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Complex Regulation of Tartrate-resistant Acid Phosphatase

(TRAP) Expression by Interleukin 4 (I1L-4)

IL-4 INDIRECTLY SUPPRESSES RECEPTOR ACTIVATOR OF NF-kB LIGAND (RANKL)-MEDIATED
TRAP EXPRESSION BUT MODESTLY INDUCES ITS EXPRESSION DIRECTLY™
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Interleukin 4 (IL-4) inhibits receptor activator of NF-kB
ligand (RANKL)-induced osteoclast formation and functional
activity in a STAT6-dependent manner. IL-4 down-regulates
expression of tartrate-resistant acid phosphatase (TRAP) in
mature osteoclasts. To determine whether IL-4 regulates TRAP
promoter activity, RAW264.7 cells were transfected with a
TRAP promoter-luciferase reporter. Treatment with IL-4 alone
modestly enhanced TRAP luciferase activity. However, IL-4
suppressed the ability of RANKL to up-regulate TRAP-lucif-
erase activity, suggesting that IL-4 has multiple effects on TRAP
transcription. IL-4 also reduced the RANKL-induced associa-
tion of RNA polymerase II with the TRAP gene in osteoclasts.
The TRAP promoter contains a STAT6-binding motif, and
STAT6 bound to the endogenous TRAP promoter after IL-4
treatment. To determine the impact of STAT6 binding, we
transfected cells with STAT6VT, a constitutively active STAT6
mutant. STAT6VT alone up-regulated TRAP-luciferase activ-
ity; this effect was abrogated by mutating the STAT6 binding
site in the minimal TRAP promoter. STAT6VT did not inhibit
the potent up-regulation of TRAP promoter activity caused by
overexpression of NFATcl, PU.1, and microphthalmia tran-
scription factor, downstream targets of macrophage colony-
stimulating factor and RANKL. IL-4 down-regulated the expres-
sion of c-Fos and NFATc1 in mature osteoclasts. Knockdown of
NFATCc1 by short interfering RNA caused TRAP expression to
be down-regulated, and ectopic expression of NFATc1 abro-
gated the IL-4-induced down-regulation of TRAP. These results
suggest that STAT6 plays two distinct roles in TRAP expression.
The IL-4-induced activation of STAT6 mediates suppression of
the RANKL-induced TRAP promoter activity indirectly by
inhibiting NFATcl expression. However, in the absence of
RANKL and osteoclast differentiation, STAT6 binds the TRAP
promoter after IL-4 treatment and directly enhances TRAP
expression.
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TRAP? is a di-iron-containing metalloenzyme that is ex-
pressed in osteoclasts and in subsets of tissue macrophages and
dendritic cells (1). It is also expressed at lower levels in the
parenchymal cells of the liver, glomerular mesangial cells of the
kidney, and pancreatic acinar cells. TRAP expression is dramat-
ically up-regulated during osteoclast differentiation. Therefore,
TRARP activity is commonly used as the identifying histochem-
ical marker for osteoclasts (1). TRAP plays an important role in
bone resorption. Mice lacking TRAP exhibited a defect in endo-
chondral ossification, mild osteopetrosis, and disordered mac-
rophage inflammatory responses (2—4). Conversely, transgenic
mice overexpressing TRAP resulted in a decrease in trabecular
bone density with characteristic mild osteoporosis (5). TRAP
regulates bone resorption by mediating the degradation of
endocytosed matrix products during transcytosis in activated
osteoclasts (6).

Several transcription factors have been shown to bind
directly to the TRAP promoter and regulate its transcriptional
activity. The microphthalmia transcription factor (MITF) has
been shown to bind directly to the proximal TRAP promoter
and to induce promoter activity (7). MITF cooperates with
PU.1, which binds to an adjacent region of the TRAP promoter,
resulting in increased TRAP promoter activity (8 —10). Nuclear
factor of activated T-cells c1 (NFATc1) is induced and activated
by receptor activator of NF-«B ligand (RANKL) treatment (11—
13) and recruited to the TRAP promoter where it cooperates
with PU.1 and MITF to enhance TRAP expression. PU.1-inter-
acting protein (14), USF1/2 (15), YY1 (16), and cAMP-response
element-binding protein (12) have also been shown to bind to
the TRAP promoter and enhance its expression in response to
RANKL treatment.

RANKL is a tumor necrosis factor family cytokine. It has
been established that RANKL plays a key role in osteoclast dif-
ferentiation and maintenance of their functional activity (17).
RANKL induces expression of c-Fos and NFATc1, the master
transcription factor of osteoclastogenesis. The autoamplifica-

2 The abbreviations used are: TRAP, tartrate-resistant acid phosphatase; IL,
interleukin; RANK, receptor activator of NF-kB; RANKL, receptor activator
of NF-«B ligand; M-CSF, macrophage colony-stimulating factor; siRNA,
short interfering RNA; MITF, microphthalmia transcription factor; NFATc1,
nuclear factor of activated T-cells c1; BMM, bone marrow-derived macro-
phage; ChIP, chromatin immunoprecipitation; RT, reverse transcription;
gPCR, quantitative PCR; STAT, signal transducers and activators of
transcription.
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tion of the NFATc1 gene then results in the efficient induction
of osteoclast-specific genes (18).

There have been numerous reports describing effects of IL-4
on bone biology. Previous studies, performed iz vivo or by using
a complex in vitro co-culture system consisting of stromal cells
and bone marrow precursors, have demonstrated potent effects
of IL-4 on both osteoblasts and osteoclasts, indicating that IL-4
could play a complex role in regulating bone homeostasis (19 —
28). Using recombinant RANKL, we previously showed that
IL-4 directly prevents the RANKL-induced differentiation of
myeloid precursors to osteoclasts. Furthermore, we found that
IL-4 inhibited bone resorption by mature osteoclasts; these
responses were STAT6-dependent (29). Several mechanisms
explaining the IL-4 effect have been proposed by different
groups (29 —34).

In this study, we analyzed the ability of IL-4 to regulate TRAP
expression in RANKL-stimulated mature osteoclasts and in
macrophages. We found that IL-4 reduced TRAP expression in
mature osteoclasts in a STAT6-dependent manner by sup-
pressing the RANKL-induced TRAP transcription. Although
we identified a STAT6 binding site in the TRAP promoter,
binding of STAT6 to this site was not directly responsible for
this transcriptional repression; in fact, IL-4-activated STAT6
binding enhanced TRAP transcription on its own. IL-4 mod-
estly induced TRAP expression in macrophages through the
activation of STAT6. We also found that IL-4 suppressed the
RANKL-induced transcription of c-Fos and NFATc1 in mature
osteoclasts in a STAT6-dependent manner. Furthermore,
ectopic expression of NFATc1 abrogated the ability of IL-4 to
down-regulate TRAP in osteoclasts. These results suggest that
the IL-4-activated STAT6 can play two opposing roles in regu-
lating TRAP expression, depending on the context. STAT6
binds the TRAP promoter after IL-4 treatment and modestly
enhances TRAP mRNA transcription in macrophages, whereas
the IL-4-induced activation of STAT6 indirectly mediates the
suppression of the RANKL-regulated TRAP promoter activity
indirectly in osteoclasts by suppressing c-Fos and NFATcl
expression.

EXPERIMENTAL PROCEDURES

Cell Culture—RAW?264.7 cells or RAW?264.7 cells stably
expressing RANK driven by the cytomegalovirus promoter as a
result of transfection (29) were cultured in Dulbecco’s modified
Eagle’s medium (Invitrogen) supplemented with penicillin,
streptomycin (BioWhittaker, Walkersville, MD), and 10% heat-
inactivated fetal bovine serum (Invitrogen). Nonadherent bone
marrow mononuclear cells were isolated from femurs and tib-
ias of 4 —6-week-old female wild type BALB/c (Taconic Labo-
ratories, Germantown, NY) mice and STAT6 '~ mice
(obtained from Dr. William E. Paul, National Institutes of
Health and bred in house). Cells were cultured overnight in
a-minimum Eagle’s medium (BioWhittaker) to deplete adher-
ent stromal cells. These nonadherent bone marrow mononu-
clear cells were cultured for 3 days in a-minimum Eagle’s
medium supplemented with penicillin, streptomycin, gluta-
mine (BioWhittaker), 10% fetal bovine serum, and 20 ng/ml
recombinant mouse M-CSF (R&D Systems, Minneapolis, MN)
to generate osteoclast precursors (hereafter also called BMMs).
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Mature osteoclasts were obtained after 6 -7 days of culture in
the presence of 20 ng/ml M-CSF and 150 ng/ml RANKL (pro-
vided by Dr. Mehrdad Tondravi, National Cancer Institute).

Transfection and Luciferase Assay—For the cytokine stimu-
lation assays, 2 X 10° RAW264.7 cells were electrotransfected
(Nucleofector kit V, Amaxa, Cologne, Germany) with 2 ug of
TRAP promoter-firefly luciferase construct (PKB5 and STt2,
obtained from Dr. S. V. Reddy, Medical University of South
Carolina, Charleston, SC; Ref. 35) and 0.2 ug of PRL-TK Renilla
luciferase plasmid control (Promega, Madison, WI). After
transfection, cells were treated with 150 ng/ml RANKL or 10
ng/ml IL-4 (R&D Systems), respectively, for various times.
Luciferase activity was measured using the Dual-Luciferase
reporter assay system following the manufacturer’s protocol
(Promega). For the co-transfection assays, 1 ug of transcription
factor ¢cDNAs including STAT6VT (provided by Dr. Mark
Kaplan, Indiana University, Indianapolis, IN; Ref. 36), NFATc1
(obtained from Dr. Deborah Galson, University of Pittsburgh
School of Medicine, Pittsburgh, PA), PU.1, and MITF (both
purchased from Open Biosystems) was co-transfected in vari-
ous combinations with the luciferase plasmids. Luciferase
activity was measured as described above after culture in the
presence or absence of IL-4 for 16 h.

Electrophoretic Mobility Shift Assay—The electrophoretic
mobility shift assay was performed as described previously (37)
using *?P-labeled double-stranded oligos derived from the
sequences of the TRAP and Ce promoters. For oligos on the
TRAP promoter, the sequences are 5'-ATGCAGTTCTGGG-
GAAGTCCA-3’' (sense) and 5'-ATGCTGGACTTCCCCAG-
AACT-3' (antisense). For oligos on the Ce promoter, the se-
quences are 5'-ATGCCAACTTCCCAAGAACAGA-3' (sense)
and 5-ATGCTCTGTTCTTGGGAAGTTG-3" (antisense).
Briefly, RANK-expressing RAW264.7 cells were incubated in
the presence or absence of IL-4 (10 ng/ml) and/or RANKL (150
ng/ml) for 30 min. Whole cell extracts were prepared and incu-
bated with the labeled oligos for 30 min before running on an
acrylamide gel in 1X Tris borate-EDTA buffer. In some cases,
anti-STAT6 antibody (M-200, Santa Cruz Biotechnology,
Santa Cruz, CA) or unlabeled oligo was added to the cell
extracts for 15 min prior to incubation with the **P-labeled
oligo.

Chromatin Immunoprecipitation (ChIP) Assay—The ChIP
assay was performed using the ChIP kit (Upstate Biotechnolo-
gies, Inc., Lake Placid, NY). Briefly, 2 X 10° cells were treated
with 1% formaldehyde for 15 min at 37 °C. The cells were
washed and harvested in ice-cold phosphate-buffered saline
(BioWhittaker) and lysed in lysis buffer (10 mm EDTA, 1% SDS,
50 mm Tris, pH 8.1, 0.01% protease inhibitor mixture). The cells
were sonicated to shear the DNA and immunoprecipitated with
anti-STAT6 (M-20 or S-20, Santa Cruz Biotechnology), anti-
RNA polymerase II rabbit IgG antibody (C-21, Santa Cruz Bio-
technology), mouse anti-NFATcl antibody (7A6, Santa Cruz
Biotechnology), or normal rabbit IgG control at 4 °C overnight.
Reverse cross-linking between protein and DNA was per-
formed at 65 °C for 5 h. Protein was digested with proteinase K.
DNA was precipitated with ethanol after phenol/chloroform
extraction and resuspended in Tris-EDTA buffer. The relative
quantity of precipitated DNA was measured by PCR or by real
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time PCR using SYBR Green Master Mix (Applied Biosystems,
Foster City, CA). The results are expressed as the relative -fold
enrichment of the target precipitation as compared with the
normal rabbit IgG control. The following primers were used for
PCR. For the STAT6 binding site on the TRAP promoter, 5'-
GGGACCTACAGATGCCCAGTAC-3' (sense) and 5'-TTC-
TCCGAGGATTGTCCAGAAG-3' (antisense) (177 bp) were
used. For the RNA polymerase II ChIP assay, primer pairs in the
transcriptional region were used: TRAP, 5'-GCAGACCAGG-
GAAACTGAAGCA-3’ (sense) and 5'-CGTTGATGTCGCA-
CAGAGGGAT-3’' (antisense), 177 bp; NFATc1, 5'-ACCCAG-
TCTCCATACAGTCCTC-3' (sense) and 5'-GCCCACCCTG-
CTCTTTCTAC-3' (antisense), 179 bp.

TRAP mRNA Stability Assay—RANK-RAW?264.7 cells and
primary BMMs were treated with 20 ng/ml M-CSF and 150
ng/ml RANKL for 4 and 7 days, respectively. Cells were treated
with 10 ng/ml IL-4 for 1 additional day. Subsequently, the cells
were incubated with 5 ug/ml actinomycin D (Calbiochem) for
various times. RNA was extracted, and TRAP and B-actin RT-
PCR was performed.

Quantitive RT-PCR Analysis—Total RNA was extracted
from cultured cells using the RNeasy kit (Invitrogen). The first
strand of cDNA was transcribed from 2 ug of RNA with the
Superscript RT kit (Invitrogen). Quantitation of the target gene
relative to that of B-actin was determined using the SYBR
Green dye method with detection on an ABI7700/SDS platform
(Applied Biosystems). The primers used were as follows:
NFATcl, 5'-CCGTTGCTTCCAGAAAATAACA-3" (sense)
and 5'-TGTGGGATGTGAACTCGGAA-3' (antisense), 152
bp; TRAP, 5'-CCAATGCCAAAGAGATCGCC-3’ (sense) and
5-TCTGTGCAGAGACGTTGCCAAG-3' (antisense), 216
bp; c-Fos, 5'-GCAGAAGGGGCAAAGTAGAG-3’ (sense) and
5'-GTGTATCTGTCAGCTCCCTC-3' (antisense), 123 bp;
cathepsin K, 5'-GACGCAGCGATGCTAACTAA-3’ (sense)
and 5'-CCAGCACAGAGTCCACAACT-3' (antisense), 146
bp; glyceraldehyde-3-phosphate dehydrogenase, 5'-GCAC-
AGTCAAGGCCGAGAAT-3’' (sense) and 5'-GCCTTCTCC-
ATGGTGGTGAA-3' (antisense), 151 bp; B-actin, 5'-TGCTG-
TCCCTGTATGCCTCTGGTC-3' (sense) and 5'-TCTTTGA-
TGTCACGCACGATTTCC-3' (antisense), 226 bp.

TRAP Staining—The cells were fixed for 10 min with 3.7%
formaldehyde at room temperature. The cells were then
washed once with HBS (0.9% NaCl, 10 mm HEPES, pH 7.1) and
stained for 20 min at 37 °C with TRAP staining solution (0.3
mg/ml fast red violet LB, 100 ug/ml naphthol AS-MX phos-
phate, 50 mMm sodium acetate, 30 mm sodium tartrate (Sigma),
0.1% Triton X-100, pH 5.0).

STAT6VT Stable Transfection—RANK-expressing RAW?264.7
cells were electrotransfected with STAT6VT-pcDNA3.1. After
transfection, cells were serially diluted in medium containing 300
pg/ml hygromycin (Invitrogen) and 800 ug/ml G418 (Invitrogen).
Antibiotic-resistant clones were selected, and one clone was used
in further experiments.

Mutation Analysis—The QuikChange II site-directed muta-
genesis kit (Stratagene, La Jolla, CA) was used to mutate the
putative STAT6 binding site in the TRAP-luciferase vector
STt2 (—881 to +2 bp relative to the translational start site) (35,
38). The putative STAT6 site sequence TTCTGGGGAA was
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mutated to CCATGGGGAA. The original STt2 and mutated
STt2 (muSTt2) were transfected or co-transfected with
STAT6VT, NFATcl, PU.1, and MITF into RAW?264.7 cells.
Luciferase activity was examined after 24 h.

SiRNA and NFATc1 cDNA Transfection—RANK-RAW264.7
cells were treated with RANKL for 3 days. Cells were harvested
and electrotransfected with two different NFATcl siRNAs
(siRNA1, GCCAUAACUUUCUGCAAGA; siRNA2, ACGGU-
UACUUGGAGAAUGA; Dharmacon, Lafayette, CO) or nega-
tive control siRNA (Ambion, Austin, TX) using Nucleofector
kit V (Amaxa). In another group, NFATc1 cDNA was also co-
transfected with the siRNAs. After transfection, cells were
maintained in the presence of RANKL (150 ng/ml) for an addi-
tional 2 days. Total RNA was extracted, and NFATc1, TRAP,
and cathepsin K expression levels were examined by quantita-
tive RT-PCR. In another experiment, RANK-RAW?264.7 cells
were treated with RANKL for 3 days. Cells were harvested and
transfected with empty vector or NFATcl cDNA. Cells were
further treated with RANKL in the presence or absence of IL-4
for an additional 2 days. Cells were harvested, and total RNA
was extracted. NFATcl and TRAP expression levels were
examined by quantitative RT-PCR.

RESULTS

1L-4 Down-regulates RANKL-induced TRAP Expression in
Mature Osteoclasts—We previously showed that IL-4 sup-
pressed the formation of osteoclasts induced by the treatment
of the RAW?264.7 cell line with M-CSF and RANKL (29). How-
ever, IL-4 did not inhibit the number of osteoclasts formed in
RAW264.7 cells expressing RANK as a result of transfection
(RANK-RAW) (29). Although IL-4 did not have an effect on
osteoclast numbers, we observed less TRAP staining in the
RANK-RAW cells treated with IL-4 and RANKL compared
with cells treated with RANKL alone (Fig. 14). In addition,
treatment of mature STAT6™'" osteoclasts with IL-4 for 48 h
suppressed TRAP activity, whereas treatment of STAT6 '~
osteoclasts with IL-4 did not affect TRAP (Fig. 1B). Further-
more, we observed the STAT6-dependent suppression of
TRAP mRNA expression in primary mature osteoclasts treated
with IL-4 over time (Fig. 1, C and D).

IL-4 Alone Enhances TRAP Expression but Inhibites RANKL-
induced TRAP Expression—To examine the mechanism by
which IL-4 regulates TRAP expression, we first transfected
RAW?264.7 macrophages with a construct containing the TRAP
promoter (—1846 to +2 bp relative to the translational start
site) fused to luciferase, PKB5 (35, 38). Transfection with a
green fluorescent protein control plasmid showed a transfec-
tion efficiency of ~90% (data not shown). Transfected cells
were treated with RANKL in the presence or absence of IL-4,
and luciferase activity was measured after 24 or 72 h (Fig. 24).
As published previously (15), we found that RANKL treatment
up-regulated TRAP-luciferase activity ~2.5—-3-fold after 72 h of
treatment with RANKL but not after 24 h. Treatment with IL-4
alone up-regulated TRAP luciferase activity by 1.7-fold after 24
or 72 h. However, IL-4 clearly inhibited the RANKL-induced
TRARP luciferase activity observed after 72 h of cytokine treat-
ment. These results suggest that [L-4 can inhibit RANKL-me-
diated transcription of TRAP. We previously found that IL-4
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FIGURE 1. Effect of IL-4 on TRAP expression in RANK-transfected
RAW264.7 cells and primary mature osteoclasts. A, RAW264.7 cells
expressing RANK as a result of transfection (RAW-RANK) were treated with
RANKL (150 ng/ml) in the presence or absence of IL-4 (10 ng/ml) for 5 days.
The cells were fixed and stained for TRAP as described under “Experimental
Procedures.” B, BMMs were prepared from STAT6"/* and STAT6 /™ mice as
indicated. These BMMs were cultured in the presence of M-CSF (20 ng/ml)
and RANKL (150 ng/ml) for 5 days to generate mature multinucleated oste-
oclasts (OC). The cells were further cultured in the presence or absence of IL-4
for 48 h before TRAP expression was analyzed. C and D, mature osteoclasts
were prepared as described in B and treated with IL-4 for various times. Total
RNA was prepared and analyzed for mRNA expression by RT-PCR (C) or by
quantitative PCR (D). The relative mRNA quantity of IL-4-treated osteoclasts
was normalized to that of osteoclasts without IL-4 treatment on day 1. Results
represent the mean = S.D. of triplicate samples.

can suppress the increase in RANK expression in developing
progenitors and thus limit signaling induced by RANKL (29).
Therefore, to rule out an effect on RANK expression, we treated
RANK-expressing RAW264.7 cells with RANKL in the pres-
ence or absence of IL-4 for 24 h or for 5 days to generate mature
osteoclasts. TRAP expression level was measured by RT-PCR
(Fig. 2B). Osteoclasts were fully induced after 5 days of RANKL
treatment in the presence or absence of IL-4 (Fig. 14). RANKL
induced TRAP mRNA expression 27-fold over background in
RANK-RAW cells after 5 days but did not up-regulate TRAP
within the first 24 h. IL-4 alone slightly enhanced TRAP expres-
sion after 24 h and up-regulated TRAP expression ~3.4-fold
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over background after 5 days. However, IL-4 significantly
reduced the RANKL-induced TRAP expression (60% inhibi-
tion) after 5 days, whereas it did not affect osteoclast numbers
(Fig. 1A and Ref. 29). These results suggest that IL-4 has oppos-
ing effects on TRAP expression that are dependent upon the
presence or absence of RANKL.

Enhanced Expression of TRAP in Macrophages Is
STAT6-dependent—To determine whether IL-4 also enhanced
TRAP in primary macrophages, STAT6"'" BMMs and
STAT6 /'~ BMMs were treated with IL-4 or RANKL for 5 days
(Fig. 3). TRAP quantitative RT-PCR was performed to measure
TRAP mRNA expression levels. RANKL alone dramatically up-
regulated TRAP mRNA ~600-fold in both STAT6"" and
STAT6 '~ mice. IL-4 alone increased TRAP mRNA by ~15-
fold in STAT6"'* BMMs but did not up-regulate TRAP in
STAT6 '~ BMMs (Fig. 3A). The culture of BMMs with both
RANKL and IL-4 resulted in levels of TRAP mRNA similar to
those seen in the IL-4 alone group, demonstrating that IL-4
suppresses the RANKL-induced up-regulation of TRAP. These
results indicate that both the IL-4-induced modest increase in
TRAP mRNA and the IL-4-induced suppression of the potent
RANKL-induced TRAP mRNA are STAT6-dependent. To
confirm the mRNA analysis, TRAP staining was performed on
wild type BMMs after cytokine treatment (Fig. 3B). BMMs cul-
tured in M-CSF alone did not form multinucleated giant cells
and were TRAP-negative (Fig. 3B). RANKL treatment induced
strong TRAP staining in mature osteoclasts with TRAP con-
centrated along the border. IL-4 treatment induced the forma-
tion of macrophage multinucleated giant cells with a morphol-
ogy distinct from that of osteoclasts (39). TRAP staining in
these cells was much lighter compared with the RANKL-in-
duced osteoclasts, and the staining was located in the center of
the cell.

IL-4 Suppresses the RANKL-induced TRAP Expression by
Inhibiting Gene Transcription—To determine whether IL-4
regulates TRAP expression at the level of transcription or
mRNA stability, we performed the RNA polymerase II chromatin
immunoprecipitation assay in primary mature osteoclasts as a
measure of mRNA transcription (Fig. 4) (40). RANKL-stimu-
lated osteoclasts demonstrated substantial association of RNA
polymerase II with the TRAP gene that was diminished by IL-4
(Fig. 4B). As expected, untreated macrophage precursors did
not show evidence of TRAP transcription as measured by RNA
polymerase II ChIP (data not shown). IL-4 reduced the
RANKL-induced RNA polymerase II binding to the TRAP gene
in wild type mature osteoclasts but not in STAT6 knock-out
osteoclasts (Fig. 4C). These results indicate that the inhibitory
effect of IL-4 on TRAP expression is mediated by reducing
TRAP mRNA transcription. Furthermore, we did not obtain
any evidence for regulation of the half-life of TRAP mRNA by
IL-4. We did not find typical AU-rich elements in the TRAP
mRNA 3’-untranslated region (41), and IL-4 did not alter
TRAP mRNA levels within 6 h after actinomycin D treatment
(supplemental Fig. 1).

IL-4-induced STAT6 Can Directly Bind to TRAP Promoter—
IL-4 did not suppress TRAP expression in mature osteoclasts
prepared from STAT6 /™ mice, indicating that the down-reg-
ulation of TRAP by IL-4 is STAT6-dependent (Fig. 1D). Inter-
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FIGURE 2. IL-4 inhibited the RANKL-induced TRAP mRNA expression and modestly enhanced TRAP
mRNA expression on its own. A, the TRAP promoter fused to luciferase in the PGL2 vector (PKB5; — 1846 to +2
bp relative to the translational start site) and the PRL-TK Renilla luciferase vector were co-transfected into
RAW264.7 cells. The transfected cells were incubated in the presence or absence of RANKL (150 ng/ml) and IL-4
(10 ng/ml) as indicated for 24 or 72 h. Luciferase activity was measured by using the Promega Dual-Luciferase
system kit. The relative luciferase activity was calculated as firefly luciferase activity divided by the Renilla
luciferase activity. Luciferase activity of medium alone was normalized as 1. Data represent the mean = S.D. of
triplicate samples in 24 h. Samples in 72 h were repeated six times, and data represent the mean =+ S.D. of six
independent experiments. B, RANK-RAW cells were treated in the presence or absence of RANKL and IL-4 for
15 h or 5 days. Quantitative RT-PCR was performed to measure TRAP mRNA expression levels as described
under “Experimental Procedures.” The abundance of TRAP mRNA was calculated relative to that of the internal
reference gene, B-actin. The relative abundance of TRAP mRNA in untreated cells was normalized to 1. Data

represent the mean = the S.D. of triplicate samples.

estingly, the TRAP promoter contains a STAT6 binding site
that overlaps the PU.1 site shown to be a positive regulator of
RANKL-induced TRAP transcription (8 -10) (Fig. 5A4). Based
on this finding, we initially proposed that STAT®6 directly reg-
ulated TRAP transcription through STAT6 binding to this site
to prevent the RANKL-stimulated increase in transcription. To
test whether STAT6 can bind to the TRAP promoter directly,
an electrophoretic mobility shift assay was performed using a
probe that contains the putative STAT6 binding site derived
from the TRAP promoter using conditions optimized for STAT
binding. We also used a probe containing a bona fide STAT6
site derived from the promoter of Ce. We found that IL-4 treat-
ment induced a gel shift of both the TRAP- and Ce-derived
probes; RANKL did not induce the formation of a gel shift com-
plex and had no effect on the IL-4-induced complex (Fig. 5B).
Anti-STAT6 antibody pretreatment led to a loss of this STAT6
DNA binding activity. Furthermore, the complex bound to the
TRAP-derived oligo was completely abolished by cold compe-
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to the TRAP promoter may have
resulted in the transcriptional
repression of RANKL-induced
TRAP. However, it was possible that
the mechanism of suppression is
through an indirect, secondary effect
of the IL-4/STAT6 pathway. Indeed,
IL-4 alone slightly up-regulated
TRARP luciferase activity and mRNA
expression (Figs. 2 and 3). To test
whether STAT6 affected TRAP
transcription directly, we performed transient transfection
assays in RAW?264.7 cells using a series of transcription factors
in the absence of any RANKL. We used the three key transcrip-
tion factors that are essential for osteoclastic TRAP expression,
NFATcl, PU.1, and MITF (8, 11), and STAT6VT, a constitu-
tively active form of STAT6 (42). The combination of NFATcl1,
PU.1, and MITF has been shown to induce TRAP transcription
in the absence of RANKL treatment (8, 11); STAT6VT can bind
to the STAT6-responsive element and regulate transcription
without IL-4 treatment (42). Various combinations of these
transcription factors were transfected into RAW?264.7 cells. In
all cases, the cells were co-transfected with the full-length
TRAP-luciferase plasmid PKB5 (Fig. 7A). Luciferase activity
was measured after 24 h. As expected, we found that the com-
bination of NFATc1, PU.1, and MITF up-regulated TRAP-lu-
ciferase activity by 30-fold without using RANKL treatment
(Fig. 7B, top panel). Interestingly, STAT6VT alone up-regu-
lated TRAP luciferase activity ~3-fold. Neither IL-4 nor
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FIGURE 4. IL-4 inhibited the RANKL-induced association of RNA polymer-
ase Il with TRAP. A, the location of the TRAP primer binding sites used in the
RNA polymerase Il (Pol Il) chromatin immunoprecipitation assay is shown.
B, mature osteoclasts (OC) were prepared from STAT6™/* mice as described
above. The osteoclasts were further cultured in the presence of RANKL (150
ng/ml) in the presence or absence of IL-4 (10 ng/ml) for 3 days. Cell lysates
were prepared, and the RNA polymerase Il chromatin immunoprecipitation
assay was performed as described under “Experimental Procedures” using
anti-RNA polymerase Il antibody or normal rabbit IgG as a control. A repre-
sentative TRAP ChIP PCR from wild type cells is shown. C, mature osteoclasts
were prepared from STAT6"/" or STAT6 /™ mice and cultured as described
above. An RNA polymerase Il ChIP coupled to real time PCR was performed.
The results are expressed as the relative -fold enrichment of TRAP mRNA in
the anti-RNA polymerase |l precipitation as compared with the normal rabbit
IgG control. Results represent the mean = S.D. of triplicate samples.

expression of STAT6VT inhibited the NFATcl-, PU.1-, and
MITEF-driven luciferase activity. IL-4 significantly enhanced
STAT6VT-induced luciferase activity in the absence and pres-
ence of these three transcription factors (Fig. 7B, top panel). We
observed similar effects using a wild type STAT6 construct in
the presence of IL-4 (supplemental Fig. 2). These results suggest
that binding of STATS6 to its consensus site in the TRAP pro-
moter does not directly suppress the NFATcl-, PU.1-, and
MITE-driven transcription.

The TRAP promoter construct PKB5 contains two putative
STAT Nj sites in addition to the STAT6 N, binding site (Fig.
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7A). Because STATS6 is capable of binding to both N; and N,
sites, we also analyzed a truncated TRAP-luciferase plasmid,
STt2 (—881 to +2 bp relative to ATG translational start site).
STt2 only contains the single STAT6 N,, site and does not con-
tain the other two STAT Nj sites (Fig. 7A). Compared with
PKBS5, the STAT6VT-inducing effect was more potent with the
STt2 TRAP-luciferase construct (Fig. 7B, middle panel). The
ability of IL-4 to enhance the STAT6VT-induced luciferase
activity was also greater. Mutation of the N, STAT6 binding
site in the STt2 luciferase construct (muSTt2) abrogated the
STAT6VT-induced luciferase activity, and IL-4 treatment did
not enhance its activity (Fig. 7B, bottom panel). These results
indicate that the STAT6VT-induced luciferase activity was
mediated through the direct binding of STAT6VT to the TRAP
promoter.

To confirm the luciferase assay results, we made STAT6VT
stable transfectants using RANK-RAW cells. The untreated
STAT6VT-transfected cells showed higher basal TRAP activity
compared with untransfected cells (Fig. 84). Real time PCR was
performed to examine the TRAP mRNA expression levels.
STAT6VT-transfected cells showed 4-fold more TRAP mRNA
expression in untreated cells compared with the nontrans-
fected cells (Fig. 8B). The up-regulation of TRAP in these cells
did not correlate with expression of NFATc1; their NFATc1
expression levels were almost identical (Fig. 8B). To test
whether STAT6VT directly binds to the TRAP promoter in
these cells, a chromatin immunoprecipitation assay was per-
formed by using anti-human STAT6 antibody (S-20). The ChIP
assay showed that human STAT6VT can bind to the TRAP
promoter directly in these transfected cells in the absence of
IL-4 treatment (Fig. 8C). These results support the model that
STATS®6 binds directly to the TRAP promoter, resulting in rela-
tively modest transcriptional activation.

NFATcl is a key transcriptional regulator during osteoclast
differentiation from progenitor cells. NFATcl also can be
recruited to several osteoclastic gene promoters and enhance
their expression including TRAP (18). Therefore, we analyzed
NFATc1 expression in parental and STAT6VT-expressing cells
in the presence or absence of RANKL-induced osteoclast dif-
ferentiation. We found that RANKL induced the expression of
NFATc1 mRNA in parental osteoclasts by 7-fold after 5 days of
treatment; this induction was completely inhibited by IL-4,
consistent with previous data (Fig. 8D). The RANKL-induced
expression of NFATcl mRNA was substantially lower in the
STAT6VT-expressing osteoclasts (2-fold over background),
and addition of IL-4 further suppressed expression of NFATc1.

IL-4-mediated Down-regulation of RANKL-induced c-Fos
and NFATcl in Mature Osteoclasts—IL-4 inhibited TRAP
expression in mature osteoclasts. Both c-Fos and NFATc] are
key transcription factors induced by RANKL during osteoclast
differentiation, and they remain elevated in mature osteoclasts.
NFATCcl is downstream of c-Fos induction and can be recruited
to several osteoclastic gene promoters and enhance their
expression, including TRAP (18). To test whether IL-4 regu-
lated the RANKL-induced NFATc1 and c-Fos levels, we treated
mature osteoclasts with IL-4 and measured the relative expres-
sion of c-Fos and NFATc1 mRNA by real time PCR. IL-4 sig-
nificantly down-modulated c-Fos and NFATc1 mRNA levels in
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FIGURE 5. STAT6 binds to the putative STAT6 binding site in the TRAP promoter. A, schematic of the
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PU.1 binding site. B, RANK-RAW264.7 cells were treated with IL-4 (10 ng/ml) or RANKL (150 ng/ml) as indicated

—

analyzed TRAP mRNA levels in the
: presence or absence of ectopic
NFATc1 overexpression (Fig. 11B).
Overexpression of NFATcl abro-
gated the ability of IL-4 to suppress
TRAP expression. Taken together,
these results indicate that IL-4
inhibits the RANKL-induced TRAP

transcription through the STAT6-
dependent down-regulation of
NFATCcl1 transcription.

for 30 min. Whole cell lysates were prepared and incubated with 3>P-labeled double-stranded oligonucleotides

derived from the sequences from the promoters of Ce or TRAP as described under “Experimental Procedures.”

DISCUSSION

Where indicated, the lysates were preincubated for 30 min with anti-STAT6 antibody (M-200) or with excess

unlabeled double-stranded oligonucleotides to inhibit the binding of the labeled probe. A representative of

two independent experiments is shown.

mature osteoclasts derived from STAT6*'* mice (Fig. 9, A and
B). This effect was not observed in osteoclasts derived from
STAT6 '~ mice. The ability of IL-4 to down-modulate
NFATCc1 is likely at the level of transcription. RANKL-stimu-
lated osteoclasts demonstrated substantial association of RNA
polymerase II with the NFATc1 gene that was diminished by
IL-4 (Fig. 9C). IL-4 reduced the RANKL-induced RNA poly-
merase II binding to the NFATcl gene in wild type mature
osteoclasts but not in STAT6 /™ osteoclasts (Fig. 9C).
Down-regulation of NFATcl by IL-4 Leads to Suppression of
RANKL-induced TRAP Transcription—Based on these results,
we hypothesized that down-regulation of NFATc1 by IL-4 may
be responsible for the down-regulation of TRAP in mature
osteoclasts. To test this hypothesis, RANK-RAW?264.7 cells
were treated with RANKL for 3 days. NFATcl and TRAP were
fully induced by this treatment (data not shown). Cells were
harvested and transfected with two different NFATc1 siRNAs
(Fig. 10A). After an additional 2 days in the presence of RANKL,
total RNA was harvested. Quantitative PCR showed that the
NFATcl message was reduced by 50% compared with the
negative control (Fig. 10B). Furthermore, TRAP and cathepsin
K levels were suppressed by 50-90% (Fig. 10, C and D). To
verify that the siRNA effect was specific, NFATc1l cDNA was
co-transfected with the siRNA into RANK-RAW cells.
NFATc1 co-transfection reversed the siRNA-induced down-
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The ability of IL-4 to suppress the
RANKL-induced differentiation of
osteoclasts from macrophage pre-
cursors and to suppress mature osteoclast function has been
reported extensively. Several mechanisms have been proposed
for these effects: antagonism of the RANKL-activated NF-«B
and mitogen-activate protein kinase pathways (30, 31, 34, 43),
down-regulation of NFATc1 and c-Fos expression in progeni-
tor cells (32), regulation of Ca®" signaling (31), regulation of
PPARvy1 (33), and suppression of RANK expression (29). We
previously reported that the inhibitory effects of IL-4 on the
bone resorbing activity of osteoclasts are STAT6-dependent
(29). STAT®6 is an important transcription factor activated
downstream of IL-4 receptor signaling. STAT6-binding ele-
ments have been identified in the promoters of many genes
including Ce and CD23. However, the mechanisms of STAT6-
mediated gene regulation are still not completely clear. STAT6
can serve as both a positive and negative regulator of gene
expression (44). STAT6 can interfere with NF-«B activity by
competition for overlapping STAT6 and NF-«B DNA binding
sites (45). Another potential mechanism of STAT6-mediated
negative regulation of gene expression is the STAT6-mediated
induction of transcriptional repressors. These repressors can
directly dampen gene transcription as is the case for BCL-6 (46)
or reduce the stability of target mRNA by induction of tristet-
raprolin (41).

In this study, we explored how IL-4 regulates the expression
of TRAP, an enzyme expressed in dendritic cells and macro-
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FIGURE 6. IL-4 induced the binding of STAT6 to the endogenous TRAP promoter as detected by ChIP
assay. A, the location of the TRAP-specific PCR primers used in the STAT6 ChIP assay is shown. B, RANK-
RAW264.7 cells were cultured in the presence or absence of RANKL (150 ng/ml) or IL-4 (10 ng/ml) as indicated
for 3 h. Cell lysates were prepared, and the ChIP assay was performed as described under “Experimental
Procedures” using anti-STAT6 antibody, anti-histone H3 as a positive control, or normal rabbit IgG as a negative
control. A representative TRAP PCR for the precipitations and total input is shown. C, the samples from B were
used for gPCR-coupled STAT6 ChIP. The results are expressed as the relative -fold enrichment of TRAP mRNA in
the anti-STAT6 precipitation as compared with the normal rabbit IgG control. These results show the mean =
S.D. of triplicate samples of a representative experiment of three independent experiments. D, same as in C
except that cytokine stimulation was for 5 days (5d). E, same as in C except that primary bone marrow-derived

macrophages were treated with cytokine for 3 h.

phages and at high levels in osteoclasts. We found distinct
mechanisms of TRAP regulation in macrophages versus oste-
oclasts. IL-4 suppressed the RANKL-induced expression of
TRAP in developing osteoclasts. IL-4 also dampened TRAP
protein and mRNA expression in mature osteoclasts by regu-
lating its transcription. Because we identified a putative STAT6
binding site in the TRAP promoter proximal to sites previously
shown to be important for the RANKL-induced increase in
TRAP transcription (8 —11), we initially hypothesized that IL-4
suppressed TRAP expression by the direct binding of STAT6 to
this site and blockade of transcription mediated by the combi-
nation of PU.1, MITF, and NFATcl. However, the TRAP pro-
moter-luciferase experiments demonstrated a complicated
pattern of effects mediated by IL-4. RANKL treatment induced
significant TRAP-luciferase after 72 h of culture that was down-
regulated in the presence of IL-4, whereas IL-4 alone mildly
up-regulated TRAP-luciferase activity after 24 h. The relatively
long culture period required to observe the RANKL-induced
TRAP-luciferase activity (72 h) suggests that the expression of a
cascade of essential secondary transcription factors is needed to
mediate TRAP transcription. This is supported by the observa-
tion that transient transfection of the combination of NFATc1,
PU.1, and MITF induced the rapid (16 h) and potent induction
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abrogated the STAT6VT- and IL-4-
enhancing effects. Furthermore, IL-4
up-regulated TRAP expression in pri-
mary BMMs in a STAT6-dependent
manner. These results indicate that
STAT6 binds directly to the TRAP
promoter and modestly induces tran-
scription. However, this direct bind-
ing is likely not responsible for the
suppression of the RANKL-induced
increase in TRAP. Neither STAT6VT transfection nor IL-4 treat-
ment suppressed the induction of TRAP transcription mediated
by the combination of NFATc1, PU.1, and MITF.

The evidence we show here suggests that the ability of IL-4/
STATSG6 to suppress the RANKL-regulated TRAP transcription
is most likely due to indirect mechanisms. We showed that IL-4
down-regulated c-Fos and NFATcl mRNA induced by
RANKL, and it suppressed the RANKL-induced association of
NFATcl with the TRAP promoter. Because induction of
NFATc1 by RANKL is dependent on c-Fos, we focused further
studies on NFATcl. We found that NFATc1 knockdown by
siRNA led to down-modulation of TRAP and cathepsin K in
osteoclasts, whereas overexpression of NFATc1 abrogated the
ability of IL-4 to suppress TRAP transcription. These results
indicate that IL-4 suppresses TRAP in mature osteoclasts by
suppressing the RANKL-induced transcription of NFATc1.
The mechanism by which the IL-4-activated STAT6 pathway
suppresses the RANKL-induced transcription of NFATc1 is
currently under investigation. We believe the regulation of
NFATcl by IL-4 is also via an indirect mechanism. The
NFATc1 pl promoter does not contain any identifiable STAT6
binding sites (47), and we have not found any evidence for
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gPCR-coupled anti-human STAT6 ChlIP. The results are expressed as the rela-
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compared with the normal rabbit IgG control. Results represent the mean =
S.D. of triplicate samples. D, RANK-RAW and STAT6VT-RANK-RAW cells were
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direct regulation of an NFATc1 promoter-luciferase construct
by IL-4/STAT6.?

Taken together, our results show that IL-4-activated STAT6
can directly bind to the TRAP promoter and up-regulate TRAP
expression; this effect is distinct from the indirect mechanisms
by which IL-4 suppresses the RANKL-regulated TRAP expres-
sion in osteoclasts. Both effects are mediated by STAT6. These
findings illustrate the complex role that STAT6 plays in mac-
rophage and osteoclast biology.

Our findings are in accordance with previous reports show-
ing that IL-4 enhanced TRAP expression in both murine and
human macrophages (48, 49). The significance of the ability of
IL-4 to modestly induce TRAP expression in macrophages is

3 M. Yu, unpublished observations.
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FIGURE 9. IL-4 down-regulated c-Fos and NFATc1 expression in STAT6"/*
osteoclasts but notin STAT6 '~ osteoclasts. STAT6 /" and STAT6 '~ pri-
mary mature osteoclasts prepared as described under “Experimental Proce-
dures” were treated with RANKL (150 ng/ml) in the presence or absence of
IL-4 (10 ng/ml) for various times as indicated. A and B, total RNA was prepared
and analyzed for c-Fos (A) or NFATc1 (B) expression by quantitative RT-PCR.
The data were normalized and are presented as in Fig. 1D. C, cell lysates were
prepared, and the ChIP assay was performed using anti-polymerase Il anti-
body or normal rabbit IgG as a negative control. The relative abundance of
NFATc1 in the sample was determined by qPCR. The results are expressed as
the relative -fold enrichment of NFATcT mRNA in the anti-polymerase Il (Polll)
precipitation as compared with the normal rabbit IgG control. Results repre-
sent the mean = S.D. of triplicate samples. WT, wild type; KO, knock-out.

still not clear. TRAP is highly expressed by osteoclasts and is
important for bone matrix degradation (2—6). TRAP is also
expressed in macrophages (50), dendritic cells, and many other
tissues (51). TRAP~/~ mice not only have an intrinsic defect in
osteoclast resorption but also display abnormal immunomodu-
latory responses and cytokine secretion profiles (4). Interferon-
y-induced superoxide formation and nitrite production were
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FIGURE 10. Down-regulation of NFATc1 by siRNA. A, schematic of siRNA
transfection protocol. B-D, RANK-RAW cells were cultured in RANKL (150
ng/ml) for 3 days. The cells were then transfected with individual NFATc1
siRNAs (18 nm), a scrambled siRNA, or no siRNA as indicated and cultured for
an additional 2 days in the presence of RANKL. In another group, cells were
co-transfected with 3 ug of NFATc1 cDNA. Total RNA was harvested and ana-
lyzed by quantitative RT-PCR for NFATc1, TRAP, and cathepsin K (CtsK). For the
gPCR analyses (B-D), the value of the untransfected cells was normalized to 1.
Results represent the mean = S.D. of triplicate samples. **, p < 0.01 compar-
ing NFATc1 siRNA with the negative (Neg) scrambled siRNA transfection
group; ##, p < 0.01, NFATc1 cDNA co-transfected with siRNA versus siRNA
transfection only.

enhanced in TRAP-deficient macrophages. The secretion of
proinflammatory cytokines like tumor necrosis factor-«, inter-
leukin 183, and IL-12 was significantly greater when stimulated
with lipopolysaccharide with or without addition of tumor
necrosis factor-« or interferon-vy (3, 4). Production of reactive
oxygen species and proinflammatory cytokines is known to be
inhibited by IL-4-induced alternative macrophage activation,
suggesting that TRAP may play a role in the differentiation of
macrophages to the classical or alternative phenotype (52). Fur-
thermore, dendritic cells from TRAP knock-out mice have
impaired maturation and mediate defective Th1 responses (53,
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FIGURE 11. Ectopic expression of NFATc1 abrogates the suppressive
effects of IL-4. A, RANK-RAW cells were cultured in the presence or absence
of RANKL (150 ng/ml) and IL-4 (10 ng/ml) as indicated for 5 days. Cell lysates
were prepared, and the ChIP assay was performed using anti-NFATc1 anti-
body or normal rabbit IgG as a negative control. The relative abundance of
TRAP was determined by qPCR. The results are expressed as the relative -fold
enrichment of TRAP mRNA in the anti-NFATc1 precipitation as compared
with the normal rabbit IgG control. Results represent the mean = S.D. of
triplicate samples. B, RANK-RAW cells were treated with RANKL for 3 days
as described in Fig. 9A. Cells were harvested and transfected with empty
vector or NFATc1 cDNA (2 ng). After transfection, cells were cultured with
RANKL in the presence of absence of IL-4 for an additional 2 days. Total
RNA was harvested, and the TRAP mRNA level was examined by quantita-
tive (q) RT-PCR. The relative quantity was normalized to the untreated
control group. **, p < 0.01.

54). These results suggest that TRAP may play some role in
regulating type 2 inflammation by inhibiting classical macro-
phage activation and Th1 differentiation and/or by promoting
Th2 differentiation and the differentiation of alternatively acti-
vated macrophages (52). The characterization of the specific
role for the IL-4-induced TRAP in macrophages will require
further investigation.

Interestingly, there are two enzyme isoforms found in serum
(TRAP5a and -5b) (55). They are derived by differential, post-
translational processing of a common gene product (Acp5).
TRAP5b is expressed in bone-resorbing osteoclasts and
becomes elevated in diseases of increased bone resorption.
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TRAP5a is secreted by macrophages and dendritic cells and is
increased in many patients with rheumatoid arthritis (56). An
understanding of whether IL-4 regulates expression of these
two isoforms would help to better understand its role in both
the skeletal and immune systems.
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