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Bone-resorbing multinucleated osteoclasts that play a central
role in the maintenance and repair of our bones are formed from
bone marrow myeloid progenitor cells by a complex differenti-
ation process that culminates in fusion of mononuclear oste-
oclast precursors. In this study, we uncoupled the cell fusion
step from both pre-fusion stages of osteoclastogenic differenti-
ation and the post-fusion expansion of the nascent fusion con-
nections. We accumulated ready-to-fuse cells in the presence of
the fusion inhibitor lysophosphatidylcholine and then removed
the inhibitor to study synchronized cell fusion. We found that
osteoclast fusion required the dendrocyte-expressed seven
transmembrane protein (DC-STAMP)-dependent non-apo-
ptotic exposure of phosphatidylserine at the surface of
fusion-committed cells. Fusion also depended on extracellu-
lar annexins, phosphatidylserine-binding proteins, which,
along with annexin-binding protein S100A4, regulated fuso-
genic activity of syncytin 1. Thus, in contrast to fusion pro-
cesses mediated by a single protein, such as epithelial cell
fusion in Caenorhabditis elegans, the cell fusion step in oste-
oclastogenesis is controlled by phosphatidylserine-regulated
activity of several proteins.

The molecular dissection of the best-characterized virus—
cell membrane fusion and intracellular fusion processes has
been greatly facilitated by their relative rapidity (taking from a
few milliseconds to minutes) and by convenient triggers (such
as calcium ions, acidification, and receptor interaction) (1-4).
Much less is known about mechanisms of cell-cell fusion in
fertilization, in development and regeneration of skeletal mus-
cles, in placentogenesis, and in osteoclast formation (3, 5). In all
these cell fusion processes, actual fusion events follow relatively
slow (days) and unsynchronized pre-fusion stages. To identify
the proteins that mediate cell fusion, one needs to distinguish
these proteins from proteins that function only in the pre-fu-
sion stages of osteoclastogenesis. Moreover, because cell-cell
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fusion is usually scored as formation of multinucleated cells, the
candidate proteins can operate at a stage where two mem-
branes are already fused and nascent fusion pores expand to
fully join the cells (6, 7).

Different cell- cell fusions involve very different proteins and
cells and take place in very different biological contexts (2, 3, 8).
Although the processes that commit the cells to fusion are likely
to be as diverse as the cells involved, fusion events in many
cell—cell fusions appear to share some important mechanistic
motifs. To start, diverse cell-cell fusions, like many other
membrane fusion processes, proceed via hemifusion interme-
diates (9). Myoblast fusion (7), osteoclast fusion (6), and fusion
between epithelial cells in Caenorhabditis elegans (10) are all
inhibited by the same lipid, lysophosphatidylcholine (LPC),>
that blocks early hemifusion intermediates (9). Downstream of
the apparently conserved membrane rearrangements that gen-
erate fusion pores (9), the expansion of these pores to fully join
the cells in different cell-cell fusion processes shares depen-
dence on cell metabolism and dynamin 2 activity (6, 7).

In another striking similarity, macrophages committed to
fuse into inflammatory giant cells (11), myoblasts committed to
fuse into myotubes (12), and trophoblasts committed to form
placental syncytiotrophoblasts (13) have all been reported to
expose phosphatidylserine (PS) at the cell surface. Reports that
cell-surface PS influences differentiation processes for both
myoblasts (14) and osteoclasts (15) implicate PS exposure in
pre-fusion stages. However, the dependence of myoblast fusion
on extracellular PS-binding proteins, annexins Al and A5
(Anxs Al and A5) (7, 16, 17) and stabilin 2 (18), suggests that
cell-surface PS may be involved in myoblast fusion.

In this study, we focused on the cell—- cell fusion stage of oste-
oclast formation (19, 20). Multinucleated osteoclasts resorb
bones to balance the bone-forming activity of osteoblasts in the
continuous bone-remodeling process in both healthy animals
and in pathological states. Osteoclasts are formed from precur-
sor cells (OCPs) of monocyte/macrophage lineage in the pres-
ence of macrophage colony-stimulating factor (M-CSF) and
receptor activator of NF-kB ligand (RANKL). Many groups

2The abbreviations used are: LPC, lysophosphatidylcholine; Anx, annexin;
BMC, bone marrow cell; HM, human monocyte; M-CSF, macrophage colo-
ny-stimulating factor; PS, phosphatidylserine; RANK, receptor activator of
nuclear factor-kB; RANKL, receptor activator of nuclear factor-«B ligand; OCP,
osteoclast precursor cell; TRAP, tartrate-resistant acidic phosphatase; MEM-q,
minimal essential medium-a; CDF, cumulative distribution function; Dil, 1,1'-
dioctadecyl-3,3,3’,3"-tetramethylindocarbocyanine perchlorate.
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have characterized the osteoclastogenesis using in vitro models
based on human monocytes (HMs), murine bone marrow cells
(BMC), and macrophage-like murine monocytic RAW 264.7
cells (“RAW cells”). Several proteins have been shown to be
involved in osteoclastogenesis and suggested to be involved in
OCP fusion, including the following: a regulator of immune
properties of dendritic cells, dendritic cell-specific transmem-
brane protein (DC-STAMP) (21, 22); osteoclast stimulatory
transmembrane protein (OC-STAMP) (23, 24); purinergic
receptors (25); S100 proteins (26); protein-tyrosine phospha-
tase PEST (27); adaptor protein Tks5 (28); an intermediate-
conductance calcium-activated potassium channel (29); and
CD47 (30). Recent studies have also demonstrated that forma-
tion of multinucleated osteoclasts depends on clathrin-medi-
ated endocytosis (31). The specific stages of osteoclastogenesis
that are dependent on the proteins listed above (fusion versus
pre- or post-fusion stages) remain to be clarified.

Generation of multinucleated osteoclasts also involves syn-
cytin-1 (Syn-1), the envelope protein of a human endogenous
retrovirus, HERVW1 (30, 32, 33). Syn-1 is highly expressed in
placental trophoblasts and mediates their fusion in human pla-
centogenesis (34). Fusogenic activity of Syn-1 is triggered by its
interactions with ASCT1/2 receptors. Suppression of Syn-1
activity inhibits both formation of multinucleated human oste-
oclasts and expression of a biochemical marker of osteoclast
maturation, tartrate-resistant acidic phosphatase (TRAP) (32).
Because TRAP expression develops independently of cell- cell
fusion (6, 21), these findings suggest that Syn-1 either functions
in both the fusion stage and the pre-fusion stages leading to
TRAP expression or only in the differentiation stages upstream
of both TRAP expression and fusion. Indeed, Syn-1 has been
reported to have non-fusion-related functions (35).

Proteins found to be required for formation of multinucle-
ated osteoclasts, especially those among them that are not
required for expression of some osteoclast differentiation
markers, are routinely referred to as proteins involved in fusion.
However, distinguishing proteins that are required for genera-
tion of ready-to-fuse OCPs from proteins that are directly
involved in fusion has remained a challenge because all proteins
discussed above have known fusion-unrelated functions. Here,
we explored mechanisms of the cell fusion stage in osteoclasto-
genesis using murine OCPs (macrophage-like cells and BMCs)
and HM-derived OCPs. To distinguish an actual fusion event,
i.e. a local merger between cell membranes from post-fusion
expansion of nascent fusion connections, we complemented
the conventional syncytium formation assay with an assay that
detected fusion as redistribution of small probes. To uncouple
the fusion stage from the pre-fusion stages, we used the fusion-
synchronization approach that we developed earlier to study
the post-fusion stage of osteoclastogenesis when the connec-
tion between two OCPs expands to form syncytium (6). We
accumulated the ready-to-fuse OCPs in the presence of fusion
inhibitor LPC and then removed LPC to ensue robust fusion.
This approach has allowed us to specifically study ready-to-fuse
and fusing cells. Application of different reagents at the time of
LPC removal allowed us to examine contributions of candidate
proteins to osteoclast fusion.
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We found that fusion-committed OCPs displayed PS at their
surface, and this PS exposure depended on DC-STAMP and
was required for fusion, suggesting involvement of extracellular
PS-binding proteins. Indeed, we found that synchronized
fusion depends on extracellular Anxs (Al and A5 for murine
osteoclasts and only A5 for HM-derived OCPs). Synchronized
fusion of HM-derived OCPs also involved Anx-binding protein
S100A4 and Syn-1. Our data substantiate a novel mechanism of
osteoclast fusion in which DC-STAMP-dependent phosphati-
dylserine exposure triggers the assembly of the annexin-based
protein scaffold that regulates fusogenic activity of Syn-1. The
dependence of the cell fusion stage of osteoclastogenesis on the
interdependent activities of the Anxs and Syn-1 can be shared
by other cell- cell fusion processes.

Results
Fusion synchronization

We have previously analyzed the time course of formation of
multinucleated osteoclasts for RAW cells and for HM-derived
OCPs and, in each of these models, selected the 16-h intervals
characterized by the most robust fusion (6). For both the RAW
cells and HM-derived OCPs, we focused on fusion observed
between 72 and 88 h post-RANKL application. Conventionally,
osteoclast fusion is quantified from measurements of numbers
and sizes (area and number of nuclei) of multinucleated cells.
These syncytium formation assays detect only fusion events
with fully expanded fusion pores. Because some treatments
block the expansion of nascent fusion pores rather than the
actual fusion event that generates these pores (6, 7), we com-
plemented syncytium formation assays with an assay for local
membrane merger, defined as a connection between two cell
membranes. In this assay, we co-incubated the cells labeled
with cytosolic green cell tracker and cells labeled with either red
membrane probe 1,1'-dioctadecyl-3,3,3’,3'-tetramethylindo-
carbocyanine perchlorate (Dil) or cytosolic orange cell tracker
and counted syncytia co-labeled with both green and red
probes. We have not aimed to distinguish hemifusion (= only
lipid mixing) from fusion pores (= both lipid and content mix-
ing), and we considered appearance of any double-labeled cells
as evidence of membrane merger.

As illustrated in Fig. 1, left panel, LPC application at the
beginning of the selected time interval suppressed both mem-
brane merger and syncytium formation. 16 h later, we washed
the cells with LPC-free medium to allow fusion. For HM-de-
rived OCPs, the extents of membrane merger (B) and the num-
bers of completed fusion events (C) grew from the background
levels that reflected the fusion levels observed at the time of
LPC application (Fig. 1, A—D). Within 90 min after LPC
removal, the membrane merger and syncytium formation
extents were close to those observed at the same time post-
RANKL application in the control experiments with no LPC
applied (Fig. 1, B and C). Analysis of the distributions of the
sizes of syncytia presented as cumulative distribution function
(CDF) (Fig. 1D) confirmed that LPC inhibited growth of syncy-
tia, and 90 min after LPC removal, the numbers of syncytia of
different sizes were close to those observed in the control
experiments with no LPC applied. Using pit assay, we verified
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Figure 1. Synchronization of fusion between osteoclast precursors using hemifusion-inhibiting lipid LPC. A, in our standard experimental design, we
synchronized OCP fusion by placing the differentiating OCPs into LPC-containing medium for a 16-h time interval and then washed LPC out to allow fusion. 90
min after LPC removal ( = 89.5 h post-RANKL application), we took images of the cells for off-line analysis. Fluorescence (left) and bright field with stained nuclei
(right) microscopy images illustrate synchronized fusion of HM-derived OCPs pre-labeled with either green or orange cell tracker. 1, Control, control experi-
ment in which fusion developed without LPC interruption. 2, +LPC, LPC was applied but was not removed. 3, +LPC/—LPC, LPC was applied and washed out.
Arrows mark some of the double-labeled syncytia. The left panel illustrates experimental design. B-D, experiments on fusion between HM-derived OCPs such
asthe onein A were quantified to evaluate membrane merger (B), number of cell fusion events (C), and CDF characterizing the sizes of the syncytia (D). 1, control
experiments (no LPC applied); 2, LPC applied and not removed; 3, LPC applied and removed. E and F, fusion between RAW cell-derived OCPs was assayed at
different times after LPC removal as membrane merger (E, curve 1) and as the total number of cell fusion events in syncytium formation (E, curve 2). No LPC,
fusion extents and syncytium size distribution observed at 89.5 h post-RANKL application for the cells not treated with LPC. F, CDF analysis of the sizes of the
syncytia. B, G, and E, membrane merger extents and numbers of cell fusion events generating syncytia were normalized to those observed in +LPC/—LPC
experiments 90 min after LPC removal. Data from 10 random imaging fields for each condition in a single representative experiment out of three repeats are
presented as curves (E) and box plots (Band C) with center lines showing the medians; box limits indicate the 25th and 75th percentiles and whiskers above and
below the box indicate the 90th and 10th percentiles. Levels of significance relative to the data in control (box plots 1) are shown as not significant (NS, p > 0.05)
and *** p < 0.001.

that human osteoclasts formed after fusion synchronization
had the same bone resorption activity as osteoclasts formed
without LPC application (Fig. S1).

In the experiments presented in Fig. 1, E and F, we used the
fusion synchronization approach in osteoclast formation by
RAW cells to compare the time course of membrane merger,
and syncytium formation, after LPC removal. Earlier fusion
stages detected with the membrane merger assay developed
faster than syncytium formation stages (Fig. 1E, curve I versus
curve 2). Analysis of the number of completed fusion events
(Fig. 1E, curve 2) and the CDF analysis (Fig. 1F) showed the
lack of detectable syncytium formation in the first 15 min
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after LPC removal. This lag period most likely represents the
minimal time from initiation to completion of a cell fusion
event.

Fusion suppression with LPC has allowed us to uncouple the
cell fusion stage of formation of human and murine multinu-
cleated osteoclasts, operationally defined here as processes
starting from LPC removal and ending with membrane merger,
from the pre-fusion differentiation processes. Note that fusion
recovery after LPC removal developed in the absence of
RANKL and antibodies to RANK had no effect on the synchro-
nized fusion of HM-derived OCPs (Fig. 2, A and B), indicating
that whereas RANKL signaling triggers osteoclastogenic differ-
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Figure 2. Antibodies to RANK (A-D) and Anx A2 (E-H) proteins functioning in early stages of osteoclastogenesis do not inhibit synchronized fusion
between human osteoclast precursors. A and B, RANK antibody (20 ng/ml) added at the time of LPC removal (i.e. at 88 h post-RANKL application) had no
effect on the synchronized osteoclast fusion. 7, LPC was not removed; 2-4, LPC was applied and removed with no antibodies applied (2) or with either RANK
antibody (3) or negative control antibody (fish G-7 antibody (4)) applied. C and D, RANK antibody (2 ug/ml) added at 72 h post-RANKL application inhibits
formation of multinucleated osteoclasts. 1, control (no antibodies applied); 2, RANK antibody; 3, negative control antibody (fish G-7 antibody). Eand F, Anx A2
antibody (30 ng/ml) added at the time of LPC removal (i.e. at 88 h post-RANKL application) had no effect on the synchronized osteoclast fusion. 7, LPC was not
removed; 2, no antibodies applied; 3, Anx A2 antibody; 4, non-specific IgG. G and H, Anx A2 antibody (10 ng/ml) added at 72 h post-RANKL application inhibits
formation of multinucleated osteoclasts. 7, control (no antibodies applied); 2, Anx A2 antibody; 3, non-specific IgG. Fusion efficiency was characterized as the
total number of cell fusion events in syncytium formation (4, G, E, and G) and as the CDF of syncytium sizes (B, D, F, and H). A, C, E, and G, data from 10 random
imaging fields for each condition in a single representative experiment out of three repeats are presented as box plots with center lines showing the medians;
box limits indicate the 25th and 75th percentiles and whiskers above and below the box indicate the 90th and 10th percentiles. Fusion extents were normalized
to those observed in +LPC/—LPC experiments 90 min after LPC removal (A and E) or in the control (C and G, no antibodies applied). Levels of significance
relative to the +LPC/—LPC data (A and E) or to the control (C and G) are shown as not significant (NS, p > 0.05) and ***, p < 0.001.

entiation leading to fusion, fusion itself does not depend on
activity of the RANK. Antibodies to Anx A2, a protein that
stimulates the proliferation and differentiation of osteoclast
precursors at early stages of osteoclastogenesis (36, 37), also
had no effect on the synchronized fusion of HM-derived OCPs
(Fig. 2, Eand F). As expected, application of even lower concen-
trations of the same RANK and Anx A2 antibodies at earlier
times post-RANKL application strongly inhibited formation of
multinucleated osteoclasts (Fig. 2, Cx, D, G, and H).

In summary, the fusion-synchronization approach allows us
to characterize the effects of different treatments and reagents
on 90 min of robust fusion rather than on several days of oste-
oclastogenic differentiation and thus to distinguish proteins
involved in fusion from proteins involved only in pre-fusion
differentiation such as RANK and Anx A2.

Fusion dependence on DC-STAMP and syncytin-1

Formation of multinucleated osteoclasts is completely abro-
gated in DC-STAMP-deficient cells (21). We used the fusion
synchronization approach to examine whether DC-STAMP
functions in the cell fusion stage of osteoclast formation. Appli-
cation of DC-STAMP antibodies but not of the control IgG to
RAW cells at the time of LPC removal lowered the number of

SASBMB

completed cell fusion events, blocked formation of large syncy-
tia, and inhibited membrane merger (Fig. 3, A-D), suggesting
that this protein is directly involved in fusion. DC-STAMP anti-
bodies also inhibited synchronized fusion of HM-derived OCPs
(Fig. 3E).

Osteoclastogenic differentiation and formation of HM-de-
rived multinucleated osteoclasts have been reported to involve
Syn-1 (32). In agreement with earlier reports, we found that
HM-derived OCPs express Syn-1 (Fig. 44). To focus on the
fusion stage of osteoclastogenesis, we accumulated ready-to-
fuse HM-derived OCPs, using LPC block, and applied Syn-1-
targeting reagents at the time of LPC removal. Antibodies to
Syn-1, but not the control antibodies, lowered the number of
completed fusion events and blocked formation of large syncy-
tia (Fig. 4, B and C). To further examine the role of Syn-1, we
used a peptide inhibitor of Syn-1-mediated fusion (32, 38).
Fusogenic activity of the transmembrane subunit of Syn-1
depends on the association between N- and C-terminal heptad
repeat regions of the protein in a 6-helix bundle fusion-active
core. A peptide derived from the C-terminal heptad repeat
inhibits this association and thus inhibits Syn-1-mediated
fusion. We found that application of Syn-1 peptide, but not of
its scrambled version, at the time of LPC removal decreases the
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Figure 3. Synchronized fusion depends on DC-STAMP. A, fluorescence (left) and bright field with stained nuclei (right) microscopy images of the synchro-
nized fusion between RAW cell-derived OCPs pre-labeled with either green cell tracker or Dil. At the time of LPC removal, we applied DC-STAMP antibody (3),
non-specific IgG (4), or neither (2). 7, LPC was not removed. Arrows mark some of the double-labeled syncytia. B-D, effects of DC-STAMP antibodies on the
synchronized fusion between RAW cell OCPs in the experiments such as the one shown in A were quantified to evaluate the number of cell fusion events (B),
the CDF characterizing the sizes of the syncytia (C), and membrane merger (D). 1, LPC was not removed; 2, LPC was applied and removed; 3 and 4, DC-STAMP
antibody (3) or non-specific IgG (4) were applied at the time of LPC removal. £, DC-STAMP antibodies lower the number of synchronized cell fusion events
between HM-derived OCPs. 1, LPC was not removed; 2, LPC was applied and removed; 3and 4, DC-STAMP antibody (3) or antibody to macrophage marker CD14
used as a negative control (4) was applied at the time of LPC removal. B, D, and E, membrane merger extents and the numbers of cell fusion events were
normalized to those observed in +LPC/—LPC experiments (2). B and E, data from 10 random imaging fields for each condition in a single representative
experiment out of three repeats are presented as box plots with center lines showing the medians; box limits indicate the 25th and 75th percentiles, and
whiskers above and below the box indicate the 90th and 10th percentiles. Dots show outlying points. D, data for three independent experiments for each
condition shown as means (bars) and individual points. Levels of significance relative to the +LPC/—LPC data are shown as not significant (NS, p > 0.05) and
**and ***, for p < 0.01 and p < 0.001.

number of completed cell fusion events, suppresses formation
of large syncytia, and inhibits membrane merger in synchro-
nized fusion between HM-derived OCPs (Fig. 4, D—G). These
findings suggested the dependence of the cell fusion stage of
osteoclastogenesis on Syn-1. Moreover, since Syn-1 molecules
involved in fusion were susceptible to the Syn-1 peptide inhibi-

In summary, our findings show that DC-STAMP and Syn-1,
both known to play an important role in formation of multinu-
cleated osteoclasts and suggested to function at the fusion stage
of osteoclastogenesis (21, 32), are indeed involved in osteoclast
fusion.

tion, we conclude that these molecules are (i) expressed at the
surface of the cells and (ii) undergo fusogenic restructuring into
6-helix bundles blocked by the peptide.

258 J Biol. Chem. (2018) 293(1) 254-270

Fusion depends on phosphatidylserine externalization

Because macrophage fusion in the generation of the giant
cells of inflammation is associated with PS exposure at the cell
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Figure 4. Synchronized fusion of human osteoclast precursors depends on Syn-1. A, immunofluorescence microscopy confirms Syn-1 presence on the
surface of fusion-committed HM-derived OCPs. Fluorescence (7 and 3) and phase contrast (2 and 4) images of the cells were taken at 89.5 h post-RANKL
application. The cells were stained with either Syn-1 antibody (7 and 2) or myogenin antibody used as a negative control (3 and 4); followed with Alexa Fluor
488-tagged secondary antibodies (green). B-E, Syn-1 antibody (B and C) and Syn-1 peptide (D and E) inhibit synchronized fusion between HM-derived OCPs.
LPC was removed in the presence of Syn-1 antibody (B3 and C, curve 3), or Syn-1 peptide (D3 and E, curve 3) or control (myogenin) antibody (B4 and C, curve 4),
or scrambled Syn-1 peptide (D4 and E, curve 4) (2). Band D and curves 2 in Cand E, neither antibodies nor peptides applied (7). Band D and curves 1in Cand E,
LPC was not removed. Fusion efficiency was characterized as the total number of cell fusion events in syncytium formation (B and D) and as the CDF of
syncytium sizes (Cand E). Fand G, fluorescence (left) and bright field with stained nuclei (right) microscopy images (F) and quantification (G) show Syn-1 peptide
inhibition of the membrane merger stage in fusion between HM-derived OCPs pre-labeled with either green or orange cell tracker. At the time of LPC removal,
we applied Syn-1 peptide (3) or a scrambled peptide (4) or neither (2). 7, LPC was not removed. Arrows mark some of the double-labeled syncytia. B, D, and G,
total numbers of cell fusion events and membrane merger extents were normalized to those observed in +LPC/—LPC experiments (box plots 2). B, D, and G,
data from 10 random imaging fields for each condition in a single representative experiment out of three repeats are presented as box plots with center lines
showing the medians; box limits indicate the 25th and 75th percentiles, and whiskers above and below the box indicate the 90th and 10th percentiles. Levels
of significance relative to the +LPC/—LPC data are shown as not significant (NS, p > 0.05) and ***, for p < 0.001.

surface (11), we examined the role of PS externalization in
fusion of monocyte/macrophage lineage OCPs. First, to evalu-
ate cell-surface levels of PS, we stained the HM-derived OCPs
with the PS-specific probe, fluorescently-labeled Anx A5, and
examined cells using fluorescence microscopy. Anx A5 labeling
of HM-derived OCPs was significantly higher than that of pro-
liferating HM-derived macrophages (Fig. 5, A and B), suggest-
ing that development of fusion competence in OCPs correlates
with elevated levels of cell-surface PS. Importantly, PS exposure
on the HM-derived OCPs with cell-surface PS correlated nei-
ther with activation of caspases 3 or 7 nor with cell nuclei label-
ing by the membrane-impermeable probe TO-PRO-3, both
characteristic features of apoptotic cells (Fig. S2).
Non-apoptotic externalization of PS involves proteins of the
TMEM16 family containing Ca**-activated lipid scramblases
and chloride channels (39). An inhibitor of these TMEM16
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channels and of PS externalization (40), CaCCinh-A01
(referred henceforth as A01), suppressed PS exposure in HM-
derived OCPs (Fig. 5B) and lowered the numbers of completed
fusion events and large syncytia in the synchronized fusion of
HM-derived OCPs (Fig. 5, C and D). A01 also inhibited fusion
between RAW cell-derived OCPs (Fig. S3). These findings sug-
gested that PS externalization is important for OCP fusion. This
conclusion was further strengthened by the finding that block-
ing cell-surface PS with the PS-binding protein lactadherin (41)
inhibited synchronized fusion (Fig. 5, E and F).

Taking into account the dependence of PS externalization
on the intracellular calcium (39) and the involvement of DC-
STAMP in the regulation of calcium signaling network (22), we
tested whether OCP fusion inhibition by DC-STAMP antibod-
ies (Fig. 3E) correlates with any changes in the amounts of the
cell-surface PS. Indeed, as shown in Fig. 5, G and H, application
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Figure 5. Synchronized fusion depends on PS at the surface of fusion-committed HM-derived osteoclast precursors. A and B, PS at the surface of
non-permeabilized fusion-committed OCPs and HM-derived macrophages detected as Alexa Fluor 488-tagged Anx A5 (green) labeling. A, fluorescence (7 and
3) and phase contrast (2 and 4) images of the OCPs were taken at 89.5 h post-RANKL application or, for macrophages, at 233.5 h post M-CSF application. B, PS
amounts on the surface of the macrophages (7) and on the fusion-committed OCPs not-treated (2) or treated with A01 (3) were normalized to (2). PS amounts
were quantified for >150 cells for each condition in a single representative experiment out of three repeats. C-F, lowering the amounts of accessible
cell-surface PS with A01 (C and D) or with PS-binding protein lactadherin (E and F) applied at the time of LPC removal inhibited synchronized fusion of
HM-derived OCPs (7). C (1) and dashed line in E, LPC was not removed. Fusion efficiencies in seven random imaging fields for each condition in a single
representative experiment out of three repeats were characterized as the total number of cell fusion events in syncytium formation normalized to those
observedin +LPC/—LPC experiments with neither AO1 nor lactadherin applied (Cand E). D and F, distributions of the sizes of syncytia in the experiments shown
in Cand E are presented as CDF. G, application of DC-STAMP antibodies lower the amounts of cell-surface PS. The amounts of the cell-surface PS on the OCPs
treated with antibodies (20 wg/ml) to DC-STAMP (2) or to CD14 (3), used as a negative control, were normalized to the PS amounts for the untreated OCPs (7).
PS amounts were quantified for =50 cells for each condition in a single representative experiment out of three repeats and presented as box plots. H,
fluorescence microscopy images illustrating a decrease in cell-surface PS caused by application of DC-STAMP antibody. Left, Alexa Fluor 488-tagged Anx A5
(green) labeling. Right, phase contrast. Images of the OCPs treated with antibodies to DC-STAMP (2) or CD14 (3) or with neither (7) were taken 2 h after LPC
removal. In the box plots in B, C, and G, center and dashed lines show the medians and means; box limits indicate the 25th and 75th percentiles, whiskers above
and below the box indicate the 90th and 10th percentiles, and dots show outlying points. Levels of significance relative to the M-CSF and RANKL experiments
(B), or to +LPC/—LPC experiments (C), or to control (no antibody added) (G) are shown as not significant (NS, for p > 0.05) and *, p < 0.05; **, p < 0.01.

of a fusion-inhibiting concentration of the antibodies lowered
Anx A5 labeling of HM-derived OCPs.

To summarize, the presence of PS at the surface of fusion-
committed OCP cells, the dependence of cell-surface PS on
DC-STAMP activity, and fusion inhibition by reagents that
either suppressed this exposure or blocked accessible PS, indi-
cated that PS exposure plays an important role in the OCP
fusion. These data suggested that fusion should also depend on
some PS-binding proteins such as Anxs.

Annexins and S100A4 in osteoclast fusion

We found osteoclastogenic differentiation of HMs upon
RANKL application to be associated with a strong increase in
the amount of Anx A5 present at the cell surface (Fig. 6, A and
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B). Because extracellular Anxs Al and A5 play an important
role in the fusion stage of myogenesis (7), we tested whether
synchronized fusion of HM-derived OCPs also depends on
these two Anxs. Anx A5-targeting reagents (Anx A5 antibody
and a synthetic peptide derived from the N-terminal domain of
Anx A5 (7)) lowered the number of completed cell fusion events
and inhibited formation of large syncytia (Fig. 6, C—F). How-
ever, Anx Al-targeting reagents had no effect on fusion of HM-
derived OCPs, suggesting that Anx Al is not involved in the
fusion stage of formation of human osteoclasts. Finding that
Anx A5 peptide but not the control scrambled peptide inhib-
ited membrane merger (Fig. 6, G and H) confirmed that Anx A5
functions at the early rather than late stages of human oste-
oclast fusion.
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Figure 6. Synchronized fusion of human osteoclast precursors depends on Anx A5. A and B, HM-derived OCPs (1) but not HM-derived macrophages (2)
display Anx A5 at the surface of non-permeabilized cells, as evidenced by cell-surface labeling with Anx A5 antibody (green). Fluorescence (left) and phase
contrast (right) images of the HM-derived OCPs (7) and HM-derived macrophages (2) were taken at 89.5 h post-RANKL application ( = 233.5 h post M-CSF
application) and at 233.5 h post M-CSF application, respectively. The cells were stained with Anx A5 antibody followed by Alexa Fluor 488-tagged secondary
antibodies (green). B, amounts of Anx A5 at the cell surface (quantified from Anx A5 antibody binding) were higher for non-permeabilized HM-derived OCPs (2,
“+M-CSF+RANKL") than those for the HM-derived macrophages (7, “+M-CSF"). Anx A5 amounts were quantified for =150 cells for each condition in a single
representative experiment out of three repeats. C-F, Anx A5-targeting reagents applied at the time of LPC removal inhibited synchronized fusion of HM-
derived OCPs. Anx A5 antibody (C and D) and Anx A5 peptide (E and F) but neither Anx A1 antibody nor non-specific IgG (C and D) nor Anx A1 peptide nor
scrambled Anx A1/A5 peptides (E and F) lowered the total number of fusions between HM-derived OCPs in syncytium formation (C and E) and decreased the
sizes of the syncytia (D and F). G, fluorescence (left) and bright field with stained nuclei (right) microscopy images show that Anx A5 peptide but not its
scrambled version inhibits the membrane merger stage of fusion between HM-derived OCPs pre-labeled with either green or orange cell tracker. At the time
of LPC removal, we applied Anx A5 peptide (3) or a scrambled peptide (4) or neither (2). 7, control experiment in which LPC was not removed. Arrows mark some
of the double-labeled syncytia. H, quantification of membrane merger extents in the experiments like the one presented in G. B, C, E, and H, cell-surface Anx A5
labeling (B) and total numbers of cell fusion events in syncytium formation (C and E) and membrane merger extents (H) were normalized to those observed in
M-CSF and RANKL experiments (B) and in +LPC/—LPC experiments (C, E and H, box plots 2). Data from 10 random imaging fields for each condition in a single
representative experiment out of three repeats are presented as box plots with center lines showing the medians; box limits indicate the 25th and 75th
percentiles. Whiskers above and below the box indicate the 90th and 10th percentiles, and dots show outlying points. Levels of significance relative to the
+M-CSF + RANKL experiments (B) or to the +LPC/—LPC data (C, £, and H) are shown as not significant (NS p > 0.05) and **, p < 0.01, and ***, p < 0.001.

To test whether fusion between RAW cell-derived OCPs also
involves extracellular Anxs, we accumulated ready-to-fuse
OCPs in the presence of LPC and at the time of LPC removal
added antibodies to Anxs Al or A5 (Fig. 7, A and B). In contrast
to control IgG, Anx Al and A5 antibodies decreased the num-
ber of completed cell fusion events and the sizes of the syncytia.
Application of the synthetic peptides derived from the N-ter-
minal domain of these Anxs similarly inhibited synchronized
fusion of RAW cell-derived OCPs (Fig. 7, Cand D). Thus, fusion
between murine OCPs derived from RAW cells depended on
both Anx A5 and Anx A1, whereas fusion between HM-derived
OCPs depended on extracellular Anx A5 but not Anx Al.

SASBMB

The importance of Anxs Al and A5 in murine OCP fusion
was confirmed in the experiments on osteoclast formation by
murine BMC. We compared osteoclast formation from BMCs
from mice deficient in either Anx A1 or A5 with that from BMCs
isolated from WT mice (Fig. 7, E-G). Although we observed the
appearance of multinucleated cells in the absence of either of these
Anxs, the numbers of completed cell fusion events and the sizes of
the multinucleated cells were strongly decreased versus those
observed for BMCs from WT mice (Fig. 7, E-G). As expected for
proteins involved in fusion rather than in the pre-fusion stages of
osteoclastogenesis, neither Anx Al nor Anx A5 deficiency had an
effect on TRAP-staining intensity (Fig. 7, E and F).
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Figure 7. Fusion between murine osteoclast precursors depends on Anxs A1 and A5. A-D, reagents targeting either Anx A1 or AnxA5 applied at the time
of LPC removal inhibited synchronized fusion of OCPs derived from RAW cells. Anxs AT and A5 antibodies (A and B) and Anxs A1 and A5 peptides (Cand D) but
neither non-specific IgG (A and B) nor scrambled peptides (C and D) lowered the total number of cell fusion events in syncytium formation (A and C) and
decreased the sizes of the syncytia (B and D). A and G, total numbers of cell fusion events in syncytium formation were normalized to those observed in
+LPC/—LPC experiments 90 min after LPC removal (2). Data from 10 random imaging fields for each condition in a single representative experiment out of
three repeats are presented as box plots with center lines showing the medians; box limits indicate the 25th and 75th percentiles. Whiskers above and below the
box indicate the 90th and 10th percentiles, and dots show 95th and 5th percentiles. E, images of TRAP-stained osteoclasts generated from BMCs of WT mice or
mice deficientin either Anx A1 or A5. Although all threeimages show similar total intensities of the TRAP staining, only WT BMC generated large multinucleated
osteoclasts such as those marked by red arrows. F, numbers of cell fusion events and the total intensities of the TRAP staining for WT (7), Anx A1-deficient (2),
and Anx A5-deficient BMCs were normalized to those for WT BMCs. Data are shown as individual points from independent experiments (each point corre-
sponds to bone marrow cells from one of three mice per condition) and bars show means * S.D. G, CDF for the osteoclast sizes for BMCs from WT, Anx
A1l-deficient, and Anx A5-deficient mice (7, 2, 3, respectively). A, G, and F, levels of significance relative to the +LPC/—LPC data (A and C) or to WT (F) are shown

as not significant (NS, p > 0.05) and *, p < 0.05, and ***, p < 0.001.

The finding that the synthetic peptide derived from the N
terminus of Anx A5 inhibits fusion between OCPs suggested
that this region of the protein is important for Anx A5 contri-
butions to fusion. N-terminal regions of Anxs, including Anx
A1 and Anx A5, contribute to the stability of the structure of
Anxs and their self-assembly and mediate interactions between
Anxs and their partner proteins, including proteins of the S100
family of calcium-binding proteins (42). To test whether Anx
A5 peptide inhibits interactions between Anx A5 and its part-
ners, we focused on S100A4, which has been shown to regulate
osteoclastogenesis in mice (26, 43). Indeed, we found this pro-
tein to be present at the surface of fusion-committed HM-de-
rived OCP cells (Fig. 84) and antibodies to S1I00A4 to inhibit
synchronized fusion (Fig. 8B). Application of a fusion-inhibit-
ing concentration of Anx A5 peptide but not its scrambled ver-
sion lowered the total amounts of S100A4 at the surface of the
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cells (Fig. 8, A and C). In contrast, Anx A5 peptide had almost
no effect on the Anx A5 presence on the surface of HM-derived
osteoclasts (Fig. 8C), as expected taking into account that the
N-terminal region of membrane-bound Anx A5 is not involved
in the Anx A5 interactions with PS-containing membrane (44).

Using immunofluorescence microscopy, we verified that all
four proteins that we found to be involved in the fusion stage of
formation of human osteoclasts (DC-STAMP, Syn-1, Anx A5,
and S100A4) are expressed at the surface of the fusion-commit-
ted OCPs (Fig. S4). Based on comparison between HMs treated
with both M-CSF and RANKL and HMs treated with only
M-CSEF, osteoclastogenic differentiation did not change the
amounts of Syn-1, but increased the amounts of Anx A5 (Fig. 6,
A and B), DC-STAMP, and S100A4 (Fig. S4). Accumulation of
ready-to-fuse OCPs in the presence of LPC did not significantly
change amounts of DC-STAMP, Syn-1, and S100A4 and
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Figure 8. Fusion of osteoclast precursors depends on multiprotein machinery. A, fusion inhibitor Anx A5 peptide lowers amounts of S100A4 at the surface
of HM-derived OCPs. Fluorescence microscopy images of the cells were taken at 89.5 h post-RANKL application. The non-permeabilized cells were stained to
detect ST00A4 (green). The cells were treated with scrambled Anx A5 peptide (2) or with Anx A5 peptide (3) or with neither of these peptides (7) for 90 min prior
to taking the images. B, ST00A4 antibody inhibits synchronized fusion between HM-derived OCPs. LPC was removed in the presence of S100A4 antibody (3),
or CD14 antibody that was used as a negative control (4), or neither (2). 7, —LPC was not removed. The numbers of cell fusion events were normalized to those
observed in +LPC/—LPC experiments (box plot 2). Data from 10 random imaging fields for each condition in a single representative experiment out of two
repeats are shown. C, Anx A5 and S100A4 amounts at the surface of non-permeabilized HM-derived OCPs were quantified from cell labeling with antibodies
at 89.5 h post-RANKL application. Anx A5 peptide (3 and 4) had only a small effect on the cell-surface concentration of Anx A5 (3) but lowered the amounts of
the cell-surface ST00A4 (4). Scrambled Anx A5 peptide had no effect on either Anx A5 (7) or ST00A4 (2) amounts at the surface of the cells. The amounts of the
cell-surface Anx A5 and S100A4 were normalized to those at the cells not treated with the peptides. n =80 cells for each condition in a representative
experiment out of three repeats. Data in B and C are presented as box plots with center lines showing the medians. Box limits indicate the 25th and 75th
percentiles. Whiskers above and below the box indicate the 90th and 10th percentiles, and dots show outlying points. Levels of significance relative to the
+LPC/—LPC data (B) or to the control with scrambled Anx A5 peptide (C) are shown as not significant (NS, p > 0.05) and * and ** for p < 0.05 and p < 0.01,
respectively. D, hypothetical mechanism in which downstream of DC-STAMP-dependent PS externalization Syn-1, Anx A5, and S100A4 collaborate in pulling

the membranes together and initiating fusion.

slightly decreased amounts of Anx A5 (Fig. S4, A-D). Immuno-
fluorescence microscopy experiments presented in Figs. S5 and
S6 suggested that, whereas Anx A5, Syn-1, and S100A4 are not
confined to cell-cell contacts, these proteins tend to be
enriched and co-localized there. Although these findings are
consistent with the results of our functional experiments sug-
gesting the involvement of DC-STAMP, Syn-1, Anx A5, and
S100A4 in fusion, the localization of these proteins at the time
and place of fusion still awaits detailed characterization.

In summary, our findings suggest that osteoclast fusion
depends on the ability of extracellular Anxs to form a protein
scaffold that links the PS-presenting cell surface with SI00A4
and, possibly, other protein partners of Anxs.

Discussion

Bone remodeling relies on a balance between bone formation
by osteoblasts and bone resorption by osteoclasts. Osteoclast
formation is a tightly regulated complex process that takes days
and depends on many proteins. Synchronization of fusion
between OCPs with the reversible inhibitor LPC has allowed us

SASBMB

to uncouple the cell fusion stage of formation of human and
murine multinucleated osteoclasts from most of the pre-fusion
differentiation processes. We also uncoupled fusion from the
post-fusion processes that complete unification of two cells by
expanding the nascent membrane connections. We found syn-
chronized fusion of human OCPs to depend on cell-surface PS,
DC-STAMP, Syn-1, Anx A5, and S100A4. The dependence of
OCP fusion on PS externalization, DC-STAMP, and Anxs (in
this case both Anx A5 and Anx Al), was also observed for
murine cells. As expected, synchronized fusion did not involve
RANK and Anx A2, proteins reported to contribute at the early
stages of osteoclastogenesis.

LPC-synchronized OCP fusion that developed in 60 —90 min
was slower than both LPC-synchronized myoblast fusion
(20-30 min (7)) and cell-cell fusion mediated by many viral
fusogens (within seconds or a few minutes (45)). It is possible
that osteoclasts proceed along the fusion pathway as slowly as
cells in fusion mediated by Ebola virus fusogen that takes sev-
eral hours (46). Alternatively, the apparent slowness of the oste-
oclast fusion reflects the lack of stable contacts between mobile
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OCPs. In this scenario, although transient contacts between
fusion-committed cells in the presence of LPC do not yield
fusion, after LPC removal, the new contacts between migrating
cells lead to fusion.

PS exposure is a hallmark of several cell-cell fusion pro-
cesses (11-13) but has never been reported for fusion of OCPs.
Our finding that at the time of fusion OCPs display PS at their
surface, and this PS exposure is required for fusion, raises ques-
tions on mechanisms that promote PS exposure in ready-to-
fuse OCPs and on mechanisms by which cell-surface PS is
involved in fusion. PS externalization depends on a sustained
increase in intracellular calcium that promotes PS redistribu-
tion from the inner leaflet to the outer leaflet of the plasma
membrane by scramblase activity (39). Formation of osteoclasts
involves calcium signaling (47), and because this signaling is
regulated by the immunoreceptor tyrosine-based inhibitory
motif domain of DC-STAMP (22), we suggest that the role of
this protein in the cell fusion stage of osteoclastogenesis is
related to the calcium dependence of the PS exposure. Finding
that DC-STAMP antibody inhibits PS exposure on fusion-com-
mitted OCPs substantiates the hypothesis that DC-STAMP is
involved in the PS signaling processes that deliver this lipid to
the surface of the cells and retain it there. The newly identified
link between DC-STAMP activity and PS exposure can be also
important in dendritic cells, where PS exposure has been sug-
gested to regulate maturation of dendritic cells (48).

Functional importance of PS in the synchronized fusion sug-
gests the involvement of PS-binding proteins. Indeed, we show
that cell-surface PS engages extracellular Anxs, including Anxs
A1 and A5. Anx A1 has been suggested as an osteoclastic pro-
tein, on the basis of its up-regulation in murine cells undergoing
osteoclastogenic differentiation (49). To the best of our knowl-
edge, Anx A5 has never been associated with osteoclast forma-
tion. Anxs have many interacting partners including S100A4, a
protein reported to promote osteoclastogenesis (26, 43) and
found here to be displaced by fusion-inhibiting Anx A5 peptide
(Fig. 8, A and B).

Syn-1 has already been shown to function in osteoclastogen-
esis. Syn-1 has been reported to promote formation of multi-
nucleated osteoclasts (30, 32), with most recent work suggest-
ing that Syn-1 expression facilitates fusion between two
multinucleated osteoclasts but not fusion between two mono-
nucleated osteoclast precursors (30). A known ability of Syn-1
to mediate cell fusion (34) substantiated the hypothesis that
Syn-1 involvement in osteoclastogenesis is related to its fuso-
genic activity. However, finding that the Syn-1-targeting re-
agent inhibits not only formation of multinucleated cells but
also fusion-independent expression of TRAP (32) suggested
that the Syn-1 role in osteoclastogenesis can be upstream of
fusion. Furthermore, the RANKL-triggered osteoclastogenic
differentiation is not accompanied by any significant up-regu-
lation of either Syn-1 (Fig. S4) (32) or its receptor ASCT2 (32),
and thus, if Syn-1 is indeed involved in osteoclast fusion, its
activity has to be controlled.

Our results indicate that independently of possible contribu-
tions of Syn-1 upstream of fusion, this protein is directly
involved in osteoclast fusion, and the results suggest that Syn-1
activity is regulated by other proteins identified in this study.
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We found the synchronized fusion between HM-derived OCPs
to be strongly inhibited by reagents targeting either of these
proteins and PS. Fig. 8D illustrates a suggested model for
Syn-1 and Anx A5-dependent fusion downstream of the DC-
STAMP-dependent PS externalization. Upon binding its recep-
tors (Fig. 8D, not shown), Syn-1 trimer undergoes conforma-
tional changes that allow its fusion peptides to insert into the
target membrane and to form a normally short-living extended
conformation of the protein with exposed N-terminal heptad
repeats and the C-terminal helices. In the normal fusion path-
way (no LPC) and upon LPC removal in the synchronized
fusion, formation of the extended conformation of the recep-
tor-triggered Syn-1 facilitates an additional membrane-bridg-
ing mechanism provided by Anx-based complexes that assem-
ble at the externalized PS and include S100A4 (50 -53). This
Anx-based bridging mechanism along with the final restructur-
ing of Syn-1 into the lowest energy hairpin conformation pulls
together and fuses the membranes (Fig. 8D3). In this model,
fusion can be blocked both by Syn-1 peptide, which blocks the
formation of the hairpin Syn-1 conformation, and by Anx A5
peptide, which blocks Anx A5-S100A4 binding.

Our findings suggest that, in contrast to fusion processes
mediated by a single protein such as influenza virus fusion (54)
and epithelial cell fusion in C. elegans (1), osteoclast fusion is
controlled by a multiprotein fusion machinery. Multiprotein
machinery also mediates vaccinia virus fusion (55) and SNARE-
dependent intracellular fusion (56). Further research may
expand the list of protein components of this machinery.

Defective osteoclast fusion could influence the bone integrity
in vivo. Because large multinucleated osteoclasts resorb bones
more efficiently than mononucleated TRAP-expressing oste-
oclasts, fusion between OCPs is considered significant for bone
homeostasis (19, 20). Thus, although not all proteins essential
for osteoclast formation are involved in fusion stage, we expect
the components of the fusion machinery to contribute to the
activity of osteoclasts in vivo. Indeed, DC-STAMP deficiency
abrogates formation of multinucleated osteoclasts, increases
bone mineral density and bone volume per tissue volume, and
leads to mild osteopetrosis (21). Anx Al-deficient (Anxal™ ")
male mice have a 25% higher bone mineral density than WT
mice suggesting a mild osteopetrosis (57). Interestingly, Anx A1
deficiency did not change bone density in female mice. Anx A5
deficiency causes no gross differences in the appendicular skel-
eton in mice (Anxa5"™!EP°) and has no effect on bone mineral
density (58, 59). Syn-1 is not expressed in mice, where placen-
togenesis involves the other retrovirus-originated proteins syn-
cytins A and B. Although BMCs from syncytin-B-deficient mice
were found to be less efficient in forming multinucleated oste-
oclasts, the syncytin-B-deficient mice had no obvious bone
phenotype (60).

The phenotypic manifestations of deficiencies in the fusion
stage can be moderated by the redundancy of the contributions
of different proteins and by the complex and dynamic feedback
processes that regulate bone formation and remodeling. An
example of this redundancy can be seen in OC-STAMP-defi-
cient mice, which show normal bone resorption indicators and
no evidence of bone abnormalities despite the lack of large
multinucleated osteoclasts (24). It is likely that subtle effects of
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fusion deficiencies can be better detected by studying the time
courses of osteoclast formation and bone remodeling using
approaches such as bone marrow ablation that induces new
bone formation and resorption (61). This approach is compa-
rable with inducing muscle regeneration to detect delayed
myoblast fusion in vivo in Anx Al-deficient mice (17). Thus,
additional studies are needed to elucidate not only the compo-
sition of the fusion machinery of osteoclasts but also the place
and the role of osteoclast fusion in the tightly balanced
bone remodeling processes in living animals. We expect that
the fusion-synchronization approach applied here to uncouple
membrane fusion from most of the pre-fusion differentiation
processes will help in clarifying these questions and in the anal-
ysis of the intriguing heterogeneity of OCPs in osteoclast fusion
(30, 62).

Mechanistic insights uncovered here for the cell-cell fusion
stage of osteoclastogenesis, including the concerted action of
Syn-1 and extracellular Anxs, assembled at the cell-surface PS,
can be applicable to other cell-cell fusion processes. Indeed,
diverse processes that involve cell fusions, including formation
of multinucleated myotubes and giant inflammatory cells, fer-
tilization, and formation of syncytiotrophoblasts in placento-
genesis, are all accompanied by non-apoptotic exposure of PS
(11, 13, 63, 64). Furthermore, myotube formation in skeletal
muscle depends on Anxs Al and A5 (7) and on Syn-1 (65, 66).
Syn-1 (67), PS externalization (63, 68), and Anx A5 (69) also
play major roles in formation of placental syncytium. To judge
from these similarities, a concerted action of cell-surface PS-
associated extracellular Anxs and endogenous retroviral enve-
lope proteins can be a shared mechanistic motif for different
cell- cell fusion processes.

To conclude, in this study, we uncoupled the cell fusion stage
of osteoclastogenesis from the differentiation processes that
prepare OCPs for fusion. We found that the merger of the
membranes of human osteoclasts depends on DC-STAMP-
regulated non-apoptotic externalization of PS, on PS-con-
trolled assembly of extracellular PS-binding Anx A5 and Anx-
binding S100A4, and on Syn-1. Better understanding of the
specific contributions of the different components of the mul-
tiprotein machinery that controls osteoclast fusion as well as
the effects of different deficiencies in this fusion process on
bone homeostasis may help in developing new approaches to
treating bone diseases.

Experimental procedures
Animals

All animal research followed the policies of the National
Institutes of Health and USPHS and was approved by the Ani-
mal Care and Use Committee of the Eunice Kennedy Shriver
NICHD. Primary bone marrow cells were isolated from
11-week-old female Anx Al (Anxal®*™7®f) (70) and Anx A5
(Anxa5"™!EP°) knock-out mice (59) as well as from C57BL/6]
wild-type mice purchased from The Jackson Laboratory. The
mutant animals were in a C57BL/6] background.

Cells

Elutriated human monocytes from healthy donors were pro-
vided by the Department of Transfusion Medicine, National

SASBMB

Machinery that fuses osteoclast membranes

Institutes of Health. Cells were seeded at the density of 10° cells
per 35-mm-diameter cell culture dish and cultured in the pres-
ence of MEM-a (Life Technologies, Inc.) supplemented with
10% (v/v) FBS and penicillin/streptomycin (complete medium).
Cells were committed to osteoclast differentiation as described
earlier (6). In brief, for the first 6 days, the cells were cultured in
the medium supplemented with 25 ng/ml human M-CSF (Cell
Sciences) and refreshed every 3rd day. Then the cells were incu-
bated in the medium containing 25 ng/ml M-CSF and 30 ng/ml
human RANKL (Cell Sciences) that was also refreshed every
3rd day. Murine macrophage-like RAW 264.7 cells (ATCC,
Manassas, VA) (passage number =5) were maintained in 5%
CO, at 37 °C in DMEM (Life Technologies, Inc.) supplemented
with 10% (v/v) FBS (Valley Biomedical) and penicillin/strepto-
mycin (Invitrogen). RAW cells were committed to osteoclasto-
genesis by culturing them in the medium supplemented with 50
ng/ml mouse RANKL (Cell Sciences) for 3—5 days. During the
course of cell differentiation, the cells were replenished with
RANKL-supplemented medium every 3rd day.

Primary murine BMCs were isolated from the femur and
tibia of 11-week-old mice. Dissected bones were flushed using
MEM-« (Life Technologies, Inc.) with no serum. To obtain
single cell suspension, the cells were flushed using a syringe
(HSW NORM-JECT Henke-Sass, Wolf GMBH) with a long
19-gauge needle and then 23- and 26-gauge needles (Covidien,
MA). The cells were pelleted by centrifugation at 1600 rpm for
10 min at room temperature and resuspended in MEM-« sup-
plemented with 10% FBS. The cell suspension was seeded and
spread on a TC-treated cell culture dish (Falcon). After 3 h, the
cell suspension was re-plated on a TC-treated cell culture dish
overnight. Then, the cells were collected and centrifuged at
1400 rpm for 5 min at room temperature. Finally, the cell pellet
was resuspended in 1 ml of MEM-« supplemented with 10%
FBS. Cells were counted using an automated cell counter
LUNA II"™ (Logos Biosystem, Korea) and seeded at 500,000
cells per cm? or 165,000 cells per single well of a 96-well plate in
the complete medium supplemented with 30 ng/ml murine-
sRANKL (EMD, Millipore) and 20 ng/ml murine M-CSF (Cell
Sciences). Medium was refreshed every 2nd day. 5 days after
RANKL and M-CSF application, the cells were fixed with 10%
(w/v) formalin solution (Electron Microscopy Sciences) and
stained for TRAP, as described below.

Fusion synchronization using reversible LPC block

Osteoclast fusion was synchronized as described earlier (6).
In brief, differentiating RAW cells at 72 h post-RANKL appli-
cation were placed into the fresh culture medium containing 50
ng/ml murine RANKL and 170 um lauroyl-LPC (1-lauroyl-2-
hydroxy-sn-glycero-3-phosphocholine, Avanti Polar Lipids).
Differentiating human monocytes at 72 h post-RANKL appli-
cation (9th day post M-CSF application) were placed into the
fresh culture medium containing 25 ng/ml human M-CSF, 30
ng/ml human RANKL, and, if not stated otherwise, 350 um
LPC. After 16 h LPC block was removed by five washes with
LPC-free culture medium. If not stated otherwise, fusion was
assayed 90 min later.
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Syncytium formation and membrane merger assays

Osteoclast syncytium formation was scored as described ear-
lier (6). In brief, to evaluate osteoclast fusion efficiency, the cells
were fixed with 10% (w/v) formalin solution (Electron Micros-
copy Sciences). We labeled cell nuclei with Hoechst 33342
(Molecular Probes). In the case of osteoclasts generated from
BMCs, the cells were fixed, and cell nuclei were labeled on the
5th day of cell culture. Images of the 10 randomly selected fields
of view were captured at room temperature in Dulbecco’s PBS
(Life Technologies, Inc.) on an Axiovert 135 microscope (Carl
Zeiss) equipped with X10X/0.3 Plan Neofluar objective lens
(Carl Zeiss) and Coolsnap fx CCD camera (Photometrics) using
mwManager 1.4 or on Axioskop microscope (Carl Zeiss)
equipped with X20/0.3 LD A-Plan objective lens (Carl Zeiss)
and ORCA C4742-98 CCD camera (Hamamatsu Photonics)
using MetaMorph 6.1 software (Molecular Devices). Osteoclast
fusion efficiency was evaluated by counting the numbers of syn-
cytia of different sizes (= number of nuclei per syncytium). The
syncytia were defined either as cells with two or more nuclei for
HM-derived and BMC-derived osteoclasts or as cells with three
or more nuclei for RAW cell-derived osteoclasts (which tend to
form much larger syncytia).

We quantified and presented the results as the total number
of the cell fusion events required to generate the observed syn-
cytia. The convenience of this new metrics is based on the fact
that regardless of the sequence of fusion events (for instance,
both for the case when only mononuclear OCPs fuse into syn-
cytia and for the case when syncytia mostly grow by fusion
between multinucleated cells), the number of cell-to-cell fusion
events required to generate syncytium with N nuclei is always
equal to N — 1. This expression can be easily proven by math-
ematical induction. Just to illustrate, a cell with four nuclei can
be formed, for instance, by the following sequence: 1) formation
of the first two-nucleated cell, I fusion event; 2) formation of the
second two-nucleated cell, I fusion event; 3) fusion of two two-
nucleated cells, 1 fusion event. This sequence takes three fusion
events, i.e. the same number of fusion events as formation of a
four-nucleated cell by one-by-one fusion of four mononu-
cleated cells (total of three fusion events).

We calculated the number of the cell fusion events required
to generate the observed syncytia within the field of view as X
(N; = 1) = Nipra1 — Ny, where N, is a number of nuclei in the
individual syncytium; N, is the total number of nuclei in
syncytia, and N, is the number of syncytia. We normalized the
number of fusion events to the total number of nuclei (includ-
ing mononuclear cells) within the field. This quantification of
the cell fusion events gives equal consideration to fusion
between two mononucleated cells and fusion between two
multinucleated cells. In contrast, the conventional ways of oste-
oclast fusion quantification as either the percentage of nuclei in
syncytia or the number of multinucleated cells give different
weight to fusion between mononucleated cells and fusion
between multinucleated cells. Indeed, fusion between two
multinucleated cells does not change the percentage of nuclei
in syncytia, and it decreases rather than increases the number of
syncytia.
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The distributions of the sizes of syncytia under given condi-
tions are presented as empirical CDF. In contrast to the fre-
quently used histograms, CDF does not depend on arbitrary
choice of bin size, allows direct reading of distribution median
and quintiles from the graph, and is easier to compare between
the different conditions. For HM- and BMC-derived oste-
oclasts, the number of nuclei and area of each multinucleated
osteoclast (cells with =2 nuclei) were evaluated using semi-
automated Image] (National Institutes of Health) macros
developed in-house and available from L. V. C. on request.

Membrane merger (defined as formation of membrane con-
nection between two cells that allows either lipid mixing or
redistribution of cytosolic probes) was scored as described ear-
lier (6). We labeled fusion committed OCPs labeled with differ-
ent membrane and content probes. Because we aimed to sepa-
rate membrane merger events (hemifusion and fusion pore
opening) from post-fusion expansion of fusion pores to fully
join volumes of two cells rather than to distinguish hemifusion
( = only lipid mixing) from fusion pores ( = both lipid and
content mixing), we considered the appearance of any double-
labeled cells as evidence of membrane merger.

RAW cells were labeled with either membrane probe dye Dil
(Life Technologies, Inc.) or cell content marker Cell Tracker™
green 5-chloromethylfluorescein diacetate (CMFDA, “green
cell tracker,” Life Technologies, Inc.) at 72 h post-RANKL
application. Dil-labeled cells were lifted and overlaid on top of
green cell tracker-labeled cells. HMs were labeled with either
green cell tracker or Cell Tracker™ orange CMRA dye
(“orange cell tracker,” Life Technologies, Inc.) at 72 h post-
RANKL application. Orange cell tracker-labeled cells were
lifted and overlaid on top of the green cell tracker-labeled cells.
The co-plated differently labeled cells were incubated for 2 h in
the RANKL-free medium to allow overlaid cells to settle down
and then used in fusion-synchronization experiments as
described above. In fusion between two mononucleated cells,
treatments that do not affect membrane merger but inhibit
fusion pore expansion are expected to result in appearance of
mononucleated cells co-labeled with both dyes. Similarly, in
fusion between two syncytia and in fusion between a mononu-
cleated cell and a syncytium, the same treatments are expected
to result in appearance of double-labeled syncytia without
changing the number of syncytia. Because significant cell aggre-
gation hinders unambiguous identification of mononucleated
cells in our experimental system, we counted double-labeled
syncytia and normalized the number of these syncytia to the
total number of syncytia. If we inhibit only pore expansion, but
not membrane merger (i.e. hemifusion plus non-expanding
fusion pores), we expect that the number and sizes of syncytia
will decrease, but local fusion of mononucleated cells to pre-
existing differently labeled syncytia will result in the appear-
ance of double-labeled syncytia. Indeed, that is what we previ-
ously observed after ATP depletion and dynamin 2 GTPase
inhibition (6). If, however, membrane merger is inhibited, there
will be no double-labeled syncytia. Thus, we interpret a
decrease in the fraction of double-labeled syncytia as an indica-
tion of inhibition of early stages of fusion—fusion pore opening
or hemifusion.
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This quantification approach does not take into account
membrane merger events between cells labeled with the same
dye. However, within usual assumption that labeling does not
affect fusion, the normalized extents of membrane merger pre-
sented in our study correctly represent the effects of different
treatments on membrane merger.

Reagents

We used synthetic peptide inhibitor of Syn-1-mediated
fusion (Syn-1 peptide, Ac-SGIVTEKVKEIRDRIQRRAEELRN-
TGPWGL-NH,) described and characterized in Ref. 38 and, as
a negative control (Syn-1 scr peptide), a peptide with the same
amino acid composition but a scrambled sequence (Ac-GK-
WGLSRIRTELRNTEPVKEQVRAEIGDRI-NH,). We also used
Anx A1 and A5 peptides characterized in our earlier study (7).
We used the peptide-mimicking N-terminal regions of human
Anx Al (Ac-2AMVSEFLKQAWFIENEEQEYVQTVK?*-NH,),
the peptide with the same amino acid composition but a scram-
bled sequence (Ac-EMQSNAAVQYVEIKTWLEFEVKEQEF-
NH,), and peptide mimicking the N-terminal region of human
Anx A5 (Ac->’AQVLRGTVTDFPGFDERAD?°-NH,) and its
scrambled version (Ac-LVATGGAVRPEDTFDRQDF-NH,).
All these peptides were custom-synthesized by GenScript. Cal-
cium-activated chloride channel inhibitor CaCCinh-A01
(“A01”) was purchased from EMD Millipore (Billerica, MA).
Recombinant human lactadherin (MFGE8 recombinant
protein) was purchased from MyBiosource (catalogue no.
MBS1265312). Apoptotic cells were identified using either cell-
impermeable probe TO-PRO®-3 iodide (Invitrogen, catalogue
no. T3605) or CellEvent Caspase-3/7 green detection reagent
(Thermo Fisher Scientific, catalogue no. C10723), as recom-
mended by the manufacturers.

Fluorescence microscopy detection of PS, Syn-1, DC-STAMP,
Anx A5, and S100A4 at the cell surface

In these experiments, we used non-permeabilized HM-de-
rived OCPs or HM-derived macrophages at day 9 after placing
them in M-CSF- and RANKL-supplemented medium or in only
M-CSFE-supplemented medium, respectively. Samples were
imaged on Zeiss LSM510 confocal microscope, equipped with
X100/1.4 Oil Plan-Apochromat objective lens using appropri-
ate optical setup. To detect cell-surface PS, we used either
annexin V, Alexa Fluor® 488 conjugate (Thermo Fisher Scien-
tific, catalogue no. A13201) or annexin 5 Alexa 647 conjugate
(Invitrogen, catalogue no. A23204) applied to the cells in 1:20
dilution for 10 min at 37 °C. The amounts of the cell-surface PS
were quantified using X100 objective by measuring integrated
fluorescence density per cell area with subtracted background
integrated fluorescence density for more than 145 cells for each
condition. To test the involvement of DC-STAMP in the PS
exposure at the surface of fusion-committed HM-derived
OCPs, antibody to DC-STAMP (EMD Millipore, MABF-39-1
clone 1A2 mouse monoclonal antibody MABF-39-1 clone 1A2)
was applied at the time of LPC removal. PS exposure was quan-
tified 2 h later.

To detect Syn-1, DC-STAMP, Anx A5, and S100A4 at the
surface of the cells, we used as primary antibodies murine anti-
ERVWE antibody (Abnova, catalogue no. H000308; 1:20 dilu-
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tion), DC-STAMP (EMD Millipore, MABF-39-1 clone 1A2
mouse monoclonal antibody MABF-39-1 clone 1A2; 1:50),
murine antibody to human Anx A5 (Abcam, catalogue no.
ab54775; 1:20 dilution), and murine antibody to human S100A4
(LSBio, catalogue no. LS-C198143, 1:10 dilution), respectively.
Human monocyte-derived cells were washed with PBS and
fixed with warm (37 °C) 4% formaldehyde in PBS (Sigma,
F1268). After three washes with PBS without calcium and mag-
nesium, the cells were incubated in 10% FBS in PBS without
calcium and magnesium to suppress non-specific binding. All
primary antibodies were applied to the cells, still in 10% FBS in
PBS without calcium and magnesium, for 1 h at room temper-
ature. After five washes with PBS, the cells were incubated for 5
min with PBS, 10% FBS. Alexa Fluor 488-tagged goat anti-
mouse antibodies (Thermo Fisher Scientific catalogue no.
A-11001) were applied in PBS, 10% FBS in 1:400 dilution for 1 h
at room temperature. To quantify Syn-1 expression at the sur-
face of the 86 HM-derived macrophages and 33 HM-derived
OCPs, we measured with X100 objective the integrated fluo-
rescence density per cell area. We then subtracted the back-
ground-integrated fluorescence density per cell area when the
primary Syn-1 antibody was replaced with an antibody to adap-
tor protein fish (Santa Cruz Biotechnology, catalogue no.
sc-376211). The amounts of the cell-surface Anx A5 were quan-
tified for 150 HM-derived macrophages and 243 HM-derived
OCPs by measuring with X20 objective the integrated fluores-
cence density per cell area and subtracting the background
integrated fluorescence density per cell area measured with fish
antibody instead of specific primary antibodies. Cell-surface
associated S100A4 was quantified using X20 objective as the
total fluorescence per field divided by the number of nuclei in
the field (=80 cells for each condition). In the experiments on
cell-surface expression of DC-STAMP, Syn-1, Anx A5, and
S100A4 presented in Fig. S4, we measured integrated fluores-
cence density per cell area for 40 cells for each condition in one
experiment for each protein.

In co-localization experiments, we used rabbit antibodies to
Anx A5 and murine antibodies to either Syn-1 or SI00A4. After
fixing the cells as described above, we applied 10 ul of FcR
blocking solution in 100 ul of 10% FBS in PBS without calcium
and magnesium for 10 min to suppress non-specific binding of
rabbit antibodies. Then we applied primary antibodies (mouse
antibody to one of the proteins and rabbit antibody to another
in different combinations) in the same solution for 1 h at room
temperature. After five washes with PBS, the cells were incu-
bated for 5 min with PBS, 10% FBS. Alexa Fluor 488-tagged goat
anti-mouse antibodies and Alexa Fluor 647-tagged goat anti-
rabbit antibodies were applied in PBS, 10% FBS in 1:200 dilution
for 1 h at room temperature.

Treatments

In our experiments on the effects of the different reagents on
synchronized fusion, we used DC-STAMP antibody (5 pg/ml,
Santa Cruz Biotechnology) or, when it became unavailable, DC-
STAMP EMD Millipore MABF-39-1 clone 1A2 mouse mono-
clonal antibody. We also used Syn-1 antibody (35 ug/ml, rabbit
antibody H-280 sc-50369, Santa Cruz Biotechnology). Syn-1
antibody application was preceded by a 5-min application of 10
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wl of FcR blocking solution (Biolegends, catalogue no. 422301)
in 2 ml of LPC-free medium. To verify the specificity of the used
Syn-1 antibody, we transfected HeLa cells to express Syn-1 con-
struct (71) and GFP and applied immunofluorescence micros-
copy using H-280 antibody as primary antibody.

S100A4 antibody (20 pg/ml, LSBio, catalogue no. LS-
C198143, 1:10 dilution) was applied at the time of LPC removal.
Fusion was assayed 1 h later. Rabbit polyclonal antibodies to
Anx Al Abcam catalogue no. ab65844) were applied to RAW
cells and HM-derived OCPs at 5 and 35 ng/ml concentrations,
respectively. Anx A2 polyclonal antibody (Santa Cruz Biotech-
nology, catalogue no. sc-9061) was applied to HM-derived
OCPs either in 10 ug/ml concentration on day 9 of their differ-
entiation with no LPC used or in 30 pg/ml concentration to the
LPC-synchronized cells at the time of LPC removal. Rabbit Anx
A5 antibody (5 pug/ml on RAW cells and 20 pg/ml on HM-
derived osteoclast) or non-specific rabbit polyclonal IgG (5
pg/ml on RAW cells and 20 pg/ml on HM derived-osteoclast)
were all purchased from Abcam (catalogue nos. ab14196 and
ab37415, respectively). Antibody to myogenin (M-225) used in
35 pg/ml concentration as a negative control in Fig. 44 was
purchased from Santa Cruz Biotechnology (catalogue no.
sc-576). CD14 Ab was purchased from e-Bioscience (anti-
mouse clone 13-0141-82) and used as a negative control in 20
pg/ml concentration. Mouse monoclonal antibody to RANK
from Abcam (catalogue no. ab13918) was applied to HM-de-
rived OCPs either in 2 ug/ml concentration on day 9 of the
differentiation with no LPC used or in 20 ug/ml concentration
to the LPC-synchronized cells at the time of LPC removal.
Mouse monoclonal fish (G-7) antibody (Santa Cruz Biotech-
nology, catalogue no. sc-376211) was used as a negative control
for RANK antibody.

We also used lactadherin or A01 (120 um), Syn-1 peptide (20
pg/ml), or Anx peptides (100 pg/ml). If not stated otherwise, all
reagents were applied immediately after washing the cells with
LPC-free culture medium.

TRAP staining

Osteoclast cell differentiation marker TRAP was labeled
using TRAP staining kit (Kamiya Biomedical Co.) and evalu-
ated as described earlier (6). In short, several random fields of
view were imaged on an Axiovert 135 microscope (Carl Zeiss)
equipped with X10/0.30 Plan-NEOFLUAR objective lens (Carl
Zeiss), EGFP/FITC/Cy2/Alexa Fluor 488 filter set and Cool-
snap fx CCD camera (Photometrics) using uManager 1.4. To
quantify TRAP staining, TRAP-positive areas were automati-
cally selected using an IJ-Isodata threshold that was followed by
morphological dilation and fill holes operations. Thus, the
obtained binary mask was applied to the inverted bright field
image, and total pixel intensity of the final image was measured.

Bone resorption assay

Bone resorption activity was determined according to the
manufacturer’s protocol using Corning Osteo Assay Surface
24-well multiple plates. In brief, human monocytes seeded at a
density of 200,000 cells/well were committed to osteoclasto-
genesis, as described earlier. In the control experiment, the cells
underwent uninterrupted differentiation (no LPC). In the
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fusion-synchronization experiment, on day 8 of the differenti-
ation (2 days post-RANKL application), the cells were placed
into fresh culture medium containing 25 ng/ml human M-CSF,
30 ng/ml human RANKL, and 210 um LPC. LPC block was
lifted 16 h later by washing the cells with LPC-free medium.
Note that the concentration of LPC used in these experiments
was selected to effectively synchronize fusion in the 24-well
plates used in the resorption assay. Both in the control experi-
ment and in the fusion-synchronization experiment, on day 11
of the differentiation (5 days post-RANKL application) and, in
the case of the fusion-synchronization experiment, 48 h post-
LPC wash, the cells were removed by incubation with 10% (v/v)
bleach solution (Sigma; catalogue no. 425044) for 5 min at room
temperature. The plates were washed with distilled water to
remove the bleach solution and dried completely at room tem-
perature. Images were captured on AxioObserver D1 (Zeiss)
microscope equipped with X10/0.45 Plan Apochromat (Zeiss)
objective lens and edge5.5 CMOS camera (PCO) using Micro-
manager 1.4.22 software. To quantify the bone-resorbed area,
images were processed using a median filter and automatically
thresholded using an Yen’s algorithm in Image].

Statistics and data presentation

Each set of experiments for each graph presented here was
repeated on at least three occasions with similar results. Pre-
sented data were averaged from the same set of experiments.
We prepared graphs and performed statistical analyses using
Sigmaplot version 13.0 (Systat Software). The data are pre-
sented as box plots and bar charts with individual experimental
points shown. Normally distributed data were analyzed using
the unpaired Student’s £ test. When the data were not normally
distributed or failed the equal variance test, we used the Mann-
Whitney rank sum test instead.
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