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Abstract Increased osteoclastic resorption and subsequent bone loss are common features of many debilitating
diseases including osteoporosis, bone metastases, Paget’s disease, and rheumatoid arthritis. While rapid progress
has been made in elucidating the signaling pathways directing osteoclast differentiation and function, a com-
prehensive picture is far from complete. Here, we explore the role of the Ca®™-activated regulator calmodulin in
osteoclastic differentiation, functional bone resorption, and apoptosis. During active bone resorption, calmodulin
expression is increased, and calmodulin concentrates at the ruffled border, the organelle utilized for acid transport and
bone dissolution. Pharmacologic inhibitors of calmodulin, several of which are already used clinically as anti-cancer and
anti-psychotic agents, inhibit osteoclastic acid transport, suggesting their potential as bone-sparing drugs. Recent studies
also implicate calmodulin in osteoclast apoptosis through a mechanism involving its direct interaction with the death
receptor Fas. During osteoclastogenesis, RANKL-induction stimulates a rise in intracellular Ca®*, which in turn activates
calmodulin and its downstream effectors. In particular, the Ca®*/calmodulin-dependent phosphatase calcineurin and its
targets, the NFAT family of transcription factors, have been posited as the master regulators of osteoclastogenesis.
However, recent in vivo and in vitro studies demonstrate that another Ca?"/calmodulin-regulated effector protein,
CaMKll, is also involved. CaMKII™/~ mutant mice have reduced osteoclast numbers, and CaMKII antagonists inhibit
osteoclastogenesis in vitro. Furthermore, CaMKIl is known to activate AP-1 transcription factors, which are also required
for RANKL-induced osteoclast gene transcription, and recent findings suggest that CaMKII can down-regulate gp130, a
cytokine receptor involved in bone remodeling and implicated in numerous osteo-articular diseases. J. Cell. Biochem. 97:
45-55, 2006. © 2005 Wiley-Liss, Inc.
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OSTEOBLASTS, OSTEOCLASTS,
AND BONE TURNOVER

balanced process of turnover mediated by the
specialized cells of the bone microenvironment,
osteoblasts and osteoclasts. Osteoblasts, term-
inally-differentiated cells originating from local
bone mesenchymal stem cell precursors, are pri-
marily responsible for the production of organic
bone matrix and its subsequent mineralization
[Aubin, 1998]. Osteoclasts, large multinucleat-
ed cells derived from the hematopoietic, mono-
cyte—macrophage lineage, perform the opposing
function of bone resorption [Teitelbaum, 2000].
Resorption is carried out by a specialized
osteoclast organelle, the ruffled membrane,
which uses a vacuolar H"-ATPase (V-ATPase)

Bone is a dynamically-regulated organ sys-
tem responsible for maintaining structural/
mechanical integrity, and it also serves as
the main reservoir of calcium in the body.
Maintenance of stable bone mass and micro-
architecture (homeostasis) relies on a constant,
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to pump bone-dissolving H' into a sealed ex-
tracellular compartment between the osteoclast
and bone surface, a process which ultimately
releases free calcium (Ca®") into the extracel-
lular compartment [Blair et al., 1989]. While



46 Seales et al.

healthy bone maintains a net balance between
the opposing processes of osteoclastic resorption
and osteoblastic production, bone loss occurring
in diseases such as osteoporosis, arthritis, and
tumor metastases to bone is commonly due to
increased osteoclast numbers and/or resorp-
tive activity. Accordingly, bisphosphonates,
which impede bone resorption, are currently
the main pharmacologic tool for prevention of
bone loss. While the hormone estrogen is
capable of blocking osteoclastogenesis, estro-
gen’s adverse tumorigenic and cardiovascular
effects ultimately limit its clinical utility. There-
fore, elucidation of the mechanisms controlling
osteoclast proliferation, differentiation, bone re-
sorptive activity, and survival is necessary in
order to identify new targets for pharmacother-
apeutic intervention.

RANKL, M-CSF, AND Ca*" IN OSTEOCLAST
DIFFERENTIATION AND FUNCTION

For many years, analysis of mechanisms
directing osteoclastogenesis and bone resorp-
tion was hampered by the necessity of creating
osteoclasts through co-culture of osteoclast pre-
cursors with bone stromal cells and osteoblasts

[Zhang et al., 2003; Takayanagi, 2005]. Re-
cently, two hematopoietic factors provided by
this co-culture system, receptor activator of
nuclear factor-kB ligand (RANKL) and macro-
phage-colony stimulating factor (M-CSF), have
been identified as the minimal essential drivers
of osteoclastogenesis [Boyle et al., 2003]. Sup-
plementation of culture media with RANKL
and M-CSF is sufficient to generate osteoclasts
in vitro in the absence of osteoblasts or bone
stromal cells. However, other factors present in
serum from cell culture media, such as IL-1,
IFN-y, TGF-B, and TNF-a, also regulate osteo-
clastogenesis, and many groups including our
own have found that the reliability of in vitro
osteoclastogenesis depends on the batch of
serum used, strongly suggesting that presently
unidentified serum factors are also necessary to
modulate RANKL/M-CSF-directed osteoclasto-
genesis [Zhang et al., 2005].

M-CSF binding to the c-fms receptor is re-
quired for the survival and proliferation of pre-
osteoclasts, while RANKL binding to RANK is
required for differentiation (Fig. 1). Activated
RANK recruits TNF receptor-associated factors
(TRAF) 1, 2, 3, 5, and 6 to its cytoplasmic tail.
TRAFSs in turn activate downstream signaling
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Fig. 1. Signaling cascades in osteoclastogenesis. Activation of
c-fms promotes proliferation and survival of osteoclast precur-
sors. Activation of RANK, a requirement for osteoclast differ-
entiation, leads to TRAF association and downstream activation
of NFkB and the MAPK family members: p38, ERK, and JNK.
RANK activation also leads to a rise in intracellular Ca?*, which,

upon binding to the Ca?*-transducer calmodulin, activates
calcineurin and CaMKIl. NFkB, MAPK-activated transcription
factors including MITF and AP-1, and the calcineurin-activated
NFATs then coordinately regulate osteoclast-specific gene
transcription.
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cascades critical for osteoclast differentiation,
resorptive function, and survival. Targets of
TRAF's include the nuclear factor-xB (NF«xB)
transcription factor, all three members of the
MAPK family, ERK, JNK, and p38, as well as
the serine/threonine kinase, Akt. p38 induces
the transcription factor MITF; downstream
effectors of ERKs and JNKs include the AP-1
transcription factors, a family of heterodimers
formed between Fos family members (c-Fos,
Fra-1, Fra-2, and FosB) and Jun family mem-
bers (c-Jun, JunB, and JunD). In conjunction
with other transcription factors, AP-1 factors
regulate expression of osteoclast marker genes
such as cathepsin K (CTSK), calcitonin recep-
tor (CTR), tartrate-resistant acid phosphatase
(TRAP), and av and B3 integrin subunits [Boyle
et al., 2003; Lee and Kim, 2003; Teitelbaum,
2004]. Another family of transcription factors,
nuclear factor of activated T cells (NFAT) 1 and
2 have recently been implicated in osteoclasto-
genesis, with NFAT2 described as a “master
regulator” of osteoclastogenesis due both to its
cooperative interaction with AP-1 and NF«B in
osteoclastic gene transcription and its proposed
auto-amplification, a strategy known to be uti-
lized for lineage commitment in T cells, cardiac,
and skeletal muscle cells [Hogan et al., 2003;
Takayanagi, 2005].

Involvement of NFATSs directly implicates
Ca®" signaling in osteoclastogenesis since
NFAT activation and subsequent nuclear trans-
location is directed by the Ca®'/calmodulin-
dependent serine/threonine phosphatase calci-
neurin [Hogan et al., 2003]. RANKL activation
of RANK induces a rise in cytosolic and nuclear
Ca®" [Myers et al., 1999]. RANK activation-
induced intracellular Ca®" oscillations in pre-
osteoclasts mediate osteoclastic differentiation
[Takayanagi et al., 2002], and pharmacologic
manipulation of intracellular Ca®" levels affects
osteoclastic AP-1 and NF«xB signaling, dif-
ferentiation, and apoptosis in the context of
RANK induction [Yip et al., 2005]. Presumably,
RANKL-stimulated elevation of intracellular
Ca®" exerts its downstream effects on osteoclast
differentiation and function first by activating
Ca”®"-binding proteins. In osteoclasts, evidence
from our lab points strongly to the multi-
functional Ca®"-sensor calmodulin as a regula-
tor of osteoclastic differentiation, function, and
survival [Radding et al., 1994; Williams et al.,
1996, 1997, 2000, 2003a,b; Manion et al., 2000;
Zhang et al., 2003, 2005].

CALMODULIN: A TRANSDUCER OF
Ca®" SIGNALING IN OSTEOCLASTS

Metabolically, bone serves as the body’s Ca®"
reservoir (with Ca*" and phosphates bound in
the form of hydroxyapatite crystals) and buffers
free Ca®" to a level of 1072 M in extracellular
fluids [Chin and Means, 2000]. This high ex-
tracellular Ca®" level contrasts dramatically
with levels in the intracellular compartment,
where homeostatic mechanisms aggressively
maintain cytosolic Ca®" at roughly 10 "—
10~® M. The tremendous potential energy main-
tained by this 10,000-fold concentration gradi-
ent across the plasma membrane makes Ca®"
ideally suited for its role as a an intracellular
second messenger. Through control of both
receptor-mediated Ca?* entry and subsequent
intracellular sequestration, the timing, ampli-
tude, frequency, and sub-cellular localization of
Ca®" can be tightly regulated, allowing a simple
ion to activate diverse signaling cascades, direct
cell behavior, and regulate proliferation, differ-
entiation, and even apoptosis in a wide range of
cell types [Chin and Means, 2000; Soderling and
Stull, 2001].

Since most Ca®"-responsive proteins do not
directly bind free Ca®", a cellular response to
the intracellular Ca?* signal first requires bind-
ing to an intermediary protein, which then in
turn transduces the signal into downstream
effects. The most important of these Ca®" trans-
ducers is calmodulin, a highly conserved 17 kDa
protein found ubiquitously throughout animals,
plants, fungi, and protozoa. Structurally, cal-
modulin belongs to a family of proteins utilizing
an “EF-hand” motif for Ca®" binding. Calmo-
dulin contains four Ca®"-binding EF-hands
arranged in pairs at both its globular N and C
termini, with a long o-helix linking the two.
Calmodulin’s K4 for Ca?* isin the 1076-10""M
range, making it well-suited to respond to tran-
sitory intracellular Ca®" spikes resulting from
receptor-mediated stimulation events. In con-
trast, proteins with much higher Ca®" affinity
(K4<10~7 M) are not as readily able to disen-
gage from Ca®" following a decline in intracel-
lular Ca®"; conversely, proteins with much
lower affinity for Ca®>" (K4 >10"°% M) are not
sensitive to the physiologic range of Ca®" spikes
and are more suited to the role of Ca®" buffering
(e.g., calsequestrin and calnexin). In response to
transient increases in intracellular Ca®*, Ca%*
binding by the four EF-hands of calmodulin
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leads to a dramatic conformational shift, creat-
ing an open form of calmodulin characterized by
solvent-exposed hydrophobic pockets within
the EF-hands distinct from the Ca®"-binding
sites. It is this Ca®"-directed conformational
shift which primes calmodulin for activation of
its downstream effector proteins [Chin and
Means, 2000; Means, 2000; Soderling and Stull,
2001].

CALMODULIN IN OSTEOCLAST ACID
TRANSPORT AND BONE RESORPTION

Osteoclastic bone resorption requires both H*
secretion from a V-ATPase found at the ruffled
membrane and coordinated delivery of acid pro-
teases (such as CTSK) into the resorption pit,
leading to degradation of bone matrix and re-
lease of massive quantities of free Ca®" (Fig. 2).
Exposure of osteoclasts to high extracellular
Ca®" likely exerts pressure on Ca®" buffering
mechanisms and modulates the function of
Ca®"-directed proteins such as calmodulin. This
hypothesis is consistent with the discovery
of a calmodulin-sensitive Ca®?"-ATPase in the
osteoclast plasma membrane [Bekker and Gay,

1990], a finding which encouraged us to ex-
plore calmodulin-mediated regulation of acid
secretion.

An early study showed that mature avian
osteoclasts increase calmodulin expression two-
fold to threefold following bone attachment
compared to plastic-attached cells, and calmo-
dulin was enriched in areas of bone attachment
and the ruffled membrane [Radding et al.,
1994]. These observations suggested a func-
tional role for calmodulin in bone resorption. In
osteoclasts treated with the calmodulin antago-
nist trifluoroperazine (TFP), bone resorption
was dose-dependently inhibited, an effect not
due to TFP-mediated changes in osteoclastic
bone attachment. Using acid transport assays
with purified avian osteoclast ruffled mem-
branes, the calmodulin inhibitor calmidazolium
blocked vesicle acidification, an effect reversed
by addition of calmodulin to the assay [Radding
et al., 1994]. Collectively, these results showed
that calmodulin concentrates at the ruffled
border and regulates acid secretion.

Interestingly, both tamoxifen (TMX), a com-
pound with both estrogen agonistic and anta-
gonistic capacity, and its active metabolite

Fig. 2. Calmodulin and bone resorption. Following the attachment of mature osteoclasts to bone,
calmodulin protein levels are upregulated twofold to threefold (A), and calmodulin is concentrated in areas
of bone attachment, particularly the acid-secreting ruffled membrane (B). While the mechanisms by which
calmodulin regulates acid secretion are not known, a likely scenario involves direct interaction with a

subunit of V-ATPase (C).
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4-hydroxytamoxifen, also inhibit resorption in
bone-attached osteoclasts [Williams et al., 1996],
a finding consistent with the seemingly para-
doxical bone-sparing capacity of TMX [Turner
et al., 1988]. Since TMX is a calmodulin anta-
gonist with potency similar to TFP, TMX-
induced inhibition of bone resorption could be
mediated either through calmodulin or estrogen
receptor signaling. However, neither estrogen
receptor agonists (17-B-estradiol and diethyl-
stilbestrol) nor the estrogen receptor antagonist
ICI 182780 affect bone resorption at estrogen
receptor-saturating concentrations, indicating
that estrogen signaling pathways do not reg-
ulate osteoclastic bone resorption. ICI 182,780
does inhibit resorption at concentrations 1,000-
fold higher than its K4 value for the estrogen
receptor; however, at these concentrations, ICI
182780 was shown to inhibit calmodulin activ-
ity [Williams et al., 1996]. These findings
showed TMX-induced inhibition of resorption
is mediated through calmodulin, not estrogen
receptor signaling.

TMX is also a protein kinase C (PKC) in-
hibitor [Horgan et al., 1986], and the PKC
inhibitor bis-indolylmaleimide (bIM) can con-
centration-dependently inhibit bone resorption
and V-ATPase-mediated acid transport activ-
ity. While this does implicate PKC in regulation
of osteoclastic acid transport, half-maximal
inhibitory concentrations of TMX and bIM are
not additive, suggesting different mechanisms
of action. Furthermore, calmodulin addition
reverses the TMX-mediated, but not the bIM-
mediated, inhibition, indicating once again that
TMX inhibits resorption through calmodulin,
not PKC [Williams et al., 2003b]. Interestingly,
phorbol esters, which induce short-term activa-
tion of PKC but long-term downregulation of
PKC protein levels, stimulate bone resorption
[Williams et al., 2000]; however, this increased
phorbol ester-mediated resorption occurred sev-
eral days after the downregulated expression of
all PKC isoforms. Phorbol ester-mediated in-
creases in bone resorption were temporally
correlated with an increase in calmodulin ex-
pression, and TMX and TFP inhibited the PMA-
induced increases in both bone resorption and
calmodulin expression [Williams et al., 2000],
strongly suggesting that phorbol esters promote
bone resorption through regulation of calmodu-
lin rather than PKC.

Collectively, we have established calmodulin
as a regulator of osteoclast acid transport.

However, it is not known whether calmodulin
regulates this process through direct interac-
tions with proteins involved in acid transport
or through activation of a downstream Ca®"/
calmodulin-directed effector. Cyclosporine A
(CsA)-mediated inhibition of the Ca®"/CaM-
dependent phosphatase, calcineurin, exerts a
negligible effect on osteoclastic bone resorption.
Furthermore, isolated ruffled membranes treat-
ed directly with CsA or isolated from CsA-
treated osteoclasts showed no inhibition of acid
transport activity, demonstrating that calci-
neurin does not act downstream of calmodulin
in regulating acid transport at the ruffled
membrane [Williams et al., 2003a]. A more plau-
sible scenario is direct interaction of calmodulin
with the ruffled membrane V-ATPase. Indeed, a
subunit of the yeast V-ATPase binds calmodulin
and is functionally responsive to Ca®"/calmo-
dulin activation [Burgoyne and Clague, 2003].

CALMODULIN, Fas, AND APOPTOSIS

The use of calmodulin antagonists to prevent
the function of mature osteoclasts is one way
to preserve bone mass; however, recent reports
also support the hypothesis that calmodulin
plays a role in osteoclast apoptosis. Enhancing
osteoclast apoptosis is another potential therap-
eutic mechanism to prevent bone loss. Bispho-
sphonates prevent apoptosis in osteoblasts and
promote apoptosis in osteoclasts, thereby pre-
serving bone mass [Plotkin et al., 1999]. Con-
versely, agents such as glucocorticoids induce
apoptosis in osteoblasts but prevent apoptosisin
osteoclasts, and thus cause loss of bone mass by
simultaneously preventing new bone forma-
tion and enhancing bone resorption [Weinstein
et al., 2002].

Bisphosphonates have been reported to in-
duce osteoclast apoptosis in part through a
Fas expression-dependent mechanism invol-
ving activation of caspase 3, although apoptosis
could not fully account for the anti-resorptive
effects of the bisphosphonates [Wang et al.,
2000; Benford et al., 2001]. Fas is a transmem-
brane TNFR superfamily receptor that is ex-
pressed in a variety of cell types, and mediates
cell death by induction of caspase activity.
Recent reports show that Fas-mediated apopto-
sis may play a direct role in controlling bone
homeostasis, as aged mice defective in Fas sig-
naling (Ipr and gld) have decreased bone mass
[Wu et al., 2003, 2005a]. Expression of Fas has
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been shown in both osteoblasts and osteo-
clasts, and defective Fas-mediated apoptosis
has been implicated in the pathogenesis of
rheumatoid arthritis [Mountz et al., 1994;
Kawakami et al., 1997; Wu et al., 2005a]. In-
duction of the Fas pathway in osteoclasts is an
attractive target for reducing osteoclast num-
bers and thus, preventing bone resorption.
In vitro studies have shown that high levels of
RANKL increase Fas expression during osteo-
clast differentiation but suppress Fas expres-
sion and sensitivity to Fas-mediated apoptosis
in mature osteoclasts [Wu et al., 2005b].

Calmodulin has been shown to bind directly
to Fas in osteoclasts and to play a role in Fas-
mediated apoptosis, and calmodulin antago-
nists have been shown to induce apoptosis in
several cell types [Wu et al., 2005a]. Calmodulin
antagonists including TMX and TFP induce
osteoclast apoptosis in a manner independent of
Fas receptor activation. In fact, in Lpr—°® mice,
which lack binding of calmodulin to Fas,
calmodulin antagonists induced greater levels
of osteoclast apoptosis compared to wild-type
controls. These studies suggest that calmodulin
antagonists may also prevent or reverse bone
loss by inducing osteoclast apoptosis.

CALMODULIN IN OSTEOCLASTOGENESIS
AND RANKL SIGNALING

While calmodulin regulates acid transport
in mature osteoclasts, its potential role in osteo-
clastogenesis has only recently been explored.
During RANKL induction of human peripheral
blood mononuclear cells, calmodulin gene ex-
pression is upregulated, suggesting a functional
role for calmodulin in osteoclastogenesis [Day
et al., 2004]. Recently, we showed that phar-
macologic calmodulin antagonists (TFP, W7,
and TMX) dose-dependently inhibited RANKL-
induced osteoclastogenesis in both primary
mouse bone marrow macrophages and in the
RAW264.7 cell line as measured by reduced
TRAP activity and numbers of multinucleated
osteoclasts formed. Inhibition was not due to
apoptosis since co-treatment with both TFP
and a broad caspase inhibitor under identical
conditions had no effect. Intriguingly, inhibi-
tory effects on osteoclastogenesis occurred only
duringthe last 24 h of RANKL stimulation, with
72 h calmodulin inhibitor treatment followed
by withdrawal for the last 24 h exerting no
effect [Zhang et al., 2003]. This 24 h time

window from day 3 to 4 is when pre-osteoclasts
begin fusing into multinucleated cells. How
calmodulin might modulate fusion during
late osteoclastogenesis is not known; however,
calmodulin has been implicated in nume-
rous cellular functions requiring membrane
fusion including synaptic exocytosis and homo-
typic fusion of early endosomes [Burgoyne and
Clague, 2003]. Both of these processes require
activation of Ca®"/calmodulin-dependent pro-
tein kinase II (CaMKII), suggesting a role for
CaMKII in osteoclastogenesis.

Since activation of RANK is critical for
osteoclastogenesis, calmodulin-directed regu-
lation of RANKL-induced signaling cascades
was examined. TFP-induced calmodulin in-
hibition selectively downregulated RANKL-
induced phosphorylation of both JNK and IxBa,
the inhibitory subunit of the NFkB complex. In
contrast, TFP did not block RANKL-induced
phosphorylation of p38 [Zhang et al., 2003].
These findings implicate calmodulin in regula-
tion of osteoclastic gene expression through
both the NFxB and AP-1 transcription factor
families.

Though TFP and other calmodulin antago-
nists can also inhibit PKC [Brown et al., 2000],
we found that treatment with the PKC inhibitor
bIM, even at concentrations 10-fold higher than
its ICsg, failed to inhibit osteoclastogenesis,
strongly suggesting TFP and other calmodulin
inhibitors block osteoclastogenesis through
antagonizing calmodulin and not PKC. This
hypothesis is supported by the observation that
calmodulin overexpression protects RAW264.7
cells against the inhibitory effects of TFP. Since
the calmodulin antagonist TMX could poten-
tially affect osteoclastogenesis through interac-
tion with estrogen receptors, the effects of the
pure estrogen antagonist ICI 182780 was ex-
amined, both at concentrations known to anta-
gonize estrogen receptors and at a much
higher concentration known to inhibit calmo-
dulin. ICI 182780 did not block osteoclasto-
genesis in the lower concentration range; in
contrast, at a calmodulin-inhibitory concen-
tration, osteoclastogenesis was inhibited sig-
nificantly, demonstrating that TMX inhibits
osteoclastogenesis through calmodulin anta-
gonism and not through its affects on estrogen
signaling. Interestingly, TFP was able to reduce
osteoclast numbers and restore trabecular bone
volume in ovariectomized mice just as effec-
tively as estrogen [Zhang et al., 2003]. In these
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studies, the effective serum concentration of
TFP (an antipsychotic agent sold under the
brand name Stelazine) averaged 93 nM. This is
comparable to the therapeutic range in humans
(8—83 nM), making TFP, or its analogs, a poten-
tially useful agent for prevention of bone loss.

CALMODULIN EFFECTOR PROTEINS
IMPLICATED IN OSTEOCLASTOGENESIS

Over 50 calmodulin-binding proteins have
been identified including kinases and phospha-
tases, nitric-oxide synthase (NOS), numerous
receptors, ion channels, G-coupled proteins, and
transcription factors [Berridge et al., 2000;
Hoeflich and Ikura, 2002]. Of particular in-
terest are two Ca®"/calmodulin-activated pro-
teins experimentally implicated in osteoclastic
differentiation and/or function: the serine/thre-
onine phosphatase calcineurin and the multi-
functional Ca®*/calmodulin-dependent protein
kinase IT (CaMKII).

Calcineurin and NFAT2

NFAT transcription factors, which regulate
a large numbers of genes and direct differen-
tiation in numerous cell types, are distinct in
their regulation by the Ca®"/calmodulin-depen-
dent serine/threonine phosphatase calcineurin.
Structurally, calcineurin is a heterodimer con-
sisting of a catalytic subunit (calcineurin A)
bound to a Ca®'-binding regulatory subunit
(calcineurin B); despite calcineurin B’s Ca®*-
binding potential, Ca®"-mediated activation
requires Ca®"/calmodulin binding to the reg-
ulatory domain of calcineurin A. Upon Ca®"/
calmodulin stimulation, calcineurin dephos-
phorylates cytoplasmic NFATS, allowing their
subsequent nuclear translocation and tran-
scriptional activity [Klee et al., 1998; Hogan
et al., 2003].

Recently, activation of calcineurin and, in
particular, NFAT2 (a.k.a. NFATcl) has been
proposed as a necessary step in osteoclastogen-
esis. In both murine bone marrow cultures
and RAW264.7 cells, the calcineurin inhibitor
CsA dose-dependently blocked RANKL-induced
formation of TRAP" multinucleated osteoclasts
[Ishida et al., 2002; Takayanagi et al., 2002].
The essential requirement for NFAT2 was
demonstrated both by the complete inability
of NFAT2~/~ embryonic stem cells to undergo
osteoclastic differentiation [Takayanagi et al.,
2002], and by inhibition of RANKL-induced

osteoclast formation in RAW264.7 cells treated
with an NFAT2 antisense construct [Ishida
et al., 2002].

Sustained upregulation of NFAT2 is a crucial
aspect of lineage commitment in numerous cell
types, and this same pattern appears to hold
true in osteoclastogenesis. However, whether
sustained NFAT2 upregulation involves auto-
amplification (as it does in T cells) is still
controversial. In the early stages of RANKL in-
duction, NFAT2 expression is upregulated,
most likely in response to transcriptional induc-
tion by NFAT1, NF«B, and the AP-1 family
members, c-Fos and c-Jun [Hogan et al., 2003;
Teitelbaum, 2004]. The presumption has been
that, following early induction of NFATZ2,
NFAT2 can auto-amplify itself through binding
to NFAT consensus sites within its own pro-
moter. This sustained auto-amplification thus
“locks” the pre-osteoclast into a terminal differ-
entiation pathway. Supporting this hypothesis,
the calcineurin inhibitor FK506 was shown to
block NFAT2 amplification in bone marrow pre-
osteoclasts, and NFAT2 overexpression induced
expression of endogenous NFAT2 [Takayanagi
et al., 2002]. However, other studies cast doubt
on the NFAT auto-amplification hypothesis.
For instance, CsA-mediated calcineurin inhibi-
tion failed to block RANKL-induced upregula-
tion of NFAT2 expression in RAW264.7 cells
despite CsA’s ability to dose-dependently in-
hibit nuclear transport of NFAT2 [Ishida et al.,
2002]. Furthermore, in human osteoclasts,
RANKL-induced upregulation of NFAT2 was
not blocked by co-treatment with high doses
of CsA (1 pg/ml) [Day et al., 2005]. Clearly,
further studies will be required to confirm or
disprove the existence of an NFAT2 auto-
regulatory loop in osteoclastogenesis.

Unfortunately, elucidation of the functional
role of calcineurin/NFAT signaling in osteoclas-
togenesis has been hampered in most studies by
a heavy reliance on the calcineurin inhibitors,
CsA and FK506. CsA and FK506 first require
binding to cyclophilins and FK506 binding
proteins (collectively known as immunophilins)
before they can inhibit calcineurin. In most
cell types, immunophilin concentrations are un-
known, and only certain immunophilins can
form active calcineurin-inhibiting complexes
with CsA or FK506 [Kahl and Means, 2003],
Thus, the effective concentrations of CsA or
FK506 needed for calcineurin inhibition are
not established and vary widely from one cell
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type to another. Furthermore, recent studies
using CsA or FK506 to inhibit osteoclastogen-
esis did not directly measure calcineurin activ-
ity [Ishida et al., 2002; Takayanagi et al., 2002],
raising the possibility that inhibitory effects
were mediated through other signaling path-
ways besides calcineurin such as p38 and SAP/
JNK, which are known to be downregulated by
CsA [Su et al., 1994; Matsuda et al., 1998] CsA
and FK506 also block cell proliferation [Kahl
and Means, 2003], and a recent study showed
that CsA and FK506 induce apoptosis in mouse
bone marrow cultures [Igarashi et al., 2004].
In this study, apoptosis was induced with an
FK506 concentration of 0.01 uM (8 ng/ml);
therefore, apoptosis rather than calcineurin/
NFAT2 inhibition, may have been the true
cause for the complete inhibition of TRAP*
multinucleated cell formation observed by
Takayanagi at 100 ng/ml (0.125 pM) FK506
[Takayanagi et al., 2002].

A Role for CaMKIl in Osteoclastogenesis

CaMKII is a complex Ca®"/calmodulin-acti-
vated serine/threonine kinase best known for its
regulation of neural and cardiac development
and function. CaMKII is encoded by four genes
(o, B, v, and &), which can be modified into
numerous subunit isoforms by alternate splic-
ing. The most distinctive quality of CaMKIIisits
holo-enzymatic structure, consisting of stacked
hexameric rings of associated subunits with
their catalytic domains oriented away from
center like the spokes of a wheel. Calmodulin
binding to the regulatory domain of a CaMKII
subunit allows for immediate auto-phosphory-
lation of the regulatory domain of the adjacent
subunit in the holo-enzyme. This auto-phos-
phorylation imparts two important qualities to
CaMKII: 1) the affinity for bound Ca®*/calmo-
dulin after Ca®* dissociation increases 1,000-fold
(calmodulin-trapping) and 2) CaMKII retains
partial enzymatic activity in the absence of
calmodulin [Soderling and Stull, 2001; Zhang
et al., 2005]. Thus, CaMKII’s response can be
finely tuned to the duration, amplitude, and
spatio-temporal quality of Ca®" signals, and
CaMKII can direct cellular functions long after
Ca”" signal dissipation (molecular memory).

While little attention has been paid to
CaMKII in the bone biology field, we have re-
cently established that CaMKII is involved in
differentiation of both osteoblasts and osteo-
clasts [Zayzafoon et al., 2005; Zhang et al., 2005].

CaMKIIo mutant mice (CaMKIIo /") have a
reduced TRAP' osteoclast staining area in
tibial and femoral bone sections; furthermore,
the CaMKII inhibitor KN93 dose-dependently
inhibited TRAP activity in RANKL-stimulated
mouse bone marrow precursors from normal
mice [Zhang et al., 2005], demonstrating that,
despite the confounding influence of osteoblasts
in the CaMKIIa mutant mice, CaMKIIa plays a
direct role within the osteoclast.

One likely mechanism for CaMKII-mediated
regulation of osteoclastogenesis is through
activation of AP-1 transcription factors, which
direct expression of numerous osteoclast-speci-
fic genes (Fig. 3). In murine osteoblastic MC3T3
cells, CaMKIlIa induces c-fos gene expression
and subsequent AP-1 activation [Zayzafoon
et al., 2005], and the induction of CD44 expres-
sion in human promonocytic cells by TNFa, a
cytokine closely-related to RANKL, is medi-
ated by CaMKII-regulated activation of AP-1
[Mishra et al., 2005].

Another potential target for CaMKII regula-
tion during osteoclastogenesis is the gp130 re-
ceptor family. The glycoprotein receptor gp130,
in conjunction with one of several different
membrane-associated binding partners, can
bind the cytokines CT-1, LIF, OsM, IL-6, and
IL-11. This leads to activation of Janus kinases
(JAKSs), which phosphorylate gp130, followed by
gp130 dimerization and activation of the STAT
and/or SHP2/ras/MAPK pathways. LIF, IL-11,
1L-6, CT-1, and OsM have been reported to
affect both osteoclastic and osteoblastic differ-
entiation, and these cytokines are implicated
in osteo-articular pathologies such as Paget’s
disease, bone metastases, and rheumatoid
arthritis. Mutant gp130~/~ mice are osteopenic
and have increased osteoclast numbers. Fur-
thermore, RANKL-induced osteoclastogenesis
of ex vivo bone marrow precursors is dramati-
cally increased in mice expressing a mutated
gpl30 which cannot activate the SHP2/ras/
MAPK pathway [Sims et al., 2004], suggesting
a suppressive role for the gp130 receptor in
osteoclastogenesis. [Heymann and Rousselle,
2000; Sims et al., 2004].

A recent report determined that LIF-induced
phosphorylation of Ser-782 in the gpl130 tail
was mediated by CaMKII [Gibson et al., 2005].
Ser-782 is adjacent to a di-leucine motif which
regulates internalization and downregulation
of the gp130 receptor, and transient expres-
sion of a non-phosphorylatable mutant gp130
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Fig. 3. Proposed actions of CaMKII in osteoclastogenesis. RANK-induced increases in intracellular Ca®*
can activate calmodulin and its downstream effector CaMKII. Possible roles for CaMKIl in osteoclastogenesis
include: (A) regulation of cell—cell fusion, (B) activation of the AP-1 transcription factor family, and (C)

blockade of down-regulatory gp130 signaling cascades.

(5782%) leads to increased gpl30 cell surface
expression and activation potential [Gibson
et al.,, 2000], suggesting that CaMKII may
promote osteoclastogenesis through downregu-
lation of an inhibitory gp130 receptor cascade
(Fig. 3).

CONCLUSIONS

This is an exciting time in the field of bone
biology. Identification of RANKL and M-CSF
as critical factors for osteoclastogenesis has
opened the door to rapid and reliable methods
for in vitro analysis of the osteoclast, and, ulti-
mately, to a better understanding of the osteo-
clast’s role in the bone loss associated with
painful and debilitating diseases such as osteo-
porosis and rheumatoid arthritis. However,
despite the rapid advancements made in recent
years towards understanding the mechanisms
directing osteoclastic differentiation and func-
tional activity, comprehensive models to ex-
plain these processes are far from complete.

While Ca®" signaling is critical for osteo-
clastic processes, there is currently very little
understanding of how Ca®"-directed signaling
pathways work within osteoclasts. Not sur-
prisingly, the primary intracellular calcium

receptor protein, calmodulin, is involved in
regulating all aspects of the osteoclast lifespan,
including genesis, function and death. In recent
years, the Ca®'/calmodulin dependent phos-
phatase, calcineurin, and its downstream effec-
tors, the NFAT family of transcription factors,
have been characterized as master regulators of
osteoclastogenesis. However, most experimen-
tal analyses of the calcineurin/NFAT system in
osteoclasts have relied heavily on inhibitors
such as CsA, which can downregulate other
signaling pathways besides calcineurin/NFAT,
including p38 and ERK. Thus, despite claims to
the contrary, a complete picture of calcineurin/
NFAT signaling in osteoclastogenesis has not
been established.

Intriguingly, recent studies have demonstr-
ated that another Ca®'/calmodulin-dependent
effector, CaMKII, plays a role in osteoclasto-
genesis. While the mechanisms of CaMKII-
mediated signaling in osteoclasts have not been
studied, CaMKII can activate c-Fos and AP-1
transcription factors, which can in turn drive
NFAT2 expression. Therefore, it is possible that
CaMKII and calcineurin play redundant and/or
overlapping roles in Ca®'/calmodulin signal-
ing. Furthermore, CaMKII may act as a nega-
tive regulator of the gp130 cytokine receptor,
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which is involved in osteoclast differentiation,
bone remodeling, and numerous osteo-articular
diseases.
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