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Osteoclasts resorb bone through the formation of a unique
attachment structure called the sealing zone. In this study, a role
for thyroid hormone receptor-interacting protein 6 (TRIP6) in
sealing zone formation and osteoclast activity was examined.
TRIP6 was shown to reside in the sealing zone through its asso-
ciation with tropomyosin 4, an actin-binding protein that regu-
lates sealing dimensions and bone resorptive capacity. Suppres-
sion ofTRIP6 inmature osteoclasts byRNA interference altered
sealing zonedimensions and inhibitedbone resorption,whereas
overexpression of TRIP6 increased the sealing zone perimeter
and enhanced bone resorption. Treatment of osteoclasts with
lysophosphatidic acid (LPA), which phosphorylates TRIP6 at
tyrosine 55 through a c-Src-dependent mechanism, caused
increased association of TRIP6 with the sealing zone, as did
overexpression of a TRIP6 cDNA bearing a phosphomimetic
mutation at tyrosine 55. Further, LPA treatment caused
increases in osteoclast fusion, sealing zone perimeter, and bone
resorptive capacity. In contrast, overexpression of TRIP6 con-
taining anonphosphorylatable amino acid residue at position55
severely diminished sealing zone formation andbone resorption
and suppressed the effects of LPA on the cytoskeleton. LPA
effects were mediated through its receptor isoform LPA(2), as
indicated by treatments with receptor-specific agonists and
antagonists. Thus, these studies suggest that TRIP6 is a critical
downstream regulator of c-Src signaling and that its phosphor-
ylation is permissive for its presence in the sealing zone where it
plays a positive role in osteoclast bone resorptive capacity.

Discovered in 1996 through a screen of proteins that interact
with thyroid hormone receptors in a ligand-specific manner
(1), thyroid hormone receptor-interacting protein 6 (TRIP6)2
belongs to the zyxin focal adhesion/nuclear shuttling family
that also includes the lipoma preferred partner, Ajuba, and
LIMD1 (2, 3). Similar to other proteins in this family, TRIP6
contains three C-terminal LIM domains, a proline-rich N ter-
minus of unknown function, a nuclear export signal, but no
known nuclear import signal (4). LIM domains are double zinc

finger domains of �50–60 amino acids that function in pro-
tein-protein interaction and have been found to be involved in
regulating transcription and cytoskeletal organization (2, 3).
Most LIM family proteins do not have enzymatic domains and
function mainly as adaptor proteins.
In the cell types studied to date, TRIP6 has been detected

primarily at focal adhesion plaques with lower abundance in
nuclei. Mutation of the nuclear export signal causes accumula-
tion of TRIP6 in nuclei (4), as does synthesis of a naturally
occurring form of TRIP6 that lacks this N-terminal sequence
(5). Early studies indicated that along with a nuclear export
sequence, TRIP6 containsmultiple transactivation domains yet
does not have the ability to bind DNA directly (4). TRIP6 was
found to be a co-regulator of the v-Rel transcription factor (6),
as well as of transcription factors AP-1 and NF-�B (5). More
recently, TRIP6 has been shown tomodulate focal adhesions by
forming complexes with p130Cas, paxillin, FAK, and c-Src,
among others (7). The adaptor abilities/multifunctional bind-
ing of TRIP6 can be partially attributed to its three C-terminal
LIM domains.
Osteoclasts, giant multinucleated cells of monocyte origin,

are terminally differentiated cells responsible for regulating
bone density by degrading, or resorbing, bone. Osteoclastogen-
esis is induced by osteoblastic expression of receptor activator
for nuclear factor �B ligand (RANKL), which recruits and binds
monocytic precursors, thus stimulating osteoclast formation
(8). Once differentiated, osteoclasts tightly attach to bone and
resorb the organic matrix and hydroxyapatite mineral beneath
the cell through secretion of hydrochloric acid and proteases,
particularly cathepsin K (9).
Osteoclast attachment to bone occurs through a unique

structure called the sealing zone. The sealing zone is composed
in part of tightly packed actin filaments that form a ring at the
ventral side of a polarized cell. Integrins associated with the
sealing zone facilitate tight attachment to bone to create an
acidic, protease-rich microenvironment at the bone surface
that promotes its resorption. The osteoclast sealing zone there-
fore is essential to osteoclast function. When cultured on non-
bone substrates, mature osteoclasts form peripheral belts of
podosomes, foot-like adhesion structures that contains a short
F-actin core that undergoes rapid turnover (10, 11). Podosomes
and sealing zones are distinct but structurally related adhesion
structures that contain a multitude of actin regulatory proteins
and signaling molecules, including the nonreceptor tyrosine
kinase c-Src (11). c-Src is ubiquitously expressed inmammalian
tissues, but its importance to osteoclast function was under-
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scored by generation of a knock-out mouse whose major phe-
notype was osteopetrosis caused by formation of nonfunction-
ing osteoclasts (12). Although multinucleated osteoclasts were
generated in the absence of c-Src, these cells lacked the ability
to form sealing zones and resorb bone (12–14). Of relevance to
this study, c-Src has been shown to phosphorylate tyrosine 55
of TRIP6 in NIH 3T3 cells when stimulated with lysophospha-
tidic acid (15).
Naturally occurring soluble lysophosphatidic acid (LPA)

functions in a variety of biological processes including prolifer-
ation, migration, muscle contraction, tumor cell invasion, inhi-
bition of differentiation, and cell survival (reviewed in Ref. 16).
LPA functions through cell surface signaling in a G protein-de-
pendent manner. LPA has been shown to be involved in short
term responses (e.g. changes inmotility and cell shape) and long
term responses (activation of gene transcription). LPAexerts its
effects through at least five known receptors that show exten-
sive overlap in their association with G proteins (reviewed in
Ref. 17). The LPA(1) and LPA(2) receptors both couple to
G�12/13, G�q/11, and G�i/o. LPA(3) can couple with only the
latter two of these G proteins, whereas LPA(5) couples only
with G�12/13, and G�q/11. LPA(4) is unique in coupling to G�s in
addition to G�12/13, G�q/11, and G�i/o. TRIP6 previously was
shown to bind LPA(2), facilitating its c-Src-mediated phosphor-
ylation (7, 15). Current research in skeletal biology has shown
that LPA affects all bone cell types. LPA was shown to be a
chemotactic agent for osteoblast MC3T3-E1 cells while stimu-
lating dendrite outgrowth of MLO-Y4 osteocytes (18, 19). In
chondrocytes, LPA decreases apoptosis and promotes chon-
drocyte differentiation and survival (20). Recent studies have
suggested that LPA stimulates osteoclasts indirectly through
changes in local interleukin levels (21, 22); however, even more
recent findings noted that LPA is capable of directly promoting
osteoclast differentiation (23).
Previously, we showed that osteoclasts express multiple iso-

forms of tropomyosins, actin-binding proteins that stabilize
F-actin, and found that tropomyosin 4 (Tm-4) specifically reg-
ulates both sealing zone and podosome height (24, 25). In this
study, we determined that TRIP6 is associated in complexes
with Tm-4. Utilizing small interfering RNA knockdowns and
overexpression of TRIP6 combined with immunocytochemis-
try and resorption assays, we found that c-Src regulates oste-
oclast adhesion and resorption in part through tyrosine phos-
phorylation of TRIP6.

EXPERIMENTAL PROCEDURES

Reagents and Cell Culture—Mouse polyclonal antibodies
against Tm-4 and TRIP6 were purchased from Abnova. Rabbit
polyclonal antibodies against Tm-4 and TRIP6 were purchased
from Chemicon International and Bethyl Laboratories, respec-
tively.Mousemonoclonal antibodies were used for detection of
FLAG (F-1804, Sigma), �-actin (Abcam), and phosphotyrosine
residues (PY69; BD Transduction Laboratories). The mouse
IgG clone MOPC-21 was obtained from Sigma. Lysophospha-
tidic acidwas purchased fromCaymanChemical Company and
used at 2 �M. Murine osteoclasts were generated either from
RAW264.7 macrophages (American Type Culture Collection)
or murine bone marrow cells. Osteoclast differentiation was

induced by culturing precursor cells in the presence of recom-
binant GST-RANKL as previously described (26). RAW264.7
macrophages were plated at a density of 20,000 cells/cm2 and
cultured in Dulbecco’s modified Eagle’s mediumwith 10% fetal
bovine serum and 50 ng/ml recombinant GST-RANKL. The
medium was replaced on day 3 of culture and every second day
thereafter for up to 6 total days of culture. For mouse bone
marrow-derived osteoclasts, marrow cells were collected and
incubated overnight in�-minimumessentialmediumwith 10%
fetal bovine serum plus 20 ng/mlmacrophage colony-stimulat-
ing factor. The next day, nonadherent cells were collected and
incubated for an additional 5–6 days in the presence of 10
ng/ml macrophage colony-stimulating factor and 50 ng/ml
GST-RANKL, replacing themedium every second day for up to
6 total days of culture. Osteoclasts were identified as the cells
expressing tartrate-resistant acid phosphatase and containing
at least three nuclei. Further, osteoclasts were considered to
have reached maturity when they were capable of forming
peripheral belts of podosomes when cultured on glass, as pre-
viously defined (27).
Western Analysis and Immunoprecipitation—Western anal-

ysis was performed as previously described (28). Immunopre-
cipitation of 35S-labeled or unlabeled protein also was per-
formed as previously described (28, 29). Some precipitates were
incubated in actin-depolymerizing G buffer (20 mM Tris-HCl,
pH 7.4, 0.5mMATP, 0.5mMCaCl2, 0.2mMdithiothreitol) over-
night prior to running in SDS-PAGE.
Immunocytochemistry and Microscopy—Osteoclasts were

prepared for immunocytochemistry by differentiating precur-
sor RAW264.7 or marrow cells on either glass coverslips or
thinly sliced ivory. Following differentiation, the cells were
fixed, permeabilized, and allowed to bind antibodies as previ-
ously described (28). Primary antibodies were added in a stan-
dard polyethylene glycol blocking buffer and were detected
using Alexa-labeled secondary antibodies (Invitrogen). F-actin
was labeled using Alexa-conjugated phalloidin (Invitrogen).
The cells were visualized using a Zeiss 510 META laser scan-
ning confocal microscope (Campus Microscopy and Imaging
Facility, The Ohio State University). Sealing zone dimensions
were determined by generating Z-stack images of randomly
selected cells and measuring these structures at their thickest
points, as previously described (25).
RNA Interference-mediated Knockdown of TRIP6—siRNAs

were designed and synthesized by Ambion (Austin, TX).
siRNAs 69658, 294418, and 294419 were successfully used to
demonstrate RNA and protein knockdown and are referred to
in this study as siRNAs 3, 5, and 6, respectively. siRNA5 was
used for all siRNA experiments, and siRNA6 was used in many
experiments to confirm results. For all experiments, a nontar-
geting double-stranded RNA from Ambion was used as a neg-
ative control, although siRNAs homologous to siRNA5 and
siRNA6 but containing pointmutations also were used for con-
firmation. siRNA transfections were previously described (30).
On day 5 of osteoclast differentiation, 75 nM of siRNA or an
equal concentration of a control siRNA was transfected via
Lipofectamine 2000 (Invitrogen). Bone marrow-derived oste-
oclasts were electroporated in siPORT buffer (Ambion) at 250
V/50 microfarads with the siRNA solution or an equal concen-
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tration of a control siRNA. For immunocytochemical analysis,
the cells were replated on ivory slices or glass coverslips
immediately following the transfection. For RNA analysis,
total cellular RNA was harvested 1–3 days after the transfec-
tion with RNA-Bee (Tel-test, Inc). For protein analysis,
whole cell lysates were harvested 1–4 days post-transfection
with M-PER (Pierce). Optimal knockdown was achieved 2
days post-transfection.
To determine TRIP6 mRNA expression levels by RT-PCR,

primers were created that corresponded to murine sequences.
The sense primer was of the sequence 5�-GATGC-
TGAGATAGATTCGCTCACC-3�, whereas the antisense
primer was of the sequence 5�-TGCAGGGATATGTACTC-
CAGAAGG-3�. For an internal standard, a cDNA was created
that corresponded to the expected PCR product using the
primers above but contained an internal deletion of 29%, a T7
promoter element, and a tail of 15 adenosines, as previously
described (25, 31). This product was transcribed in vitro using
the MAXIscript system (Ambion), and 200 femtograms of the
resulting RNA (the internal standard) was added to 1 �g of
osteoclast total cellular RNA prior to reverse transcription and
PCR. These reactions were performed using the Superscript
first strand synthesis system from Invitrogen. The resultingRT-
PCR products were run in a 2% gel and stained with ethidium
bromide to visualize the relative intensities of the bands, which
were measured using Quantity One software (Bio-Rad).
Bone Resorption Assays—Five days after initial RANKL stim-

ulation, osteoclasts were transfected and immediately plated on
BD BioCoat Osteologic discs (BD Biosciences) or thinly cut
ivory slices as a bone substrate. Control and siRNA-treated cells
were kept on the discs/bone for 3 days. The cells were removed
by the addition of bleach for 5 min and several washes with
water or by scraping. Bone was stained 5 min with acid hema-
toxylin andmounted on glass slides, and resorptionwas assayed
by confocal microscopy. BD discs were assayed by photograph-
ing under low magnification and quantifying resorbed areas
with SigmaScan Pro 5.0 software (SPSS Science). Equal num-
bers of images were compared among test groups. In general,
marrow-derived osteoclasts were assayed on bone slices,
whereas RAW264.7-derived osteoclasts were assayed on Oste-
ologic discs. Although RAW264.7 osteoclasts are capable of
resorbing bone, the pits generated do not possess clear-cut
margins, making quantification of their size difficult.
Overexpression of TRIP6—A TRIP6 cDNA containing 14 bp

of the 5�-untranslated region, the entire coding region, and 64
bp of the 3�-untranslated region was isolated by RT-PCR and
cloned into the eukaryotic expression vector pEF6/V5-His
(Invitrogen). This construct was stably transfected into
RAW264.7 macrophages using Lipofectamine and Plus re-
agents (Invitrogen); the empty pEF6/V5-His vector was stably
transfected into cells as a control. The cells were maintained in
3 �g/ml blasticidin for selection. TRIP6 mutants were created
using the QuikChange XL system to create single or double
point mutations at TRIP6 tyrosine 55 (Stratagene). A FLAG
epitope was added to verify expression of mutants. Mutants
with and without the FLAG tag were either stably overex-
pressed by Lipofectamine or transiently overexpressed by elec-
troporation at 250 V/150 microfarads.

Measurements—Sealing zone measurements were made
using SigmaScan Pro 5.0 software (SPSS Science) and Zeiss 510
META microscope software. 10 � 10-�m pictures were ana-
lyzed for podosome numbers. Pairwise comparison of samples
was performed using two-tailed Student’s t tests. Statistical
comparison was deemed significant at p � 0.05.

RESULTS

Tropomyosin 4 Binds TRIP6—Tropomyosins are a class of
helical proteins that bind actin filaments and regulate the acces-
sibility of other proteins to the filaments. We have identified
numerous tropomyosin isoforms in osteoclasts (24). One of
these, Tm-4, is enriched in the actin core of podosomes and
sealing zones, where it regulates the shape of these structures
and affects osteoclast motility and bone resorptive capacity
(25). To identify Tm-4 binding partners other than F-actin,
osteoclasts were metabolically labeled, and Tm-4-containing
complexes were immunoprecipitated. The left lane of Fig. 1A
demonstrates several proteins precipitated in these complexes,
includingTm-4 itself,�-actin, and a protein of�50 kDa thatwe
putatively identified as TRIP6 through published studies dem-
onstrating Tm-4/TRIP6 interactions (32). When immunopre-
cipitated complexes were treated in G buffer to depolymerize
microfilaments prior to SDS-PAGE analysis, the �-actin band
disappeared, and only the Tm-4 and 50-kDa bands remained
(Fig. 1A, right lane). These results suggest that Tm-4 directly
binds the putative TRIP6 protein, as previously indicated by
yeast two-hybrid analysis (32). To confirm the association of
Tm-4 and TRIP6, immunoprecipitations with antibodies
against Tm-4, TRIP6, or an irrelevant antibody control
(MOPC) were subsequently analyzed byWestern for their pro-
posed binding partners. Fig. 1B confirms that TRIP6 interacts
with a complex of Tm-4 and �-actin.

To determine the distribution of TRIP6 in osteoclasts, wild-
type mouse bone marrow-derived or RAW264.7-derived oste-
oclasts were differentiated on glass or bone, immunocytochem-
ically labeled for TRIP6 along with F-actin, and viewed under
confocal microscopy. In contrast to other cell types studied to
date inwhichTRIP6 has a strong cytoplasmic presence (4, 7, 32,
33), osteoclast TRIP6 is primarily nuclear/perinuclear but also
has a minor presence in adhesion structures. Fig. 1C illustrates
this inmarrow-derived andRAW264.7-derived osteoclasts cul-
tured on glass. In these cells, peripheral actin and nuclei were
clearly labeled by anti-TRIP6 antibody. A similar distribution of
TRIP6was seen in cells on bone that generate actin-rich sealing
zones. The top row of Fig. 1D shows an osteoclast with strong
nuclear/perinuclear staining and a faint localization to the seal-
ing zone. The confocal images in the bottom row of Fig. 1D are
focused particularly in the sealing zone of a separate cell to
determine where, within this structure, TRIP6 resides. Confo-
cal z-sectioning shows that TRIP6 resides within the central
core of the sealing zone (as indicated by the yellow regions in the
Z-stack). This overlaps the location of Tm-4, which is distrib-
uted throughout the interior half of the this adhesion structure
(25). Thus, the distributions of these proteins intersect in the
sealing zone but are not identical. TRIP6 distribution also was
examined in macrophages. Similar to our findings in oste-
oclasts, TRIP6 in macrophages also was demonstrated to be
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primarily nuclear/perinuclear (supplemental Fig. S1). TRIP6
localization in osteoclasts suggests the potential for both
nuclear and cytoskeletal functions. This study focuses only on
its role in the cytoskeleton because TRIP6 previously has been
shown to associate with multiple actin regulating proteins
known to be essential for attachment to substrate, motility, and
resistance to apoptosis.
TRIP6 Suppression Alters Sealing Zone Dimensions and

Decreases Resorptive Capacity—To determine roles for TRIP6
in the osteoclast cytoskeleton, siRNAswere generated to knock
down TRIP6 mRNA and protein expression. Fig. 2A illustrates
that three siRNAs (si3, si5, and si6) were capable of suppressing
TRIP6 expression in mouse bone marrow-derived osteoclasts.
The top panel shows a competitive RT-PCR where the upper

band represents TRIP6 mRNA, whereas the lower band repre-
sents an internal standard. Transfection of a nontargeting con-
trol oligonucleotide (C0) maintained normal levels of TRIP6
mRNA, whereas transfection of the specific mRNAs (si3, si5,
and si6) caused its loss. Accordingly, siRNA treatment of oste-
oclasts caused a loss of TRIP6 protein (Fig. 2A, middle panel),
whereas �-actin levels stayed constant (Fig. 2A, bottom panel).
Fig. 2B demonstrates that siRNAs si5 and si6 also knocked
down TRIP6 expression in RAW264.7-derived osteoclasts.
This figure further shows that two mutated versions of si5 and
si6 (C5 and C6) did not affect TRIP6 expression. Multiple such
experiments indicated that TRIP6mRNAandprotein routinely
could be decreased by 60–70% during siRNA treatment in both
osteoclast cell models. Fig. 2C shows that knockdown of TRIP6
expression can be detected immunocytochemically in both
marrow-derived macrophages and osteoclasts and that its loss
occurs equivalently from cytoskeletal and nuclear/perinuclear
compartments.
To determine how suppression of TRIP6 affects cytoskeletal

organization in osteoclasts, mature osteoclasts were treated
with either control oligonucleotides or TRIP6 siRNAs and
examined on bone. Labeling of cells with fluorescent phalloidin
to demarcate the sealing zones revealed thatTRIP6 suppression
resulted in increased sealing zonewidth and loss of sealing zone
height (viewed by confocal z-sectioning). These results are
illustrated graphically in Fig. 3A. The perimeters of these actin
ringswere unchanged (data not shown). Because knockdown of
TRIP6 has been associated with changes in activity of Rho fam-
ily GTPases (33, 34) and RhoA plays a critical role in osteoclast
sealing zone formation (35, 36), we tested whether knockdown
of TRIP6 in osteoclasts resulted in altered RhoA activity. Fig. 3B
demonstrates that siRNA-mediated knockdown resulted in a
�3.5-fold increase in active RhoA. Further, TRIP6 knockdown
was accompanied by changes in resorptive capacity. Bone
resorption was measured by two methods. First, cells were cul-
tured on ivory, and the resulting resorption pit depth, area, and
length were measured by confocal microscopy. Fig. 3 (C andD)
shows that resorptive pits generated by siRNA-treated oste-
oclasts on ivory were shallower and covered less surface area
than pits generated by control-treated cells. However, pits
made by TRIP6-suppressed cells were more linear and covered
greater length. In a second method, the cells were cultured on
discs thinly layered with apatite (BD Biosciences), which also
promote sealing zone formation and resorption (37). Although
pit depth cannot be measured using these discs because of the
thinness of the apatite layer, the average area per resorbed
clearing and the number of clearings can be assessed. Fig. 3E
shows by this assay that TRIP6 siRNA-treated cells also gener-
ated clearings/pits with areas�50% less than controls, whereas
the number of clearings/pits increased. These results confirm
that TRIP6 plays a role in the resorptive capacity of osteoclasts.
We also examined how TRIP6 suppression affected podosome
belts of mature osteoclasts cultured on glass. Although the
adhesion structures (podosome rings/belts) made by oste-
oclasts on glass or plastic are not identical to sealing zones on
bone, they share many structural and functional similarities
(11). Although suppression of TRIP6 caused an increase in seal-
ing zonewidths in cells on ivory (Fig. 3A), suppression of TRIP6

FIGURE 1. Tropomyosin-4 binding partner TRIP6 has a nuclear and cyto-
plasmic distribution in osteoclasts. A, immunoprecipitation (IP) of Tm-4
from 35S-radiolabeled osteoclasts was performed under standard conditions
and in the presence of G buffer to disrupt filamentous actin. B, immunopre-
cipitation from unlabeled osteoclasts followed by Western analysis was per-
formed to confirm Tm-4/TRIP6 interactions. C, RAW264.7- and mouse bone
marrow (MBM)-derived osteoclasts were plated on glass and examined by
confocal microscopy for the localization of TRIP6 (red) and F-actin (green).
D, osteoclasts were examined on bone for the localization of TRIP6 (red) along
with F-actin (green). Scale bars, 10 �m.
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caused an increase in the number of podosomes, resulting in
widened podosome belts. These data are presented in sup-
plemental Fig. S2.
TRIP6 Overexpression Alters Sealing Zone Formation and

Increases Resorptive Capacity—As a complement to the previ-
ous studies in which TRIP6 levels were suppressed in oste-
oclasts, we generated stably transfected RAW264.7 cell lines
that overexpress TRIP6. Fig. 4A shows a Western blot of four
clonal lines that overexpress TRIP6 and one control line trans-
fectedwith empty vector. A 2–4-fold increase in TRIP6 protein
was achieved (Fig. 4A). Overexpression of TRIP6 also was evi-
dent by immunocytochemistry (Fig. 4A, lower panels) and did
not prevent these macrophage lines from differentiating into
osteoclasts in the presence of RANKL. In differentiated oste-
oclasts, TRIP6was located in a normal distribution between the
cytoskeletal adhesion structures and a nuclear/perinuclear
location. To determine how TRIP6 overexpression affected
sealing zones, these cells were cultured on bone and labeled
with fluorescent phalloidin. Fig. 4B illustrates that sealing zones
of TRIP6-overexpressing cells were altered in dimension. Sat-
isfyingly, whereas TRIP6-suppressed cells produced sealing
zones of greater width than controls, TRIP6-overexpressing
cells produced sealing zones of lesser width. However, height
was not altered, but sealing zone perimeter was increased.
Finally, TRIP6-overexpressing cells were assayed for resorptive
capacity. Resorption assays were carried out only on apatite
discs because we have determined that RAW264.7-derived
osteoclasts on ivory form pits with indistinct margins, making

quantification difficult.3 As shown
in Fig. 4C, TRIP6-overexpressing
cells produced larger resorbed areas
than control cells. This result is in
contrast to TRIP6-suppressed
cells, which produced smaller
resorbed areas. However, like
TRIP6-suppressed cells, the over-
expressers also showed a greater
number of clearings. We also
examined podosome belts of oste-
oclasts cultured on glass. Perhaps
not unexpectedly, TRIP6-overex-
pressing cells generated belts con-
taining fewer podosomes than
controls, in contrast to the
siRNA-treated cells, which gener-
ated more podosomes (supple-
mental Fig. S3).
LPA Stimulates Association of

TRIP6 with the Cytoskeleton and
Enhances Cell Fusion and Resorp-
tive Capacity—Previous studies by
Lai et al. (15) demonstrated that
LPA induces c-Src-mediated phos-
phorylation of TRIP6 at tyrosine 55
in fibroblasts. Because c-Src plays
an essential role in arrangements of
the osteoclast cytoskeleton and

sealing zone formation (13), we examined the effects of LPA on
osteoclast activity. LPA was added overnight to fully differenti-
ated osteoclasts, and cells were prepared for immunocyto-
chemistry to reveal F-actin and TRIP6 distribution. As demon-
strated in Fig. 5A (left panels), LPA-treated cells generated
sealing zones that showed a more intense labeling for TRIP6
than vehicle-treated controls. In addition, TRIP6 co-precipi-
tated with the sealing zone protein Tm-4 to a greater extent in
LPA-treated cells than in control cells (Fig. 5A, right panel).
Treatment of cells with the c-Src inhibitor PP2 in addition to
LPA inhibited this increased association. These results demon-
strate that a c-Src-mediated event is responsible for the
increased cytoskeletal association of TRIP6 produced by from
LPA stimulation. To confirm that LPA stimulates c-Src-medi-
ated phosphorylation of TRIP6 in osteoclasts, the cells were
treated with LPA or vehicle for 15 min, and TRIP6 was immu-
noprecipitated and probed with a phosphotyrosine-specific
antibody. As shown in Fig. 5B, LPA treatment did not cause an
increase in total TRIP6 levels but did cause an increase inTRIP6
tyrosine phosphorylation. These results are consistent with
those in other cell models in which LPA stimulated Tyr-55
phosphorylation of TRIP6, resulting in increased association
with the cytoskeleton (15).
To further explore the effects of LPA on osteoclast morphol-

ogy and function, mature osteoclasts were treated with LPA
overnight, fixed, and treated with fluorescent phalloidin to

3 B. K. McMichael, unpublished data.

FIGURE 2. RNA interference-mediated knockdown of TRIP6. A, top panel, competitive RT-PCR demonstrates
knockdown of TRIP6 in marrow-derived osteoclasts by any of three specific siRNAs (si3, si5, and si6) but not by
a nontargeting control oligonucleotide (C0). Middle panel, loss of corresponding TRIP6 protein levels is dem-
onstrated. Bottom panel, �-actin levels are shown as a loading control. B, similar experiments were performed
to show knockdown in RAW264.7 osteoclasts, except that two additional controls (C5 and C6) were included to
show specificity of the si5 and si6 siRNAs. C, siRNA-mediated knockdown of TRIP6 is demonstrated in mouse
bone marrow macrophages and osteoclasts by immunolabeling and confocal microscopy. TRIP6 levels
decrease throughout the cell. Scale bars, 10 �m.
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demarcate adhesion structures. Fig.
5C (left panel) shows a low magnifi-
cation view of such cells cultured on
bone. As is evident, LPA-treated
cells demonstrated sealing zones
with a greater perimeter than con-
trols. This findingwas quantified for
both RAW264.7- and marrow-de-
rived osteoclasts in themiddle panel
of Fig. 5C. We have previously dem-
onstrated that the average sealing
zone perimeter increases with the
average number of osteoclast nuclei
(28). To determine whether LPA
increased fusion of osteoclasts,
resulting in cells with larger sealing
zones, the average nuclear number
was determined in LPA-treated and
control cells. As shown in the right
panel of Fig. 5C, LPA significantly
increased the average nuclear num-
ber and, thus, cell fusion. Further,
overnight LPA treatment also
caused an increase in the area of
resorption pits/clearings produced
by these osteoclasts, as demon-
strated by cells cultured on bone
(Fig. 5D) or apatite discs (Fig. 5E).
The results in this figure demon-
strate that LPA produces profound
effectsonosteoclast cytoskeletalmor-
phology and function, including
inducing phosphorylation of TRIP6.
Loss of TRIP6 Phosphorylation

Abolishes Sealing Zone Formation
andResorption—Because treatment
of osteoclasts with LPA promoted a
change in the distribution of TRIP6,
we examined whether this change
was attributable to c-Src-mediated
phosphorylation at tyrosine 55.
Plasmids expressing C-terminal
FLAG-tagged versions of wild-type
TRIP6, a tyrosine 55 to phenylala-
ninemutant (Y55F), or a tyrosine 55
to aspartic acidmutant (Y55D)were
transiently transfected into mature
osteoclasts, and their phenotypes
were observed on bone. Transient
transfections resulted in 2–4-fold
changes in total TRIP6 expression
(supplemental Fig. S4). Fig. 6A dem-
onstrates that wild-type TRIP6-
FLAG was distributed between the
sealing zone and nuclei, consistent
with endogenous TRIP6 distribu-
tion. In contrast, cells expressing
the Y55F-FLAG mutant (which

FIGURE 3. Decreased TRIP6 levels alter sealing zone dimensions and resorption. A, osteoclast sealing
zones were labeled with fluorescent phalloidin, and sealing zone heights and widths were measured, as indi-
cated in the microscopic image. Graphical data are expressed as the means � S.D. Four independent experi-
ments were performed in which at least 12 sealing zones were measured for each sample. The asterisks indicate
statistically significant differences from controls. For all of the measurements, p � 0.004. B, multiple Western
blots to test RhoA activation, such as those on the left, were quantified to produce the graphical data on the
right (n � 3; p � 1 � 10�5). C, marrow-derived osteoclasts were cultured on ivory, and resorption pits were
visualized using acid hematoxylin staining coupled with confocal z-sectioning. Scale bars, 40 �m. D, pits gen-
erated from marrow-derived osteoclasts on ivory were quantified from three independent experiments in
which at least 12 pits were assessed per sample. For all measurements, p � 0.004. E, siRNA-treated osteoclasts
on apatite discs showed similar resorptive activity to osteoclasts on ivory by generating smaller but more
clearings. For comparisons of control to siRNA-treated cells, six independent experiments were performed in
which at least 10 clearings were measured per sample (p � 0.01).
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cannot be phosphorylated) made very poor sealing zones, and
the exogenous TRIP6 was most heavily distributed in nuclei.
Finally, the cells expressing the phosphomimetic Y55D-FLAG
mutant made typical sealing zones, and the exogenous TRIP6
mutant was distributed evenly throughout the sealing zone and
cytoplasm with little concentration in nuclei. The presence of
TRIP6 in the cytoplasmmay be attributable to saturation of the
exogenous protein in the sealing zone. Nonetheless, these
results, along with the data in Fig. 5, suggest that TRIP6 phos-
phorylation at tyrosine 55 is required for its presence in the
sealing zone, and a lack of phosphorylatable TRIP6 negatively
affects the ability of the cell to form a sealing zone. Similar
results were obtained in stably transfected osteoclasts; cells
overexpressing wild-type TRIP6 were capable of forming seal-
ing zones, whereas the Y55F mutants generated these structures
poorly andhad alteredmorphology (supplemental Fig. S5).

To determine how phosphorylation at tyrosine 55 affects bone
resorption, thecells transiently expressingwild-typeTRIP6-FLAG
or the Y55F-FLAG and Y55D-FLAG mutants were cultured on
apatite discs. Fig. 6B illustrates that relative to TRIP6-FLAG-ex-
pressing cells, osteoclasts expressing the mutant forms produced
similar numbers of resorbed areas, but the Y55F-FLAG mutants
produced clearings of less area, whereas the Y55D-FLAGmutants
produced larger clearings. These results are consistent with phos-

phorylatable TRIP6 playing a positive
role in sealing zone formation and
resorptive capacity. To further dem-
onstrate that TRIP6 phosphorylation
plays a critical role in LPA-stimulated
effects on the cytoskeleton, LPA or
vehicle was added to cells transiently
expressing Y55F-FLAG or Y55D-
FLAGTRIP6 cDNAsor empty vector
as a control. As expected, LPA caused
an increase in the sealing zone perim-
eter in wild-type osteoclasts, whereas
cells expressing the Y55D-FLAG
cDNA produced large sealing zones
in either the absence or the presence
ofLPA(Fig. 6C).This findingsuggests
that the effects ofLPAonsealing zone
size may be mediated primarily
through TRIP6 phosphorylation.
In contrast, Y55F-FLAG-transfected
cells produced small, poorly delin-
eated sealing zones in the absence of
LPA. A small increase in sealing zone
size was stimulated by LPA, most
likely on the endogenous wild-type
TRIP6 present in these cells. How-
ever, in the general absence of TRIP6
phosphorylation,LPAcouldnot exert
its normal effects on sealing zone for-
mation. Together, these data sug-
gest TRIP6 as the primary media-
tor of LPA-induced sealing zone
rearrangements.
LPA Stimulates TRIP6-mediated

Cytoskeletal Changes through the LPA(2) Receptor—Finally, we
wished to identify the LPA receptor(s) involved in producing
these cytoskeletal changes. TRIP6 had previously been shown
to bind the C-terminal tail of receptor LPA(2), but not LPA(1)
or LPA(3), in HEK 293T cells (7). Further, this interaction was
shown to be required for LPA-mediated anti-apoptotic signal-
ing in the same cell line (38). To determine which receptor
might play a role in osteoclast cytoskeletal arrangements, we
employed commercially available antagonists and agonists of
LPA receptor isoforms. As previously demonstrated in Fig. 5,
treatment of mature osteoclasts with LPA overnight caused
increases in osteoclast fusion and sealing zone size. Fig. 7A
shows that cells treated with LPA in the presence of LPA1/
LPA3 antagonist Ki16425 are also increased in osteoclast fusion
and sealing zone size, similar to cells treated with LPA only.
This result suggests that the LPA effects demonstrated in this
study are not due to the action of either of these receptors.
Although an LPA(2) receptor-specific antagonist does not
exist, an agonist, FAP12, is available. Fig. 7B illustrates that
treatment of mature osteoclasts with LPA or FAP12 produces
similar effects on cell fusion and sealing zone perimeter, indi-
cating the role of LPA(2) in these changes. Finally, to confirm
that theeffectsofLPAoncell fusionarec-Src-dependent,LPAwas
added to osteoclasts in the presence or the absence of the c-Src

FIGURE 4. Overexpression of TRIP6 decreases sealing zone width and increases resorption. A, top panel,
Western analysis demonstrates the overexpression of TRIP6 in four stably transfected RAW264.7 clones (T6-1 to T6-4)
relative to a clone transfected with empty vector. The Western also shows �-actin bands as loading controls. Clones
T6-2 and T6-3 were used for all experiments. Bottom panel, immunolabeling and confocal microscopy of cells on
glass illustrate that the overexpressing clones present a normal distribution of TRIP6 (in adhesion structures and
nuclear/perinuclear). Scale bars, 10 �m. B, top panel, TRIP6-overexpressing osteoclasts cultured on bone show dis-
tinctive thinning of sealing zone width. Bottom panel, quantification of several measurements demonstrates
decreased sealing zone width and increased perimeter but no change in height. The graphical data are expressed as
the means � S.D. from six independent experiments in which at least 12 sealing zones were measured per sample.
The asterisks indicate statistical significance (p � 0.003). Scale bars, 10 �m. C, control and TRIP6-overexpessing cells
were assayed for resorptive capacity on apatite discs. TRIP6-overexpressing clones demonstrated increases in clear-
ing size, clearing number, and overall resorption. Three independent experiments were performed in which at least
60 clearings were measured. For all measurements, p � 0.002.
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inhibitor PP2. As demonstrated in Fig. 7C, PP2 completely abol-
ished the LPA-stimulated effects on cell fusion. The results dem-
onstrate that LPA(2) is the primary receptor involved in the stim-
ulation of osteoclast cytoskeletal rearrangements and that its
effects work through a c-Src-dependent mechanism.

DISCUSSION

We previously identified tropomyosin 4 as a mediator of
osteoclast sealing zone generation and resorptive capacity (25).

Although our data indicate that tro-
pomyosin 4 directly associates with
few proteins, TRIP6, one of its few
binding partners, has been shown so
far to bind over 50 different pro-
teins (39). These binding part-
ners include transcription factors
and cytoskeletal elements, placing
TRIP6 in a class of proteins that can
regulate both cell adhesion and gene
expression.Our findings that TRIP6
plays an important role in osteoclast
adhesion are in keeping with studies
in other cell types such as HeLa,
where TRIP6was found to be essen-
tial for stress fibers and mature
focal adhesions (33). Although oste-
oclasts generate alternate and
unique actin-based structures, it is
clear that TRIP6 similarly promotes
cytoskeletal arrangements that fa-
vor cell activation.
Experiments in which TRIP6 was

either knocked down or overex-
pressed suggest that this multifunc-
tional protein generally produces a
positive effect on the ability of oste-
oclasts to degrade bone. That is,
knockdown of TRIP6 diminished
the size of resorptive pits, whereas
overexpression of TRIP6 increased
them. However, because TRIP6 has
both nuclear and cytoskeletal dis-
tributions in osteoclasts, global
manipulations of TRIP6 levels do
not distinguish between potential
transcriptional and cytoskeletal
roles for the protein. Indeed, our
preliminary data suggest that
nuclear TRIP6 may dampen oste-
oclast formation and survival (not
shown). In contrast, LPA treat-
ment of osteoclasts caused in-
creased TRIP6 levels only in the
cytoskeletal compartment, allow-
ing better interpretation of the
role of TRIP6 in the osteoclast
cytoskeleton. LPA-mediated in-
creases of TRIP6 in adhesion

structures promoted larger sealing zones and greater resorp-
tive activity. Although LPA produces numerous effects on
cellular activities, we were able to isolate its effects on TRIP6
by overexpression of cDNAs mutated in the tyrosine residue
phosphorylated through the action of LPA. These results
confirmed the critical role that TRIP6 plays in sealing zone
formation and resorptive capacity. Further, LPA treatment
caused increases in fusion of osteoclast precursors, as indi-
cated by greater average nuclear numbers/cell. This could be

FIGURE 5. LPA induces increased osteoclast size and activity along with phosphorylation of TRIP6 and
alterations in its distribution. A, left panel, labeling of TRIP6 (red) and F-actin (green) in cells on bone demon-
strates that LPA treatment caused TRIP6 to concentrate into the sealing zone. Scale bars, 10 �m. Right panel,
Tm-4 was immunoprecipitated (IP) from cells treated with vehicle (Veh.), LPA, or LPA � c-Src inhibitor PP2.
Antibody MOPC was used as a negative control for Tm-4 binding. The resulting complexes were separated by
SDS-PAGE and immunoblotted with antibodies to TRIP6 or Tm-4. B, LPA treatment of osteoclasts for 15 min
caused an increase in the phosphorylation of TRIP6. Immunoprecipitation was performed using an anti-TRIP6
antibody or MOPC, and the resulting precipitates were Western blotted for either TRIP6 or phosphotyrosine
residues. C, left panel, labeling of F-actin in osteoclasts on bone demonstrates the effects of LPA on sealing zone
and cell size. Scale bars, 100 �m. Right panel, quantification of sealing zone perimeter and cell fusion (nuclear
number) demonstrates that LPA increases these properties in both RAW264.7- and marrow-derived oste-
oclasts. The data are expressed as the means � S.D. from three to six separate experiments in which at least 24
cells were assessed. For all measurements, p � 2 � 10�4. D, LPA treatment of marrow-derived osteoclasts on
bone increases resorption pit area (p � 2 � 10�4) but not depth (p � 0.07). Three independent experiments
were performed in which at least 10 pits were measured. E, similarly, LPA treatment of RAW264.7-derived
osteoclasts on apatite discs caused increases in the area of clearing. Three independent experiments were
performed in which at least 75 clearings were measured (p � 2 � 10�5).
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a result of LPA causing cytoskeletal rearrangements that
favor fusion, because we recently showed that alterations in
expression of one cytoskeletal protein, myosin IIA, promote
osteoclast multinucleation (28). Alternately, formation of
larger osteoclasts may result from anti-apoptotic effects
mediated through the receptor LPA(2), as shown in murine
fibroblasts (38). Our preliminary data indicate a strong anti-
apoptotic effect of LPA on osteoclasts, and studies are ongo-
ing to define the mechanisms by which LPA generates its
effects on osteoclastogenesis and function.
A major effect of cellular exposure to LPA is activation of

the nonreceptor tyrosine kinase c-Src. In 1991, a knock-out
mouse model for c-Src demonstrated this kinase to be essen-

tial to osteoclast function. Indeed,
osteopetrosis resulting from oste-
oclast inactivation was found to be
the unique phenotype of these
mice (12). Although osteoclasts
were generated by these animals, a
loss of c-Src led to an absence
of sealing zones and resorptive
capacity (13, 14). In this study, we
have identified TRIP6 as a major
downstream mediator of c-Src
activity that promotes sealing
zone formation. Our data show
that phosphorylation of Tyr-55 by
c-Src promotes TRIP6 association
with cytoskeletal structures and is
necessary for sealing zone forma-
tion, because osteoclasts overex-
pressing a nonphosphorylatable
TRIP6 are nearly incapable of gen-
erating these sealing zones, even
when stimulated with LPA. The
responses of TRIP6 to c-Src acti-
vation are reminiscent of those for
one of its binding partners, the
adaptor protein p130Cas (32). Like
TRIP6, the phosphorylation of
p130Cas and its association with
the osteoclast cytoskeleton are
c-Src-dependent (40). Studies of
p130Cas-null osteoclasts have been
hindered because of the embry-
onic lethality of a global p130Cas
knock-out (41). However, c-Src-
transformed embryonic fibro-
blasts, which form podosomes,
have been obtained from these ani-
mals. Although p130Cas did not
appear to be necessary for podo-
some formation, its re-expression in
the p130Cas-deficient fibroblasts
caused a dramatic induction of
podosome rings and belts in these
cells, structures with similarity to
the sealing zone of osteoclasts.

These results suggest that a complex of c-Src-phosphorylated
TRIP6 and p130Cas is likely to play a key role in osteoclast seal-
ing zone formation.
In summary, our studies have identified one role of TRIP6

in osteoclasts and, in doing so, have revealed a mechanism by
which LPA can directly promote osteoclast activity. These
results are in contrast to published studies in which LPA was
suggested to activate osteoclasts in bone through indirect
means, by altering local interleukin levels (21, 22). Because
these studies showed LPA to aid in the progression of osteo-
lytic bone metastases, understanding its direct effects on
osteoclasts activity may provide targets for therapy. In addi-
tion, these studies have revealed TRIP6 as a downstream

FIGURE 6. Phosphorylation of TRIP6 at tyrosine 55 is required for sealing zone formation and resorptive
capacity. A, TRIP6 (red) and F-actin (green) z-sections on bone demonstrate that impaired TRIP6 phosphory-
lation (Y55F mutant) causes the loss of sealing zones, whereas overexpression of a Y55D (phosphomimetic)
mutant still results in sealing zone formation. The nuclei are indicated by arrows, whereas sealing zones are
indicated by arrowheads. Scale bar, 10 �m. B, transient overexpression of TRIP6 mutant Y55F leads to a decrease
in the size of the clearings on apatite discs, whereas phosphomimetic Y55D increases the size of the clearings.
Quantification is expressed as the mean � S.D. from three independent experiments in which at least 60
clearings were measured. The asterisks indicate differences from wild type (p � 3 � 10�4). C, Y55F, and Y55D
cDNAs were transiently overexpressed, and the resulting cells on ivory were treated with LPA for 24 h. The cells
were fixed and stained with fluorescent phalloidin. As shown by photos (left panels) and graphically (right
panels), LPA treatment could only very poorly compensate for the loss of sealing zones in Y55F mutants,
whereas LPA caused no change in the already increased numbers of sealing zones in cells overexpressing the
phosphomimetic Y55D. For photomicrographs, the scale bars indicate 50 �m. The asterisks indicate statistical
differences between vehicle- and LPA-treated cells. Five independent experiments were performed in which at
least 18 sealing zones were measured per sample. For control cells, p � 3 � 10�4; for Y55F, p � 0.05; for Y55D,
p � 0.40.
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mediator of c-Src signaling in osteoclasts, which promotes
numerous cytoskeletal rearrangements and resistance to
apoptosis.
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