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Promotion of osteoclast apoptosis is one therapeutic
approach to osteoporosis. Calmodulin, the major intra-
cellular Ca®* receptor, modulates both osteoclastogen-
esis and bone resorption. The calmodulin antagonist,
trifluoperazine, rescues bone loss in ovariectomized
mice (Zhang, L., Feng, X., and McDonald, J. M. (2003)
Endocrinology 144, 4536-4543). We show here that a 3-h
treatment of mouse osteoclasts with either of the cal-
modulin antagonists, tamoxifen or trifluoperazine, in-
duces osteoclast apoptosis dose-dependently. Tamox-
ifen, 10 pM, and trifluoperazine, 10 um, induce 7.3 =+
1.8-fold and 5.3 = 0.9-fold increases in osteoclast apopto-
sis, respectively. In Jurkat cells, calmodulin binds to
Fas, the death receptor, and this binding is regulated
during Fas-mediated apoptosis (Ahn, E. Y., Lim, S. T.,
Cook, W. J., and McDonald, J. M. (2004) J. Biol. Chem.
279, 5661-5666). In osteoclasts, calmodulin also binds
Fas. When osteoclasts are treated with 10 um trifluoper-
azine, the binding between Fas and calmodulin is dra-
matically decreased at 15 min and gradually recovers by
60 min. A point mutation of the Fas death domain in the
Lpr°¢ mouse renders Fas inactive. Using glutathione
S-transferase fusion proteins, the human Fas cytoplas-
mic domain is shown to bind calmodulin, whereas a
point mutation (V254N) comparable with the Lpr° mu-
tation in mice has markedly reduced calmodulin bind-
ing. Osteoclasts derived from Lpr“¢ mice have dimin-
ished calmodulin/Fas binding and are more sensitive to
calmodulin antagonist-induced apoptosis than those
from wild-type mice. Both tamoxifen- and trifluopera-
zine-induced apoptosis are increased 1.6 *+ 0.2-fold in
Lpr“é-derived osteoclasts compared with osteoclasts de-
rived from wild-type mice. In summary, calmodulin an-
tagonists induce apoptosis in osteoclasts by a mecha-
nism involving interference with calmodulin binding to
Fas. The effects of calmodulin/Fas binding on calmodu-
lin antagonist-induced apoptosis may open a new ave-
nue for therapy for osteoporosis.

Healthy adult bone requires a balance between bone forma-
tion by osteoblasts and bone resorption by osteoclasts. An al-
teration in osteoclast apoptosis has been shown to contribute to
the pathogenesis of postmenopausal osteoporosis (3, 4). Fas, a
death receptor of the tumor necrosis factor family, has a cys-
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teine-rich domain and a highly conserved death domain 1
(DD1),! critical for death signaling. Mice with defective Fas
signaling have mutations leading to either decreased Fas ex-
pression (lymphoproliferation (Lpr)) or Fas inactivation (Lpr
complementing Gld (Lpr<)) (5, 6). We have shown that mice
with defective Fas signaling develop a low bone mass pheno-
type (7), indicating that the Fas/Fas Ligand (FasL) system is
involved in the mechanism of osteoclast apoptosis in the im-
mune cell-rich bone marrow microenvironment. However, the
levels of Fas expression and Fas-mediated apoptosis in oste-
oclasts are reduced in the presence of high levels of receptor
activator of nuclear factor-«b ligand (RANKL) (8), which has
been reported to be increased in many osteolytic situations,
such as estrogen depletion and rheumatoid arthritis. The in-
ability of Fas to induce apoptosis in osteoclasts, under osteo-
lytic conditions, led us to search for a novel mechanism by
which osteoclast apoptosis is mediated.

Fas interacts with various proteins, such as Fas-associated
phosphatase-1, Fas-associated death domain protein (FADD),
and Fas/FADD-interacting serine/threonine kinase (9-11).
These Fas-binding proteins primarily participate in the regu-
lation of apoptosis. Cross-talk between the Fas and the calmod-
ulin (CaM) apoptotic signaling pathways has been reported
recently by Ahn et al. (2, 12) who demonstrated a direct inter-
action between Fas and CaM in Jurkat cells (2). Using gluta-
thione S-transferase (GST) fusion proteins containing the in-
tracellular domain of human Fas and Fas with mutations and
deletions at the putative CaM-binding site, they showed that
CaM binds to the DD of the cytoplasmic region of Fas.

CaM is a 148-amino acid protein composed of 4 helix-loop-
helix protein folding motifs, called EF hands. As the main
intracellular Ca2" concentration sensor, CaM is responsible for
mediating numerous Ca?"-triggered processes (13), including
gene expression, protein synthesis, secretion, cell motility, and
chemotaxis (14, 15). CaM antagonists bind to CaM, blocking
the binding of substrates and thus preventing activation of
CaM (16) and of its downstream signals, many of which are cell
type-specific. In osteoclasts, the inhibition of CaM or its down-
stream pathways has impact on both differentiation and func-
tion. One of the main downstream target molecules for CaM is
calcineurin. Inhibition of the calcineurin/nuclear factor of acti-
vated T cells (NFAT) signaling pathway blocks RANKL-in-
duced osteoclast differentiation (17). Zhang et al. (1) showed
that the CaM antagonist, trifluoperazine (TFP), inhibits oste-
oclastogenesis when added on day 3 of a 6-day differentiation

! The abbreviations used are: DD, death domain; Lpr, lymphoprolif-
eration; Lpr¢, Lpr complementing Gld; RANKL, receptor activator of
nuclear factor-kb ligand; FADD, Fas-associated-death domain protein;
CaM, calmodulin; GST, glutathione S-transferase; NFAT, nuclear fac-
tor of activated T cells; TFP, trifluoperazine; TMX, tamoxifen; HIV,
human immunodeficiency virus; M-CSF, macrophage-colony-stimulat-
ing factor; PBS, phosphate-buffered saline; BSA, bovine serum
albumin.
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period and that it rescues ovariectomy-induced bone loss in
mice (1). Another CaM antagonist, tamoxifen (TMX), is also an
estrogen antagonist (18). Paradoxically, TMX has been re-
ported to preserve bone mass, as does estrogen. TMX decreases
osteoclastic bone resorption most likely via its CaM-antagonis-
tic properties (19). One of the diverse functions of CaM is
mediating cell apoptosis. Whether CaM antagonists can induce
osteoclast apoptosis in addition to their known inhibition of
osteoclastogenesis and osteoclast activity is unknown.

The importance of CaM in apoptosis has been suggested
before (20). In different cell lines, CaM exerts either an anti-
apoptotic or a pro-apoptotic influence by regulating various
downstream targets (21). For example, in HIV-infected T cells
CaM binds to glycoprotein 160, the envelope protein of HIV,
enhancing Fas-mediated apoptosis; thus CaM antagonists in-
hibit Fas-mediated apoptosis in these cells (22). In contrast, in
the human cholangiocarcinoma cell line, SK-ChA-1, where the
Fas protein is heterogeneously expressed at the cell surface
(23), Pan et al. (23) demonstrated that only Fas-high express-
ing cells undergo apoptosis in response to the CaM antagonists,
TFP and TMX; Fas-low expressing cells are unaffected.

In this study, we focus on the interaction between Fas and
CaM, the involvement of CaM in osteoclast apoptosis, and more
importantly, how the interaction between CaM and Fas affects
CaM antagonist-induced apoptosis. Our findings suggest a
novel therapeutic approach to shorten osteoclast life span un-
der osteolytic conditions in which the levels of Fas are likely to
be decreased.

EXPERIMENTAL PROCEDURES

Animals—Five 8-week-old, male, B6.mrl-tnfrsf6'7"/J, MRL.CBAJms-
Tnfrsf6'?"-¢/J, and control mice for each strain were purchased from
Jackson Laboratories (Bar Harbor, ME). All procedures involving ani-
mal use and care were approved by the Institutional Animal Care and
Use Committee of the University of Alabama at Birmingham and con-
ducted in accordance with the Public Health Service Policy on Humane
Care and Use of Laboratory Animals.

Cells, Antibodies, and Reagents—Primary mouse osteoclast precur-
sors were isolated from bone marrow and differentiated into mature
osteoclasts in vitro in the presence of RANKL and M-CSF, as described
previously (7). Osteoclasts were also derived, as described previously,
from RAW264.7 cells, a mouse macrophage line, purchased from the
ATCC (Manassas, VA) (7). CaM-Sepharose 4B and GST antibody were
from Amersham Biosciences, and Sepharose CL-4B was from Sigma.
Fas (polyclonal, M-20) and caspase-3 antibodies were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). The monoclonal antibody
to CaM was developed as described previously (24).

Generation of Fas Fragments by the Polymerase Chain Reaction—The
cytoplasmic domain (191-335) of human Fas was generated by PCR with
the following forward (F) and reverse (R) primers containing EcoRI (un-
derlined) and Xhol (bold) sites: F1, 5'-ccactaataattcgtgaagagaaagg-3'; R1,
5'-catatactcagaatcgagttgttgttt-3’. The Fas point mutation, V254N, was
generated using the QuikChange® site-directed mutagenesis kit (Strat-
agene, La Jolla, CA). Primers for the mutagenesis were purchased from
Invitrogen. Wild-type or mutated Fas cytoplasmic regions were inserted
into the pGEX5-1 vector using the EcoRI and Xhol sites. Expression and
purification of the GST fusion proteins were performed according to the
manufacturer’s directions (Amersham Biosciences).

Apoptosis Assay—Apoptosis was measured by Hoechst 33258 stain-
ing of condensed chromatin (25). Cells, differentiated on coverslips,
were treated with various concentrations of TFP and TMX, as indi-
cated, and stained with Hoechst 33258 fluorescent dye (25 pg/ml)
(Sigma) for 2 min at room temperature. The percentage of apoptotic
cells was determined by fluorescence microscopy and calculated as
apoptotic multinucleated cells/total number of multinucleated cells X
100%. Only cells containing more than three nuclei were included
in the count.

Fluorescent Caspase-3 Activity Assay—Caspase-3 activity was meas-
ured using the ApoAlert caspase fluorescent assay kit (Clontech Labo-
ratories, Inc., Palo Alto, CA). Briefly, cells were lysed in 50 ul of buffer
and incubated on ice for 10 min. Cell lysates were centrifuged and
supernatants collected. Reaction buffer/dithiothreitol mix (50 ul) and 5
ul of 1 mM caspase-3 substrate were added to each reaction and incu-
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bated for 1 h at 37 °C. A Fusion™ universal microplate analyzer
(PerkinElmer Life Sciences, Inc.) was used to measure fluorescence
(excitation at 400 nm and emission at 505 nm).

CaM-Sepharose Pull-down Assay—Cell lysates were incubated with
equal amounts of either control Sepharose CL-4B or CaM-Sepharose 4B
at 4 °C for 1-3 h. After incubation, beads were washed six times with
1% Triton X-100 in PBS to remove nonspecific binding and heated in
SDS sample buffer at 95 °C for 5 min, and proteins were separated by
SDS-PAGE, followed by Western blotting.

Co-immunoprecipitation—Anti-CaM monoclonal antibody and non-
immune mouse IgGlk were coupled to AminoLink Plus coupling gel
(Pierce), as described in the manufacturer’s protocol. Cells were lysed in
M-PER reagent (Pierce) and cell debris removed by centrifugation at
16,000 X g for 10 min. Equal amounts of protein (100-200 png) were
incubated with anti-CaM antibody or mouse IgGlk antibody (15 pg)-
coupled gel in a Handee spin cup column (Pierce) at 4 °C overnight.
Samples were washed three times with immunoprecipitation buffer
(Pierce). Co-immunoprecipitated proteins bound to the antibody-cou-
pled gel were eluted with 50 ul of ImmunoPure elution buffer (Pierce) at
12,000 X g for 1 min.

125I.CaM Preparation—IODO-BEADS (Pierce) were washed in 0.5
mM CaCl,, 100 mm Tris-HCI, pH 7.5, dried, and added to a solution
containing 0.5 mm CaCl,, 100 mMm Tris-HC1 pH 7.5, and 1 mCi of *2°1, for
5 min at room temperature. The IODO-BEAD-containing solution was
incubated with 100 ul of CaM, 1 mg/ml, for 2 min at room temperature.
The reaction was stopped by applying the solution to a Bio-Rad 10DG
column (Bio-Rad), which had been pre-equilibrated with PBS, pH 7.5.
Seven 1-ml fractions were collected. Total *°I cpm in 5 ul were counted
in a y-counter. Trichloroacetic acid-precipitated '*I cpm were meas-
ured by adding 900 ul of 1% BSA/PBS and 100 ul of 100% trichloroace-
tic acid to 5-ul aliquots, incubating on ice for 15 min, spinning at
16,000 X g for 15 min, and counting the pellets in the y-counter. Total
12571 and trichloroacetic acid-precipitated '?°I versus fraction number
was plotted. The percentage of trichloroacetic acid-precipitated '2°I/
total 12°T was greater than 90%.

25 .CaM Overlay—'?°I-CaM overlay was performed as described
(26). Briefly, following 7.5% SDS-PAGE, protein bands were fixed in
40% ethanol and 7% acetic acid for 30 min, rinsed with water, renatured
in 10% ethanol overnight with shaking, and then rinsed in water. After
incubation with buffer A (100 mM imidazole, pH 7.0) for 30 min, and
then with buffer B (20 mm imidazole, 0.1% BSA, 0.2 m KCI, pH 7.0 plus
1 mMm CaCl, or 1 mm EGTA) for 10 min, the gels were incubated with
buffer B containing 1 X 10® cpm/ml of **°I-CaM for 12-16 h at 4 °C. The
nonspecifically bound '?°I-CaM was removed by several washes with
buffer B at 4 °C. The gels were rinsed with water five times for 5 min
each, washed in 40% methanol, 7% acetic acid for 15 h to remove BSA,
stained for 2 h in Commassie Brilliant Blue G-250, destained, dried,
and subjected to autoradiography at —70 °C.

Western Blotting—Western blotting was performed as described previ-
ously (7). Briefly, equal amounts of protein were subjected to 10% SDS-
PAGE and subsequently electrotransfered to a polyvinylidene difluoride
membrane (Millipore Co., Bedford, MA). After blocking with 5% nonfat
milk, the membrane was incubated with purified anti-Fas (4 pg/ml),
followed by peroxidase-conjugated anti-rabbit IgG (1:2000 dilution).
Immunoreactive proteins were visualized with ECL Western blotting
detection reagents (Amersham Biosciences), following the manufacturer’s
instructions. As an additional control to ensure equal protein loading of
gels, after transfer, gels were stained with Coomassie Blue R-250,
destained, and examined for any abnormal protein band densities.

RESULTS

CaM Antagonists Induce Osteoclast Apoptosis—The CaM an-
tagonists, TFP and TMX, induce apoptosis in osteoclasts,
concentration-dependently. TFP inhibits osteoclastogenesis
when added on day 3 of a full 6-day differentiation period and
does not induce apoptosis in osteoclast progenitors (1). TMX, an
anti-estrogen and also a potent CaM antagonist, inhibits bone
resorption in avian osteoclasts (19). Whether CaM antagonists
decrease osteoclastogenesis and bone resorption by inducing
apoptosis in osteoclasts, especially at the later stages of oste-
oclastogenesis, is unknown. Here, using Hoechst 33258 stain-
ing of fragmented nuclei, we showed that in vitro differentiated
mouse osteoclasts undergo apoptosis after a 3-h treatment with
the CaM antagonists, TFP and TMX, in concentration-depend-
ent manners (Fig. 1). TFP, 10 uM, induces a 5.3 = 0.9-fold
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Fic. 1. The CaM antagonists, TMX
and TFP, induce apoptosis in oste-
oclasts. Mouse osteoclasts were differen-
tiated in vitro on chamber slides in the
presence of 1.1 nmol/liter RANKL and 10
ng/ml M-CSF for 5-7 days, then treated
with 0-10 um TMX (A) and TFP (B), as
indicated, for 3 h. Cells were fixed in 3%

10 4

Apoptotic Cells (%)

Fas/CaM in Osteoclasts

20 ]

10 J

Apoptotic Cells (%)

A

0.0

paraformaldhyde and stained with Ho-
echst 33258, 25 ug/ml. Apoptotic cells
were counted as visualized by fluores-
cence microscopy and reported as apop-
totic multinucleated cells/total multinu-
cleated cells X 100. C, a representative
fluorescent image of normal (arrow) and
apoptotic (double arrow) osteoclast nuclei
is shown. Results from A and B are pre-
sented as mean = S.E.,n = 4; * p < 0.05;
** p < 0.01 versus vehicle (Me,SO).

increase in osteoclast apoptosis, and TMX induces a 7.3 =
1.8-fold increase. Fig. 1C shows a typical apoptotic multinucle-
ated osteoclast (left, double arrow) and a normal osteoclast
(right, single arrow). Note the multiple brightly stained nuclear
fragments in the apoptotic osteoclast.

Caspase-3 Is Activated by CaM Antagonists in Osteoclasts—
Caspase-3, the major executioner in the apoptosis pathway, is
activated by CaM antagonists. Caspase-3 is produced as a
catalytically inactive zymogen being activated by proteolytic
cleavage during apoptosis (27). To demonstrate that caspase-3
is involved in osteoclast apoptosis induced by CaM antagonists,
we treated differentiated osteoclasts with various concentra-
tions of TFP and TMX, demonstrating activation of caspase-3
by the disappearance of the noncleaved form, detected by West-
ern blotting. Treatment with increasing concentrations of drug
decreases the amount of procaspase-3 in a concentration-de-
pendent manner (Fig. 2, A and B). These results were con-
firmed by measuring caspase-3 activity, a surrogate marker for
apoptosis, by a fluorescent caspase-3 activity assay (Fig. 2C).

CaM Interacts with Fas in Osteoclasts—CaM interacts with
Fas in osteoclasts, as detected by CaM-Sepharose 4B pull
down, co-immuoprecipitation, and 2°I-CaM overlay. CaM has
recently been reported to bind to the death receptor, Fas, in
Jurkat cells by Ahn et al. (2) and the human cholangiocarci-
noma cell line SK-ChA-1.2 In osteoclasts, CaM-Sepharose 4B
was able to pull down Fas from lysates of differentiated mouse
cells. Sepharose CL-4B was used as a negative control. Fas was
detected only in the CaM-Sepharose-bound proteins (Fig. 3A).
As many CaM-target protein interactions are Ca?"-dependent
(28), we investigated the Ca®* dependence of the CaM/Fas
binding in osteoclasts by adding Ca®" (1 mm) or EGTA (1 mm)
to the binding buffer and showed a partial calcium dependence
(Fig. 3A). To verify whether CaM and Fas interact in vivo we
incubated CaM antibody, conjugated to AminoLink Plus gel,
with lysates from differentiated osteoclasts. Mouse IgGlk was
used as a nonimmune control. As shown in Fig. 3B, Fas was
co-immunoprecipitated with CaM, confirming the presence of
the complex in cells. The binding of CaM to Fas was confirmed
by '2°I-labeled CaM overlay of renatured SDS-PAGE-sepa-

2Y. Chen, P. Pawar and J. M. McDonald, unpublished observations.
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rated cell lysates from differentiated osteoclasts. After washing
to remove nonspecifically bound 2°I-CaM, gels were dried and
subjected to autoradiography at —70 °C. A band was detected
at a molecular mass of 45—48 kDa, the size of Fas. Addition of
EGTA during the incubation results in decreased intensity of
this band (Fig. 3C).

Treatment with CaM Antagonists Decreases the Binding be-
tween CaM and Fas—CaM/Fas binding is decreased by treat-
ment with the CaM antagonist, TFP. The addition of a Fas-
neutralizing antibody cannot block CaM antagonist-induced
apoptosis in SK-ChA-1 cells (2). This observation suggests that
CaM antagonist-induced apoptosis does not require a direct
interaction between the CaM antagonist and the trimerized
Fas antigen. To further explore the mechanisms by which CaM
antagonists induce apoptosis in osteoclasts, we treated oste-
oclasts derived from RAW264.7 cells with 10 um TFP for vari-
ous times. By co-immunoprecipitating Fas with gel-conjugated
CaM antibody, we detected a marked decrease in CaM/Fas
binding at 15 min in osteoclast lysates (Fig. 4A), which recov-
ered, in part, by 60 min (Fig. 4A). Treatment of RAW264.7-
derived osteoclasts with various concentrations of TFP for 15
min resulted in decreased CaM/Fas binding at 5 and 10 uMm but
not at 2.5 um (Fig. 4B). These observations are consistent with
CaM antagonists inducing apoptosis in osteoclasts by inhibit-
ing CaM/Fas binding. TFP, 10 uMm, treatment for 15 min yields
a 66.1 = 9% inhibition of CaM binding to Fas, obtained by
calculating the ratio of the band intensities in each experiment
(n = 5).

The Lpr°® Mutation Abrogates the Binding between CaM and
Fas—A point mutation (I225N) in the DD of Fas decreases
binding to CaM in osteoclasts derived from Lpr™¢ mice. This
mutation blocks the Fas-FADD interaction causing a defect in
Fas signaling that leads to a lymphoproliferation phenotype in
Lpr=¢ mice (5). Based on sequence alignment analysis of mouse
and human Fas, isoleucine 225 of mouse Fas, which is mutated
to asparagine in the Lpr® mouse (29), is equivalent in position
to valine 254 of human Fas. A GST fusion protein of the Fas
intracellular domain, containing a similar point mutation in
the DD of human Fas (V254N), was generated and had reduced
binding to CaM in vitro compared with the nonmutated se-
quence (Fig. 5A). The potential significance of CaM binding to
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A TMX (uM)
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Fic. 2. CaM antagonists activate
caspase-3. Osteoclasts were differenti-
ated in vitro in the presence of 1.1 nmol/
liter RANKL and 10 ng/ml M-CSF for 5-7
days. Cells were treated with various con-
centrations of TMX (A) and TFP (B), as
indicated, for 4 h. Equal amounts of cell
lysates were separated by SDS-PAGE,
electrotransferred, and immunoblotted
for procaspase-3. A representative of
three experiments is shown here. C,
caspase-3, activated by TMX, 10 um, and
TFP, 10 uM, was measured by a fluores-
cent activity assay. Results are presented
asmean = SE.,n =6 (TMX)andn =5
(TFP); *, p < 0.01 versus vehicle.
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Caspase-3 Activity

Ca™ EGTA

Seph CaM Seph CaM

IB: Fas —»

114
1

o-CaM  Con

IB: Fas —» !

Ca™

EGTA

Fas —» Wi

(48kD)

Fic. 3. CaM interacts with Fas in osteoclasts. A, CaM-Sepharose
4B pulls down Fas protein in osteoclasts, in a partially calcium-depend-
ent manner. Osteoclasts were lysed in 1% Triton X-100. Lysates were
incubated with CaM-Sepharose beads at 4 °C for 1 h, in the presence of
either 1 mm Ca®?" or 1 mm EGTA. Fas protein that was pulled down was
detected by Western blotting. An equal amount of lysate was incubated
with Sepharose CL-4B as a negative control. A representative of three
experiments is shown. B, co-immunoprecipitation of CaM and Fas from
osteoclasts. Osteoclasts were lysed in a mammalian protein extraction
buffer. Lysates were incubated with anti-CaM antibody coupled to
AminoLink Plus coupling gel overnight at 4 °C. Fas protein, co-immu-
noprecipitated with CaM, was detected by Western blotting. Incubation
of the same amount of lysate with mouse IgG1k was used as a negative
control. A representative of at least three experiments is shown. C, the
interaction between Fas and CaM detected by '2°I-labeled CaM overlay.
Osteoclasts were lysed and proteins separated by 7.5% SDS-PAGE.
Gels were fixed, proteins were re-natured, and gels were blocked with
0.1% BSA and then incubated with '2°I-CaM at 4 °C for 12-16 h. After
nonspecifically bound '?*I-CaM was washed away, gels were dried and
subjected to autoradiography at —70 °C. EGTA, 1 mM, was added to the
blocker and buffer containing '*I-CaM, during incubation with one gel
(right lane). CaCl,, 1 mM, was added to the other gel (left lane). IP,
immunoprecipitation; /B, immunoblot; Con, control.

the DD of Fas is illustrated in vivo by comparing the CaM/Fas
binding in osteoclasts derived from wild type with those from
Lpr=¢ mouse bone marrow. Using both co-immunoprecipitation
of Fas by gel-conjugated CaM antibody and CaM-Sepharose 4B
pull down, we detected less CaM/Fas binding in lysates from
Lpré-derived osteoclasts (Fig. 5, B and C) compared with those
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Fic. 4. TFP treatment interferes with Fas/CaM binding. Oste-
oclasts were derived from RAW264.7 cells in the presence of RANKL,
2.22 nmol/liter, for 5-7 days. A. Osteoclasts were treated with 10 um
TFP for various times, as indicated. Co-immunoprecipitation of Fas
with CaM by gel-conjugated anti-CaM antibody was performed and
analyzed by Western blotting. B, treatment of osteoclasts with various
concentrations of TFP, as indicated, for 15 min. Co-immunoprecipita-
tion of Fas with CaM by gel-conjugated anti-CaM antibody was per-
formed and analyzed by Western blotting. A and B, one-tenth the
amount of protein used for the co-immunoprecipitation was electro-
phoresed and Western blotted for Fas as a control for each condition.
Shown are representative results from two independent experiments
for both A and B. IB, immunoblot.

from wild-type mice. Therefore, the DD of Fas is critical for
CaM/Fas binding both in vitro and in vivo.

Enhanced Apoptosis by CaM Antagonists in Fas-mutated
Cells—CaM antagonists induce more apoptosis in Lpr<-de-
rived osteoclasts than in osteoclasts from wild-type mice. To
investigate the impact of CaM/Fas binding on apoptosis in-
duced by CaM antagonists, we treated osteoclasts derived from
both wild-type and Lpr® mice with various concentrations of
TFP and TMX. The CaM antagonists induced apoptosis
concentration-dependently in both wild-type and Lpr¢-derived
osteoclasts. However, the Lpr“®-derived osteoclasts were more
sensitive to CaM-antagonist-induced apoptosis than wild type.
Treatment with TMX, 10 uM, caused 27 = 2.2% of the wild-type
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Pull-down with CaM-Sepharose-4B

wild-type

V254N
(Lpr=)

Fls—-b-—

IP with anti-CaM antibody

C

Pull-down with CaM-Sepharose-4B

wild-type Lpr= wild-type Lpr=
Con CaM Con CaM CaM Con CaM Con
- - «—1IB: Fas —» | S .

Fic. 5. Fas/CaM binding is reduced by the Lpr<¢ mutation. A, the human Fas cytoplasmic domain (191-335), containing a V254N
mutation, corresponding to the mouse Fas Lpr ¢ mutation, was produced as a GST fusion protein. The CaM binding ability of this mutation was
tested by incubation with CaM-Sepharose for 2 h, followed by Western blotting with an anti-GST-antibody. B and C, osteoclasts were generated
from wild-type and Lpr¢ mouse bone marrow progenitors, in the presence of 10 ng/ml M-CSF and 2.22 nmol/liter RANKL for 5-7 days. Osteoclasts
were lysed. B, equal amounts of protein were incubated with gel coupled anti-CaM antibody at 4 °C overnight. Fas protein co-immunoprecipitated
with CaM was detected by Western blotting. Equal amounts of cell lysates from wild-type and Lpr“¢-derived osteoclasts were incubated with IgG1k
as a nonimmune control. A representative result from two independent experiments is shown here. C, equal amounts of protein were incubated
with CaM-Sepharose 4B at 4 °C overnight. Fas protein pulled down was detected by Western blotting. Incubation of cell lysates with Sepharose
CL-4B was used as a negative control. A representative of two independent experiments is shown. IB, immunoblot; Con, control.

osteoclasts to undergo apoptosis; in comparison, 42 + 6% of the
Lpr8-derived osteoclasts became apoptotic after TMX treat-
ment. This represents a 1.6 = 0.2-fold increase in apoptosis
(apoptosis rate in Lpr “/apoptosis rate in wt). Similarly, TFP
(10 pum)-induced apoptosis is increased 1.6 = 0.2-fold in Lpr -
derived osteoclasts (37 = 0.8% apoptotic cells) compared with
wild type (24 * 2.8% apoptotic cells) (Fig. 6). The basal apo-
ptosis levels in Lpr ¢ and wild-type-derived osteoclasts are not
statistically different. Results were confirmed by measuring
the activation of caspase-3 (data not shown).

In contrast to the Lpr ¢ mouse, which expresses a mutated
inactive Fas molecule, the Lpr mouse has diminished Fas ex-
pression due to the insertion of an early transposable element
in the Fas gene (6). When osteoclasts derived from Lpr mice
were treated with the CaM antagonists, TMX, 10 um, or TFP,
10 uM, caspase-3 activation was increased 2.1 = 0.6-fold and
1.3 * 0.1-fold, respectively, compared with wild type (data not
shown). This result suggests that disruption of CaM/Fas bind-
ing sensitizes osteoclasts to CaM antagonist-induced apoptosis.

DISCUSSION

Promoting apoptosis in osteoclasts is potentially an impor-
tant therapeutic strategy for treating osteolysis. We reported
previously that osteoclast apoptosis is regulated by the Fas
system. However, RANKL decreases Fas expression and Fas-
mediated apoptosis, and in most osteolytic situations RANKL
is up-regulated (7, 8). Therefore, it is important to identify
other mechanisms by which osteoclast apoptosis is regulated,
especially under osteolytic conditions.

CaM, a small calcium-binding protein, recognizes different
target proteins, including enzymes, receptors, G-proteins, and
transcription factors (30-32), thus regulating signaling and func-
tion in a variety of cells, including osteoclasts. In osteoclasts,
CaM participates in the regulation of both formation and func-
tion (1, 19). However, the role of CaM in regulating osteoclast
apoptosis is unknown. In this study, we demonstrate that there is
a dose-dependent induction of apoptosis by CaM antagonists and
a dynamic interaction between CaM and Fas in mature oste-
oclasts. A point mutation in the DD of the Fas molecule that
abolishes Fas-mediated apoptosis also abolishes the binding be-
tween Fas and CaM. The disruption of CaM/Fas binding sensi-
tizes osteoclasts to CaM antagonist-induced apoptosis.

CaM participates in the regulation of osteoclastogenesis and
of osteoclastic bone resorption. A downstream target of CaM,
the calcineurin/NFAT signaling pathway is essential for oste-
oclastogenesis (17, 33). Inhibition of CaM by the specific antag-
onist, TFP, inhibits osteoclastogenesis at an early stage of
differentiation (1). CaM is enriched at the acid-secreting ruffled
membrane, where the H"-ATPase, an essential apparatus for
osteoclastic bone resorption, is located. In avian osteoclasts,
TMX inhibits osteoclastic bone resorption functioning as a CaM
antagonist (19), possibly by inhibiting the H*-ATPase (34).

CaM is also involved in the regulation of apoptosis in many
cell types (85). An in vivo study showed that treatment with
TFP rescues the bone loss in ovariectomized mice (1). In addi-
tion to the known inhibitory effects on osteoclast formation and
bone resorption, the antiresorptive effect of CaM antagonists
could result from the induction of osteoclast apoptosis. CaM
antagonists mediate apoptosis in a cell-specific manner. For
example, TMX and TFP exert an anti-apoptotic effect in HIV-
infected CD4(+) T cells (36) and pro-apoptotic effects in breast
cancer cells (37). The maturation stage of the cells has an
impact on the apoptotic response to CaM antagonists. In oste-
oclast precursors, TFP does not induce apoptosis (1)%; however,
in differentiated osteoclasts, CaM antagonists induce apoptosis
and activate caspase-3 in concentration-dependent manners
(Figs. 1 and 2). The demonstration of TMX- and TFP-induced
apoptosis in osteoclasts suggests that CaM is protective, re-
vealing another possible mechanism by which CaM antagonists
inhibit bone resorption, by inducing osteoclast apoptosis.

CaM antagonist-induced apoptosis activates caspase-3 in os-
teoclasts. Caspase-3 is a member of a family of cysteine pro-
teases that cleave substrates after an Asp residue. In the
breast cancer cell lines, MDA-MB-231 and BT-20, 5 um TMX
activates caspase-3 in a time-dependent manner, preceding the
appearance of apoptotic morphology (38). Caspase-3 has been
reported to be activated during Fas-mediated apoptosis in os-
teoclasts (7). Here, by both Western blot analysis and a fluo-
rescent caspase-3 assay, we demonstrate that CaM antagonists
activate caspase-3 in osteoclasts.

Cross-talk between the Fas and CaM pathways is of interest

3X. Wu and J. M. McDonald, unpublished observations.
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Fic. 6. Enhanced apoptosis induced by CaM antagonists in osteoclasts lacking Fas/CaM binding. Osteoclast progenitors were isolated
from wild-type (wt) and Lpr ¢ mouse bone marrow, differentiated in vitro on chamber slides, in the presence of 1.1 nmol/liter RANKL and 10 ng/ml
M-CSF for 5-7 days, and then treated with 0—10 pwmol/liter TMX (A) and TFP (B), as indicated, for 3 h. Cells were fixed in 3% paraformaldehyde
and stained with Hoechst 33258, 25 ug/ml. Apoptotic cells were counted as visualized by fluorescence microscopy and reported as apoptotic
multinucleated cells/total multinucleated cells X 100. Results are presented as mean = S.E., n = 4; * p < 0.05; **, p < 0.01 versus wild type.

in many systems and is the focus of our ongoing investigations
in many cells. The direct interaction between Fas and CaM
regulates both the Fas and the CaM pathways. CaM interacts
with a variety of proteins and serves diverse functions. Fas also
interacts with various proteins, including the Fas-associated
phosphatase-1 and FADD, both of which participate in the
regulation of apoptosis (9, 10). In Jurkat cells, the binding of
CaM to the Fas DD is altered during Fas-mediated apoptosis.
Fas activating antibody treatment first up-regulates (at 30
min) and then down-regulates (at 60 min) the binding between
Fas and CaM (2), suggesting that this interaction regulates Fas
signaling, possibly by binding to cFLIP, the inhibitory molecule
in the Fas-mediated apoptotic pathway (2).

In osteoclasts, CaM binds to the Fas DD, and this binding
has an impact on CaM antagonist-induced apoptosis. Oste-
oclasts derived from Lpr mice with a point mutation, I1225N,
in the mouse Fas DD (5, 29) have less CaM/Fas binding than
those generated from wild-type mice. Furthermore, CaM an-
tagonists induce apoptosis probably in part by interfering with
CaM/Fas binding. Treatment of osteoclasts derived from
RAW264.7 cells with 10 um TFP caused a decrease in CaM/Fas
binding at 15 min, which gradually recovered over 60 min.
Treatment with various concentrations of TFP for 15 min in
RAW264.7-derived osteoclasts decreased CaM/Fas binding dose-
dependently. This suggests that in osteoclasts from control
mice, Fas decreases CaM antagonist binding to CaM by com-
petitively binding to CaM; however, in osteoclasts from Lpr or
Lpr<8 mice, the deficiency in CaM-Fas binding allows more
binding of CaM to CaM antagonists, thus sensitizing oste-
oclasts from these mice to CaM antagonist-induced apoptosis.
To support this hypothesis, we generated osteoclasts from both
strains of mutant mice, Lpr and Lpr ¢, which are deficient in
Fas signaling due to lack of Fas expression and expression of
nonfunctional Fas, respectively (5, 6, 39), and showed greater
induction of apoptosis and increased caspase-3 activation in
response to the CaM antagonists, TMX and TFP, compared
with wild-type osteoclasts (Fig. 6). Therefore, the decrease in
Fas/CaM binding enhances CaM antagonist-induced osteoclast
apoptosis. The exact mechanism by which Fas affects CaM
antagonist-induced apoptosis requires further study.

CaM antagonists are potentially an effective treatment for
osteoporosis. Both post-menopausal osteoporosis and rheuma-
toid arthritis are associated with increased levels of RANKL,
which down-regulates Fas expression and Fas-mediated apo-
ptosis in osteoclasts (8). The decreased Fas-mediated apoptosis
in osteoclasts contributes to exacerbated bone loss. This is
consistent with the report that defective Fas-mediated apo-
ptosis of osteoclasts in Lpr mice leads to an osteopenic pheno-
type (7). The reduced levels of Fas lead to decreased CaM/Fas
binding resulting in an increased response to CaM antagonists.

This observation suggests that the level of Fas expression and
the degree of binding to CaM regulate the sensitivity of the
response of osteoclasts to CaM antagonists. Therefore, we spec-
ulate that CaM antagonists may be therapeutic agents for
osteoporotic bone without affecting normal bone. Further study
comparing the levels of CaM antagonist-induced apoptosis in
osteoclasts differentiated in vitro, in the presence of different
concentrations of RANKL, is important, and animal models
such as the ovariectomized Lpr or Lpr € mice will be invaluable
for further investigation of the significance of CaM/Fas binding
in osteoclasts.
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