larger actin rings than control cells (Fig. 6A).
The increased size of actin rings is demonstrated graphically in
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FIGURE 6. Effects of myosin IIA and cathepsin B on sealing zone formation
and resorption. A, examples of sealing zones from control- or siRNA-treated
cells on ivory are shown. Cells were labeled with fluorescent phalloidin and
photographed at the same scale. B, RAW264.7- or marrow-derived oste-
oclasts were treated with control oligonucleotides, siRNA1, or siRNA2. The
sealing zone perimeters of siRNA-treated marrow cells were statistically dif-
ferent from controls, as were the perimeters of siRNA-treated RAW264.7 cells
(all p values � 0.000001). C, nuclear number versus actin ring perimeter was
plotted for wild type (WT) RAW264.7 osteoclasts as well as for control- or
siRNA-transfected cells. As in the cell perimeter data above, the slopes of the
log-transformed data were not significantly different (p � 0.925), leading to
the use of a common slope model. Comparison of wild type and control cells
showed no significant difference, whereas the actin rings of siRNA1 cells were
significantly different from controls at 10 nuclei and at the intercept (p �
0.001). D, control- or siRNA1-treated osteoclasts were assayed for resorptive
capacity on synthetic bone substrate (left) or ivory slices (right); no significant
differences were noted between controls and siRNA treatment. E, treatment
of osteoclasts (days 3– 6 of culture) with CA-074Me, but not CA-074, dramat-
ically reduced bone resorptive capacity. For both number of clearings and
total resorption, p � 0.00005.
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Fig. 6B. To determine whether the enlarged actin rings were a
consequence of the enhanced overall size of the cells or a direct
effect of MyoIIA suppression on ring formation, we first exam-
ined the relationship between cell size and actin ring circum-
ference in normal polarized RAW264.7-derived osteoclasts on
bone. As demonstrated in Fig. 6C (wild type (WT) cells), it was
determined that there exists a relationship between nuclear
number and ring circumference (i.e. larger cells tend to gener-
ate larger rings). When control- and siRNA-transfected cells
were assayed for nuclear number and actin ring size, the control
cells behaved similarly to wild type. In contrast, siRNA-treated
cells generated actin rings �25% larger than expected, indicat-
ing amodest but significant effect ofmyosin IIA suppression on
actin ring size. Both siRNAs produced similar results; however,
only siRNA1 is shown for figure clarity. Additionally, siRNA1
was tested onmarrow-derived osteoclasts. This treatment pro-
duced results similar to those in RAW264.7 cells; the actin rings
generated by the siRNA were �38% greater in perimeter than
control transfectants (not shown).
Bone resorption in MyoIIA-suppressed cells was tested in

two types of assays. The resorptive capacity of osteoclasts was
assayed on synthetic bone substrate (Fig. 6D, left) or on ivory
slices (Fig. 6D, right). In neither case was resorption affected by
the siRNA1-mediated loss of MyoIIA expression, despite the
diminishedmotility of these cells. We expect that maintenance
of resorptive capacity may be a function of the siRNA-treated
cells possessing more or larger sealing zones, which could
counteract the effects of lowered motility. Although suppress-
ing MyoIIA levels in mature osteoclasts does not affect resorp-
tive capacity, it was previously discovered that treatment of
mature rat osteoclasts with CA-074Me, but not CA-074,
reduced the ability of these cells to resorb bone. Further,
CA-074Me, but not CA-074, reduced bone resorption in vivo
when administered subcutaneously (51). To test the effects of
cathepsin B inhibition on bone resorption in our system,
RAW264.7-derived osteoclasts were treated with 50 �M
CA-074 or CA-074Me on days 3–6 following RANKL treat-
ment. As shown in Fig. 6E, CA-074Me but not CA-074 pro-
duced a dramatic inhibition of resorptive capacity, consistent
with previous reports using other osteoclast models. Thus, our
results indicate that cathepsin B plays a critical role in oste-
oclast formation and function by regulating myosin IIA levels
and osteoclast fusion.

DISCUSSION

The roles of myosin IIA in cell function have been studied
extensively in model systems from lower eukaryotes to mam-
malian cells. However, this study is the first detailed examina-
tion of myosin IIA in osteoclasts. Althoughmodulation of oste-
oclast spreading and motility was an expected effect of MyoIIA
suppression,we also found, perhapsmore importantly, that this
myosin plays a crucial role in mediating cell fusion.
Alteration of the actin cytoskeleton is a critical process in

cell-cell fusion. Cytoskeletal rearrangements have been impli-
cated in modulating fusion-related events ranging frommigra-
tion to cell adhesion to the fusion process itself (reviewed inRef.
52). Themechanismbywhichmyosin IIA suppresses cell fusion
in osteoclasts is unclear. One possibility is that MyoIIA, which

is distributed fairly homogeneously in monocytic/macrophage
osteoclast precursors,may provide intracellular tension or even
a physical barrier that prevents fusion from occurring. Alter-
nately, MyoIIA may play a role in limiting cell-cell contact in
these precursors through interaction with cell surface proteins.
For example, it is possible that myosin IIA may play a role in
fusion by interacting indirectly with membrane proteins such
as d2, dendritic cell-specific transmembrane protein, CD44,
and ADAM8, thus regulating their functions.
Our data clearly demonstrate that regulated proteolysis of

myosin IIA during osteoclastogenesis stimulates precursor
fusion. Although regulated proteolysis of myosin IIA might
appear to be anunusualmechanism for changing its expression,
previous studies in smooth muscle cells showed that non-
muscle myosin levels during cell division are regulated by
changes in protein half-life (53). Our data additionally show
that cathepsin B appears to promote the proteolysis seen during
osteoclastogenesis. Previous studies have indicated negative
effects of intracellular cathepsin B inhibitors on osteoclast
activity and, more recently, formation, although the mecha-
nisms by which cathepsin B promotes bone resorption have
remained amystery (51, 54). In this study, we have identified a
role for cathepsin B in osteoclast function through its mod-
ulation of myosin IIA levels, and subsequently, osteoclast
formation.
At this point, it is unclear how cathepsin B might promote

myosin IIA degradation. It does not appear that cathepsin B
activates other general proteases, which would then cleave
myosin IIA, based on our studies of protease inhibitor panels. It
is possible that cathepsin B directly degrades myosin IIA,
although themechanism by which these proteins might associ-
ate is unknown. However, although cathepsin B is known pri-
marily as a lysosomal enzyme, it retains endopeptidase activity
at neutral pH and can function in extracellular compartments
and the cytosol. Nonlysosomal cathepsin B has been implicated
in both pathological and physiological processes. In cells of the
monocyte/macrophage lineage, cytosolic cathepsin B was sug-
gested to regulate secretion of tumor necrosis factor-� induced
by inflammatory stimuli (55). Further, multiple reports have
implicated nonlysosomal cathepsin B in promoting myoblast
fusion. First, cathepsin B activity increases during fusion of
postmitotic myoblasts into myotubes (56, 57). Diminution of
cathepsin B levels by either retroviral gene trapping or cell-
permeant inhibitors negatively affects myoblast fusion (56, 58).
Most recently, cathepsin B has been shown to localize to the
cytoplasmic face of the plasma membrane of differentiating
myoblasts at caveolae, suggesting a role in mediating cytoskel-
etal rearrangements required for cell fusion (59). Moreover, a
panel of protease inhibitors very similar to ours was used to
examine the enzymatic basis for proteolytic breakdown of
actin-rich dendritic spines inN-methyl-D-aspartate-stimulated
neurons. Only inhibitors of cathepsin B were capable of pre-
venting this degradation, and the cytosolic protein myristoy-
lated alanine-richC kinase substratewas shown to be a target of
the enzyme (60). Thus, cathepsin B-mediated degradation of
cytoskeletal proteins may be a universal mechanism by which
extensive changes in cell shape are mediated. More studies are
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required to determine how cathepsin B functionally interacts
with the cytoskeleton.
In addition to our findings showing a role for MyoIIA in

osteoclast precursor fusion, we also showed it to regulate cell
spreading and formation of the sealing zone. Knockdown of
MyoIIA increased both cell perimeter and sealing zone perim-
eter. Further, in migration assays, MyoIIA-suppressed cells
demonstrated somewhat lower osteopontin-directed motility
than control cells. These results are consistent with studies in
foreskin fibroblasts showing that MyoIIA-suppressed human
foreskin fibroblasts demonstrated decreased directional migra-
tion (61). Although overall resorptive capacity was not mark-
edly affected by knockdown of MyoIIA, inhibition of intracel-
lular cathepsin B, which results in heightened levels ofMyoIIA,
dramatically diminished resorption. We attribute this finding
at least in part to high levels of MyoIIA preventing osteoclast
formation, although it is possible that other cathepsin B-de-
pendent mechanisms may be involved.
In summary, this study revealed a not unexpected role for

myosin IIA in mediating osteoclast spreading, motility, and
sealing zone formation but also indicated a surprising function
in regulating cell fusion during late osteoclastogenesis. These
data also indicate a role for cathepsin B as the upstream regu-
lator of MyoIIA-mediated multinucleation in osteoclasts.
These results add to our knowledge of a process that is poorly
understood in osteoclasts and indeed in other cell types, such as
myoblasts, that undergo regulated fusion. Because differentia-
tion of preosteoclasts without subsequent fusion results in poor
resorptive capacity and potentially, effects on osteoblast func-
tion (11), defining the steps involved in this process is impor-
tant to our discernment of the cellular events that regulate skel-
etal health. Future studies to elucidate how cytoskeletal
rearrangements may affect membrane structure, including
membrane protein distribution, should provide useful insights
into the process of osteoclast fusion.
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