
Introduction
Osteoclast differentiation and function are required for
normal bone resorption and remodeling (1, 2). The
mature osteoclast polykaryon arises from marrow-
residing precursor cells of hematopoietic origin,
believed to be monocytes/macrophages (1–3). Early
studies have shown that cocultures of these precursor
cells with stromal/osteoblastic cells in the presence of
hormonal steroids led to differentiation of mature
osteoclast-like cells capable of resorbing bone (4–6).
Recent advances revealed that factors produced by
osteoblastic cells, such as M-CSF and receptor activa-
tor of NF-κB ligand (RANKL), are the factors required
for macrophage differentiation into mature bone-
resorbing osteoclasts (7–10). Although M-CSF is a pre-
requisite for macrophage and osteoclast survival,
RANKL appears to be the sole factor essential for
acquiring the osteoclastic phenotype. RANKL, a trans-
membrane protein, and its cleaved soluble form have
been shown to be effective in inducing osteoclast dif-
ferentiation through binding to its receptor RANK in
osteoclast progenitors (11, 12). Although details of the
intracellular signal transduction pathway after
RANK/RANKL interaction are not entirely in hand,
activation of the transcription factors NF-κB and AP-1
has been proposed (7, 12–15). NF-κB is essential for
osteoclastogenesis, and inactivation of components of
this transcription factor led to osteopetrosis due to
impaired osteoclast formation (16, 17).

Inactive NF-κB is normally present in the cytoplasm
complexed with its inhibitory protein IκB (18–20). A
variety of extracellular stimuli activate a cascade of
kinases including IκB kinases (IKKs), the MAP kinase
MEKK-1, and c-src, leading to phosphorylation of IκB
and to its dissociation from NF-κB (21–26). Liberated
NF-κB translocates in a dimeric form to the nucleus,
binds to DNA response elements, and activates basal
transcription of target genes (18, 19).

The osteoclastogenic process is regulated by immune
cell–derived cytokines. The role of lymphocyte-derived
cytokines that impact bone metabolism under physio-
logical and pathological conditions has been steadily
investigated in the past few years (27–29). Although
cytokines secreted by Th1-type lymphocytes, such as
RANKL and TNF, induce osteoclastogenesis, those
produced by Th2 cells, such as IL-4, IL-10, and IL-13,
have been shown as potent inhibitors of the osteoclas-
togenic process (6, 27, 28, 30–32). However, the molec-
ular mechanisms by which these anti-inflammatory
cytokines curtail osteoclast differentiation remain
obscure. IL-4 is a pleiotropic immunomodulatory
cytokine produced by Th2 lymphocytes, mast cells, and
eosinophils (33, 34). The cytokine promotes immuno-
logical responses, and its levels are elevated in tissues
succumb to chronic inflammatory diseases (35–37). 
IL-4 ligation to its receptor activates protein tyrosine
kinases of the Janus kinase (JAK) family, which in turn
leads to phosphorylation, dimerization, and nuclear
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IL-4, an anti-inflammatory cytokine, inhibits osteoclast differentiation, but the basis of this effect has
been unclear. Osteoclastogenesis requires activation of RANK, which exerts its biologic effect via acti-
vation of NF-κB. NF-κB activation is manifested by nuclear translocation and binding to DNA, events
secondary to phosphorylation and dissociation of IκBα. It is shown here that IL-4 reduces NF-κB
nuclear translocation by inhibiting IκB phosphorylation, thus markedly inhibiting NF-κB DNA bind-
ing activity and blocking osteoclastogenesis entirely. Residual translocation of NF-κB in the presence
of IL-4, however, suggests that nuclear mechanisms must primarily account for inhibition of NF-κB
DNA binding and blockade of osteoclastogenesis. To address this issue, this study examined whether
IL-4–induced STAT6 transcription factor blocks NF-κB transactivation. The results show that excess
unlabeled consensus sequence STAT6, but not its mutated form, inhibits NF-κB binding. Further-
more, exogenously added STAT6 protein inhibits NF-κB/DNA interaction. Further supporting a role
for STAT6 in this process are the findings that IL-4 fails to block osteoclastogenesis in STAT6–/– mice
but that this blockade can be restored with addition of exogenous STAT6. Thus, IL-4 obliterates osteo-
clast differentiation by antagonizing NF-κB activation in a STAT6-dependent manner.
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translocation of the transcription factor STAT6, a
member of the family of signal transducers and activa-
tors of transcription (38–41). In the nucleus, STAT6
binds to specific regions of promoters of target genes.
Several reports described STAT6 as an essential com-
ponent of Th2 lymphocyte responses and critical for
many IL-4 functions (42).

Previous reports have described the osteoclast
inhibitory role of IL-4 (29, 31, 43–45). Just how this
cytokine abrogates osteoclastogenesis remains unclear.
This report explores the molecular steps of IL-4 inhibi-
tion of RANKL-mediated events throughout osteo-
clastogenesis. The results indicate that IL-4, via target-
ing osteoclast precursors, exerts its inhibitory effect by
targeting NF-κB activation. IL-4 activates STAT6,
which antagonizes NF-κB DNA-binding activity.
Therefore, IL-4–activated STAT6 may be acting as a
transcriptional repressor of NF-κB–activated genes.

Methods
Reagents. Polyclonal anti-IκBα and anti–NF-κB anti-
bodies were purchased from Santa Cruz Biotechnology
Inc. (Santa Cruz, California, USA). Recombinant
murine IL-4 and M-CSF were purchased from R&D Sys-
tems Inc. (Minneapolis, Minnesota, USA). M. Tondravi
(Red Cross, Rockville, Maryland, USA) generously pro-
vided RANKL. The ECL kit was obtained from Pierce
Chemical Co. (Rockford, Illinois, USA). All other chem-
icals were obtained from Sigma Chemical Co. (St. Louis,
Missouri, USA). The primers used were: OPG forward
primer, 5′-ACC ACT ACT ACA GAC AGC-3′; and OPG
reverse primer, 5′-AGG AGA CCA AAG ACA CTG CA-3′.

Animals. C3H/HeN males were purchased from Harlan
Industries (Indianapolis, Indiana, USA). STAT6 knock-
out and BALB/c control mice were purchased from The
Jackson Laboratory (Bar Harbor, Maine, USA).

Cell culture. Bone marrow macrophages (BMMs) were
isolated from whole bone marrow of 4- to 6-week-old
mice and incubated in tissue culture plates, at 37°C in
5% CO2, in the presence of 10 ng/ml M-CSF (46, 47).
After 24 hours in culture, the nonadherent cells were col-
lected and layered on a Ficoll-Hypaque gradient. Cells at
the gradient interface were collected and plated in 
α-MEM, supplemented with 10% heat-inactivated FBS
at 37°C in 5% CO2 in the presence of 10 ng/ml M-CSF,
and plated according to each experimental conditions.

Immunopurification of mouse monocytes/macrophages.
Ficoll-Hypaque gradient-purified macrophages were
further purified with CD11b (PharMingen, San
Diego, California, USA) antibody and Dynabeads
(Dynal Inc., Lake Success, New York, USA) following
the manufacturer’s instructions.

Osteoclast generation. Purified marrow macrophages
were cultured at 1 × 106 cells/ml in the presence of 10
ng/ml M-CSF and 20 ng/ml RANKL for 4 days. Cul-
tures were supplemented with M-CSF and RANKL on
day 2 of culture.

Immunoblotting. Total cell lysates were boiled in the
presence of 2xSDS-sample buffer (0.5 M Tris-HCl [pH

6.8], 10% [wt/vol] SDS, 10% glycerol, 0.05% [wt/vol]
bromophenol blue, distilled water) for 5 minutes and
subjected to electrophoresis on 8–12% SDS-PAGE (48).
Proteins were transferred to nitrocellulose membranes
using a semidry blotter (Bio-Rad Laboratories Inc.,
Richmond, California, USA) and incubated in blocking
solution (10% skim milk prepared in PBS containing
0.05% Tween-20), to reduce nonspecific binding. Mem-
branes were washed with PBS/Tween buffer and
exposed to primary antibodies (1 hour at room tem-
perature for as long as overnight at 4°C), washed again
four times,and incubated with the respective secondary
HRP-conjugated antibodies (1 hour at room tempera-
ture). Membranes were washed extensively (5 × 15 min),
and an ECL detection assay was performed following
the manufacturer’s directions.

Electrophoretic mobility shift assay. Nuclear fractions
were prepared as described previously (26, 49). In brief,
monolayers of BMMs grown in a 100-mm2 tissue cul-
ture dish were washed twice with ice-cold PBS. Cells
were lifted from the dish by treating with 5 mM EDTA
and 5 mM EGTA in PBS. Cells were then resuspended
in hypotonic lysis buffer A (10 mM HEPES [pH 7.8], 10
mM KCl, 1.5 mM MgCl2, 0.5 mM dithiothreitol 0.5
mM AEBSF, and 5 µg/ml Leupeptin) and incubated on
ice for 15 minutes, and NP-40 was added to a final con-
centration of 0.64%. Nuclei were pelleted, and the
cytosolic fraction was carefully removed. The nuclei
were then resuspended in nuclear extraction buffer B
(20 mM HEPES[pH 7.8], 420 mM NaCl, 1.2 mM
MgCl2, 0.2 mM EDTA 25% glycerol, 0.5 mM dithio-
threitol, 0.5 mM AEBSF, 5 µg/ml Pepstatin A, and 5
µg/ml Leupeptin), vortexed for 30 seconds, and rotat-
ed for 30 minutes in 4°C. The samples were then cen-
trifuged, and the nuclear proteins in the supernatant
were transferred to fresh tubes and protein content was
measured using a standard BCA kit (Pierce Chemical
Co.). Nuclear extracts (10 µg) were incubated with an
end-labeled double-stranded oligonucleotide probe
containing the sequence 5′- AAA CAG GGG GCT TTC
CCT CCT C -3′ (50) derived from the κB3 site of the TNF
promoter. Commercial STAT6 consensus oligo 5′- GTA
TTT CCC AGA AAA GGA AC –3′ and mutant oligo 5′- GTA
TTT Cgg ttA AAA GGA AC –3′ (Santa Cruz) were also
used. The reaction was performed in a total of 20 µl of
binding buffer (20 mM HEPES [pH 7.8], 100 mM
NaCl, 0.5 mM dithiothreitol, 1 µg poly dI-dC, and 10%
glycerol) for 30 minutes at room temperature. Samples
were then fractionated on a 4% polyacrylamide gel and
visualized by exposing dried gel to film.

pTAT construct and protein coupling. STAT6 construct
was cloned into the pTAT-HA bacterial expression vec-
tor described by Nagahara, Dowdy, and colleagues pre-
viously (51–53) that contains a six-histidine tag, for
easy purification, HA tag for detection followed by the
TAT transduction domain, and finally, the STAT6
sequence. The resultant plasmid, pTAT-STAT6, was
transformed into the DH5α strain of Escherichia coli.
The transformants were screened initially by restriction
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enzyme mapping. A recombinant containing the cor-
rect restriction fragments was then sequenced on both
strands. This plasmid was then used to express the
TAT-coupled STAT6 in the BL21 (DE3) strain of E. coli.
After a 4- to 6-hour induction, the cells were sonicated
in 8 M urea and the TAT-coupled STAT6 was purified
on a nickel-Sepharose column (QIAGEN Inc., Valencia,
California, USA), and then applied to an ionic exchange
column (Mono Q) in 4 M urea. To shock misfold the
protein, the ionic exchange column was switched in
one step from 4 M urea to aqueous buffer (20 mM
HEPES). STAT6 was eluted by stepping from 50 mM to
1 M NaCl followed by desalting on a PD-10 column
(Amersham Pharmacia Biotech, Piscataway, New Jersey,
USA) into PBS and frozen in 10% glycerol at –80°C.
pTAT-coupled and misfolded proteins remain highly
concentrated and resistant to freeze-thaw denaturation
and readily enter the cells upon incubation. Once in
hand, the coupled TAT-STAT6 was added to cultured
cells without the aid of transfection agents.

Results
IL-4 blocks basal RANKL-mediated osteoclastogenesis by
BMMs. To identify whether IL-4 abrogates osteoclas-
togenesis by targeting osteoclast precursor cells direct-
ly, pure populations of marrow macrophages were
incubated with RANKL and M-CSF in the absence or
presence of 10 ng/ml murine IL-4. Osteoclast differ-
entiation was assessed using tartrate-resistant acid
phosphatase (TRAP) assay. The results indicate that
IL-4 blocks RANKL-mediated osteoclastogenesis (Fig-
ure 1), evident by complete lack of multi- and
mononucleated TRAP-expressing cells in a pattern
similar to controls. The cytokine totally inhibits osteo-
clast formation at concentrations as low as 0.1 ng/ml
(data not shown). The apparent increase in non-TRAP
cells in the IL-4–treated conditions represents an
increase in cell adherence and spreading, as IL-4 upreg-
ulates the macrophages β3 integrin (54). Because the
cell population used includes 5–10% contaminating
cells, primarily stromal cells, the IL-4 inhibitory effect
on immunopurified monocytes/macrophages was
tested. In this exercise, cells were purified using mag-
netic bead-conjugated CD11b (MAC-1) antibody,
resulting in an approximately 98% pure population of
monocytes/macrophages. IL-4 inhibition of osteoclast
formation by these cells (data not shown) was identi-
cal to the results shown in Figure 1.

IL-4 inhibits NF-κB DNA binding activity. The previous
experiment has established that IL-4 blocks osteoclas-
togenesis by targeting the macrophage precursor cells.
Thus, the next set of experiments was designed to
delineate the molecular mechanism(s) by which IL-4
exerts its inhibitory effect. The osteoclastogenic factor
RANKL transmits its signals via binding to its trans-
membranal receptor RANK. This interaction leads to
activation of the transcription factor NF-κB, deletion
of which led to osteoclast depletion and osteopetrosis.
Thus, the question of whether IL-4 impacts RANKL

activation of NF-κB was explored. To this end, marrow
macrophages were cultured to confluence, incubated
with IL-4 for 1 hour followed by addition of 20 ng/ml
RANKL. TNF-treated cell extracts were included as pos-
itive controls. Electrophoretic mobility shift assay
(EMSA) of nuclear extracts indicates that IL-4 pre-
treatment significantly inhibits RANKL-induced 
NF-κB activation (Figure 2a). Densitometric analysis
revealed an 84% and 71% inhibition of RANKL-induced
NF-κB by IL-4 at 10 and 20 minutes, respectively. To
identify further the composition of the NF-κB shifted
band, the EMSA reaction was performed in the pres-
ence of p50, p52, and p65 NF-κB antibodies. The data
shown in Figure 2b indicate that at least all three 
NF-κB subunits are present in the NF-κB complex, evi-
dent by reduced NF-κB binding activity in the presence
of each antibody and by depletion of the shifted band
in the presence of combined addition of the NF-κB
antibodies. P52 and p65 subunits, however, dominate
this complex. IL-4 significantly inhibited NF-κB band
shift (lane 8) and p52, p65 antibodies further abolished
this negligible NF-κB binding (lanes 9 and 10). Super-
shifted bands were not present because NF-κB anti-
bodies blocked binding to DNA.
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Figure 1
IL-4 blocks RANKL-mediated osteoclastogenesis by bone marrow
macrophages. Osteoclast precursor cells were isolated from the bone
marrow of 4- to 6-week-old mice as described in Methods. Pure
(∼90%) marrow macrophages were plated in 48-well plates at 1 × 106

cells/ml using α-MEM supplemented with 10% heat-inactivated (HI)
FCS and 10 ng/ml M-CSF. Cells were treated with PBS, 10 ng/ml
mIL-4 for 30–60 minutes, 20 ng/ml soluble RANKL for 4 days, or a
combination of IL-4 and RANKL (as shown). Cultures were placed at
37°C in a 5% CO2 incubator and supplemented with an additional
dose of M-CSF and RANKL on the third day of culture. Osteoclasts
developed on days 4–5, after which they were washed, fixed, and
stained for TRAP activity following manufacturers’ directions. TRAP-
positive (purple) mono- and multinucleated large cells are osteo-
clasts and their committed precursors. The average number of osteo-
clasts in RANKL-treated cultures was 182 ± 22/cm2 compared with
no osteoclasts in all other conditions. Results represent average num-
ber of quadruplicate wells from three independent experiments. ×20
taken by light microscope.



Binding specificity was further established by com-
peting the NF-κB band with excess unlabeled oligonu-
cleotide and failure of such competition with the
mutated form of the oligonucleotide (Figure 2c).

IL-4 inhibits IκB phosphorylation and NF-κB nuclear
translocation. Under naive conditions, inactive NF-κB is
found in the cytosol bound to IκB. Phosphorylation
and release of IκB facilitate NF-κB nuclear transloca-
tion and activation. Thus, it was reasoned that IL-4
inhibition of NF-κB is due to inhibition of IκB/NF-κB
dissociation. Examination of IκB in macrophages
revealed that IL-4 prevents RANKL induction of IκB
phosphorylation and degradation (Figure 3). Next,
cytoplasmic to nuclear translocation of NF-κB in the
absence or presence of IL-4 was examined. The data
shown in Figure 3 indicate that RANKL induces
nuclear translocation of p52 and p65 subunits within
10 minutes after exposure, reflected by decreasing cyto-
plasmic levels of these two proteins with no evident
change in p50 subunit level. More importantly, and
consistent with IL-4-inhibition of IκB phosphoryla-
tion/degradation, IL-4 when added prior to RANKL
totally prevents the decrease in cytoplasmic p65 and
moderately inhibited that of p52.

Residual levels of NF-κB proteins are present in nuclei in the
presence of IL-4. Despite significant inhibition of NF-κB
nuclear translocation by IL-4, careful examination of
the data in Figure 3 indicates that IL-4 did not affect
p50 NF-κB and failed to restore cytoplasmic levels of
p52 subunit completely. To address this contingent,
immunoblots were used to measure nuclear levels of
NF-κB. The data depicted in Figure 4 show that p50,

p52, and p65 are present in the nuclear fraction, and
levels of the latter protein are elevated in the presence
of RANKL (lanes 2–5). IL-4 incompletely blocks the
RANKL-mediated nuclear increase of p52 and p65 lev-
els (Figure 4, lanes 8–10) and has no effect on nuclear
levels of p50 subunit.

STAT6 is required for IL-4 inhibition of NF-κB activation.
The data show that IL-4 treatment partially inhibits
DNA-binding activity (Figure 2) and that the cytokine
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Figure 2
IL-4 inhibits NF-κB DNA binding activity. (a) Pure population of bone marrow macrophages was grown to confluence for 4 days in the pres-
ence of M-CSF. Cells were then treated with 10 ng/ml mIL-4 for 1 hour followed by 20 ng/ml RANKL as indicated. At the end of treatment, cells
were harvested, nuclear extracts were prepared, and NF-κB EMSA was performed as described in Methods. Similar results represent three inde-
pendent experiments. Incomplete inhibition of RANKL-induced NF-κB by IL-4 in lanes 5 and 6 correlates with basal expression of NF-κB under
IL-4–treated conditions (lane 4), which does not support osteoclastogenesis. Extracts from 10- and 20-minute TNF-treated cells (10 ng/ml)
were included as a positive control. (b) Identity of the NF-κB band was confirmed by binding with various NF-κB subunit antibodies (1 µl/reac-
tion) as indicated or by a representative nonimmune IgG (lane 2). (c) Specificity of NF-κB binding was assessed by the addition of 50-fold (50×)
unlabeled or mutated oligonucleotides, resulting in complete displacement or lack of displacement of the labeled probe, respectively.

Figure 3
IL-4 inhibits IκB phosphorylation and NF-κB nuclear translocation.
Cells were grown as described for Figure 2 and treated with RANKL
for the amounts of time indicated in the absence or presence of pre-
treatment with IL-4. Cells were then lysed, and cytoplasmic and
nuclear fractions were separated. Cytosols were analyzed for IκB,
p50, p52, and p65 NF-κB by immunoblots. Anti-IκB antibody raised
against the carboxy terminus of the protein that recognizes both
native and phosphorylated IκB was used. Results are representative
of two independent experiments.



abrogates osteoclastogenesis entirely (Figure 1). Para-
doxically, however, NF-κB presence in the nuclei (Fig-
ure 4), under these complete antiosteoclastic condi-
tions (Figure 1), suggests that another mechanism,
most likely a nuclear one, accounts for IL-4 attenua-
tion of NF-κB activation and osteoclastogenesis. This
also leads to the hypothesis that NF-κB subunits
detected in the nuclear fraction despite IL-4 treatment
must not be active. Thus it was reasoned that while
some NF-κB subunits may still translocate to the
nucleus in the presence of IL-4 (Figure 3), the cytokine
may be preventing NF-κB DNA binding to its response
elements. To address this contingent, the possible role
of IL-4–induced factors in preventing DNA binding
activity of NF-κB was investigated. STAT6 is an IL-
4–induced transcription factor, and it was reasoned
that this factor might block NF-κB activation by bind-
ing it directly and/or by preventing its DNA binding
activity. To address this issue, coimmunoprecipitation
and immunolocalization by confocal microscopy of
NF-κB and STAT6 were performed. Immunoprecipi-
tations failed to document direct interaction between
NF-κB and STAT6 (data not shown). In contrast, how-
ever, confocal microscopy indicates that the two tran-
scription factors indeed colocalize under IL-4– and
RANKL-treated conditions (Figure 5d). This colocal-
ization is evident by the yellow resultant color of merg-
ing red (STAT6) and green (NF-κB) colors (Figure 5d,
arrows). Partial NF-κB cytoplasmic retention by
STAT6 was further supported by the finding that
nuclei of certain cells are dominated by STAT6 with
low levels of NF-κB (Figure 5d, arrowheads). On the
other hand, interaction of these two proteins was
undetectable in basal conditions in various cell com-
partments (data not shown). Next, possible inhibition
of NF-κB DNA binding activity by STAT6 was exam-
ined. The requirement of STAT6 for IL-4 inhibition of
RANKL-induced NF-κB DNA binding activity was
first demonstrated by EMSA using nuclear extracts
prepared from STAT6 knockout cells treated with 
IL-4 and RANKL. The results illustrated in Figure 6
indicate that while IL-4 inhibits RANKL-induced 
NF-κB in wild-type cells (lane 3), the cytokine fails to

block NF-κB DNA binding activity in the absence of
endogenous STAT6 (lanes 6 and 7). The reason for the
apparent increased NF-κB binding in IL-4–treated
STAT6 knockout nuclear extracts (Figure 6, lanes 6
and 7) compared with RANKL-treated conditions
(lane 5) is not clear. Although highly speculative, these
differences may be due to the lack of endogenous
repression otherwise exerted by STAT6. To examine
further the mechanism by which STAT6 blocks NF-κB
transactivation, EMSA was performed using labeled
NF-κB oligonucleotide probe in the absence or pres-
ence of excess unlabeled STAT6 consensus sequence
oligonucleotide or its mutated form. The results
shown in Figure 7 indicate that consensus sequence
STAT6 oligonucleotide inhibits NF-κB DNA binding
activity (lane 4), whereas its mutated form fails to do
so (lane 6). These data confirm that STAT6 acts as an
antagonist perhaps allosterically or by binding to
DNA sequences overlapping that of NF-κB.
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Figure 4
Residual levels of NF-κB subunits are present in nuclei under basal and
IL-4–treated conditions. Nuclear extracts from cells used in Figure 3 were
mixed with sample buffer and assayed for NF-κB by immunoblots.

Figure 5
IL-4 and RANKL induce endogenous STAT6 and NF-κB interaction.
Macrophages were grown in tissue culture coverslips for 3 days.
Cells were then treated with RANKL (20 minutes) and/or IL-4 (60
minutes) or left untreated, followed by fixation with 0.25% glu-
taraldehyde. Cells were immunostained with STAT6 (red) and p52
NF-κB (green) antibodies alone or in combination as shown. Colo-
calization (d, yellow) is indicated.



STAT6 is required for IL-4 inhibition of osteoclastogenesis.
To support further the likely role for STAT6 in IL-4
inhibition of osteoclastogenesis, the effect of IL-4 on
osteoclastic differentiation of cells derived from STAT6
knockout mice was tested. The data show that IL-4 fails
to block osteoclastogenesis in mice lacking STAT6
compared with their wild-type counterparts (Figure 8;
compare b with d). This ex vivo evidence together with
specific inhibition of NF-κB by STAT6 supports the
notion that IL-4 blockade of osteoclastogenesis is
mediated via STAT6 inhibition of NF-κB activation.

Exogenously administered STAT6 protein inhibits NF-κB
DNA binding activity and osteoclastogenesis in STAT6 knock-
out cells. Thus far the data indicate that STAT6 is
absolutely required for IL-4 inhibition of osteoclasto-
genesis and deletion of the transcription factor renders
this process insensitive to IL-4 action. Therefore, it was
reasoned that introduction of active STAT6 to cells may
be sufficient to block osteoclastogenesis. Toward this
end, STAT6 was expressed and purified as a TAT-fusion
protein. This system enables delivery of unlimited quan-
tities of the functional protein into target cells in a dose-
dependent fashion. By immunostaining with anti-
STAT6 antibody, it was demonstrated that STAT6 is
present in lysates (data not shown) and in the cytosol
and nuclei of STAT6 knockout cells (Figure 9a, upper
right panel arrows and arrowheads) compared with
TAT-treated control cells. Furthermore, exposure of
cells to IL-4 increases levels of nuclear STAT6 (Figure 9a,
lower right panel, arrowheads). Next, TAT-STAT6 colo-
calization with NF-κB in STAT6 knockout cells treated
with RANKL and IL-4 was documented (Figure 9b,
arrows). Colocalization was lesser in the absence of 
IL-4 (data not shown) indicating that complete and
potent STAT6 action requires presence of the cytokine.
Furthermore, the possibility that TAT-STAT6 protein

can inhibit in vitro NF-κB DNA-binding activity was
tested. Nuclear extracts from wild-type and STAT6
knockout cells with or without RANKL were subjected
to EMSA in the presence of TAT (control) or TAT-
STAT6 protein. The data clearly indicate that TAT-
STAT6 is capable of inhibiting NF-κB binding to DNA
(Figure 9c, lanes 3 and 6). The next question to be
addressed was whether, similar to IL-4 treatment, direct
administration of STAT6 blocks osteoclastogenesis.
Our results show that administration of purified TAT-
STAT6 protein inhibits osteoclastogenesis in STAT6
knockout cells. Unlike NF-κB, inhibition of osteoclas-
togenesis, although slim in the presence of STAT6 alone
(Figure 9d, upper right panel), was stronger in the pres-
ence of IL-4 (Figure 9d, lower right panel). These differ-
ences are most likely due to the fact that STAT6 is added
directly to nuclear extract reaction in the former case,
whereas in living cells full nuclear translocation of
STAT6 requires the activation of cellular machinery by
the cytokine. In any case, the data indicate that intro-
duction of active STAT6 is sufficient to inhibit NF-κB
activation and block osteoclastogenesis.

To further validate the effect of TAT-STAT6, the
question of whether the protein corrects failure of 
IL-4 to inhibit LPS-induced TNF production by
STAT6-null cells (55) was examined. Indeed, in the
presence of TAT-STAT6, IL-4 inhibition of LPS-
induced TNF production by STAT6-null cells (57%)
was shown to exceed its inhibitory effect on wild-type
cells (48%) (data not shown).

IL-4 inhibits RANKL-induced JNK activation. We have
shown recently that RANKL also activates the c-Jun 
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Figure 6
STAT6 is required for IL-4 inhibition of NF-κB activation. Nuclear
extracts were prepared from wild-type (BALB/c) or STAT6 knockout
mice treated with IL-4, with or without RANKL. NF-κB EMSA was
performed as described previously.

Figure 7
STAT6 consensus sequence inhibits NF-κB DNA-binding activity.
Nuclear extracts were prepared from control and RANKL-stimulated
cells as described. EMSA was carried out with 32P-ATP–labeled NF-κB
oligonucleotide in the absence or presence of excess 10-fold (10×)
unlabeled consensus sequence (CS) or point mutated STAT6 oligonu-
cleotide. Specificity of the NF-κB bands is documented in Figure 2c.



N-terminal kinase (JNK) pathway (15). This MAP kinase
pathway plays an important role in osteoclastogenesis,
so the question of whether IL-4 inhibits RANKL-acti-
vation of JNK/cJun pathway was addressed. Osteoclast
precursor cells were treated with RANKL for 20 minutes
in the absence or presence (1-hour pretreatment) of 
IL-4. In vitro kinase assay was then performed to assess
JNK activity, using its natural substrate c-Jun. The
results depicted in Figure 10 indicate that although
total cellular levels of JNK are unchanged, activation of
JNK was abolished by IL-4. More importantly, this inhi-
bition is partially STAT6-dependent, as IL-4 only par-
tially blocks RANKL-activation of JNK in STAT6-null
cells (Figure 10, lane 8). Although partial, this inhibition
was significant (76%, n = 3). This finding indicates that
although STAT6 seems to play a major role in IL-4 inhi-
bition of RANKL-induced JNK activation, other IL-4
induced genes might also be involved.

Discussion
Inflammatory processes such as in periodontitis,
rheumatoid arthritis, and osteoarthritis involve massive
infiltration of neutrophils, mast cells, monocytes, and
macrophages to the site of inflammation (33, 56). Secret-
ed products of these activated cells include RANKL,
TNF, IL-1, and other chemokines, some of which have
been shown as potent inducers of osteoclast differentia-
tion and strongly recruit mature osteoclasts to the
inflammation site and activate them (6, 11, 12, 57, 58).

Two subsets of T lymphocytes, namely Th1 and Th2
cells, have been shown to produce pro and anti-inflam-
matory cytokines, respectively. Proinflammatory
cytokines secreted by the former cell type upon activa-
tion include RANKL, TNF, and IFN-γ. Conversely, Th2-
secreted cytokines which include IL-4, IL-10, and IL-13
are immunosuppressive in nature and exert anti-
inflammatory and anti-osteoclastogenic effects (33, 56,
59). The anti-inflammatory properties of IL-4 have
been widely investigated and the cytokine is believed to

suppress macrophage-related functions (60–64). The
cytokine is present in most inflammatory sites and
plays a major role as an endogenous immunoregulator
(33, 35, 37, 43). Although the anti-osteoclastic proper-
ties of IL-4 have been documented, the molecular steps
governing this suppression remain unknown. There-
fore it was reasoned that identification of the IL-4 tar-
get cell and the molecular steps of its anti-osteoclasto-
genic action would provide the foundation for better
therapeutic intervention.

The transcriptional regulation of many early
response genes, including TNF, IL-1, and likely RANKL
is largely controlled by NF-κB. Previous reports have
shown that IL-4 is capable of inhibiting cytokine-
induced NF-κB activation (34, 62, 65), a transcription
factor essential for osteoclastogenesis (16). RANKL
induction of osteoclast differentiation relies, at least in
part, on NF-κB activation. Thus, it is reasonable to
hypothesize that IL-4 curtails osteoclastogenesis via
blockade of NF-κB activation.

The ability of IL-4 to suppress osteoclastogenesis has
been demonstrated in vitro and in vivo. Given that 
T-cell–secreted cytokines may impact osteoclasts
directly or indirectly (11, 12, 66), identification of 
IL-4 target cell is essential for investigating the
cytokine’s mechanism of action. This study provides
evidence that IL-4 directly targets osteoclast precursor
cells and abrogates RANK-mediated osteoclastogene-
sis via inhibition of NF-κB activation by nuclear and
cellular feedback mechanisms. According to this find-
ing, it is postulated that IL-4 activates STAT6, which
acts as an NF-κB inhibitor and transcriptional sup-
pressor. Transcriptional inhibition of NF-κB and gene
products regulated by NF-κB leads, presumably by
feedback loop mechanism, to inhibition of kinase acti-
vation pathways leading to inhibition of IκB phos-
phorylation and NF-κB nuclear translocation. The
data indicate, however, that despite complete IL-4
inhibition of osteoclastogenesis that of NF-κB nuclear
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Figure 8
Endogenous STAT6 is required for IL-4 inhibition of osteo-
clastogenesis in vitro. Osteoclast precursors harvested
from STAT6 knockout mice were plated as described for
Figure 1. Cells were left untreated or treated with RANKL
in the absence or presence of IL-4. Osteoclast cultures
were then fixed and stained for TRAP activity. TRAP+ MNC
cells were counted, and the average of five independent
experiments was recorded as: Control = 0, IL-4 = 0,
RANKL = 210 ± 28, IL-4 + RANKL = 231 ± 17 with no sta-
tistical difference between the last two groups.



translocation is only partial. In this regard, certain 
NF-κB subunits are present in the nuclear compart-
ment under naive conditions and despite IL-4 pres-
ence. Because residual NF-κB presence and activity are
occasionally detected in resting cells, two scenarios are
possible. First, the finding that NF-κB is present in the
nuclear compartment in the face of IL-4 may represent
partial failure of the cytokine to prevent cytosolic to
nuclear translocation. Second, basal levels of certain
NF-κB subunits are constantly present in the nucleus
to maintain basic cellular functions not related to
osteoclastogenesis. In any case, it is clear that IL-4
potently abrogates osteoclastogenesis despite the
nuclear presence of these NF-κB subunits. Although it
is tempting to hypothesize that IL-4 inhibition of
osteoclastogenesis may be independent of NF-κB, the

current evidence (Figures 6 and 7) points out that an
intranuclear mechanism(s) may account for NF-κB
inactivation and blockade of osteoclastogenesis. These
observations are best supported by the current find-
ings that IL-4 induces activation of STAT6, which acts
as an antagonist preventing NF-κB DNA binding
activity. These findings are consistent with those of a
previous study in which IL-4 was found to inhibit
TNF-induced NF-κB DNA binding due to STAT6
antagonism in the E-selectin gene promoter of
endothelial cells (65). Support for IL-4 nuclear inhibi-
tion of NF-κB is also provided by data in the present
study showing endogenous interaction of STAT6 and
NF-κB after IL-4 and RANKL treatment (Figure 5). I
favor interaction of the two transcription factors as
documented by confocal microscopy and speculate
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Figure 9
Exogenously added STAT6 blocks NF-κB activation and osteoclastogenesis. (a) STAT6 knockout cells were incubated with 100 nM TAT-
STAT6 for 1 hour in the absence or presence of 10 ng/ml IL-4. Cells were fixed and immunostained using anti-STAT6 antibody. (b) STAT6
knockout cells were incubated with TAT or TAT-STAT6 in the presence of IL-4 and RANKL. Cells were then fixed and stained with STAT6 and
NF-κB antibodies. (c) EMSA for NF-κB was performed using control and RANKL-treated wild-type and STAT6 nuclear extracts in the pres-
ence of 2 µl TAT (lanes 2 and 5) or TAT-STAT6 (lanes 3 and 6) purified proteins (STAT6p). (d) STAT6 knockout cells were cultured with 100
nM TAT-STAT6 and RANKL in the absence or presence of 10 ng/ml IL-4 as described for Figure 1. Osteoclast cultures were fixed and TRAP-
stained on day 4 of culture. TRAP+ MNC (more than three nuclei) cells were counted, and the average of triplicate wells from four inde-
pendent experiments was recorded as follows: upper left panel, 226 ± 21; lower left panel, 247 ± 29; upper right panel, 186 ± 18 (P < 0.005);
and lower right panel, 25 ± 11 (P < 0.0001). Note that cells treated with TAT-STAT6 appeared condensed and generally smaller, and fewer
by approximately 30%, compared with controls.



that failure of coimmunoprecipitating STAT6 and
NF-κB is the result of one or a combination of the fol-
lowing reasons. First, confocal microscopy directly
reflects endogenous events, as cells undergo fixation
before any further manipulations. Second, it is likely
that interaction of these two proteins requires binding
to DNA, as occurs in vivo. Lysis of cells may affect
these complexed interactions. Third, interactions
between transcription factors and DNA are naturally
weak and subject to dissociation in detergent-based
lysis buffers. The data raise the possibility that STAT6
may be the principal player in IL-4 inhibition of osteo-
clastogenesis. In this regard, given that NF-κB regu-
lates a large number of genes including its own, it is
conceivable that STAT6 inhibition of NF-κB activa-
tion leads, in a negative feedback loop, to inhibition of
cellular levels and activation of IKKs, IκB, and NF-κB.
This scenario may also help explain the partial and
redundant inhibition of cellular levels of NF-κB, a
gene that regulates not only osteoclastogenesis but
numerous other cellular functions.

Direct inhibition of NF-κB activation and osteoclas-
togenesis by STAT6 is best demonstrated by the find-
ings showing that introduction of STAT6 protein
inhibits NF-κB DNA binding activity and blocks
osteoclastogenesis. While inhibition of NF-κB binding
to DNA seems readily attainable with TAT-STAT6
(Figure 9c), potent inhibition of osteoclastogenesis
with this protein requires additional activation with
IL-4 (Figure 9d). These differences are most likely due
to the fact that STAT6 is added directly to nuclear
extract reaction in the former case, whereas in living
cells full nuclear translocation of STAT6 requires the
activation of cellular machinery by the cytokine. This
method of direct protein introduction into cells, in a
nonspecific manner and without the aid of chemical
agents, presents itself as promising delivery system in
vitro and in vivo (51–53, 67).

We have shown recently that activation of multiple
pathways, including NF-κB and c-Jun, mediates
RANKL induction of osteoclastogenesis (15). Given the
redundancy of genes affecting osteoclast development,
it is conceivable that RANKL-induced genes, other

than NF-κB, may be regulated by IL-4. One such can-
didate is the c-Jun/AP-1 pathway. Indeed, this study
finds that IL-4 treatment of osteoclast precursors sig-
nificantly inhibits c-Jun phosphorylation by its
upstream c-Jun N-terminal kinase, JNK (Figure 10). It
further demonstrates that this inhibition is a partially
STAT6-dependent event (76%; compare lanes 7 and 8).
This novel finding indicates that inhibition of RANKL-
induced JNK by IL-4 may require not only STAT6 but
also activation of other genes.

The osteoclastogenic factors RANKL and its decoy
receptor osteoprotegerin (OPG) are secreted by
osteoblast/stromal cells and tightly regulate osteoclast
differentiation (8, 68). Regulation of OPG by IL-4, if
any, in stromal cells is currently unknown. To exclude
the possibility that IL-4 inhibition of osteoclastogene-
sis is due to enhancing OPG secretion by contaminat-
ing stromal cells, a nearly 98% pure population of
monocytes/macrophages was obtained using magnet-
ic bead-conjugated CD11b antibody purification
method. In this nearly pure population of marrow
macrophages, OPG was not detected and IL-4 abrogat-
ed osteoclastogenesis. Thus, complete IL-4 inhibition
of osteoclastogenesis in marrow macrophages appears
direct and independent of OPG.

IL-4 ligation to its receptor prompts activation of var-
ious molecules, most notably the lipid, phospho-inosi-
tol-3-kinase (PI3K), and the transcriptional activator,
STAT6 (34, 69, 70). Wortmannin is a potent inhibitor of
PI3K (70); however, under this study’s experimental
conditions, the IL-4–osteoclast inhibitory effect was
irreversible. Thus, I believe IL-4 inhibition of osteoclas-
togenesis may be independent of PI3K.

Activation and translocation of STAT6 by IL-4 occur
rapidly. Further observations made in this study indi-
cate that a short pre-exposure to IL-4 (30 minutes) or
simultaneous exposure of cells to IL-4 and RANKL was
sufficient to completely block NF-κB activation and
osteoclastogenesis. In this regard, an initial, single
exposure of osteoclast progenitor cells to IL-4 activates
signals sufficient to attenuate osteoclastogenesis
despite subsequent multiple additions of RANKL. The
most compelling evidence for a key role for STAT6-
mediated IL-4 inhibition of osteoclastogenesis lies in
the novel finding that the cytokine failed to abrogate
osteoclastogenesis in mice lacking the STAT6 gene, a
function that was restored by in vitro introduction of
TAT-STAT6 fusion protein.

In summary, this study delineates the molecular
mechanism of IL-4 inhibition of osteoclastogenesis.
The findings of this study point out that IL-4 inhibits
NF-κB nuclear translocation and activation by
RANKL, in STAT6-dependent manner. IL-4 also
inhibits RANKL-activation of the MAP kinase path-
way, JNK-cJun, at least in part by a similar mechanism.
These events lead to attenuation of RANKL-induced
osteoclastogenesis. The data strongly suggest that
STAT6 may be acting as a transcriptional inhibitor
that inhibits NF-κB target genes, including NF-κB
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Figure 10
IL-4 inhibits RANKL-induced JNK activation. Wild-type and STAT6-
null osteoclast precursor cells were treated for 20 minutes with
RANKL (20 ng/ml) in the absence or presence (1 hour) of 10 ng/ml
IL-4. C-Jun N-terminal kinase (JNK) assay was performed using c-Jun
as substrate (cell signaling). Equal amounts of protein from the ini-
tial cell lysates were analyzed for total JNK protein content.



itself. These findings are the first to clearly identify
molecular steps of IL-4 inhibition of RANKL-mediat-
ed osteoclastogenesis, thus providing clear therapeu-
tic targets in cases of excessive bone loss diseases due
to increased osteoclastic activity.
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