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Lipopolysaccharide Suppresses RANK Gene Expression in
Macrophages by Down-Regulating PU.1 and MITF
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ABSTRACT
Receptor activator of NF-kB (RANK) is a receptor for RANK ligand (RANKL), and signals transduced by RANK–RANKL interaction are

prerequisite for the differentiation and activation of osteoclasts. We cloned and characterized a 6-kb fragment containing the 50-flanking

region of the mouse RANK gene. A fragment of 1-kb from the transcription start sites containing four Sp-1 sites and putative binding sites for

MITF, CRE/AP-1, and PU.1 was ligated to the pGL3-basic vector, and the promoter activity was confirmed by transfection studies. By

electrophoretic gel motility shift assay, both PU.1 and proximal MITF binding site showed specific DNA-protein binding. Co-transfection

studies with MITF- and PU.1-expression vectors revealed that MITF and PU.1 increased RANK promoter activity three- and twofold,

respectively, and sixfold synergistically. Taken together, these results show that RANK transcription is positively regulated by both PU.1 and

MITF. The effect of lipopolysaccharide (LPS) on RANK gene expression, analyzed by in situ hybridization using mouse bone tissue, showed

that LPS decreased RANK transcripts of both precursor and mature osteoclasts. Furthermore, LPS treatment of RAW.264.7 cells decreased their

RANK mRNA expression by 70%, mirroring the decrease of PU.1 and MITF mRNA. Short-term treatment with LPS decreased the promoter

activity of pGL3-WT by 70%. Although LPS has been reported to promote osteoclastogenesis in chronic and local pyogenic inflammation, we

speculate that LPS per se may directly suppress RANK expression in the osteoclastic cell lineage by down-regulating the expression of PU.1 and

MITF genes in acute and systemic severe endotoxemia, such as in septic shock. J. Cell. Biochem. 105: 896–904, 2008. � 2008 Wiley-Liss, Inc.
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O steoclasts, derived from the committed monocyte-macrophage

lineage in response to the action of colony-stimulating

factor 1 (CSF-1) and of receptor activator of NF-kB (RANK) ligand

(RANKL), are highly specialized multinucleated giant cells capable

of bone resorption upon stimulation of bone-seeking steroids,

cytokines and prostaglandins (PGs) [Tanaka et al., 1993; Teitelbaum

and Ross, 2003; Ross and Teitelbaum, 2005]. Osteoclasts and bone-

forming cells, osteoblasts, play reciprocal roles in the bone remodel-

ing process requisite for maintaining bone integrity and function,

imbalances of which are known to cause many human bone
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disorders, including osteoporosis [Kaji et al., 1997], Paget’s disease

[Layfield, 2007], and rheumatoid arthritis [Mizuno et al., 2002]. In

the osteoclast differentiation program, some key transcription

factors are essential [Takayanagi et al., 2002]. Among these, nuclear

factor of activated T cells (NFAT) c1 is, as the master transcription

factor, involved in the transcriptional regulation of many of the

osteoclast-specific genes, such as tartrate-resistant acid phosphatase

(TRACP) [Ikeda et al., 2004], calcitonin receptor [Day et al., 2004],

and cathepsin K [Matsumoto et al., 2004]. Furthermore, that both

PU.1- and MITF-deficient animals are osteopetrotic due to the
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deficiency of differentiated functional osteoclasts [Boyce et al.,

1999] clearly shows that PU.1 and MITF also play essential roles in

osteoclast differentiation.

Lipopolysaccharide (LPS), on the other hand, one of the major

bacterial factors of inflammation expressed as the main component

on the cell surface of Gram-negative bacteria [Zou and Bar-Shavit,

2002] exerts its biological effect mainly through the toll-like

receptor (TLR)-4 expressed on host cells [Necela et al., 2008]. Upon

bacterial infection, in response to LPS, hosts activate their immune

systems to defend against infection by producing prostaglandin

(PG)E2 [Suda et al., 2004; Yang et al., 2005] and several kinds of

cytokines such as tumor necrosis factor (TNF)-a, interleukin (IL)-1b,

and IL-6 from macrophages, lymphocytes and endothelial cells

[Kunkel et al., 1988; Itoh et al., 2003; Wada et al., 2004]. In

inflammation-induced bone remodeling, especially in periodontal

disease, LPS per se or through these inflammatory cytokines

modulates pathological as well as physiological osteoclastogenesis

[Lerner, 2006], where LPS can affect osteoclasts and their precursors

directly [Kikuchi et al., 2001; Suda et al., 2004; Gao et al., 2007] or

indirectly through osteoblastic cells [Gao et al., 2007].

In this study, focusing on the transcriptional regulation mech-

anism of RANK by PU.1 and MITF, we cloned and characterized the

promoter of the mouse RANK gene, an essential receptor for RANKL

expressed on osteoclasts and their precursors. Using a reporter gene

and quantitative RT-PCR assays, we demonstrate that PU.1 and MITF

cooperatively transactivate the RANK gene. We also tested the direct

effect of LPS on RANK expression in macrophages, and found that

LPS per se directly suppresses RANK expression in the macrophage/

osteoclastic cell lineage, at least in part, by down-regulating the

expression of PU.1 and MITF.

MATERIALS AND METHODS

CLONING AND CHARACTERIZATION OF MOUSE RANK PROMOTER

The 50-flanking region of the mouse RANK gene was subcloned

from the mouse bacterial artificial chromosome (BAC) clone by

polymerase chain reaction (PCR) and restriction enzyme digestion.

The cloned 50-flanking region of the RANK gene was sequenced by

the dideoxy nucleotide termination method with an ABI PRISM 310

automated sequence analyzer (Applied Biosystems, Foster City, CA).

The transcription start site of the mouse RANK gene was determined

with the use of CapFishingTM Full-length cDNA Premix Kit (Seegene,

Seoul, South Korea) according to the manufacturer’s instructions.

Briefly, the cDNA for 50-rapid amplification of cDNA end (RACE)

was derived from murine macrophage cell line RAW264.7 (RIKEN,

Tsukuba, Japan) and generated using the CapFishingTM adaptor.

The PCR was done using the CapFishingTM 50-RACE Primer

(50-GTCTACCAGGCATTCGCTTCAT-30) and the gene-specific anti-

sense primer (50-AGATCTGGCGCGGTGCGGGCGGGCTG-30). The

resulting PCR products of interest were gel-purified and cloned

into pCR2.1 by TA cloning (Invitrogen, San Diego, CA), and the

clones were sequenced using the M13R primer.

CELL CULTURE

RAW264.7 cells (RIKEN) and mouse bone marrow stromal cell line

ST2 (RIKEN) were cultured and maintained in a-MEM (Sigma,
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St. Louis, MO) supplemented with 10% FBS (Sigma), 50 IU/ml-

50 mg/ml penicillin/streptomycin (ICN Biomedicals, Inc., Aurora,

OH) and 2 mM of L-glutamine (ICN Biomedicals, Inc.) and subjected

to dual luciferase assay (Promega, Madison, WI). RAW264.7 cells

were subjected to in vitro osteoclast formation assay and

quantitative real-time reverse transcription (RT)-PCR analysis.

Primary mouse bone marrow mononuclear cells, obtained from

the femora and tibiae of 8-week-old male mice, were cultured in a-

MEM supplemented with 10% FBS, 50 IU/ml-50 mg/ml penicillin/

streptomycin and 2 mM of L-glutamine with or without 500 U/ml of

M-CSF, prepared as previously described [Kitazawa et al., 1995]. M1

cells (RIKEN) were cultured in RPMI 1640 (ICN Biomedicals, Inc.)

supplemented with 10% FBS and subjected to quantitative real-time

RT-PCR. All cultures were maintained at 378C in a humidified

atmosphere with 5% CO2.

MICE AND TISSUE PREPARATION

All animal handling was conducted in accordance with guidelines

established by Kobe University Graduate School of Medicine.

Female BALB/c mice (10 weeks of age), obtained from Charles River

Japan, Yokohama, Japan, were housed 3–4 per cage on a 12 h light/

dark cycle, provided with standard rodent chow and water ad

libitum, and acclimated to their environment for at least one week

before the start of experiments. The mice were intraperitoneally

injected with lipopolysaccharide (LPS, Escherichia coli (0111: B4)

(Sigma)) at 1 mg/kg in 100 ml of H2O 24 h before the tibia were

collected. Control (vehicle-treated) mice received 100 ml of H2O i.p.

The bone specimens were fixed with 4% paraformaldehyde (PFA) in

0.1 M phosphate buffer (PB, pH 7.4) at 48C for 4 days, decalcified

with 20% EDTA in 0.1 M PB for 3–7 days, and embedded in paraffin.

Serial sections 5 mm thick were used for hematoxylin and eosin (HE)

and TRACP staining, and for in situ hybridization studies.

IN SITU HYBRIDIZATION

In situ hybridization with a single-stranded DNA probe was carried

out as previously described [Mori et al., 2002]. Briefly, for probe

preparation, total RNA extracted from the mouse thymus was used

as a template for RT-PCR of RANK. The cDNA fragments from the

coding region of mouse RANK (712–990) were amplified by RT-PCR

with rTth reverse transcriptase (Perkin-Elmer, Norwalk, CT) using

the following pairs of oligonucleotide primers.

RANK (sense): 50-GTGGTAGTAGTGGCTGCCATCATC-30 (694–

717)

RANK (nested sense): 50-ATCATCTTCGGCGTTTACTACAGG-30

(712–735)

RANK (antisense): 50-GACCAGTGTGAACGTCCTAGAATC-30

(979–1,002)

RANK (nested antisense): 50-CGTCCTAGAATCTCTGACTTCTGC-

30 (967–990).

Antisense primer-primed cDNA was synthesized, purified and

digoxigenin (DIG)-labeled. The conditions of pretreatment and

hybridization of bone tissue sections were optimized as previously

described [Mori et al., 2002]. The tissue sections were incubated in a

hybridization medium [10 mM of Tris–HCl (pH 7.3), 1 mM of EDTA,
RANK GENE SUPPRESSION BY LPS 897



600 mM of NaCl, 0.25% sodium dodecyl sulfate, 1� Denhardt’s

Medium, 50% (v/v) deionized formamide/1 mg/ml of each antisense

DNA probe (RANK), 10% dextran sulfate] at 508C in a moist chamber

for 12 h. Negative controls were prepared with DIG-labeled sense

DNA probes. The slides were then washed and incubated with

alkaline phosphatase-conjugated anti-DIG antibody (Roche) for

60 min after blocking with 1.5% non-fat dry milk in PBS for 30 min

to visualize the hybridized probe. The specimens were washed with

100 mM of Tris–HCl (pH 7.5) containing 150 mM of NaCl, and

immersed in 100 mM of Tris–HCl (pH 9.5) containing 100 mM of

NaCl and 50 mM of MgCl2. The colorimetric reaction was done with

nitroblue tetrazolium salt and bromo-4-chloro-3-indolyl phosphate

solution (Roche) in the dark for 6 h, then stopped with 10 mM of

Tris–HCl (pH 8.0) containing 1 mM of EDTA. The slides were

mounted with Crystal/Mount (Biomeda, Foster City, CA) and

analyzed under a light microscope without counterstaining.

PLASMID CONSTRUCTION AND TRANSFECTION STUDIES

The 50-flanking region of the mouse RANK gene was cloned as

described above, and the 1 kb and the 5 kb upstream from the

transcription start site were ligated into a pGL3 Basic vector

(Promega) yielding a pGL3-RANK-1 vector and a pGL3-RANK-5

vector, respectively. For site-directed mutagenesis of the putative

MITF binding sites (�511/�506, �262/�257, �106/�101) and/or

the PU.1 binding site (�483/�478), the MITF core elements

(CAGGTG: MITF-1 (�511/�506), MITF-2 (�262/�257), MITF-3

(�106/�101)) in pGL3-RANK-1 were replaced with ACTTGT; the

PU.1 core element (GAGGAA) was replaced with GTCGAC with the

use of QuikChange II XL Site-Directed Mutagenesis Kit (Stratagene,

La Jolla, CA) according to the manufacturer’s instructions. The

constructs with mutated PU1, MITFs, and both were named pGL3-

PU.1m, pGL3-MITFm, and pGL3-PU.1mMITFm, respectively. The

sequence of the three mutant constructs was confirmed by direct

sequencing to eliminate PCR-related mutations. Each construct was

transfected into RAW264.7 cells or ST2 cells using LipofectAMINE

(Invitrogen, Carlsbad, CA) according to the manufacturer’s instruc-

tions. The phRG-TK vector (Promega) was co-transfected to

standardize transfection efficiency. The cells were harvested 48 h

after transfection, and the luciferase activity of firefly and Renilla

from cell lysates was determined with a luminometer (Model ATP-

3010; Advantec, Tokyo, Japan). To assess the effect of LPS on RANK

gene expression 8 h after transfection, the cultured transfected

RAW264.7 cells were pretreated with 10 nM soluble RANKL

(sRANKL) or the vehicle for 16 h, and then treated with 20 ng/ml LPS

from Escherichia coli (0111: B4) (Sigma) or the vehicle for 8 h with

or without 10 nM of sRANKL, then lysed and subjected to dual

luciferase assay (Promega) with an ATP-3010 luminometer

(Advantec). For co-transfection studies, pEF-BOS-MITF and

pcDNA3-PU.1 were used. The latter was kindly provided by

Dr. Harinder Singh (Howard Hughes Medical Institute and

Department of Molecular Genetics and Cell Biology, University of

Chicago, Chicago, USA). The transfection study was repeated three

times; the representative data are expressed as the means� SD of

relative luciferase activity standardized by TK promoter activity

obtained from four culture-wells.
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RNA INTERFERENCE EXPERIMENT

The RNA molecules (small interfering RNA (siRNA)) against MITF

(#16704–63142) and PU.1 (#16704–151628) were synthesized by

Ambion (Austin, TX), with the target mRNA sequences of

sense (MITF): 50-GGCAUUUUAUAAGUUUGAGTT-30,

antisense (MITF): 50-CUCAAACUUAUAAAAUGCCTC-30;

sense (PU.1): 50-GCCAUAGCGAUCACUACUGTT-30,

antisense (PU.1): 50-CAGUAGUGAUCGCUAUGGCTT-30.

RAW 264.7 cells were transfected with siRNA for 48 h using

SilencerTM siRNA Transfection Kit II (Ambion) and total RNA was

extracted for quantitative real-time RT-PCR. For the control, non-

specific siRNA (contained in the commercial kit) was transfected.

RNA EXTRACTION AND QUANTITATIVE REAL-TIME REVERSE

TRANSCRIPTION (RT)-PCR

Total RNA was extracted from mouse bone marrow mononuclear

cells, M1 cells, and RAW 264.7 cells treated with or without 10�6 M

of TPA (Sigma), 20 ng/ml of LPS, 10 nM recombinant murine

sRANKL (PeproTech House, London, UK), 2 ng/ml of hTGFb or 1 mg/

ml of BMP-2, and/or 500 U/ml of M-CSF or with the vehicle by

standard methods using an RNeasy Protect Mini kit (Qiagen KK,

Tokyo, Japan). To assess the amount of mRNA of RANK, MITF, PU.1,

NFAT, TRAP, and c-fms, 1 mg of total RNA was reverse transcribed

to produce cDNA that was then amplified and quantified by the ABI

PRISM 7300 Real Time PCR system (Applied Biosystems) using a set

of primers and probes (Assay ID; RANK, Mm00437135_m1, MITF,

Mm00434954_m1, PU.1, Mm00488140_m1, NFAT, Mm00479445_m1,

TRAP, Mm00475698_m1, c-fms, Mm00432689_m1) (Applied Bio-

systems). For standardization of relative mRNA expression, rodent

GAPDH primers and a probe (Assay ID; Mm99999915_g1)(Applied

Biosystems) were used.

ELECTROPHORETIC GEL MOTILITY SHIFT ASSAY (EMSA)

Nuclear protein extracts were prepared from RAW 264.7 cells as

previously described [Dyer and Herzog, 1995] and those from Hela

cells were purchased from Promega. For EMSA, the following

double-stranded oligonucleotides spanning the MITF and PU.1

binding sites of the mouse RANK gene promoter were used: MITF-

1(�519/�498) 50-GGCAGAGACAGGTGCGGTGACT-30, MITF-2(�270/

�249) 50-CCTGCACGCAGGTGCTGCACCC-30, MITF-3(�114/�93)

50-CGCGGGGGCAGGTGCCGGGCGG-30, PU.1 (�497/�463) 50-

CGGAGAACAGCCAAGAGGAAGCGGTTGTTGGAGGC-30. Oligonu-

cleotides were 50-end labeled with g32P-ATP (3,000 Ci/mmol) by T4

polynucleotide kinase (Promega). The binding reaction was carried

out, and samples were electrophoresed and analyzed as previously

described [Kitazawa and Kitazawa, 2007].

For the competition assay, the oligonucleotide with the mutated

PU.1 binding site (�483/�478) was used: PU.1 mut (�497/�463)

50-CGGAGAACAGCCAAGTCGACGCGGTTGTTGGAGGC-30.

STATISTICAL ANALYSIS

Data are expressed as means� SEM. Statistical analyses were

carried out by Student’s t-test. The level of significance was taken to

be P< 0.05 (Figs. 3, 7).
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Fig. 1. The 50-flanking region (6 kb) of the mouse RANK gene was isolated from the mouse BAC clone. Sequencing of the cloned insert shows that mouse RANK lacks canonical

TATA-box but has four continuous Sp1-binding sites located at �98, �79, �65, and �58. Four transcription start sites, identified by primer extension experiment, are located

at �54, �41, �27, and �23 upstream of the translation start site. Putative binding sites for PU.1 (�480), CRE/AP-1 (�240), three E-boxes (�510, �260, �100) are located

within the 1-kb of the transcription start sites.

Fig. 2. In vitro protein-DNA binding was analyzed by EMSA. Among three

probes (�519/�498, �270/�249, �114/�93) containing the putative MITF

binding site, only one probe (�114/�93) shows specific protein-DNA binding

(A, arrowhead) that is partially blockshifted by the addition of the anti-MITF

antibody. Specific protein-DNA binding is also observed (B, arrowhead) by the

use of the WT probe (�497/�463) containing the putative PU.1 binding site

that is inhibited by the addition of excess amounts of cold competitors (CC) and

blockshifted by the anti-PU.1 antibody. No specific protein-DNA binding is

observed in the mutant oligo-DNA where the putative PU.1-binding site is

totally replaced by random sequences.
RESULTS

CLONING AND CHARACTERIZATION OF MOUSE RANK PROMOTER

The 50-flanking region (6 kb) of the mouse RANK gene was isolated

from the mouse BAC clone. Sequencing of the cloned insert revealed

that mouse RANK lacked canonical TATA-box but had four

continuous Sp1-binding sites located at �98, �79, �65, and �58,

and four transcription start sites located at �54, �41, �27, and �23

upstream of the translation start site. In addition, putative binding

sites for PU.1 (�480), CRE/AP-1 (�240), three E-boxes (�510,

�260, �100), and three NFAT (�720, �550, �370) were located

within the 1-kb of the transcription start sites (Fig. 1). In vitro

protein-DNA binding analyzed by EMSA revealed that among three

probes (�519/�498, �270/�249, �114/�93) containing the

putative MITF binding site, only one probe (�114/�93) showed

specific protein-DNA binding (Fig. 2A, arrowhead) that was partially

blockshifted by the addition of the anti-MITF antibody. Specific

protein-DNA binding was also observed (Fig. 2B, arrowhead) by the

use of the WT probe (�497/�463) containing the putative PU.1

binding site that was inhibited by the addition of excess amounts of

cold competitors and blockshifted by the anti-PU.1 antibody. No

specific protein-DNA binding was observed in the mutant oligo-

DNA where the putative PU.1-binding site was totally replaced by

random sequences.

TRANSIENT TRANSFECTION STUDIES WITH RANK

PROMOTER-LUCIFERASE REPORTER GENE CONSTRUCT

The 6 and 1 kb fragments upstream from the transcription start site

were ligated into a pGL3 Basic vector. Both fragments showed

significant promoter activity when transfected into RAW 264.7 cells.
JOURNAL OF CELLULAR BIOCHEMISTRY
A construct containing a 1 kb fragment, designated as pGL3-WT

(pGL3-RANK-1), was used for the following reporter assays. The

promoter-reporter gene constructs with mutation of the PU.1 and/or

the MITF site were generated and designated as pGL3-PU.1m, pGL3-

MITFm, and pGL3-PU.1mMITFm, respectively (Fig. 3, upper panel).

Co-transfection studies with the use of expression vectors for MITF

and PU.1 revealed that MITF and PU.1 increased the promoter
RANK GENE SUPPRESSION BY LPS 899



Fig. 3. A construct containing a 1 kb intact RANK promoter fragment,

pGL3-WT (pGL3-RANK-1), and three promoter-reporter gene constructs with

mutation of the PU.1 and/or the MITF site, designated as pGL3-PU.1m, pGL3-

MITFm, and pGL3-PU.1mMITFm, respectively, are shown (upper panel).

Co-transfection studies with the use of expression vectors for MITF and

PU.1 revealed that MITF and PU.1 increased the promoter activity of pGL3-

WT three- and twofold, respectively, and sixfold synergistically (lower panel,

left). On the other hand, while MITF increased the promoter activity of pGL3-

PU.1m, MITF did not affect that of pGL3-MITFm (�P< 0.05 vs. vehicle).

Similarly, PU.1 increased the promoter activity of pGL3-MITFm but did not

affect that of pGL3-PU.1m (�P< 0.05 vs. vehicle) (lower panel, right).

Fig. 4. The effect of MITF and PU.1 knock-down on RANK expression in RAW

264.7 cells was tested by RNA interference experiment. RANK mRNA expres-

sion in RAW 264.7 cells was significantly suppressed by MITF and by PU.1

siRNA to 82% and 49% of its steady state expression, respectively, and by both

to 44% (left). MITF knock-down itself decreased MITF mRNA expression to

63% of its steady state expression and, at the same time, PU.1 mRNA

expression to 74% (middle). PU.1 knock-down efficiently decreased PU.1

mRNA expression to 64% of its steady state expression, but did not have much

effect on MITF mRNA expression (right).
activity of pGL3-WT three- and twofold, respectively, and sixfold

synergistically (Fig. 3, lower panel, left). On the other hand, MITF

increased the promoter activity of pGL3-PU.1m but did not affect

that of pGL3-MITFm (�P< 0.05 vs. vehicle). Similarly, PU.1

increased promoter activity of pGL3-MITFm but did not affect that

of pGL3-PU.1m (�P< 0.05 vs. vehicle) (Fig. 3, lower panel, right).
Fig. 5. Serial sections of the epiphyseal spongiosa of the tibiae of 10-week-

old normal and LPS-treated mice were stained for tartrate-resistant acid

phosphatase (TRACP), and for RANK by in situ hybridization. TRACP-stained

sections of normal controls show TRACP-positive osteoclasts and osteoclast

precursors on the surface of the tibiae (A, arrows, 400�). RANK mRNA is

detected exclusively on these osteoclasts and osteoclast precursors (B, arrows,
RNA INTERFERENCE EXPERIMENT

The effect of MITF and PU.1 knock-down on RANK expression in

RAW 264.7 cells, tested by the RNA interference experiment,

revealed that MITF knock-down decreased MITF mRNA expression

to 63% of its steady state expression and, concurrently, PU.1 mRNA

expression to 74% (Fig. 4, middle). PU.1 knock-down decreased PU.1

mRNA expression to 64% of its steady state expression and MITF

mRNA expression to 92% (Fig. 4, right). RANK mRNA expression in

RAW 264.7 cells was significantly suppressed by MITF and by PU.1

siRNA to 82% and to 49% of its steady state expression, respectively,

and by both to 44% (Fig. 4, left).

400�). In TRACP-stained sections of short-term LPS treated mice, while the

number of TRACP-positive osteoclasts and osteoclast precursors is not changed

after LPS treatment (C, arrows, 400�), RANK signals are significantly weak on

these osteoclasts and osteoclast precursors (D, arrows, 400�), indicating that

LPS treatment rapidly decreased RANK transcripts on both mature and

committed osteoclasts.
THE EFFECT OF LPS ON RANK EXPRESSION IN TIBIAE OF MICE

Serial sections of the epiphyseal spongiosa of the tibiae of 10-week-

old normal and LPS-treated mice were stained for tartrate-resistant
900 RANK GENE SUPPRESSION BY LPS
acid phosphatase (TRACP), and for RANK by in situ hybridization.

TRACP-stained sections of normal controls showed TRACP-positive

osteoclasts and osteoclast precursors on the surface of the tibiae

(Fig. 5A, arrows, 400�), and RANK mRNA was detected exclusively

on these osteoclasts and osteoclast precursors (Fig. 5B, arrows,

400�). In the TRACP-stained sections of short-term LPS treated

mice, while TRACP-positive osteoclasts and osteoclast precursors
JOURNAL OF CELLULAR BIOCHEMISTRY



were similarly observed on the surface of the tibiae (Fig. 5C, arrows,

400�), RANK signals were, significantly weak on these osteoclasts

and osteoclast precursors (Fig. 5D, arrows, 400�).
THE EFFECT OF LPS ON RANK mRNA EXPRESSION

LPS treatment decreased RANK mRNA expression in RAW 264.7

cells to 55% in the absence of sRANKL, and from 172% to 119%

in the presence of sRANKL (Fig. 6, upper, left). During the

period between 24 and 48 h of LPS treatment, LPS similarly

suppressed RANK mRNA expression in RAW264.7 cells both

in the presence and absence of sRANKL (data not shown).

sRANKL increased TRACP mRNA expression in RAW 264.7 cells

196-fold, and LPS treatment suppressed the sRANKL-induced

TRACP mRNA expression from 196- to 46-fold of its steady state

expression (Fig. 6, upper, right). The expression of MITF and PU.1,

as well as of RANK mRNA, was suppressed by LPS treatment

in the presence of sRANKL from 250% to 155% (Fig. 6, lower, left)

and from 198% to 134% (Fig. 6, lower, right), respectively. LPS

treatment did not affect the expression of MITF and PU.1 mRNA in

the absence of sRANKL.
Fig. 6. Mirroring in vivo LPS treatment, in vitro LPS treatment (48 h)

decreased RANK mRNA expression in RAW 264.7 cells to 55% in the absence

of sRANKL, and from 172% to 119% in the presence of sRANKL (upper, left).

sRANKL increased TRACP mRNA expression in RAW 264.7 cells 196-fold, and

LPS treatment suppressed the sRANKL-induced TRACP mRNA expression from

196- to 46-fold of its steady state expression (upper, right). The expression of

MITF and PU.1, as well as of RANK mRNA, was suppressed by LPS treatment in

the presence of sRANKL from 250% to 155% (lower, left) and from 198% to

134% (lower, right), respectively. LPS treatment did not affect the expression

of MITF and PU.1 mRNA in the absence of sRANKL.

JOURNAL OF CELLULAR BIOCHEMISTRY
THE EFFECT OF LPS ON RANK PROMOTER ACTIVITY ASSESSED

BY TRANSIENT TRANSFECTION STUDIES WITH RANK

PROMOTER-LUCIFERASE REPORTER GENE CONSTRUCT

AND ITS MUTATED CONSTRUCT

Eight hours after transfection of pGL3-WT, the RAW264.7 cells were

pretreated with 10 nM of sRANKL or with the vehicle for 16 h and

then treated with 20 ng/ml of LPS or with the vehicle for 8 h. LPS

treatment decreased the promoter activity to 70% in the presence or

the absence of sRANKL (Fig. 7A). LPS decreased the RANK promoter

activity of pGL3-WT to 58% but did not affect that of mutated

constructs (pGL3-PU.1m, pGL3-MITFm, or pGL3-PU.1mMITFm)

(Fig. 7B, �P< 0.05 vs. vehicle).

DISCUSSION

Osteoclasts are highly specialized bone-resorbing cells derived

from the monocyte-macrophage lineage in the presence of both a

TNF-related factor (RANKL) and CSF-1 (M-CSF) [Lacey et al., 1998;

Yasuda et al., 1998; Teitelbaum and Ross, 2003]. Since both RANKL

and CSF-1 are produced by bone-forming cells (osteoblasts),

communication between osteoblasts and osteoclasts plays a central
Fig. 7. Eight hours after transfection of pGL3-WT, the RAW264.7 cells were

pretreated with 10 nM soluble RANKL (sRANKL) or with the vehicle for 16 h

and then treated with 20 ng/ml of LPS or with the vehicle for 8 and 24 h. LPS

treatment decreased the promoter activity to 70% in the presence or the

absence of sRANKL (A). LPS decreased the RANK promoter activity of pGL3-WT

to 58% by 8 h (B, left) and 40% by 24h (B, right) of LPS treatment but did

not affect that of mutated constructs (pGL3-PU.1m, pGL3-MITFm, or pGL3-

PU.1mMITFm) (B, �P< 0.05 vs. vehicle).
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role in the recruitment, differentiation, maintenance, and activation

of osteoclasts from their hematopoietic precursors. Recently, some

of the crucial interactions between receptors expressed on osteo-

clasts and their precursors, and ligands expressed on osteoblasts,

have been identified: between c-Fms and CSF-1, RANK and RANKL

[Lacey et al., 1998; Yasuda et al., 1998], and between immunoglo-

bulin (Ig)-like receptors including osteoclast-associated receptor

(OSCAR) and yet unidentified ligands [Kim et al., 2002; So et al.,

2003]. Among these interactions, the binding of RANKL to its

receptor RANK leads to receptor trimerization and the activation of

multiple intracellular signaling pathways that, in turn, specifically

transactivate many osteoclast-specific genes leading to terminal

differentiation. Thus the sequential and coordinated expression of

these receptors on osteoclasts and their precursors must be a highly

sophisticated and strictly regulated process that maintains bone and

mineral homeostasis within a narrow range.

Tissue-residing phagocytes are, on the other hand, also derived

from the monocyte-macrophage lineage and, thus, share the same

precursors with osteoclasts [Chambers, 1978]. The roles of these two

types of the cells are, however, totally different from each other:

phagocytes, containing many lysosomes that digest foreign

material, are useful as an initial immune system response to

infection by engulfing pathogens, debris, dead or dying cells and

extracellular matrix. Since RANK–RANKL signaling is one of the

essential processes of osteoclastogenesis, we explored the promoter

structure of mouse RANK gene on the assumption that the molecular

mechanism modulating RANK gene expression holds some impor-

tant key for directing the monocyte-macrophage population to the

final recruitment and commitment of osteoclast precursors or to

non-specific phagocytes. The sequence of the mouse basic promoter

region is highly homologous to that of the human promoter [Kwon

et al., 2005]. By gelshift assay and site-directed mutagenesis studies,

two important transcription factors, PU.1 and MITF, were found to

positively and synergistically regulate RANK gene expression. We

also noticed that the features of the RANK gene basic promoter

structure with PU.1 and MITF response elements, but lacking

canonical TATA-box, were functionally similar to the previously

characterized OSCAR [So et al., 2003] and cathepsin K [Li and Chen,

1999] gene promoters, indicating that a group of target genes

sharing the same trend for osteoclast differentiation are controlled

by the sequential and overlapping expression of PU.1 and MITF.

While MITF has been implicated in a wide range of differentiation

and survival of developmentally unrelated cell types other than

osteoclasts, but including mast cells, melanocytes, and pigmented

retinal epithelial cells [Hodgkinson et al., 1993], interaction with

ETS family transcription factor PU.1 may partly account for the

ability of MITF to selectively regulate target genes during osteoclast

differentiation [Hu et al., 2007; Sharma et al., 2007]. This, however,

poses the next question of how osteoclast-specific gene expression

patterns are selectively maintained in these cell lineages especially

that MITF and PU.1 are expressed in phagocytes and osteoclasts, as

well as in the common mononuclear precursor for both of these cell

types [Zhao et al., 2007]. As a cue to resolving this question, recently

identified corepressor Eos [Hu et al., 2007], a zinc finger protein

capable of forming a complex with MITF and PU.1, may partly be

involved in suppressing RANK gene in committed myeloid
902 RANK GENE SUPPRESSION BY LPS
progenitors. Further study is necessary to identify the transcrip-

tional machinery that specifically controls RANK gene expression in

osteoclasts and their precursors.

As is evident from the fact that periodontitis due to gingival

bacterial infection is a major cause of tooth decay, the net effect of

bacterial LPS on bone is bone loss [Miyauchi et al., 2001; Wada et al.,

2004; Taubman et al., 2005]. In vitro studies have also revealed that

bacterial LPS promotes osteoclast formation in bone marrow and in

co-cultures of bone marrow macrophages and osteoblastic stromal

cells [Suda et al., 2002]. These bone-resorbing actions of LPS

are achieved mostly indirectly either through the modulation of

RANKL-OPG axis on osteoblastic stromal cells [Hotokezaka et al.,

2007] or by the production of PGE2 and bone-seeking cytokines

such as TNF-a, IL-1, and IL-6 [Abu-Amer et al., 1997]. While LPS

supports survival and final fusion of already committed osteoclast

precursors independent of TNF-a, IL-1, and RANKL [Suda et al.,

2002; Itoh et al., 2003], it acts directly on osteoclast precursors to

inhibit osteoclastogenesis through TLRs [Takami et al., 2002].

Indeed, in our in vitro experiments with sRANKL-treated RAW264.7

cells and the in situ hybridization study for the LPS-treated in vivo

mouse model of endotoxemia, the level of RANK mRNA decreased

rapidly (Figs. 5 and 6) by LPS treatment. Thus, LPS exerts two

opposite actions on osteoclasts: it indirectly induces osteoclasto-

genesis and, at the same time, directly limits the survival of mature

osteoclasts and their committed precursors within a limited period

of time by down-regulating RANK expression. This somewhat

perplexing phenomenon is explained by the favorable outcome for

host defense by preventing the pathogenic effects of bacterial

invasion of bone, especially during the acute phase of sepsis or

endotoxemia. Furthermore, even during chronic phases of inflam-

matory bone diseases such as bone abscess and periodontitis, the

dual action of LPS on bone is the rationale for inflammation-

induced bone remodeling. Hosts may defend themselves against

bacterial bone damage first by activating local committed osteo-

clasts to accelerate scavenging the damaged bone or sequestrum

rapidly, and second, by limiting a number of local authentic

osteoclasts to enclose the infected area.

In conclusion, LPS per se directly suppresses RANK expression in

the osteoclastic cell lineage, at least in part, by down-regulating the

expression of PU.1 and MITF genes, which may be important during

both acute and chronic phases of inflammation-induced bone

remodeling.
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