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Abstract
Tropomyosins are coiled-coil dimers that bind to the major groove of F-actin and regulate its
accessibility to actin-modifying proteins. Although approximately 40 tropomyosin isoforms have
been identified in mammals, they can broadly be classified into two groups based on protein size,
that is, high molecular weight and low molecular weight isoforms. Osteoclasts, which undergo rounds
of polarization and depolarization as they progress through the resorptive cycle, possess an unusual
and highly dynamic actin cytoskeleton. To further define some of the actin regulatory proteins
involved in osteoclast activity, we previously performed a survey of tropomyosin isoforms in resting
and resorbing osteoclasts. Osteoclasts were found to express two closely related tropomyosins of the
high molecular weight type, which are not expressed in monocytic and macrophage precursors. These
isoforms, Tm-2 and Tm-3, are not strongly associated with actin-rich adhesion structures, but are
instead distributed diffusely throughout the cell. In this study, we found that Tm-2/3 expression
occurs late in osteoclastogenesis and continues to increase as cells mature. Knockdown of these
isoforms via RNA interference results in flattening and increased spreading of osteoclasts,
accompanied by diminished motility and altered resorptive capacity. In contrast, overexpression of
Tm-2, but not Tm-3, caused morphological changes that include decreased spreading of the cells and
induction of actin patches or stress-fiber like actin filaments, also with effects on motility and
resorption. Suppression of Tm-2/3 or overexpression of Tm-2 resulted in altered distribution of
gelsolin and microfilament barbed ends. These data suggest that high molecular weight tropomyosins
are expressed in fusing osteoclasts to regulate the cytoskeletal scaffolding of these large cells, due
at least in part by moderating accessibility of gelsolin to these microfilaments.
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INTRODUCTION
Osteoclasts are formed from fusion of monocyte lineage precursors upon stimulation with
macrophage colony stimulating factor (M-CSF) and receptor activator of NF-κB ligand
(RANKL). Bone degradation by osteoclasts requires these cells to tightly attach to their
substrate and generate the specialized apical ruffled membrane through which protons and
proteases, particularly cathepsin K, are secreted. To perform their primary function of bone
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resorption, osteoclasts must possess a dynamic cytoskeletal organization that permits cell
fusion, rapid motility, and cyclical polarization/depolarization. Further, osteoclasts form
distinctive actin-based adhesion structures in the form of individual podosomes (when on non-
bone substrates) and the sealing zone (when on bone). Therefore, examining the regulatory
proteins involved in organization of the osteoclast actin cytoskeleton will aid in our
understanding of these remarkable cells’ activity. One class of actin-binding proteins that so
far has been poorly studied in osteoclasts is the tropomyosins. Tropomyosins (Tms) are coiled-
coil dimers that bind along the length of actin filaments and regulate access of other actin-
binding proteins to the microfilament [14]. Cytoskeletal Tms stabilize actin filaments, in part
by preventing access of actin severing and depolymerizing proteins such as gelsolin and ADF/
cofilin [2,20,33]. Tms may work cooperatively with tropomodulin to cap pointed ends of actin
filaments and block elongation and depolymerization [42]. Like muscle Tms, cytoskeletal Tms
also appear to play a role in actin translocation by regulating recruitment and activity of specific
myosins [4]. Mammals express approximately forty isoforms of Tms, which are produced by
alternate promoters and exon usage in four genes, termed α, β, γ, and δ [15]. Individual
nonmuscle cells express a complement of up to eight or more isoforms [26], and it has become
clear in the last decade that individual isoforms segregate to specific actin pools and perform
distinct cellular functions [4,11,16,35,36].

We recently performed a survey of tropomyosins in osteoclasts, and showed that these cells
express at least eight isoforms with distinctive intracellular distribution [29]. Individual Tms
segregated to various regions within the cell, including podosomes and the sealing zone. For
example, we showed that one isoform, Tm-4, is strongly localized to the core of podosomes
and the inner face of the actin ring of the sealing zone. More recently, we demonstrated by
RNA interference and overexpression studies that Tm-4 is required for proper formation of the
podosome core and actin ring, with consequences for cellular motility and bone resorption
[30].

Tropomyosins can be segregated into two distinct classes based on their primary sequence.
High molecular weight (HMW) tropomyosins are composed of 284 amino acid residues, while
the low molecular weight (LMW) forms contain 248 residues. In nonmuscle cells, HMW
tropomyosins include Tm-1, a product of the beta tropomyosin gene, and Tm-2 and -3, which
are products of the alpha gene. HMW tropomyosins are associated with stress fibers in
fibroblast-like cell types. Numerous studies have demonstrated that viral transformation results
in suppression of these tropomyosins and disruption of stress fibers [3,10,17,27,40]. Further,
exogenous re-expression of these HMW Tms in virally transformed cells results in
reorganization of stress fibers and suppression of neoplastic growth, although the efficacy of
each Tm in doing so appears to differ among various cell types studied [3,12]. Suppression of
HMW tropomyosins in transformed cells is believed to be the cause of altered motility and
invasive potential. Macrophages, which do not contain extensive stress fibers, were shown to
lack expression of the HMW isoforms [32]. Therefore, we were somewhat surprised to find
that RAW264.7-derived osteoclasts, which also lack stress fibers, clearly expressed the HMW
isoforms Tm-2 and Tm-3 [29]. These isoforms did not segregate with the most clearly defined
actin structures in osteoclasts, podosomes and the sealing zone of polarized cells, but were
instead distributed rather homogenously throughout the interior of the cell. Given this
distribution, we hypothesized that these HMW isoforms may provide structural support for the
osteoclast cytoskeleton as they mature from single-nucleus precursors to very large cells
containing up to 10 or more nuclei. In this study, we have used loss-of-function and gain-of-
function approaches to determine the role of HMW Tms in osteoclasts, and provide evidence
that supports this hypothesis.
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MATERIALS AND METHODS
Osteoclast Culture

Murine osteoclasts were generated in culture from mouse bone marrow or from the mouse
macrophage cell line RAW 264.7 (The American Type Culture Collection, Manassas, VA).
To produce bone marrow-derived cells, 4–8 week-old Swiss-Webster mice (Harlan,
Indianapolis, IN) were used. Preparation of osteoclasts included incubation of precursor cells
overnight in αMEM containing 10% heat inactivated fetal bovine serum and 20 ng/ml M-CSF
(R&D Systems, Minneapolis, MN). Non-adherent cells were collected the next day and
incubated for an additional 5–7 days in αMEM containing 10% heat inactivated fetal bovine
serum, penicillin/streptomycin, 20 ng/ml M-CSF, and 75 ng/ml GST-RANKL, prepared as
previously described [24]. The culture medium was replaced every 2–3 days. For preparation
of RAW 264.7-derived osteoclasts, macrophage precursors were plated at a density of 20,000
cells/cm2 and cultured in Dulbecco’s Modified Eagle’s medium (DMEM) containing 10% heat
inactivated fetal bovine serum, penicillin/streptomycin, and 75 ng/ml GST-RANKL, replacing
the culture medium every 2–3 days.

Antibodies and Western analysis
A mouse monoclonal, anti-tropomyosin (TM311) antibody from Sigma-Aldrich (St. Louis,
MO) was used to detect Tm-2/3. Mouse monoclonal antibodies against β-actin and gelsolin
were from Abcam (Cambridge, MA) and BD Biosciences (San Jose, CA), respectively. Cells
were harvested at about 80% confluency for protein analysis and protein was extracted using
M-PER Mammalian Protein Extraction Reagent (Pierce Biotechnology, Rockford, IL). Whole-
cell lysates were loaded and run in pre-cast PAGE gels (Bio-Rad Laboratories, Hercules, CA),
and transferred to Hybond membrane (GE Healthcare Bio-sciences, Piscataway, NJ).
Membrane blots were blocked with 5% nonfat dry milk. Primary antibodies were allowed to
bind to the membrane overnight, followed by 2–3 washes with 1X PBS. They were then
detected using horseradish peroxidase-labeled secondary antibodies coupled with SuperSignal
West Pico Chemiluminescent reagents (Pierce Biotechnology, Rockford, IL).

Competitive RT-PCR of Tm-2/3 mRNA
To determine Tm-2/3 mRNA expression levels by RT-PCR, Tm-2/3 exon-specific primers
were created to correspond to sequences within the murine cDNA. The sense primer was of
the sequence 5’-GCGGAGAAAAAGGCCACAGATG-3’, and the antisense primer was of the
sequence 5’-TCTTCTTTGGCATGGGCCAC-3’. For an internal standard, a cDNA was
created that corresponded to the expected RT-PCR product using the primers above, but
contained an internal deletion of 17%, a T7 promoter element, and a tail of 15 adenosines, as
previously described [21,25]. This product was transcribed in vitro using the MAXIscript
system (Ambion, Austin, TX) and 0.2 pg to 2 pg of the resulting RNA (internal standard) was
added to 1 µg of osteoclast total cellular RNA prior to reverse transcription (RT) and PCR.
RT-PCR was performed using the Superscript First-strand Synthesis System and TaqDNA
Polymerase, both from Invitrogen Corp. (Carlsbad, CA). One-fifth of the resulting RT-PCR
products were run in a 2% agarose gel and stained with ethidium bromide to visualize the
relative intensities of the sample and internal standard bands. Quantification of bands was
performed using a Gel Doc supplied with Quantity One software (Bio-Rad Laboratories,
Hercules, CA).

Knockdown and Overexpression of Tm-2/3
For Tm-2/3 RNA interference studies, three siRNAs were designed and synthesized by Ambion
(Austin, TX). Two of these siRNAs were used for further studies. SiRNA1 was of the sequence
5’-AACUCAAGGGCACUGAAGAtt-3’ (sense) and 5’-

Kotadiya et al. Page 3

Bone. Author manuscript; available in PMC 2009 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



UCUUCAGUGCCCUUGAGUUtc-3’ (antisense). SiRNA2 was of the sequence 5’-
GAUGCUGAAGCUCGACAAAtt-3’ (sense) and 5’-
UUUGUCGAGCUUCAGCAUCtg-3’ (antisense). These oligonucleotides target sequences
within exons 1a and 2b of α-gene tropomyosins. Optimization with different siRNA
concentrations (25–100 nM) was performed, and both siRNAs achieved optimal knockdown
of Tm-2/3 at 100 nM. Because tropomyosins arise from alternate exon and promoter usage,
Tm-2 and Tm-3 differ by only a few amino acids and hence it is not possible to design siRNAs
specifically for each isoform. However, none of the other tropomyosins present in osteoclasts
(including Tm-5a/5b, Tm-4 and Tm-5NM-1) showed any changes in their levels with Tm-2/3
siRNA knockdown.

To transfect siRNA into RAW 264.7 cells, macrophage precursors were first stimulated by
GST-RANKL to induce differentiate into osteoclasts. On day 5 of osteoclast differentiation,
siRNA or a non-targeting control dsRNA at the same concentration (Ambion) was transfected
with Lipofectamine 2000 (Invitrogen Corp., Carlsbad, CA). Transfection efficiency was
measured by introducing a commercial fluorescent dsRNA (Sequitur/Invitrogen Corp.) into
the cells; efficiency was >95%, as previously described [30]. Highest knockdown was seen on
day 2 post transfection and cells were harvested on that day for all experiments. For RNA and
protein studies, total cellular RNA was harvested with RNA-Bee (Tel-test Inc., Friendswood,
TX), and whole cell lysates for protein assays were harvested using M-PER (Pierce
Biotechnology, Rockford, IL). For immunocytochemical studies, cells were either scraped and
replated on ivory slices or glass coverslips immediately following transfection or grown on
ivory slices or glass coverslips from day 1; both methods worked efficiently and provided
similar results.

Osteoclasts derived from mouse bone marrow precursors were transfected by electroporation.
On day 4 of differentiation, osteoclasts were scraped, pelleted and resuspended in siPORT
buffer (Ambion, Austin, TX). SiRNA or a non-targeting control dsRNA were added to the cell
solution and electroporated at 250 V/50 µF, and replated in standard differentiation medium
on glass or ivory for immunocytochemistry, or plastic for RNA and protein studies.
Transfection efficiencies in marrow-derived osteoclasts were >95% [30].

For overexpression studies, the murine Tm-2 or Tm-3 coding regions were isolated by RT-
PCR and subcloned into the eukaryotic expression vector pEF6/V5-His (Invitrogen Corp.,
Carlsbad, CA). RAW 264.7 macrophages were stably transfected with the tropomyosin
plasmids using Lipofectamine and Plus reagents (Invitrogen Corp., Carlsbad, CA). As a
control, the empty pEF6/V5-His vector also was stably transfected into the cells using the same
method. The transfected cultures were maintained under blasticidin (3 µg/ml) selection.

Immunocytochemistry and microscopy
Osteoclasts on glass coverslips or thinly-cut ivory slices were first briefly fixed in a solution
of 1% formaldehyde in pH 6.5 stabilization buffer (127 mM NaCl, 5 mM KCl, 1.1 mM
NaH2PO4, 0.4 mM KH2PO4, 2 mM MgCl2, 5.5 mM glucose, 1 mM EGTA, 20 mM Pipes),
and then were fixed and permeabilized for 1 hour in a solution of 2% formaldehyde, 0.2%
Triton X-100, and 0.5% deoxycholate in the same stabilization buffer [29,30]. Cells then were
probed with primary antibodies diluted in blocking buffer, followed by Alexa-labeled
secondary antibodies (Invitrogen Corp., Carlsbad, CA). F-actin was identified using Alexa-
labeled phalloidin, also from Invitrogen. Nuclear labeling was performed by incubation of cells
with DRAQ5 (Biostatus Limited, San Diego, CA). Cells were visualized using a Zeiss 510
META laser scanning confocal microscope (Campus Microscopy and Imaging Facility, The
Ohio State University).

Kotadiya et al. Page 4

Bone. Author manuscript; available in PMC 2009 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Visualization of free barbed ends
Free barbed ends were labeled essentially as described by Chan et al. [5]. Briefly, osteoclasts
were treated for 3 minutes at room temperature in permeabilization buffer (20 mM Hepes, pH
7.5, 138 mM KCl, 2 mM MgCl2, 3 mM EGTA, 0.2 mg/ml saponin, 1 mM ATP, 1% BSA)
containing 0.5 µM rhodamine-actin (Cytoskeleton, Inc., Denver, CO). Cells then were fixed
for 5 minutes with 3.7% formaldehyde in stabilization buffer, rinsed in PBS, and treated with
10 mM sodium borohydride for 10 minutes, followed by incubation with 488 Alexa phalloidin
(Invitrogen Corp.). The specificity of rhodamine-actin binding to barbed ends was established
by incubating cells in 100 nM cytochalasin D (which caps barbed ends) for 5 minutes prior to
permeabilization and rhodamine-actin addition.

Osteoclast resorption and motility assays
For resorption assays, control- or siRNA-transfected cells were scraped and replated onto BD
BioCoat Osteologic Discs (BD Biosciences, San Jose, CA) immediately following transfection
and incubated for 3 days. Alternatively, stably transfected tropomyosin-overexpressing and
control cells were scraped and replated on Osteologic discs on day 4 of culture and incubated
an additional 4 days. The adherent cells were removed by bleach treatment, followed by
multiple water rinses. Resorbed areas (clearings) were assayed by photographing the resorbed
discs under low magnification light microscopy. The area for each clearing was quantified with
SigmaScan Pro 5.0 software (SPSS Science, Chicago, IL) as previously described [30]. Equal
numbers of images were compared among test groups.

Migration assays were performed using 8.0 µm pore Transwell migration chambers (Corning
Life Sciences, Acton, MA). The bottom side of the membrane was coated with collagen I (3
mg/ml diluted 1:2 with 100% ethanol) and dried overnight. Cells were scraped and replated
onto the top side of the membrane immediately following transfection for siRNA treated cells
and on day 4 of differentiation for stably transfected cells. After 48 hrs, the cells were stimulated
to migrate by the addition of 40 µg/ml osteopontin peptide to the bottom of the wells. The
remaining cells on the upper side of the wells were wiped away with a cotton swab and the
migrated cells on the bottom side were fixed, and stained for tartrate resistant acid phosphatase
using a Leukocyte Acid Phosphatase kit (Sigma, St. Louis, MO).

RESULTS
Figure 1 illustrates the α-gene tropomyosins previously demonstrated to be expressed in
osteoclasts [29]. Tm-2 and Tm-3 are closely related proteins that differ in primary sequence
by only one alternately spliced exon. Tm-2 contains the 76 base-pair exon 6b, while Tm-3
contains exon 6a, also 76 base pairs (Figure 1). Because all exons that compose these proteins
are present in other Tm isoforms in osteoclasts, it is not possible to generate reagents specific
to either Tm-2 or Tm-3. However, Tm-2 and Tm-3 are unique in containing alpha gene exons
1a and 2b, and antibody and nucleic acid probes can be readily made to these regions. Antibody
TM311, which detects an epitope in exon 1a, is used to detect Tm-2 and Tm-3 simultaneously
(Figure 1). Through Western analysis and immunocytochemistry, we previously demonstrated
that the high molecular weight tropomyosins Tm-2 and Tm-3 were expressed in mature
RAW264.7-derived osteoclasts, but showed little to no expression in their macrophage
precursors [29], as previously described by others [32]. Based on RT-PCR amplification and
random sequencing of their corresponding mRNAs, we found that these tropomyosins were
expressed at a ratio of approximately 4:1 (Tm-2: Tm-3) [29]. To extend these findings, we
observed expression of Tm-2/3 in mouse bone marrow cultures during a 7 day differentiation
period. Figure 2A illustrates that under our conditions, Tm-2/3 levels were undetectable in
early stages of culture, but that levels increased dramatically with osteoclast maturation. This
increase in expression was paralleled by an increase in Tm-2/3 mRNA, as illustrated in Figure
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2B. Occasionally, TM311 also would detect a low abundance, higher molecular band only in
mature marrow-derived, but not RAW264.7-derived, cells (not shown). This band potentially
could correspond to either Tm-6 (from the alpha gene) or Tm-1 (from the beta gene) since RT-
PCR with isoform-specific primers showed the presence of both mRNAs in mature osteoclasts.
However, because the presence of this band was not reproducible and because its intensity was
significantly less than that of Tm-2/3, our efforts were focused on examination of a role for
Tm-2/3 for the purposes of this study.

In our previous studies, we found that Tm-2/3 were rather diffusely distributed throughout the
interior of osteoclasts, with only modest association with the most predominant F-actin
structures of these cells, the podosome belt and the sealing zone of resorbing osteoclasts [29].
In podosome belts and sealing zones, Tm-2/3 strongly associated with neither core filaments
nor actin clouds [22], but were only loosely intercalated between these structures. Figure 2C
illustrates this pattern; in the merged panels, the juncture between Tm-2/3 and these adhesion
structures produces an orange-to-yellow image, indicating imperfect overlap. Rather, these
tropomyosins are most prevalent throughout the cell interior. Because tropomyosins are known
to stabilize filamentous actin, this distribution led us to speculate that osteoclasts may induce
expression of HMW tropomyosins to help support the cytoskeletal scaffolding of these large,
highly motile cells [29]. As a first step to determining the role of these molecules in osteoclast
function, siRNAs designed to target exon 1a (siRNA2) or 2b (siRNA1) were transfected into
mouse bone marrow derived osteoclasts and assayed 2 days later. Figure 3A (top) demonstrates
the efficiency of these two siRNAs in suppressing Tm-2/3 mRNA relative to either untreated
osteoclasts, or to those treated with a control (non-targeting) siRNA. In multiple experiments,
mRNA knockdown by either siRNA was approximately 70%. At the protein level, both siRNAs
achieved knockdown levels of 80 – 90% (Figure 3A, bottom). Because Tm-2/3 levels increase
during osteoclast maturation, we performed a timed analysis of siRNA knockdown efficiency
at days 2, 3, and 4 post-transfection (cells were transfected on day 5 of differentiation, after
osteoclast fusion was initiated). As shown in Figure 3B, control-transfected cells demonstrated
increased Tm-2/3 protein and mRNA levels during the post-transfection period, and siRNA
treatment was able to efficiently suppress protein expression only on days 2 and 3. Therefore,
for all following experiments, cells were assayed for morphology and structure on day 2 post
siRNA transfection (day 7 of entire culture period). Although only results from marrow-derived
osteoclasts are shown, similar results were obtained in RAW264.7 cells.

Microscopic imaging of siRNA-treated cells revealed an immediately obvious consequence of
Tm-2/3 suppression to be an increase in osteoclast perimeter. Figure 4A demonstrates typical
differences in cell perimeter between siRNA and control-transfected cells, as well as the loss
of intensity in Tm-2/3 labeling with siRNA treatment. For both RAW264.7 and marrow-
derived osteoclasts, siRNA treatment resulted in perimeters that were 60 – 80% larger than
control-transfected cells (Figure 4B). Because this change could arise from either increased
precursor fusion or increased spreading, numbers of nuclei (in osteoclasts containing 3 or more)
were enumerated. In the experiments shown in Figure 4B, RAW264.7 control cells possessed
an average of 5.3 ± 1.2 nuclei, while siRNA-treated cells possessed an average of 5.1 ± 1.5
(mean ± std dev). Marrow-derived control osteoclasts contained 3.6 ± 0.7 nuclei, with siRNA-
treated cells containing 3.1 ± 0.3. Thus, the change in perimeter derived not from enhanced
fusion, but from increased spreading. To extend these findings further, the total distribution of
nuclei in RAW264.7 osteoclast cultures were enumerated in three separate experiments. Figure
4C illustrates these results, in which control- and siRNA-treated cells exhibited no statistical
differences. These findings suggest that increased osteoclast perimeter in siRNA-treated cells
results from enhanced spreading (with resulting flattening of the cells). To further explore this
possibility, control- and siRNA-treated cells were examined by confocal microscopy in the Z
plane to determine osteoclast height. Because normal osteoclasts plated on bone substrate
generally have a more rounded morphology than those plated on glass, we observed cells on
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bone, in which any differences in cell flattening would be more noticeable. Figure 4D illustrates
control- and siRNA-treated cells that both polarize properly, but in which differences in cell
flattening are immediately apparent. In these photomicrographs, F-actin is labeled green,
allowing visualization of the sealing zone, while Tm-2/3 is in red. (Note that in the siRNA-
treated cell, the gain on the Tm-2/3 signal has been enhanced to allow better visualization of
the entire cell.) This figure also illustrates a notably consistent difference in F-actin distribution
between control and siRNA-treated cells. Control cells demonstrated basolateral F-actin, as
demonstrated by yellow co-labeling (arrows), while siRNA-treated cells lacked this actin
distribution. Multiple cells treated with control or targeting siRNAs were measured for peak
height and surface area, and the ratios between these measurements were calculated. Figure
4E demonstrates that treatment with siRNA1 results in an obvious loss of height relative to
surface area (i.e. increased flattening) for both RAW264.7 and marrow-derived osteoclasts.
As seen previously in Figure 4B, the control- and siRNA-treated cells assayed possessed similar
nuclear numbers (RAW264.7 controls, 6.4 ± 1.1; RAW264.7 siRNA-treated, 6.0 ± 1.2; MBM
controls, 3.6 ± 0.9; MBM siRNA-treated, 3.6 ± 0.6). In separate experiments, similar results
were obtained for both types of osteoclasts when transfected with siRNA2 (Figure 4F). In these
experiments also, nuclear numbers in control- and siRNA-treated cells were similar
(RAW264.7 controls, 5.8 ± 1.4; RAW264.7 siRNA-treated, 6.3 ± 1.6; MBM controls, 3.3 ±
0.6; MBM siRNA-treated, 3.4 ± 0.5). Although Tm-2/3 are mildly enriched in the sealing zone
of polarized osteoclasts, we saw no effects on actin ring formation or size following siRNA-
mediated knockdown. This is in contrast to our previous studies on Tm-4, in which suppression
of this tropomyosin caused dramatic decreases in height of the actin ring [30]. Thus, these
results are consistent with our previous hypothesis suggesting that natural upregulation of
Tm-2/3 during osteoclastogenesis is required to maintain structural integrity of the cell.

To determine how cellular flattening might affect osteoclast function, control- and siRNA-
treated cells were assayed for their ability to migrate across a membrane in response to
osteopontin stimulation. In separate sets of experiments, the motility of control-transfected
cells was compared to that of cells transfected with either siRNA1 (Figure 5A) or siRNA2
(Figure 5B). For either siRNA, or either type of osteoclast, motility was diminished by over
50%. Additionally, potential effects on resorptive capacity were measured by quantifying the
area of clearance of synthetic bone substrate. As shown in Figure 5C, for either RAW264.7 or
marrow-derived cells, total resorption was not altered; however, siRNA-treated cells produced
fewer, but larger, resorbed areas. These results are consistent with the siRNA-treated cells as
more spread, but less motile, osteoclasts.

As a complement to Tm-2/3 suppression studies, Tm-2 was overexpressed in osteoclasts.
RAW264.7 macrophages were stably transfected with Tm-2, and two of the resulting clones
(Tm-2.4 and Tm-2.5) were chosen for further study. Figure 6A shows relative expression of
Tm-2 in these clones relative to a clone transfected with the empty expression vector. Both
overexpressing clones were able to form osteoclasts at the same rate as the control transfectant.
In three separate experiments, clone Tm-2.4 formed 98.0 ± 5.8% as many osteoclasts as control
transfectants, while clone Tm-2.5 formed 103.0 ± 6.2% as many. Figure 6A shows that these
clones express similar levels of Tm-2 in the macrophage form or in the osteoclast form, with
the high levels of exogenous Tm-2 apparently swamping out any normally occurring increase
in the endogenous form during differentiation. When cultured on glass, the overexpressing
clones demonstrated two unusual morphologies, as illustrated in Figure 6B. Unlike control
transfectants that generate normal podosome belts (left panel), most Tm-2 overexpressing
clones demonstrated patches of F-actin (green) at the base of the cell and a highly rounded
morphology (middle panel). Less typically, these cells were of a normal to rounded shape but
possessed F-actin stress fibers at the base (right panel). Tm-2 (red) was present in moderate
amounts at the coverslip surface, but was very highly expressed in the cell interior. This
distribution is not unexpected, given the known localization of Tm-2/3 in wild-type cells. Thus,
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whereas loss of Tm-2/3 from the cell interior resulted in flattening of osteoclasts,
overexpression of Tm-2 in this region produced the converse effect; that is, rounding of the
cells.

To ensure that overexpression of Tm-2 did not alter cellular fusion rates, nuclei were
enumerated in control transfectants and both overexpressing cell lines. No significant
differences were noted (control, 8.0 ± 1.2; Tm-2.4, 7.9 ± 2.2; Tm-2.5, 6.6 ± 1.6). To measure
cell spreading, we determined the ratio of cell height to surface area, as previously assessed in
siRNA-treated cells. Figure 6C illustrates that control transfectants showed a height:surface
area ratio of 0.007, which is identical to cells transfected with control siRNAs (see Figures 4E–
F). However, the Tm-2 overexpressing cells demonstrated a notable increase in height:surface
area that appeared to correspond with the level of Tm-2 expression (i.e. Tm-2.5 > Tm-2.4).
Thus, it appears that overexpression of this high molecular weight tropomyosin results in
unusual actin structures at the base of the cell, and can also effect rounding of the entire
osteoclast. However, when plated on a bone substrate, no noticeable alterations in sealing zone
morphology were apparent (data not shown), suggesting that bone-mediated signaling may
play a key role in organization of Tm-mediated actin rearrangements. However, in spite of
apparently normal sealing zones, osteopontin-directed motility (Figure 6D) and resorption
capacity (Figure 6E) were somewhat compromised. These results indicate that Tm-2’s effects
on microfilament organization throughout the cell may have consequences for osteoclast
function.

To determine whether any functional differences existed between Tm-2 and Tm-3, Tm-3
overexpressing clones also were generated. Our previous studies showed Tm-3 to be expressed
at approximately 20% of the levels of Tm-2 [29]. However, the clones transfected with either
exogenous Tm-2 or Tm-3 expressed their respective isoform at approximately equivalent levels
(Figure 6F). Curiously, even though the two tropomyosin isoforms differ by only 25 amino
acid residues, Tm-3 overexpressing clones demonstrated no difference in morphology from
control transfectants (not shown). Thus, in both expression levels and function, Tm-2 appears
to the dominant HMW isoform in regulating osteoclast cytoskeletal morphology.

Finally, we performed experiments to obtain a first indication of how alterations in Tm-2/3
levels may affect osteoclast morphology. A protein modulator of microfilament structure,
gelsolin, possesses severing activity that is inhibited by tropomyosin. Indeed, it was determined
that only HMW tropomyosins such as Tm-2 are capable of inhibiting gelsolin activity [20].
Further, HMW Tms are capable of annealing gelsolin-severed actin filaments, and in doing so,
can generate long filaments from small gelsolin-bound actin fragments [19]. LMW
tropomyosins are not capable of these functions even at very high concentrations. Therefore,
we immunolabeled control, siRNA-treated, and Tm-2 overexpressing cells for F-actin and
gelsolin. As shown in Figure 7A, in control cells (rows 1 and 3) gelsolin was distributed
primarily in podosomes, consistent with findings from other groups (note the extensive overlap
in the merged images) [1,6]. However, knockdown of Tm-2/3 (row 2) caused redistribution of
gelsolin away from podosomes to the cell interior (arrows). This may be best seen by the relative
lack of colocalization in the merged image, compared to the control. This finding is consistent
with the hypothesis that loss of Tm-2/3, which are highly expressed in the cell interior, permits
gelsolin binding to internal actin filaments. In contrast, overexpression of Tm-2 caused a loss
of intense gelsolin labeling at the base of the cell (row 4); however, in the same cell imaged
several microns off the coverslip and by Z-stack imaging (right of row 4), gelsolin was clearly
enhanced in the cortical actin surrounding the entire cell periphery (arrowheads). This is in
contrast to the stable control cell above, in which gelsolin was barely detectable in the cell
periphery outside of the podosome belt (right of row 3, arrowheads). Thus, it appears that
overexpression of Tm-2 (which is highly expressed in the cell interior; see Figure 6B) prevents
gelsolin from accumulating in the same area. This finding is consistent with the notion that
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Tm-2 regulates cell shape by preventing gelsolin access to microfilaments making up the
internal scaffolding. In the case of Tm-2/3-depleted cells, the increased presence of gelsolin
in these regions could cause severing of these microfilaments, resulting in cell flattening.
Conversely, overexpression of Tm-2 may inhibit gelsolin-mediated severing, thus creating the
rounded morphology.

To explore this possibility further, we assayed cells for the prevalence of actin microfilaments
containing free barbed (fast-growing) ends. Because gelsolin severs actin filaments and caps
the resulting fragments at their barbed ends, decreased gelsolin activity should result in greater
numbers of free barbed ends. Therefore, we added rhodamine-labeled monomeric actin to
permeabilized osteoclasts under conditions that would allow addition of this actin only to free
barbed ends [5]. Figure 7B demonstrates that in control cells, most F-actin structures at the
based of the cell contained free barbed ends (row 1). In contrast, Tm-2 overexpressing cells
demonstrated the greatest numbers of free barbed ends in the cell interior, where Tm-2 levels
were highest and gelsolin was absent (row 2 and accompanying Z-image). This finding is
consistent with our hypothesis. We also examined Tm-2/3-suppressed cells for any changes in
distribution of free barbed ends, and while the results were suggestive of a loss in their number,
our results were somewhat variable (data not shown) and require greater inspection. Finally,
to ensure that our method was specific for the detection of free barbed ends, rhodamine-actin
was incubated with permeabilized cells that previously had been treated with cytochalasin D,
which caps these ends. Virtually no labeling with rhodamine-actin was detectable, indicating
the specificity of this method (Figure 7C). Taken together, these findings are consistent with
a role for HMW tropomyosins in osteoclasts regulating cell morphology by controlling access
of gelsolin to structural microfilaments.

DISCUSSION
The results presented here are consistent with our hypothesis that expression of high molecular
weight tropomyosin Tm-2 is strongly induced during osteoclastogenesis to provide structural
support for osteoclasts as they increase in size to diameters of 50–100 microns or more. This
increased expression is dramatic; by Western analysis and competitive RT-PCR, Tm-2/3
protein and mRNA are essentially undetectable in osteoclast precursors but notably abundant
in mature cultures. Consistent with our findings, proteomic analysis of mice subjected to
ovariectomy-induced estrogen withdrawal (which stimulates direct differentiation of osteoclast
precursors, among other effects [39]) resulted in the finding that two HMW tropomyosins from
the alpha and beta genes were among the proteins most strongly upregulated by this process
[34]. Notably, the upregulated alpha gene product (accession number NP_077745) was
identical to Tm-2. In addition, a beta gene product was identified (accession number
NP_033442); however, this tropomyosin was identical to the skeletal muscle β-TM [28], rather
than the expected related nonmuscle isoform Tm-1. It is possible that this protein was
misidentified due to the extensive sequence identity between Tm-1 and β-TM. However,
isoform-specific RT-PCR revealed that mRNAs corresponding to both isoforms were present
in our osteoclast cultures (data not shown). Even so, detection of a protein band potentially
corresponding to the beta gene isoforms was not entirely reproducible. Therefore, it is unclear
whether beta gene products play a necessary function in osteoclast activity. In our in vitro
cultures, it appears that Tm-2 is the dominant HMW tropomyosin isoform, both in abundance
and in function. It is possible that osteoclasts in vivo are subjected to triggers that may more
potently induce expression of beta gene tropomyosins; nonetheless, our findings provide
evidence to demonstrate that natural upregulation of Tm-2 plays a key role in regulation of
osteoclast motility and function.

HMW tropomyosins Tm-2 and Tm-3 differ from other alpha gene tropomyosins expressed in
osteoclasts by virtue of their length (284 versus 248 amino acid residues) and upstream exons.
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Tm-5a and Tm-5b are identical to Tm-2 and Tm-3, respectively, with the exception that the
former pair do not contain exons 1a and 2b, but instead the single exon 1b (see Figure 1). This
difference of about 80 amino acid residues is sufficient to target each pair to distinct actin pools
within osteoclasts. While Tm-2/3 are distributed in internal actin pools, Tm-5a/b are found in
actin clouds that surround podosome cores [29]. However, Tm-5a/b also are upregulated during
osteoclastogenesis, like their high molecular weight counterparts. The kinetics of this increased
Tm-5a/b expression differs from that of Tm-2/3, in that the rise of Tm-5a/b is of smaller
magnitude and begins earlier in osteoclastogenesis (data not shown). The use of alternate
promoters by the alpha gene has not been explored in nonmuscle cells, but it will be of interest
to determine the factors involved in expression of these gene products, particularly for Tm-2/3,
which are not expressed in osteoclast precursor cells. By virtue of their amplified expression
during osteoclastogenesis, alpha gene tropomyosins differ from other osteoclast Tms, such as
Tm-4 and 5NM-1, which remain at constant levels, or other gamma gene Tms that are
downregulated [29].

The derivation of Tm-2 and Tm-3 from alternate exons that are shared with other alpha gene
tropomyosins prohibited our ability to specifically suppress expression of one isoform without
the other. Further, we were unable to differentiate between the native Tm-2 and Tm-3 by
immunolocalization studies. However, overexpression of Tm-2 induced formation of cells with
altered morphologies, while overexpression of Tm-3 had no discernable effect. These results
are consistent with previous comparisons of these isoforms. In fibroblast-like cells, both Tm-2
and Tm-3 have been shown to localize to stress fibers [37]. However, when these isoforms
were individually transfected into a ras-transformed cell line that lacked Tm-2 and Tm-3, both
tropomyosins were able to induce stress fiber formation and spreading, although Tm-2 was
much more potent in doing so [12]. Further, cells expressing Tm-2 were no longer able to grow
in low serum, while those expressing Tm-3 maintained this ability. Additional HMW isoform-
specific differences have been noted in other cell models (rev. in [14]), and these tropomyosins
appear to maintain these differences in regulating the osteoclast cytoskeleton. In vitro binding
assays of bacterially-expressed Tm-2 and Tm-3 demonstrated these isoforms to possess similar
actin binding qualities [37], so the reasons for differences in function between the isoforms are
unclear. Nonetheless, like many other tissue and cell types [38], osteoclasts express more Tm-2
than Tm-3; this difference in expression, coupled with its potency in altering cell morphology,
suggests Tm-2 to be dominant over Tm-3 in activity.

The mechanisms by which cytoskeletal Tms regulate actin dynamics have only recently begun
to be assessed, but several studies and our own data suggest potential means by which Tm-2
may help regulate the actin infrastructure of osteoclasts. We demonstrated the potential role
of Tm-2 as a modulator of gelsolin accessibility in Figure 7. Under normal circumstances,
gelsolin is distributed primarily in adhesion structures, where its activity is regulated by the
tyrosine kinase PYK2 and binding to phosphatidylinositol lipids [7,8,41]. In Tm-2/3-
suppressed cells, its redistribution away from podosomes may contribute to the loss of
osteopontin-mediated cell motility seen in Figure 5, given that osteoclasts from mice
completely deficient in gelsolin can not assemble podosomes nor become motile in response
to osteopontin [6]. Further, gelsolin’s redistribution to the cell interior appears to cause a
corresponding redistribution in microfilament barbed ends, which are indicative of
microfilament turnover and may account for altered cell morphology. In addition,
tropomodulins bind cooperatively with tropomyosin to cap actin filaments at their pointed ends
[42], thus preventing both microfilament elongation and depolymerization. Two isoforms,
Tmod1 and Tmod3, have been shown by mRNA dot-blot to be ubiquitously expressed in all
human tissues tested, including bone marrow [9]. Our preliminary studies reveal mRNAs for
both isoforms to be present in osteoclasts, as assessed by RT-PCR and immunocytochemistry
(data not shown). It was recently shown that reduction of Tmod3 in polarized intestinal
epithelial cells resulted in disruption of the spectrin membrane skeleton, which has been shown
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to control the height of polarized epithelia [23,43]. Tropomyosin-tropomodulin binding may
similarly play a role in stabilization of the cytoskeleton in osteoclasts in addition to modulation
of gelsolin distribution. Experiments to define the roles of these proteins in stabilization of
osteoclast morphology are underway.

Finally, regulated phosphorylation of HMW tropomyosin in other cell models is known to play
a role in membrane/cytoskeletal dynamics. Tm-2 was shown to be a target of PI3K protein
kinase activity that was activated during ligand-stimulated endocytosis of the β-adrenergic
receptor [31]. Phosphorylation of tropomyosin at Ser 61 was shown to be necessary for
endocytosis of the receptor-ligand complex. In an earlier study, phosphorylation of the HMW
tropomyosin Tm-1 downstream of ERK signaling was shown to regulate stress fiber formation
[18]. In preliminary studies, we tested osteoclast cultures on glass and bone for the presence
of phosphoserine residues in Tm-2, but were unable to detect these residues. However,
phosphorylation may be a transient event that requires specific signaling pathways that we
have not yet identified. More thorough examination of the role of Tm-2 phosphorylation in
osteoclasts is required.

In summary, high molecular weight tropomyosins, while not specific to the osteoclast lineage,
are a marker of osteoclast maturity due to their pronounced upregulation during differentiation
and fusion. These actin-binding proteins, especially Tm-2, play a role in maintaining osteoclast
morphology, motility, and resorptive capacity. This study, coupled with our previous work on
the low molecular weight isoform Tm-4 [30], demonstrates the clear segregation of
tropomyosin distribution and function in osteoclasts, and provides clues about the extent of
actin cytoskeletal diversity in these cells.
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Figure 1. Schematic of the alpha gene tropomyosins expressed in osteoclasts
Conserved exons 3–5 and 7–8 are represented in black, while alternately expressed exons are
represented in other shades. This diagram was adapted from Goodwin et al. [13]. As indicated,
antibody TM311 was derived against sequences in exon 1a.
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Figure 2. Expression of high molecular weight tropomyosins in differentiating mouse osteoclast
cultures
A, Osteoclasts were generated from murine bone marrow cultures and assayed by immunoblot
for HMW Tm-2/3 and β-actin as a loading control. B, Competitive RT-PCR demonstrates an
increase in Tm-2/3 mRNA that parallels regulation of the resulting protein. The upper band
corresponds to Tm-2/3 mRNA, while the lower band represents a competitive internal standard.
C, Confocal images of osteoclasts on glass or bone demonstrates the diffuse distribution of
Tm-2/3 at the cell base and their lack of strong association with individual podosomes and the
sealing zone (arrowheads). Scale bars = 20 µm.
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Figure 3. Suppression of Tm-2/3 by RNA interference
A, (top) Two siRNAs corresponding to different exons of the Tm-alpha gene efficiently
suppress Tm-2/3 mRNA expression in marrow-derived osteoclasts on day 2 post-transfection,
as assayed by competitive RT-PCR. (bottom) These same siRNAs efficiently suppress Tm-2/3
protein expression in marrow-derived cells on day 2 post-transfection. B, Competitive RT-PCR
(top) and Western analysis (bottom) of marrow-derived osteoclasts demonstrates efficient
knockdown of Tm-2/3 mRNA and protein at days 2-3 post-transfection.
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Figure 4. Suppression of Tm-2/3 results in increased osteoclast spreading
A, siRNA-transfected osteoclasts on glass demonstrate decreased Tm-2/3 labeling and
increased perimeter. Scale bars = 50 µm. B, Multiple control- and siRNA-transfected cells like
those in panel A were measured for cell perimeter, and the results are presented graphically as
mean ± s.e.m.; n = at least 150 cells per group. For both RAW264.7 and MBM cells, P < 1 ×
10−16. C, Nuclei were enumerated from control- and siRNA2-transfected RAW264.7-derived
osteoclasts from three separate experiments and expressed graphically as mean ± s.e.m. No
significant difference in nuclear number was observed between the samples. D, Control- or
siRNA-transfected RAW264.7-derived osteoclasts cultured on ivory were imaged by confocal
Z-stack analysis to view relative flattening. Arrows indicate regions of basolateral F-actin and
Tm-2/3 co-labeling. Green = F-actin; Red = Tm-2/3 E, Multiple control- or siRNA-transfected
cells such as those in panel D were measured for height and surface area. The ratio of these
measurements are expressed graphically as mean ± s.e.m.; n = 18. For both RAW264.7 and
MBM cells, P < 0.002. F, RAW264.7- or marrow-derived osteoclasts were transfected and
measured as in panel E, but suppression of Tm-2/3 was achieved by introduction of siRNA2.
Bars indicate mean ± s.e.m.; for both RAW264.7 and MBM cells, P < 0.0001.
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Figure 5. Motility, but not total resorptive capacity, was diminished by suppression of Tm-2/3
A, Control- or siRNA1-transfected osteoclasts were assessed for their ability to migrate across
filters in response to osteopontin stimulation. At least 100 cells were counted for each sample.
Bars = mean ± s.e.m.; n = 4. For both RAW264.7 and MBM cells, P < 0.01. B, Cells were
assessed for migration capacity as in panel A, but were treated with control or siRNA2
oligonucleotides. For both RAW264.7 and MBM cells, P < 0.005. C, siRNA2-treated
osteoclasts on synthetic bone substrate demonstrated fewer, but larger clearings than controls
(for each pairwise comparison, P < 0.001), while overall resorption was not affected (for both
RAW264.7 and MBM cells, P > 0.4). Bars represent mean ± s.e.m. ; n = 10 for each variable.
At least 300 clearings were measured for each sample.
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Figure 6. Overexpression of Tm-2, but not Tm-3, affects osteoclast morphology, motility, and
resorptive capacity
A, Western analysis of stably transfected RAW264.7-derived overexpressing clones
demonstrates the high expression levels of Tm-2 relative to control transfectants. B, Confocal
imaging demonstrates normal podosome belt formation and cell shape in control-transfected
cells, while Tm-2 overexpressing clones are unusual in actin structures and shape. Green = F-
actin; Red = Tm-2/3; Blue = nuclei. C, Tm-2 overexpressing clones exhibit a highly rounded
morphology with a greater height:surface area ratio than control transfectants. Bars indicate
mean ± s.e.m. For comparison of each transfectant to control, P < 0.001. D, Tm-2
overexpressing osteoclast clones demonstrate diminished motility in response to osteopontin
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stimulation. Bars indicate mean ± s.e.m; n = 4. At least 100 cells were assayed for each sample.
For comparison of each Tm-2 transfectant to control, P < 0.01. E, Tm-2 overexpressing
osteoclast clones possess diminished resorptive capacity. Bars represent mean ± s.e.m.; n = 8
for each variable. At least 200 clearings were measured for each sample. For all comparisons
of Tm-2 transfectants to control, P < 0.005. F, Three clones were generated that overexpressed
Tm-3. Unlike Tm-2 overexpressing clones, which possessed similar amounts of the
exogenously introduced tropomyosin, cells transfected with Tm-3 showed no alterations in
morphology relative to control cells.
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Figure 7. Distribution of gelsolin and free barbed microfilament ends in cells expressing altered
levels of Tm-2
A, Control, siRNA-treated, or Tm-2-overexpressing osteoclasts were labeled for gelsolin and
F-actin. The most intense areas of gelsolin labeling are indicated by arrows. Stable control cells
and Tm-2-overexpressing cells were viewed by Z-stack imaging to illustrate the enhanced
distribution of gelsolin in the cortical regions of the overexpressing cells, and its lack in the
cell interior (note the intense yellow in the cortical regions of clone Tm-2.5, as indicated by
arrowheads). Scale bars = 20 µm. B, Stable control cells and overexpressing clone Tm-2.5 were
labeled for F-actin (green) and free barbed ends (reds). In control cells, barbed ends were most
abundant at the cell base, while in Tm-2.5, they were most abundant in the cell interior. Scale
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bars = 20 µm. C, Cells labeled with rhodamine actin following pretreatment with cytochalasin
D show specificity of the method for labeling of free barbed ends. Scale bar = 20 µm.
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