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Abstract Osteoclasts are bone-resorbing multinuclear

polykaryon that are essential for bone remodeling and are

formed through cell fusion of mononuclear macrophage/

monocyte-lineage hematopoietic precursors. In arthritic

joints, a large number of activated osteoclasts can be

detected, which are suggested to be causative of bone

erosion in rheumatoid arthritis. It has been fully established

that osteoclastogenesis is critically regulated by several key

essential factors, such as M-CSF and RANKL. However,

regarding their most characteristic property, i.e., cell fusion

to form giant polykaryons, there are still miscellaneous

questions to be clarified, although several molecules have

been shown to be critically involved in this process. Here

we review the latest knowledge about osteoclastogenic cell

fusion and novel concepts underlying the characteristic

phenomenon. Because cell fusion is a genuine property of

mature osteoclasts, modulating this process will become a

promising therapeutic tool for bone resorptive disorders in

the future.
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Introduction

Increasing evidence has suggested that osteoclast, a

multinucleated giant polykaryon differentiated from

monocyte-lineage precursors, plays a key role in bone

erosion in rheumatoid arthritis (RA). In patients with RA,

every part of systemic bones and joints is gradually

destroyed over a long period of diseases, which finally

leads to the significant loss of their activities for daily

living [1, 2]. The current standard regimen of therapy

against RA, e.g., administration with methotrexate and/or

TNF blockers from the onset of the diseases, has been

developed in order to enforce the prevention of this

undesirable outcome. Based on the great advances in basic

immunology in the last two decades, many promising

molecule-targeting remedies have been emerging, al-

though most of them target inflammatory cytokines and

membrane molecules on active immune cells. However,

for better prevention of arthritic bone destruction, it is

indispensable to unmask the character of osteoclast, which

is an only somatic cell type endowed with bone resorbing

capacity, and to find out how to regulate its function

efficiently.

Osteoclast is highly specialized for its function as a

‘‘bone destructor’’, which shows a marked contrast to the

fact that many other hematopoietic cells have generally

pleiotropic natures [3–5]. We can reasonably assume that

resolving hard bone tissues is such a hard task that an

expert fully skilled exclusively for the work must deal with

it. For its specialized work, osteoclast is matured as a

characteristic giant polykaryon through homotropic cell–

cell fusion from their precursor monocytes [6, 7]. In this

review article, we discuss the function and mechanism of

osteoclastogenic cell fusion and discuss them as a possible

future therapeutic target against RA.
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Osteoclastogenic cell fusion: physiological

and rational aspects

Cell fusion is one of the most characteristic properties of

osteoclasts, however there are several other kinds of cell-

fusion events in physiological conditions, including sperm–

oocyte fusion and myoblast fusion to form skeletal muscle

fiber. Although these phenomenon may share some com-

mon mechanisms (as shown later), they can be clearly

discriminated from osteoclastogenic cell fusion. During

fertilization, a sperm cell is fused into an oocyte whose

volume is much larger than that of a sperm cell, and this

(heterotropic) cell–cell fusion usually does not change the

cell size [8, 9]. Moreover, sperm–oocyte fusion occurs

only one time in principle. Myofibril of skeletal muscle is

formed through longitudinal fusion of (homotropic) myo-

blasts (precursor), and this firm syncytium structure seems

suitable for synchronized excitation–contraction coupling

[10, 11]. The function of myofibril is restricted to the

mechanical contraction triggered by neuromuscular junc-

tion, and therefore they are quiescent in light of the

metabolic activity and thus they are longer-lived.

On the contrary, osteoclastogenic cell fusion occurs

within homotropic monocyte-lineage precursors (discus-

sion is necessary and described later) in 2D direction, and

the activity of osteoclasts (as bone destroyers) is so high

that they cannot survive very long (their half-life is about

3 days) [12]. Then what is the meaning of cell fusion and

consequent multinucleation during osteoclastogenesis? The

major effect of multinucleation is obviously to increase the

cell size of osteoclasts, which enables them to resorb larger

areas of bone tissues. While macrophages and neutrophils

degrade internalized targets in lysosome, osteoclasts

degrade their targets (bone tissues) extracellularly. They

attach tightly to the bone surface with a sealing zone, to

avoid leakage of low-pH compartment for dissolving bone

minerals [4] (this is referred to as ‘‘extracellular lyso-

some’’). In other words, they can only degrade and resorb

their targets which they are covering firmly.

Here we assume that the cell (both osteoclasts and their

precursor mononuclear cells) is round and can degrade the

hemisphere whose cross section is identical to the cell size

(Fig. 1). The cell size (square) and its target volume are

defined as pr2, and (2/3)pr3, respectively (where r is the

radius of the cell). If the four cells work without cell fusion,

the target volume increases to fourfold (4 9 (2/3)pr3),

whereas it increases to eightfold when the cell fuses to form

multinucleated polykaryon ((2/3)p(2r)3 = 8 9 (2/3)pr3).

In general, when n cells are fused, the volume which they

can dig and absorb jumps to Hn-fold. This means that

osteoclasts can do their work more efficiently when they

become multinucleated giant cells. A recent study has

shown that cell fusion-incompetent osteoclasts isolated

from DC-STAMP-/- mice (shown later) can still resorb the

bone tissues although the activity is greatly impaired [13–

15]. This study supports the notion that cell fusion is not

essential for bone resorption but significantly affects the

efficiency for the action.

Osteoclasts are formed through homotropic cell–cell

fusion among monocyte-lineage precursors, although

fusing two (or more) cells do not appear to be com-

pletely identical (Fig. 2, also see Supplemental movie S1).

According to time-lapse analyses, large ‘‘founder’’ cells

(which have already multinucleated) seem to catch

mononuclear fusion-competent ‘‘follower’’ to fuse them

(Iwai et al., unpubl. obs.). It is interesting that large

‘‘founder’’ cells are highly motile to seek their partners

while mononuclear ‘‘follower’’ cells are rather stationary.

This data clearly suggests that cell fusion during osteo-

clastogenesis has certain directionality and occurs among

two distinct parts, i.e., ‘‘fuser (=founder)’’ and ‘‘to be fused

(=follower)’’. This idea is also supported by a recent

study showing that mixed culture of wild-type and

DC-STAMP-/- (cell fusion-incompetent) precursors leads

to formation of DC-STAMP-/- osteoclast polykaryons,

suggesting that DC-STAMP is necessary only for one side

of cell fusion (‘‘fuser’’ or ‘‘to be fused’’) [14]. However, it

is still unknown how these two kinds of cells are distin-

guishable, what is the character of ‘‘founder’’, and finally

whether there is any difference between ‘‘fusion-competent

cells’’ and other mononuclear cells that seem indifferent to

cell fusion.

Fig. 1 Schematic

representation of osteoclast cell

fusion and their bone resorptive

capacity. The capacity is

represented as a volume of

hemisphere whose cross section

is identical to the cell size
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It has already been reported that two distinct role players,

i.e., ‘‘founder cell’’ and ‘‘fusion competent cell’’ are present

in the system of myoblast fusion [15, 16], although it is

unknown whether there are some differences in the motility

between these groups. In myoblast cell fusion, halting of

cell movement for stable cell–cell contact was shown to be

a prerequisite for subsequent cell fusion [17], which may

contrast with the system in osteoclastogenic cell fusion.

Osteoclastogenic cell fusion: mechanistic aspects

To date, there have been many molecules reported to be

involved in osteoclastogenic cell fusion. Because several

excellent reviews have already been published for each

molecule [6, 12, 18, 19], here we discuss some of the

selected molecules instead of enumerating all the reported

molecules.

MFR/SIRPa and CD47; a molecule for partner

recognition

Macrophage fusion receptor (MFR), also called as SIRPa
(signal regulatory protein a), is the first molecule identified

to be crucial for osteoclastogenic cell fusion [20, 21].

MFR/SIRPa is a type I transmembrane protein that belongs

to the immunoglobulin superfamily (IgSF) proteins, and

monoclonal antibody against MFR/SIRPa interferes cell

Fig. 2 Time-lapse analysis of

osteoclast cell fusion.

RAW264.7, a murine cell line

having the character as

osteoclast precursor monocytes,

were cultured with 50 ng/ml of

RANKL for 3 days. Nomarski

images were acquired every 1 h

by a timer-controlled CCD

camera. ‘‘Founder’’

multinuclear cells moved

rapidly to catch mononuclear

‘‘follower’’ cells (A, arrows)

and they finally expanded

aberrantly, leading to the

death of fused polykaryon

(B, arrowheads). Dashed lines
(in A) represent trajectories of

moving founder cells. Scale bar
100 lm
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fusion. MFR/SIRPa was subsequently shown to bind

CD47, which also belongs to IgSF, and intercellular

interaction via MFR/SIRPa–CD47 association is pivotal

for osteoclastogenic cell fusion [22]. Interestingly, there

are two isoforms (long and short) MFR/SIRPa depending

on the length of extracellular domain, and it is hypothe-

sized that CD47 first binding to long-form MFR/SIRPa
might switch to the short form, which contributes to make

plasma membranes of the two cells close enough to start

fusion. Therefore, we may reasonably consider that MFR/

SIRPa–CD47 interaction is involved in cell recognition

before cell–cell fusion rather than in fusing process itself.

DC-STAMP: a master regulator of osteoclastic cell

fusion

DC-STAMP (dendritic cell-specific transmembrane protein)

has recently been emerging as a key molecule for cell fusion

during osteoclastogenesis [13, 14, 18]. This seven-trans-

membrane protein is originally identified in dendritic cells or

IL-4-activated macrophages, and subsequently it is shown to

be expressed also in osteoclasts and to be up-regulated fol-

lowing stimulation by RANKL [13]. DC-STAMP-deficient

osteoclasts cannot undergo cell fusion, although the

expressions of osteoclast-specific molecules, such as V-type

H+ ATPase and cathepsin K, are intact [14]. The osteoclastic

ability of DC-STAMP-/- mononuclear cells is largely

impaired but not completely abrogated. These results clearly

suggest that (1) DC-STAMP is important exclusively for cell

fusion but not for osteoclastogenesis in general and that (2)

multinucleation is not indispensable for bone resorbing

activity but it does greatly enhance its activity (as discussed

formerly). It was also shown that mutant monocytes

expressing green fluorescent protein (GFP) in lieu of DC-

STAMP can form multinucleated polykaryon with co-cul-

tured wild-type monocytes, indicating the two distinct parts

for cell–cell fusion, i.e., ‘‘fuser (=founder)’’ and ‘‘to be fused

(=follower)’’, and the expression of DC-STAMP is neces-

sary only for one side of fusion. In spite of these brilliant

results, the question has not been answered how DC-STAMP

is involved in the regulation of cell fusion. Because seven-

membrane spanning DC-STAMP is structurally close to

classical heterotrimeric G protein-coupled receptors, it is

hypothesized that the role of DC-STAMP for osteoclasto-

genic cell fusion may be similar to that of the chemokine

receptor CXCR4 and CCR5, co-receptors for HIV-T cell

fusion [23].

Other miscellaneous molecules

In addition to MFR/SIRFa and DC-STAMP, various kinds

of membrane proteins have been so far shown to be

responsible for osteoclastogenic cell fusion, including CD44

(hyaluronan receptor) [24], CD98 [25], CD200 [26], cad-

herin [27], a purinergic receptor P2X7 [28], V-type ATPase

Vo subunit d2 [29]. However, the mechanisms by which

they practically regulate cell fusion are less understood.

Tetraspanin superfamily proteins (TM4SF): association

with membrane microdomains

Crucial roles and controversies

Transmembrane-4 superfamily (TM4SF) proteins, also

called ‘‘tetraspanins’’, have long been known to be

involved in cell–cell fusion. The tetraspanins are charac-

terized by their four transmembrane domains and comprise

at least 32 distinct members in mammals, including CD9,

CD37, CD53, CD63, CD81, and CD151 [30–34]. Among

them, one of the tetraspanins, CD9, a membrane glyco-

protein expressed in a variety of cell types, has been best

understood and implicated in the regulation of cell motility

and cell–cell fusion, including gamete membrane fusion

[35–37], fusion of muscle cells [38], and formation of

myelinated axons [39]. Recently several reports have

shown the crucial role of tetraspanin CD9 in osteoclasto-

genic cell fusion, although there are still controversies

about its detailed functions.

By using neutralizing antibody and RNA interference,

CD9 has been shown to be a positive regulator of cell

fusion during osteoclastogenesis [40, 41]. The expression

of CD9 on the cell surface, but not at the transcriptional

level, is enhanced by osteoclastogenic RANKL stimula-

tion, and functional blockage of CD9 by neutralizing

monoclonal antibody or RNA interference inhibits cell

fusion. On the contrary, forced expression of CD9 in a

monocyte lineage cell line induces spontaneous cell fusion

without stimulating expressions of osteoclast specific

molecules, such as TRAP and cathepsin K. These results

have suggested that tetraspanins CD9 is a downstream

molecule of osteoclastogenic RANKL signaling pathway

specialized for cell–cell fusion. It was also shown that the

expression of CD9 is augmented at the site of bone erosion

in arthritic joints or cancellous bone tissues in osteoporosis,

which may suggest the pathogenic role of tetraspanins CD9

in bone resorptive disorders [42], although further studies

are definitely needed, such as examining the effect of

neutralizing antibody for collagen-induced arthritis or

ovariectomy-induced osteoporosis models.

On the other hand, another report [43] showed a con-

tradictory result: Genetic deletion of tetraspanin CD9

enhanced osteoclastogenic cell fusion, and it was claimed

that tetraspanins CD9 rather inhibits cell fusion during

osteoclastogenesis. It is difficult to explain here the reason

of this discrepancy, although we should consider the fol-

lowing points;
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1. Redundant expression of different tetraspanins:

expression of tetraspanins proteins is highly redun-

dant, and it has already been shown that 12 different

kinds of mammalian tetraspanins, such as CD9,

CD37, CD53, CD63, CD81, CD82, CD151, NAG-2,

SAS, Tspan-3, Tspan-5, and NET-6/Tspan-12, are

expressed in osteoclasts and its precursors at least

mRNA levels [44]. Among them, Tspan-5 is up-

regulated and NET-6/Tspan-12 is down-regulated

during osteoclastogenesis. Targeted inhibition of

Tspan-5 and suppressed RANKL-induced cell fusion,

whereas inhibition of NET-6/Tspan-12 augmented the

event. These results suggest that Tspan-5 and NET-6

have reciprocal role for osteoclastogenic cell fusion

[44]. Taken together, redundancy and diversity of

tetraspanins contribute to fine control of cell-fusion

processes during osteoclastogenesis. Therefore, gene

ablation of a single type of tetraspanin may be

compensated (sometimes ‘‘over-compensated’’) by

some alternative tetraspanins and may not necessarily

bring straightforward results. To further elucidate the

aspects, it may be helpful to examine the expression

levels of different tetraspanins in CD9-global knock-

out mice [43].

2. Expression of CD9 in other cell types (bone marrow

stromal cell or osteoblasts): tetraspanins are known to

be expressed in various kinds of cell types in bone

marrows as well as in hematopoietic cells. As for CD9,

it has been already reported that CD9 is expressed in

bone marrow stromal cells and controls osteoclasto-

genesis via conversation with osteoclast precursors

[45, 46]. This means that CD9-global knockout mice

may exhibit a compound phenotype, i.e., derived from

genetic deletion of CD9 both in osteoclasts and in

stromal cells, and this may not be appropriate for

solely studying the function of CD9 expressed on

osteoclasts. In order to clarify the functional impact of

CD9 on osteoclasts in vivo, it is desirable to generate

osteoclast-lineage specific conditional CD9 knockout

mice or to reconstitute CD9-ablated osteoclasts in

osteoclast-deficient mice strains by generating bone

marrow chimeras.

Interestingly, because granuloma-forming macrophage

fusion, which has long been considered to be a close

phenomenon to osteoclastogenic cell fusion, was not

enhanced in the same CD9-global knockout mice [47],

there must be a matter specific for osteoclastogenesis.

Although most of the reports published so far supported the

positive (stimulatory) functions of tetraspanins for cell–cell

fusion in various biological systems, one more report has

recently emerged showing their inhibitory role in cell

fusion (HIV-induced cell fusion) [48], and now the actual

functions of tetraspanin CD9 on osteoclastogenic cell

fusion still remain elusive.

Such ambivalent evidence lets us know the nature of

tetraspanins as the modulators of signaling (for cell fusion).

It may be plausible that tetraspanins are not essential fac-

tors for cell fusion (e.g., DC-STAMP) but modulating the

other essential machinery. Nevertheless, this fact does not

necessarily mean that tetraspanins are unimportant ones,

but on the contrary, they are suitable as therapeutic targets.

It is generally risky to alter pharmacologically the action of

some ‘‘essential’’ molecules because the outcome easily

exceeds the therapeutic range. Anyway, further studies are

necessary to clarify the detailed function of tetraspanins

in cell fusion during osteoclast formation and to test the

therapeutic potentials for anti-bone resorptive treatments.

Association with membrane domain and cis-interaction

with other molecules

Although there are one or two examples showing the

interaction of tetraspanins with counter-receptors on other

cells or soluble ligands (Fig. 3Aa), it is well accepted that

tetraspanins exert their functions by interacting in cis

(laterally) with various other membrane proteins, such as

integrins [38, 49, 50] or B cell receptor complexes [51, 52],

and by modulating their activities (Fig. 3Ab). Lateral

interaction of tetraspanins with various membrane proteins

and lipids contributes to organization of multimolecular

complexes (‘‘tetraspanins web’’) on a certain membrane

microdomain, named ‘‘tetraspanins-enriched microdomain

(TEM)’’ [52–55]. Biochemically, TEMs are mostly soluble

in stringent non-ionic detergents, such as 1% Triton X-100,

although they are resistant to solubilization by milder

detergents such as 1% CHAPS or Brij-99 [53]. Therefore,

TEM can be clearly discriminated from the conventional

‘‘lipid raft’’ microdomains that are characterized by their

insolubility in the stringent detergents such as 1% Triton

X-100. It is suggested that lipid raft microdomain and TEM

occupy different areas on eukaryotic cell membrane,

however, the respective functions and their relationship

between these two microdomains have remained to be

elusive. It has been demonstrated that RANKL induces the

translocation of tetraspanin CD9 to conventional ‘‘lipid

raft’’ microdomains from non-raft microdomains [40]. This

suggests that CD9 may interact with some membrane

molecules responsible for cell fusion and carry them to

lipid raft microdomain [56], which is the platform for cell

signal transduction (Fig. 3B). It would be interesting in

further studies to examine whether tetraspanins and DC-

STAMP can communicate ‘‘softly’’ with each other (not by

‘‘hard’’ direct protein-protein interaction), utilizing a

certain membrane microdomain as a signaling platform.
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The relationship between tetraspanins and membrane

microdomain is intriguing because it has been shown that

particular lipid composition of plasma membrane, such as

in lipid raft, is important for membrane fusion [57–59].

The concept has been best understood in intracellular

vesicle membrane fusion during exocytosis. Raft mem-

brane highly contains phosphorylated phosphoinositides,

such as phosphatidylinositol-4,5-bisphosphate (PIP2) [60],

which is known to have an ‘‘inverted cone-shaped’’

structure (Fig. 4). The interaction of membrane PIP2 with

Ca2+, elevated by the signal stimulating exocytosis, con-

vert the structure into ‘‘cone-shaped’’ structure, whose

biophysical property favors the membrane curvature to

form stalks within two membranes [61, 62]. Membrane

fusion for vesicular trafficking is initiated from inner

leaflet, whereas the process starts from the outer leaflet in

the case of cell–cell fusion. Nevertheless, we can specu-

late that there may be some shared mechanisms involving

lipid raft membrane domains for membrane fusion.

Tetraspanin-dependent localization of signaling molecules

in lipid raft fraction may contribute to the initiation of

membrane fusion by changing some biophysical proper-

ties of membranes, although further studies regarding this

aspect must be performed to get the whole picture of this

theme.

Closing remarks

Recent progress has gradually unraveled the enigmatic

mechanisms underlying osteoclastogenic cell fusion.

Because osteoclasts play central roles in arthritic bone

destruction, it is sure to become a promising therapeutic

tool in the future to control the osteoclast function by

modulating their cell–cell fusion, the most characteristic

property of this cell type.
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