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Podosomes and invadopodia seen in
osteoclasts and cancer cells, respec-
tively, are actin-rich membrane protru-
sions. We recently demonstrated that
an adaptor protein, Tks5, which is an
established regulator of invadopodia in
cancer cells, drives osteoclast-osteoclast
fusion as well as osteoclast-cancer cell
fusion by generating circumferential
This find-

ing revealed an unexpected potential

podosomes/invadopodia.

of podosomes/invadopodia to act as
fusion-competent protrusions. Fusion of
biological membranes involves the intri-
cate orchestration of various proteins
and lipids. Recent literature suggests
the importance of membrane curvature
formation in lipid bilayer fusion. In this
study, we investigated the expression of
Bin-Amphiphysin-Rvs161/167  (BAR)
domain superfamily proteins, which
have membrane deforming activity, dur-
ing osteoclastogenesis. We found that
IRTKS was specifically induced during
osteoclast fusion and interacted with
Tks5, suggesting the role of IRTKS in
the formation of fusion-competent pro-
trusions via its BAR domain.

Membrane fusion is a fundamental bio-
logical phenomenon ranging from intra-
cellular vesicle fusion and mitochondrial
remodelling to virus entry, fertilization,
myogenesis, and osteoclastogenesis. These
fusion processes are organized by a wide
variety of molecules with little conserva-
tion among species and cell types, which
may reflect the independent evolution
of each fusion process.! Therefore, char-
acterization of every fusion molecule is
required for a thorough understanding
of molecular mechanisms. On the other
hand, some principles seem to be shared
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by various fusion processes that overcome
an energetic barrier caused by apposing
and merging two lipid bilayers. In vitro
protein-free experiments indicated that
for lipid bilayers to fuse, they undergo the
following steps: establishment of a close
contact between the bilayers to become at
least partially dehydrated; formation of a
protrusion with high curvature between
bilayers to expose an unstable outer leaf-
let thereby resulting in hemifusion; and
fusion pore opening associated with mem-
branes with lateral tension that is typi-
cally caused by local or global membrane
expansion.”” Therefore, “fusion proteins”
on biological membranes would promote
fusion via lowering intermediate energy
barriers that otherwise hinder each step.
As shown by Ohya et al., several cat-
egories of proteins such as tethering
proteins and Rab GTPases sequentially
facilitate each fusion step to merge physi-
ological membrane bilayers efficiently.®
Membrane proteins that can induce high
curvature and/or tether the two bilay-
ers are widely used in fusion processes
such as mitochondrial fusion,”® yeast
cell mating’ and epithelial or anchor
cell fusion of Caenorbabditis elegans.!*"
One of the beststudied fusion events is
synaptic vesicle fusion with the presyn-
aptic plasma membrane at the synapse.
Synaptotagmin-1 was shown to trigger
soluble N-ethylmaleimide-sensitive factor
attachment protein receptors (SNAREs)-
mediated bilayer fusion by generating
highly curved membrane upon binding
to Ca*.”? In this case, local bending of
the lipid bilayers by shallow membrane
insertion of the C2 domains of synap-
totagmin-1 is thought to be important,
because deformation of the flat mem-
brane by another polypeptide called the
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Bin-Amphiphysin-Rvs161/167 (BAR)
domain could rescue a synaptotagmin-1
mutant lacking lipid-deforming activity."®
SNAREs bind to synaptotagmin-1 and
form complexes of four helices to tightly
pull apposing bilayers." Since the shallow
membrane insertion of proteins promotes
bilayer fusion in vitro,” it is possible that
proteins with amphipathic helices and
BAR domain superfamily proteins consti-
tute fusion proteins.

BAR domain superfamily proteins
are known to induce membrane defor-
mation with the assistance of the actin
cytoskeleton.’*!®  They include BAR,
Extended Fer-CIP homology (EFC)/E-
BAR (FCH-BAR), and insulin receptor
tyrosine kinase substrate p53 (IRSp53)-
missing-in-metastasis (MIM) homology
domain (IMD)/I-BAR (inverse BAR), all
of which form homo dimers and deform
liposomes in vitro."” Although an increas-
ing number of studies have suggested their
critical roles in endocytosis and protrusion
formation during cell migration, the func-
tion of BAR domain superfamily proteins
in membrane fusion has just begun to be
investigated.*’

Osteoclastogenesis is a process wherein
monocyte-derived precursor cells dif-
ferentiate into multinuclear osteoclasts
following the stimulation of macrophage
(M-CSF)
and receptor activator of NF-kB ligand
(RANKL). During osteoclast differen-
tiation, osteoclast precursors fuse with

colony-stimulating  factor

each other to become multinuclear giant
cells, with the formation and organiza-
tion of columnar actin structures called
podosomes.*! For osteoclasts to come into
close proximity with each other, they need
to activate Rho-family GTPases in com-
bination with molecules that rearrange
the actin cytoskeleton.”>** A membrane
type 1 matrix metalloproteinase (MT1-
MMP)-p130Cas-Rac signaling pathway
was recently shown to be essential in this
process.”* Cell-cell recognition and teth-
ering are thought to be achieved via cell
surface molecules such as E-cadherin,”
vacuolar-type H*-ATPase VO subunit
d2,* immunoglobulin-like domain con-
taining proteins such as macrophage
fusion receptor (MFR),” and members

of the multipass transmembrane pro-
tein family such as DC-STAMP?® and
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OC-STAMP.?

shown to be essential for osteoclast fusion,

These molecules were
i.e., they can be regarded as bona fide
fusion proteins. However, how they facili-
tate fusion, especially how they cooperate
with other fusion proteins, is not known.

We have recently reported that osteo-
clast fusion and osteoclast-cancer cell
fusion is mediated by circumferential
podosomes and invadopodia formed in
osteoclasts and cancer cells, respectively.
Tks5, an indispensable adaptor protein
for Src-induced cancer cell invadopodia
formation was shown to be a key molecule
to drive those fusion processes.?” Although
we concluded that Tks5-dependent cir-
cumferential ~ podosomes/invadopodia
could serve as “fusion-competent protru-
sions” downstream of phosphatidylinosi-
tol 3-kinase, what exactly happens on the
fusing membranes remains an enigma.
An intriguing hypothesis is that rapid
lateral membrane expansion caused by
circumferential podosomes/invadopodia
provides an unstable bilayer, which would
be relaxed by the supply of the membrane
from the fusion partner’ In the course
of our studies, we also observed that
tiny spindle-like membrane protrusions
were generated at the sites of podosome
expansion. Penetration of one of those
protrusions resulted in osteoclast fusion,
which we defined as “filopodia-mediated
fusion.”®® Therefore, local bending of the
plasma membrane in addition to circum-
ferential podosome formation might drive
osteoclast fusion.

Among the genes whose expression
was upregulated (> 1.3-fold increase) in
RANKL-stimulated RAW264.7 mac-
rophages, we selected genes known to
have a potential activity in membrane
protrusion formation.’*?' These included
Srgap3, Pstpipl, Pacsinl, Fnbpl, Fcho2,
Baiap2 and Baiap2[1. We then confirmed
RANKL-dependent  upregulation  of
their expression by reverse transcription—
polymerase chain reaction (RT-PCR),
and found that insulin receptor tyro-
sine kinase substrate (IRTKS) (encoded
by Baiap2ll) was specifically upregu-
lated in response to RANKL as was
Tks5 (encoded by Sh3pxd2a) (Fig. 1A
and Table 1). The protein expression of
IRTKS was also detected in response to
RANKL stimulation with its maximum
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at 72 h in both RAW264.7 macrophages
(Fig. 1B) and in primary bone marrow
macrophages (Fig. 1C). Furthermore,
IRTKS was shown to interact with Tks5
by a pull-down assay using the truncated
Tks5 mutants (Fig. 1D and E). The Tks5
mutants containing either the first two
SH3 domains (“AB”) or the middle two
SH3 domains (“CD”) bound to IRTKS,
suggesting that IRTKS interacted with
Tks5 at two different sites. Therefore,
IRTKS might function in concert with
Tks5 to generate fusion-competent pro-
trusions. However, reduced expression
of IRTKS did not show a reproduc-
ible effect on osteoclast fusion (data not
shown). This might be caused by redun-
dancy of other BAR superfamily proteins
in osteoclasts such as Slit-Robo GTPase
activating protein 3 (stGAP3, encoded
by Srgap3) and/or IRSp53 (encoded
by Baiap2), which are expressed when
filopodia-like membrane protrusions are
formed®>* (Fig. 1A).

IRTKS has been shown to regulate
plasma membrane deformation as well as
actin cytoskeleton remodelling. TRTKS
induces short filopodia-like protrusions,*t
and is also known to regulate pedestal for-
mation during infection of enterohemor-
rhagic E. coli® Therefore, IR-TKS might
result in filopodia-mediated osteoclast
fusion by generating highly curved mem-
brane protrusions with bundled actin at
circumferential podosomes.

Finally, we searched in silico for the
putative NFATcl binding sequences
[((A/T)GGAAA(A/N)(A/T/C)N]**  on
the promoter regions of Baiap2ll and
Sh3pxd2a. Both Baiap2ll and Sh3pxd2a
had conserved NFATc1 binding sequences
at 2208 bp and 1162/1174 bp upstream of
the initiation codon, respectively, support-
ing their specific expression depending on
RANKL-NFATc1 signaling (Fig. 2).

In conclusion, we identified a novel
candidate molecule in osteoclast fusion,
IRTKS, which was specifically induced
in response to RANKL and predicted to
mediate local membrane destabilization
through its membrane deforming activity.
Future study should be aimed to under-
stand how osteoclast-specific molecules
such as IRTKS and Tks5 regulate mem-
brane fusion in in vitro reconstitution sys-
tems and in vivo.
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Figure 1. IRTKS is induced in response to RANKL and binds to Tks5. (A) RAW264.7 macrophages were subjected to RT-PCR analysis using indicated
primers. (B and C) RAW264.7 macrophages cultured in the presence of RANKL (10 ng/ml) for the indicated times (B) or mouse bone marrow-derived
macrophages cultured in the presence of M-CSF (10 ng/ml) with or without RANKL (10 ng/ml) for the indicated times (C) were subjected to immu-
noblot analysis with antibodies against IRTKS, NFATc1 or y-tubulin (loading control). The blot with anti-NFATc1 and anti-y-tubulin were reused from
our previous work (©Oikawa, T et al., 2012. Originally published in The Journal of Cell Biology. doi:10.1083/jcb.201111116). (D) Schematic representation
of the Tks5 constructs used for the pull-down assay. PX, phox homology domain; SH3, Src homology 3 domain; GST, glutathione S-transferase. (E)
RANKL-stimulated RAW264.7 cell lysates were mixed with the GST-SH3 domains of Tks5 immobilized on beads; the bound proteins were subjected to
SDS-PAGE and silver staining or to immunoblot analysis with anti-IRTKS antibody. An arrowhead indicates the bands of IRTKS. NS, non-specific.
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Table 1. List of primer pairs used for RT-PCR

Gene symbol

Sequence 5'-3'

Srgap3 TCG TGG ATG ACC AAA ATG AGC
TTC GTC ACT GGT GTG AGG CT
Pstpip1 CTG CAG TTC CGA GAT GCCTT
GAT ATT TTG CCT GTA CACTCTTT
Pacsinl ATG TCT GGC TCC TAC GAT GAG
GCC AGC CTT TCC TCC TTA CAA
Fnbp1 GAT CAG TTT GAC AAC TTG GAA A
CTG GAA GAT GTT GGG GAT GTG
Fcho2 CTA CAC AAA GAG AAA TAG AAA AG
AGT AGA AAT GGT TCT CTTTGG T
Baiap2 ATG TCG CTT TCA CGC TCG GA
CTT GGA ATG GTA AGC AGC AGA
Baiap2!1 CTC ACG GAG AAC ACG TAC CG
CTG CAT GTG ATA GTA GTG TAT G
Sh3pxd2a CAG TCC TGC ATT TCT GAC GG
GTTTTT CAC GGC AAG GGA CA
Actb CTCTTT GAT GTC ACG CAC GAT

GTG GGC CGCTCT AGG CAC CAA

Baiap2I1 (NCBI Gene ID: 66898)

-2219 GTGTGTATTTCCCAGTG -2203
BAIAP2L1 (NCBI Gene ID: 55971)

-2790 GTGTATATTTCCTAGTG -2774

Sh3pxd2a (NCBI Gene ID: 14218)

-1184 CGACTTGGAAAGTCAGCTTTCCAGACTA -1157
SH3PXD2A (NCBI Gene ID: 9644)

-1260 TGGCTTGGAAAGTGGGTTTTCCAGACTA -1233

Figure 2. Potential NFATc1 binding sites in the Baiap2I1, BAIAP2L1, Sh3pxd2a or SH3PXD2A pro-
moter region: Gene IDs were obtained from the NCBI Gene database. Consensus NFATc1 binding
sequences conserved between mouse and human are underlined.

Materials and Methods

Antibodies. The following antibodies
were used for immunoblot analysis: mouse
monoclonal anti-IRTKS  (sc-100680)
and anti-NFATcl (sc-7294) (Santa Cruz
Biotechnology); mouse monoclonal anti—
v-tubulin (Sigma).

Cell culture. RAW264.7 macrophages
were cultured under 5% CO, at 37°C in
a-minimum essential medium (a-MEM)
supplemented with 10% fetal bovine
serum (FBS) and penicillin-streptomycin.
For stromal cell-free osteoclast formation,
nonadherent cells were plated at a density
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of 1 x 10° per well in 6-well plates and were
cultured for 3 d in a-MEM supplemented
with 10% FBS and recombinant human
M-CSF (R&D Systems) at 10 ng/ml.
The resulting M-CSF—dependent macro-
phages were used as osteoclast precursors.
Osteoclast differentiation was induced
by culture for 3 to 4 d in the presence of
recombinant human M-CSF and recom-
binant mouse RANKL (R&D Systems),
each at 10 ng/ml.

RT-PCR analysis. Total RNA was
extracted from cells with the use of the
Trizol reagent (Invitrogen), and portions
(0.5 ng) of the RNA were subjected to
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reverse transcription with SuperScriptll
polymerase (Invitrogen). The primers
used to detect specific transcripts by sub-
sequent PCR are listed in Table 1.
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