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ABSTRACT
Interleukin-4 (IL-4) is an important immune regulatory protein that possesses potent anti-osteoclastogenic properties, and does so via the

transcription factor STAT6. Previous studies have shown that IL-4 selectively blocks RANKL-induced activation of NF-kB and mitogen-

activated protein kinase (MAPK) pathway molecules, suggesting that the cytokine arrests osteoclastogenesis by blockade of these signaling

cascades. However, the fact that the inhibitory effect on these pathways requires prolonged IL-4 pretreatment, and that the cytokine fails to

exert an anti-osteoclastogenic effect after short-term pre-exposure of RANKL to osteoclast precursors, suggests that an additional, more

immediate mechanism may also be involved. In this study, we found that simultaneous exposure of IL-4 did not alter RANKL-dependent

activation of NF-kB or MAPKs, whereas the cytokine did block RANKL-induced nuclear factor activated T cells c1 (NFATc1), a master

osteoclastogenic transcription factor. This inhibitory effect of IL-4 required STAT6, consistent with its functional role in osteoclastogenesis. In

addition, the cytokine also partially impaired RANKL-stimulated bone resorption. Furthermore, IL-4 suppressed expression of RANKL-

induced osteoclast specific genes in a STAT6-dependent manner, but failed to do so when osteoclast precursors were pre-exposed to RANKL.

Thus, we provide the first evidence that IL-4 inhibits osteoclast formation by inhibiting RANKL induction of NFATc1 via STAT6 as an early

event, in addition to its suppression of other signaling pathways. The inhibitory effect is ultimately regulated at the gene expression

transcriptional level. J. Cell. Biochem. 112: 3385–3392, 2011. � 2011 Wiley Periodicals, Inc.
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P hysiological bone resorption is always coupled with bone

formation, permitting the essential bone remodeling cycle.

This equilibrium is disrupted in inflammatory osteolysis, in which

limited bone formation cannot overcome accelerated resorptive

activity prompted by proinflammatory cytokines [Teitelbaum, 2005;

Wei and Siegal, 2008; Walsh and Gravallese, 2010]. The rapid

degradation of periarticular bone is achieved by osteoclasts, which

are abundant in affected joints in conditions such as rheumatoid or

psoriatic arthritis, periodontal disease and orthopedic implant

loosening [Scott et al., 2000; Ritchlin et al., 2003; Teitelbaum, 2005].

Furthermore, bone destruction represents the most difficult target in

the treatment of rheumatoid arthritis. The stimulated osteoclasto-

genesis in inflammatory conditions is largely due to the increased

expression of RANKL produced by bone marrow stromal cells,

activated T cells and synovial fibroblasts [Teitelbaum, 2005; Wei

and Siegal, 2008; Walsh and Gravallese, 2010]. TNF and IL-1 play a
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key role in inflammatory osteolysis. Their importance is underscored

by the therapeutic success achieved by inhibiting either cytokine

[Zwerina et al., 2004].

In addition to the action of destructive mediators, the deleterious

process seems to also be under the control of a number of regulatory

mediators. Among them, interleukin-4 (IL-4), a Th2 cytokine, has

been proved to be a potent anti-osteoclastogenic agent in numerous

previous studies. Over-expression of IL-4 in vivo prevents bone

erosion in animal models of inflammatory arthritis [Lubberts et al.,

2000; Woods et al., 2001; Saidenberg-Kermanac’h et al., 2004].

These findings may have significant implications for the prevention

of bone loss in arthritis. IL-4 abrogates osteoclast formation in vitro

directly by affecting the commitment of its precursors to osteoclast

differentiation, an event mediated by the transcription factor STAT6

[Abu-Amer, 2001; Wei et al., 2002; Moreno et al., 2003], and

indirectly by blunting the proinflammatory cytokine TNF- and IL-1-

induced RANKL expression under the aegis of p38 mitogen-

activated protein kinase (MAPK) in bone marrow stromal cells [Wei

et al., 2005].

The molecular mechanism by which IL-4 inhibits RANKL-

induced osteoclastogenesis in primary osteoclast precursors, namely

bone marrow marcrophages (BMMs), has remained controversial. A

previous study found that the cytokine suppressed RANK mRNA

expression in the developing precursor cells [Moreno et al., 2003]. In

contrast, IL-4-mediated down-regulation of protein levels of RANK

or TRAF6, an adaptor molecule that plays a key role in

osteoclastogenesis, was not observed in our early study [Wei

et al., 2002]. Moreover, IL-4 showed no effect on RANK mRNA

expression in primary mature osteoclasts [Mangashetti et al., 2005].

Dissecting the down-stream RANK signaling pathways in BMMs

reveals that IL-4 selectively dampens RANKL-induced activation of

NF-kB and all three MAPK members, pathway molecules that are

essential to osteoclastogenesis, suggesting that the cytokine arrests

osteoclastogenesis by blockade of these signaling cascades [Wei

et al., 2002]. However, these events take place with a lapse of time

and do not occur without prolonged IL-4 pretreatment (i.e.,� 24 h).

These observations, along with the fact that the cytokine fails to

exert an anti-osteoclastogenic effect after short-term exposure of

RANKL to BMMs, suggest that an additional, more immediate

mechanism may also be involved.

Amajor breakthrough in osteoclast biology was the identification

of nuclear factor activated T cells c1 (NFATc1) as a master

osteoclastogenic transcription factor. This molecule, in turn,

highlights the essential role of Ca2þ signaling activation in

osteoclast differentiation [Negishi-Koga and Takayanagi, 2009].

Thus, the present study was designed to investigate if NFATc1 plays

a role in the suppressive effect of IL-4 in osteoclastogenesis in

primary osteoclast precursors. We have found that the cytokine

blocks RANKL-induced NFATc1, an event that also requires

STAT6. Further, the cytokine does so by inhibiting the expression

of RANKL-induced, osteoclast-specific genes. In addition, exposure

of IL-4 substantially suppresses in vitro RANKL-induced

osteoclastic bone resorption. Thus, the previous in vivo finding

that IL-4-prevented bone destruction in inflammatory osteolysis

likely involves two distinct mechanisms: by targeting early

osteoclast precursors to impact osteoclast differentiation and

by acting directly on mature osteoclasts to hinder their

function.

MATERIALS AND METHODS

ANIMALS

Ethical approval for animal experiments was approved by

Institutional Animal Care and Use Committee (IACUC) of University

of Alabama at Birmingham. Wild type (WT) C57BL/6 mice were

obtained from Harlan Industries (Indianapolis, IN). The STAT6

deficient mice with a background of C57BL/6 were purchased from

the Jackson Laboratory (Bar Harbor, ME).

REAGENTS

Recombinant GST-RANKL was purified as previously described

[McHugh et al., 2000]. Mouse M-CSF was prepared from the M-CSF-

producing cell line, CMG14-12, constructed and provided by

Dr. Sunao Takeshita [Takeshita et al., 2000]. Recombinant murine

IL-4 was purchased from R&D Systems, Inc. (Minneapolis, MN).

Polyclonal anti-IkBa, anti-phospho-IkBa, anti-p44/42ERK, anti-

phospho-p44/42ERK, anti-JNK, anti-phospho-JNK, anti-p38, and

anti-phospho-p38 were all purchased from Cell Signaling Technol-

ogy, Inc. (Beverly, MA). Monoclonal anti-NFATc1 was purchased

from Santa Cruz Biotechnology (Santa Cruz, CA). All other

chemicals were obtained from the Sigma Chemical Co. (St. Louis,

MO).

CELL CULTURE

BMMs were isolated from the long bones of 4–6 week old mice and

were maintained in a-minimal essential medium (a-MEM) in the

absence of heat-inactivated fetal bovine serum, at 378C, in 5% CO2,

as previously described [Liu et al., 2005]. In Brief, after 24 h in

culture, M-CSF–dependent macrophages were derived by culturing

the nonadherent marrow cells in a-MEM supplemented with 10%

heat-inactivated fetal bovine serum, in the presence of M-CSF

(220 ng/ml), in petri dishes for 3 days, in order to obtain sufficient

cells for subsequent experimental use.

CHARACTERIZATION OF OSTEOCLASTS

To generate osteoclasts from BMMs, 5� 104 cells per well were

plated in 24-well tissue culture plates and cultured in the presence

of M-CSF (44 ng/ml) and RANKL (100 ng/ml) as well as IL-4, as

appropriate. The osteoclastogenic cultures were stained for tartrate

resistant acid phosphatase (TRAP) activity with Leukocyte Acid

Phosphatase Kit from Sigma on day 4. All assays were performed in

triplicate and repeated at least two times.

IN VITRO BONE RESORPTION ASSAYS

BMMs (5� 104) were plated on bovine cortical bone slices in 24-well

plates, and cultured with M-CSF (44 ng/ml) and RANKL (100 ng/ml)

as well as IL-4, as appropriate, for 4 days to stimulate osteoclast

formation. The cultures were then continued for 3 more days to

allow osteoclasts to resorb bone. The cells were then removed from

the bone slices with 0.25 M ammonium hydroxide and mechanical

agitation. Bone resorption pits were imaged using a Leica DMIRBE

inverted UV SP1 Confocal Microscope System with Leica Confocal
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software at the Imaging Facility of the University of Alabama at

Birmingham. Four areas in bone slices from each bone resorption

assay were chosen randomly, and the percentage of resorbed area

was determined using ImageJ analysis software obtained from NIH

(http://rsb.info.nih.gov/ij/). The assays were performed in triplicate.

IMMUNOBLOTTING

BMMswere cultured in serum-free a-MEM in the presence of M-CSF

for 16 h before treatment with RANKL and/or IL-4 for various times

as indicated. Cells were washed twice with ice-cold PBS and then

lysed in the lysis buffer (Cell Signaling Technology) containing

protease inhibitor mixtures (Sigma). Cell lysates was boiled in the

presence of SDS sample buffer (0.5 M Tris–HCl, pH 6.8, 10% (w/v)

SDS, 10% glycerol, 0.05% (w/v) bromphenol blue) for 5min and

subjected to electrophoresis on 10% SDS–PAGE. Proteins were

transferred to nitrocellulose membranes using a semidry blotter

(Bio-Rad, Hercules, CA), and incubated in blocking solution (5%

nonfat dry milk in TBS containing 0.1% Tween 20) for 1 h to prevent

nonspecific binding. Membranes were then exposed to primary

antibodies overnight at 48C, washed three times and incubated with

secondary antibody for 1 h. Membranes were washed extensively,

and an enhanced chemiluminescence detection assay was performed

using the SuperSignal West Dura kit from Pierce (Rockford, IL).

RNA EXTRACTION AND SEMI-QUANTITATIVE RT-PCR

Total RNA was isolated from BMMs using Trizol reagent (Invitrogen

Co., Carlsbad, CA). One microgram total RNA was reversed

transcribed to cDNA with oligo (dT) using the ThermoScriptTM

RT-PCR System (Invitrogen). The reverse transcription (RT) was

carried out in a 20ml volume at 558C, for 55min, followed by

enzyme inactivation and RNA H digestion. Five microliters of the RT

reaction mixture was subjected to PCR using Go-Taq DNA

polymerase (Promega, Madison, WI) in a 50ml reaction volume,

set for various cycles to monitor the linearity of the amplification,

with an annealing temperature at 588C. The oligonucleotide primers

used were as follows: 50-CTTCTTCTCTGGACGTCAAATG-30 and

50-CATTTTGGAAACTCACACGCC-30 for matrix metallopeptidase 9

(MMP9), 50-AGAGAACTGGCACAAGGACTT-30 and 50-CCTCCTTTC-
AGCACTGCATTGT-30 for carbonic anhydrase II (Car2), 50-GATGCT-
TACCCATATGTGGGC-30 and 50-CATATCCTTTGTTTCCCCAGC-30

for cathepsin K (Ctsk), 50-GCCAAGATGGATTCATGGGTGG-30 and
50-CAGAGACATGATGAAGTCAGCG-30 for TRAP, 50-ACATCAT-
CCCTGCATCCACTG-30 and 50-TCATTGAGAGCAATGCCAGC-30 for
GAPDH. Twenty microliters of the PCR reaction mixture was loaded

on a 2% agarose gel for electrophoretic analysis.

STATISTICAL ANALYSIS

Statistical analysis was performed using the Student t-test. A

P-value of 0.05 was considered statistically significant.

RESULTS

IL-4 INHIBITS RANKL-INDUCED OSTEOCLASTOGENESIS BY

TARGETING AN EARLY STAGE OF OSTEOCLASTOGENESIS

IL-4 is a known potent anti-osteoclastogenic cytokine. To delineate

the precise role of IL-4 in osteoclastogenesis, we first carried out

assays to examine at which stage IL-4 inhibits osteoclastogenesis. To

that end, IL-4 was absent or added to osteoclast-generating cultures

at the dose indicated. TRAP staining was performed on day 4. As

seen in Figure 1, optimal concentrations of M-CSF and RANKL

induced confluent TRAP-positive multinucleated osteoclasts, while

IL-4 exerted a maximum inhibitory effect at a very low dose (4 ng/

ml), thus indicating its potency and verifying our previous findings

(top panel) [Wei et al., 2002]. Attesting to function, substantial

resorption pits were seen when cells were plated on bovine bone

slices in a parallel study, whereas only minimal bone resorption was

present in the presence of IL-4 (lower panel). Conversely, the

cytokine failed to block osteoclastogenesis after a 36-h exposure of

BMMs to RANKL, even at a much higher dose (Fig. 2A, top panel),

recapitulating the previous findings [Wei et al., 2002]. Thus, IL-4

Fig. 1. IL-4 inhibits RANKL-induced osteoclastogenesis by targeting an early stage of osteoclastogenesis. Osteoclasts were generated in the presence ofM-CSF (44 ng/ml) and

RANKL (100 ng/ml) in the absence and presence of IL-4 at the dose indicated. TRAP staining was performed on day 4 (top panel). In parallel, the same cultures were carried out

on the bovine bone slices, followed by removal of the cells from the slices and image analysis as described in the Materials and Methods Section (lower panel). [Color figure can

be seen in the online version of this article, available at http://wileyonlinelibrary.com/journal/jcb]
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inhibits RANKL-induced osteoclastogenesis by targeting an early

stage of osteoclastogenesis.

IL-4 INHIBITS RANKL-INDUCED OSTEOCLAST ACTIVATION

We next asked if IL-4 inhibits RANKL-induced osteoclast activation.

Osteoclasts were generated in the presence of M-CSF and RANKL on

bone slices to allow osteoclastic bone resorption, and IL-4 was added

to the cultures after 36 h at the dose indicated. The magnitude of

bone resorption, as expressed by a percent of the resorption area/

bone surface, was significantly reduced in the presence of IL-4

(Fig. 2A, lower panel, and 2B). Similarly, IL-4 exerted its maximum

inhibitory effect on bone resorption at a very low dose (4 ng/ml).

However, different from the potent inhibitory effect on osteoclast

differentiation, IL-4 suppression of RANKL-induced osteoclast

activation was incomplete, as the extent of inhibition remained

even when IL-4 dose was increased substantially.

RANKL-INDUCED ACTIVATION OF NF-kB AND MAPKs REMAINS

INTACT WHEN BMMs ARE SIMULTANEOUSLY EXPOSED TO IL-4

We next explored the molecular mechanisms by which IL-4 inhibits

osteoclastogenesis by dissecting the RANKL-activated signaling

cascades. RANKL binds to its receptor RANK on osteoclast

precursors to activate a number of signaling pathway molecules

involved in osteoclast differentiation, including NF-kB and all three

MAPK members [Teitelbaum, 2007]. While our previous study

showed the inhibitory effects of IL-4 on RANKL-induced activation

of NF-kB and MAPK, these events are not immediate and do not

occur without prolonged IL-4 pretreatment [Wei et al., 2002]. In this

study, simultaneous exposure of cells to IL-4 failed to impact these

aspects of RANKL-induced signaling (Fig. 3). Thus, the fact that IL-4

targets only early osteoclast precursors to block osteoclastogenesis

but does not blunt immediate RANKL-induced activation of NF-kB

and MAPK suggests that there might be another signaling pathway

involved in this process.

IL-4 INHIBITS RANKL-INDUCED NFATc1 ACTIVATION IN A

STAT6-DEPENDENT MANNER

We next turned to determine if IL-4 alters RANKL-activated NFATc1

signaling. Given that IL-4 inhibits osteoclastogenesis via STAT6, we

also asked whether the effect of IL-4 on RANKL-induced NFATc1

signaling, if any, is STAT6-dependent. To this end, osteoclast

precursors were stimulated by RANKL for 24 h in the absence or

Fig. 2. IL-4 partially impairs RANKL-induced bone resorption. A: BMMs were cultured in the presence of M-CSF and RANKL in tissue culture dishes (top panels) and

on bovine bone slices (lower panels) for 36 h. The cultures were then continued in the absence and presence of IL-4 at the dose indicated. TRAP staining was performed on

day 4 (top panels). Bone slices were subjected to image analysis for resorption pits as described in the Materials and Methods Section (lower panels). B: Quantification of

the bone resorption assays. Four areas in the bone slices from each bone resorption assay shown in (A) were randomly chosen, and the percentage of resorbed area

was determined. Data are presented as means� standard deviation (�P< 0.001 vs. absence of IL-4). No statistical significance was found between the conditions with presence

of IL-4. [Color figure can be seen in the online version of this article, available at http://wileyonlinelibrary.com/journal/jcb]
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presence of IL-4, and cell lysates were subjected to Western blot

analysis. As seen in Figure 4, while simultaneous exposure of IL-4

substantially dampens RANKL-induced NFATc1 activation, the

cytokine fails to affect NFATc1 signaling in osteoclast precursors

derived from STAT6-deficient mice. Thus, the findings suggest that

IL-4 inhibition of osteoclastogenesis involves a novel mechanism—

blocking of RANKL-induced activation of NFATc1.

IL-4 INHIBITS RANKL-INDUCED GENE EXPRESSION OF MMP9, Car2,

Ctsk, AND TRAP VIA STAT6

Gene expression profiling studies have demonstrated that RANKL

directs osteoclastogenesis by inducing expression of a subset of

genes [Cappellen et al., 2002; Ishida et al., 2002; Rho et al., 2002].

Notably, RANKL greatly activates the genes encoding MMP9, Car2,

Ctsk, and TRAP [Cappellen et al., 2002; Rho et al., 2002]. Thus, the

expression of these genes is widely used as markers for osteoclasts

[Teitelbaum and Ross, 2003]. To further explore the molecular basis

of the roles of IL-4 in RANKL-induced osteoclastogenesis, we

examined the effect of IL-4 on the expression of these genes.

Whereas 1-day RANKL treatment markedly increased mRNA levels

of these genes (2 days in case of Ctsk), the presence of IL-4

substantially diminished transcription of these genes induced

by RANKL (Fig. 5). Moreover, the inability of IL-4 to arrest

transactivation of these molecules in cells lacking STAT6 further

supports the previous observation that the transcription factor

mediates IL-4 inhibition of osteoclastogenesis. In addition, IL-4

failed to exert this inhibitory effect when exposed to the cells at a

later time, thus reflecting the fact that the cytokine targets only early

stage of osteoclastogenesis (Fig. 6). These findings indicate that IL-4

inhibits osteoclastogenesis by preventing the expression of RANKL-

induced osteoclast-specific genes, and once activated, these genes

are refractory to the inhibitory effect of IL-4.

DISCUSSION

RANKL and IL-4 are unique cytokines in leukocyte biology in

that they both induce fusion of mononuclear precursors of the

monocyte/macrophage lineage, which leads to multinucleation

[Nelms et al., 1999]. Yet, the polykaryons induced by the latter are

those characteristic of foreign body giant cells [McNally and

Anderson, 1995]. We have previously shown that the IL-4 directly

inhibits in vitro osteoclastogenesis by selectively arresting RANKL-

induced activation of NF-kB and MAPK pathways in primary

osteoclast precursors [Wei et al., 2002]. In this study, we provided an

additional mechanism for its potent anti-osteoclastogenic effect.

NFATc1 is a recently identified master regulator of RANKL-

induced osteoclast differentiation. The expression of NFATc1 is up-

regulated robustly during osteoclastogenesis [Asagiri et al., 2005].

NFATc1-deficient embryonic stem cells fail to differentiate into

osteoclasts in response to RANKL [Takayanagi et al., 2002]. We

found that IL-4 diminished RANKL-induced NFATc1 activation in

primary BMMs at a concentration sufficient to inhibit osteoclas-

togenesis (4 ng/ml). This finding is in keeping with a previous study

using a substantially higher dose of IL-4 (100 ng/ml) [Kamel

Mohamed et al., 2005]. More importantly, we demonstrated, for

the first time, that IL-4 blockade of RANKL-induced NFATc1

activation is STAT6-dependent, thus reflecting the mechanism of

IL-4 inhibition of osteoclastogenesis.

Fig. 4. IL-4 inhibits RANKL-induced NFATc1 activation via STAT6. BMMs

from WT and STAT6 deficient mice (STAT6�/�) were treated with RANKL for

24 h in the absence or presence of IL-4 (4 ng/ml). Cells were lysed and

subjected to Western blotting using antibodies against NFATc1. Blots were

stripped and then reprobed with b-actin antibody as the loading control. [Color

figure can be seen in the online version of this article, available at http://

wileyonlinelibrary.com/journal/jcb]

Fig. 3. RANKL-induced activation of NF-kB and MAPKs remains intact when

BMMs are simultaneously exposed to IL-4 and RANKL. BMMs were treated

with IL-4 (4 ng/ml) and RANKL (100 ng/ml) as indicated. Cells were lysed and

analyzed by Western blotting using antibodies against phospho-IkB (p-IkB),

phospho-ERK (p-ERK), phospho-JNK (p-JNK), and phospho-p38 (p-p38). The

same volume of lysates were run and then probed with antibodies against IkB,

ERK, JNK, and p38 as loading controls. [Color figure can be seen in the online

version of this article, available at http://wileyonlinelibrary.com/journal/jcb]
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The finding that IL-4 fails to prevent osteoclastogenesis in

RANKL-pretreated BMMs is also of mechanistic importance. In the

current study, we have shown that IL-4 blocks RANKL-induced

expression of four osteoclast-specific genes, MMP9, Car2, Ctsk, and

TRAP, via STAT6. The lack of this inhibitory effect in RANKL-

pretreated BMMs indicates that the early commitment of osteoclast

precursors initiated by RANKL renders these cells refractory to IL-4,

andmay do so by altering the osteoclast-specific genes into a state in

which IL-4 is incapable to suppress their activation. Interestingly, a

number of these genes are regulated by NFATc1, further supporting

our hypothesis that IL-4 inhibits osteoclastogenesis by targeting, at

least in part, NFATc1. Specifically, NFATc1 binds directly to the

promoter region of a number of osteoclast-specific genes, including

MMP9 and Ctsk [Sundaram et al., 2007; Song et al., 2009]. Over-

expression of NFATc1 also markedly transactivates the TRAP gene

promoter [Ikeda et al., 2004]. Moreover, knockdown of NFATc1 by

short interfering RNA caused TRAP expression to be down-

regulated, and ectopic expression of NFATc1 abrogated the IL-4-

induced down-regulation of TRAP [Yu et al., 2009]. Taken together,

NFATc1 plays a key role in mediating the inhibitory effect of IL-4 in

osteoclast differentiation. Thus, IL-4 inhibits RANKL-induced

osteoclastogenesis at multiple levels, involving NFATc1, NF-kB,

and all three MAP kinase members, at different stages of

differentiation.

The effect of IL-4 in osteoclast activation has not been fully

understood. We found that IL-4 partially inhibited RANKL-induced

bone resorption, in keeping with a previous observation [Manga-

shetti et al., 2005]. However, different from another study [Moreno

et al., 2003], a near complete inhibition of bone resorption was not

found in our study. Interestingly, IL-4 inhibition of bone resorption

occurs, at least in part, through prevention of RANKL-induced

intracellular ionized calcium changes [Mangashetti et al., 2005],

suggesting that IL-4may exert its inhibitory effect by inactivation of

NFATc1 in mature osteoclasts. In opposition to this hypothesis, the

ablation of NFATc1 in mature osteoclasts did not prevent bone

resorption activity [Kim et al., 2006]. Thus, the exact molecular

mechanisms by which IL-4 inhibits bone resorption remains to be

elucidated.

In summary, we provide the first evidence that IL-4 inhibits

osteoclast formation by blocking RANKL induction of NFATc1 via

the transcription factor STAT6. The inhibitory effect is ultimately

Fig. 5. IL-4 inhibits RANKL-induced gene expression ofMMP9, Car2, Ctsk, and TRAP via STAT6. BMMs fromWT and STAT6�/�mice were maintained in the absence or presence

of RANKL (100 ng/ml) and/or IL-4 (4 ng/ml) for various periods of time as indicated. Total RNA was extracted from the cells and applied for semi-quantitative RT-PCR of the

several osteoclast-specific genes as indicated.

Fig. 6. RANKL-induced osteoclast-specific genes are not inhibited by sub-

sequent treatment of IL-4. BMMs were maintained in the absence or presence

of RANKL (100 ng/ml) for 2 days without IL-4. The cell cultures were then

continued in the absence (left and middle lanes) or presence of IL-4 (4 ng/ml;

right lanes) for 2 more days. Gene expression was determined by semi-

quantitative RT-PCR.
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regulated at the gene expression level. Further studies aimed at the

interaction of STAT6 and NFATc1 may provide new insights into

novel therapeutic targets in preventing and treating bone loss in

various inflammatory conditions.
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