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a b s t r a c t

Exposure to polycyclic aryl hydrocarbons is linked to cancer, immunosuppression and other

numerous health problems. We previously demonstrated that exposure to benzo[a]pyrene

(BaP), an environmental pollutant present in high concentrations in urban smog and

cigarette smoke, inhibits osteoclast differentiation and bone resorption. We hypothesized

that this inhibition could be due to crosstalk between the receptor activator of NF-kB ligand

(RANKL) and AhR signaling cascades competing for NF-kB, a common transcription factor

for both pathways. RAW264.7 cells (a mouse macrophage cell line capable of differentiating

into osteoclasts in the presence of RANKL) were exposed to different concentrations of

RANKL and BaP and the effect on NF-kB activation, nuclear translocation, as well as the

effect of NF-kB inhibitors on BaP-mediated CYP1B1 gene expression was measured. The

results demonstrated that BaP inhibited both RANKL-induced NF-kB activation and nuclear

translocation. At the same time, BaP-induced CYP1B1 gene expression was inhibited by two

NF-kB inhibitors in a dose-dependent manner, demonstrating that NF-kB is involved in a

BaP-mediated signaling pathway. A reporter gene assay showed that both BaP and RANKL-

induced luciferase reporter gene transcription under the control of NF-kB response ele-

ments. Co-immunoprecipitation results demonstrated that AhR interacted with NF-kB p65

in RAW cells and BaP appeared to enhance this interaction. However, in the presence of

RANKL, we did not observe any interaction between AhR and p65. These results support our

hypothesis that BaP-mediated inhibition of osteoclastogenesis is a consequence of crosstalk

between AhR and RANKL signaling pathways competing for the common transcription

factor NF-kB.

# 2008 Elsevier Inc. All rights reserved.
1. Introduction

The deleterious effects of pollution on the environment and

human health are becoming increasingly evident in today’s
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industrialized society. Polycyclic aryl hydrocarbons (PAHs) are

ubiquitous environmental pollutants formed as a result of

incomplete combustion of organic matter [1]. Common

sources of PAHs include vehicle exhaust fumes from gasoline
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and diesel engines, smog [2], cigarette smoke and barbequed

food [3]. Exposure to PAHs has been linked to cancer,

immunosuppression, thymic atrophy, decreased resistance

to viral and bacterial infections and diminished cytokine

production [1]. PAHs induce many of their toxic effects via the

aryl hydrocarbon receptor (AhR), a ligand-dependent tran-

scription factor, resulting in enhanced expression of numer-

ous genes, including phase I and phase II detoxification

enzymes [4,5], such as cytochrome P450 1A1 (CYP1A1), CYP1B1

and CYP1A2. Of specific interest to us, AhR has been suggested

to be involved in smoking-related impaired bone healing [6,7].

AhR belongs to the basic Helix-Loop-Helix/Per-ARNT-Sim

(bHLH/PAS) motif family of proteins. Upon binding to PAHs,

AhR translocates into the nucleus and dimerizes with AhR

nuclear translocator (ARNT). The AhR/ARNT complex then

binds to the aryl hydrocarbon receptor response elements

(AHREs) to initiate gene transcription. It is known that AhR

also interacts directly with coactivators/corepressors, as well

as with other transcription factors, such as retinoblastoma

protein (Rb) and NF-kB [8,9]. AhR is a ubiquitously expressed

protein involved not only in detoxification of xenobiotics, but

also in cell proliferation, differentiation and organogenesis [9].

Bone is a dynamic tissue that is constantly being

remodeled. Two major cell types are responsible for this

remodeling: osteoclasts, which resorb bone, and osteoblasts,

which form bone. Osteoclasts are multinucleated cells formed

by fusion of mononuclear precursors in the presence of

receptor activator of nuclear factor kB ligand (RANKL), a

cytokine necessary for osteoclast differentiation, activation

and survival [10]. The binding of RANKL to the RANK receptor

on the surface of osteoclast progenitors [11] is followed by a

signal transduction cascades and activation of transcription

factors such as nuclear factor of activated T cells c1 (NFATc1),

activator protein-1 (AP-1), and NF-kB [10].

The NF-kB family of proteins is known to regulate inflam-

matory response, apoptosis, tissue development, response to

environmental stress, and it consists of five proteins: p65/RelA,

c-Rel, RelB, NF-kB1 (p105/p50) and NF-kB2 (p100/p52). NF-kB1

and NF-kB2 proteins form homo- and heterodimers with the Rel

proteins, with p65/p50 being the most common dimer. The

dimersare locatedinthecytosol inaninactivestateboundtothe

inhibitory IkB proteins (IkBa, IkBb, and IkBe).NF-kB is considered

to be one of the essential transcription factors for osteoclasto-

genesis since inhibition of this transcription factor or other

proteins in the NF-kB signaling pathway results in absence or

significant reduction of osteoclast formation [12].

We previously demonstrated that benzo[a]pyrene (BaP), a

typical polycyclic aryl hydrocarbon present in cigarette smoke

and smog at high concentrations [2,3,13,14], directly inhibited

osteoclastogenesis and bone resorption [15]. Furthermore, this

inhibition could be reversed by either the AhR antagonist

resveratrol or high RANKL concentrations. Moreover, high

concentrations of RANKL significantly decreased BaP-induced

CYP1B1 gene expression, suggesting that there is crosstalk

between the RANKL and AhR signaling pathways. Based on

these results, we hypothesized that AhR and RANKL signaling

pathways interact by competing for common transcription

factors. Here, we investigate the role of NF-kB, a key

transcription factor involved in osteoclast differentiation, in

RANKL–AhR signaling crosstalk.
2. Materials and methods

2.1. Chemicals

BaP and DMSO were purchased from Sigma. Dulbecco’s

modified Eagle’s medium (DMEM), fetal bovine serum,

penicillin, streptomycin, TRIzol were purchased from Invitro-

gen. TransAM NF-kB p65 ELISA kit was purchased from

ActiveMotif. NF-kB p65, IkBa antibodies, as well as secondary

antibodies conjugated to horse radish peroxidase, were

purchased from Santa Cruz; biotinylated secondary antibody

and fluorescein-conjugated streptavidin were purchased from

Vector Laboratories, ARNT antibody was purchased from

Abcam. Gliotoxin, SC-514 and cyclosporin A were obtained

from Calbiochem.

2.2. Osteoclast differentiation from the RAW 264.7 cell line

The mouse macrophage cell line RAW 264.7 was obtained from

the American Type Culture Collection (ATCC). These cells,

when cultured in the presence of RANKL, differentiate into

osteoclasts [11]. The cells were maintained in DMEM contain-

ing 10% FBS, 100 mg/ml penicillin and streptomycin. The media

also contained 0–200 ng/ml recombinant glutathione S-trans-

ferase-soluble RANKL (GST-sRANKL), 0.1% DMSO (vehicle) and

10�5–10�6 M BaP, depending on the experimental group. All

cultures were incubated at 37 8C in humidified air containing

5% CO2.

2.3. Transcription factor activity assay

To measure NF-kB p65 activation, the cells were plated in

100 mm tissue culture dishes, grown to confluence, and

incubated in the presence of DMSO, 10�5–10�6 M BaP, 25 ng/

ml RANKL or 200 ng/ml RANKL for 30–60 min. Nuclear extracts

were prepared and analyzed for transcription factor activation

using the Active Motif TransAM ELISA kit. Protein concentra-

tions of the nuclear extracts were determined by BioRad

reagent (BioRad) and 3 mg of protein/well was used for the NF-

kB p65 assays. The assays were performed according to

manufacturer’s instructions. Briefly, nuclear extracts were

incubated in a 96-well plate coated with oligonucleotides

containing the corresponding consensus sites for NF-kB. Then,

the primary antibody was used to detect epitopes, which are

only accessible when the transcription factors are activated

and bound to the target DNA. An HRP-conjugated secondary

antibody was used to detect the signal by spectrophotometry.

2.4. Immunofluorescence

To observe the effect of BaP on NF-kB p65 nuclear transloca-

tion, cells were plated in 8-well chamber slides, allowed to

attach overnight, and then exposed to DMSO, 10�5–10�6 M BaP,

and 0–200 ng/ml RANKL for 30 min. The cells were then fixed

with 100% methanol at �20 8C for 20 min, blocked in 1%

normal goat serum in PBS for 1 h, incubated with mouse

monoclonal anti-p65 overnight at 4 8C, followed by biotiny-

lated secondary antibody for 2 h, and fluorescein-conjugated

streptavidin for 1 h at room temperature. The nuclei were

counterstained with DAPI. The slides were observed using a
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Leica DM IRE2 microscope and images were obtained using

OpenLab software (Improvision, version 4.0.2). To quantify

nuclear translocation, 5 images/group were taken and the

number of total cells and the number of cells with NF-kB

translocation was counted. The results of three independent

experiments were pooled and statistical significance was

determined by Student’s t-test.

2.5. RT-PCR

RAW 264.7 cells were plated in 60 mm tissue culture dishes at

0.9 � 106 cells/dish, allowed to attach overnight, pre-treated

with the inhibitor (gliotoxin, SC-514 or cyclosporine A) for

30 min, and then exposed to DMSO, 10�5 M BaP and corre-

sponding concentrations of the inhibitor for 20 h. Total RNA

was extracted using TRIzol reagent by following the manu-

facturer’s protocol. Total RNA (3 mg) was treated with DNase I

(Invitrogen) at 1 unit of DNase I/mg RNA according to the

manufacturer’s protocol and then reverse transcribed using

Revert Aid H� First Strand Kit (MBI Fermentas). PCR reactions

were performed in 50 ml volumes using HotStarTaq polymer-

ase (Qiagen). The initial activation was performed at 95 8C for

15 min, followed by 45 s at 94 8C for denaturation, 1 min at

60 8C for annealing, 1 min at 72 8C for extension, and 10 min at

72 8C for a final extension. The cycle number, the annealing

temperatures, and the oligonucleotide sequences are sum-

marized in Table 1. PCR products were separated on a 1.5% (v/

v) agarose gel and visualized using GeneSnap software version

4.00.00 (SynGene, UK).

2.6. Transfections and luciferase reporter gene activity
assay

For transfections, RAW264.7 cells were seeded in 12-well

plates (8 � 105 cell/well) and the transfection with pNF-kB-Luc

plasmid (Stratagene) was performed using LipofectAMINE

2000 (Invitrogen). b-galactosidase control plasmid was used

for normalization of transfection efficiency. The pCIS-CK

negative control plasmid and pFC-MEKK positive control

plasmid (Stratagene) were used in every experiment. A time

course preliminary experiment was performed and the levels

of luciferase activity in the presence and absence of RANKL

were measured at 2, 4, 6 and 24 h (data not shown). A

significant RANKL-induced increase in luciferase activity was

first detected at 6 h. Similar results were obtained both at 6 and

24 h time points. To determine the effect of BaP on RANKL-

induced luciferase activity, the cells were incubated for 24 h

and then treated with DMSO or 10�5 M BaP in the presence of 0,

25 or 200 ng/ml RANKL. The cells were further incubated for

6 h (data not shown) or for 24 h and the luciferase activity was
Table 1 – List of primers for RT-PCR

Name Forward (50 to 30)

GAPDH TGCCAGCCTCGTCCCGTAGAC CC

CYP1B1 GGCGTTCGGTCACTACTCTG A

NFATc1 CAACGCCCTGACCACCGATAG G

c-Myc CACCAGCAGCGACTCTGAAGAAGAG A
determined using the Luciferase Assay Kit (Stratagene). b-

Galactosidase activity levels were measured using a b-

galactosidase Assay Kit (Stratagene).

2.7. Co-immunoprecipitation and Western blotting

RAW264.7 cells were plated in 100 mm tissue culture dishes,

grown to confluence and then treated at 37 8C with DMSO or

10�5 M BaP in the presence or absence of 200 ng/ml RANKL for

indicated time periods. At the end of the incubation period, the

cells were washed twice with PBS, scraped in PBS and then

lysed in 500 ml of lysis buffer (50 mM Tris, pH 7.4, 300 mM NaCl,

1% Triton X-100, 5 mM EDTA, protease inhibitor cocktail

(Sigma, P8340), phosphatase inhibitor cocktail (Sigma, P5726),

and PMSF) for 20 min, centrifuged for 15 min at 12,000 � g, and

the supernatant fraction was collected. A 40 ml aliquot was

removed from each sample for later use and the rest of the

sample was used for IP. The whole cell lysates were incubated

overnight with 5 mg of anti-p65 NF-kB, ARNT antibody or IgG

control (Santa Cruz) at 4 8C on a rotary shaker. Protein G

sepharose (Amersham) slurry resuspended in lysis buffer was

added to the samples and incubated for additional 2 h at 4 8C

on a rotary shaker. The beads were washed three times with

PBS and boiled in 2 � SDS sample buffer. Proteins were

separated on 8% mini SDS-PAGE gel, transferred to a

nitrocellulose membrane (Amersham Hybond-ECL) using a

full immersion transfer apparatus (Bio-Rad) on ice at 75 V,

150 mAmps for 1 h, blocked with 5% milk in TBS-T buffer and

then incubated with anti-AhR primary antibody (Biomol), anti-

ARNT antibody, anti-IkBa or anti-NF-kB p65 antibody. The

blots were incubated with 1:2000 dilution of a secondary HRP-

conjugated antibody for 1 h at room temperature, washed and

developed using ECL reagents (Perkin-Elmer Life Sciences).

Images were captured using GeneSnap software version

4.00.00 (SynGene, UK).
3. Results

3.1. BaP inhibits RANKL-induced NF-kB nuclear
translocation and activation

Exposure to cigarette smoke impairs bone healing [6,7]. As

osteoclast activity is essential to bone healing, we asked if

osteoclasts function was similarly affected. We previously

demonstrated that BaP, a typical aryl hydrocarbon present in

cigarette smoke, inhibits osteoclast formation and resorptive

activity [15]. Here, we investigate the molecular mechanisms

underlying the BaP-induced inhibition of osteoclasts focusing

primarily on early signaling events using the same model of
Reverse (50 to 30) Ta (8C) Cycles

TCACCCCATTTGATGTTAG 60 25

GGTTGGGCTGGTCACTCAT 60 35

GCTGCCTTCCGTCTCATAGT 60 25

GAGGTGAGCTTGTGCTCGTCTGC 60 25



Fig. 1 – BaP inhibits NF-kB activation at 25 and 200 ng/ml RANKL. RAW264.7 cells were grown to confluence and then exposed

to different concentrations of RANKL ((A) 0; (B) 25; (C) 200 ng/ml RANKL) and BaP for 30, 45 and 60 min. Nuclear extracts were

analyzed for NF-kB activation using TransAM ELISA kit (Active Motif). The horizontal dotted line represents the level of NF-

kB activation in unstimulated cells (no treatment). Similar results were obtained in two additional independent

experiments. (D) 10S5 M BaP decreases NF-kB nuclear translocation in RAW cells. The cells were treated with 0–200 ng/ml

RANKL in the presence or absence of 10S5 M BaP for 30 min, fixed, permeabilized, and incubated with anti-p65 (Santa Cruz).

White arrows point out nuclei without NF-kB nuclear translocation; (E) quantification of NF-kB nuclear translocation. Cells

were treated and stained as described above in (D). The total number of cells, as well as the number of cells showing nuclear

translocation in five random fields per group was counted. The numbers for each experiment were pooled and the percent

of cells showing nuclear translocation was calculated. CTRL indicates DMSO treated cells. The results are expressed as

mean W S.D., n = 3. (a, b) statistically different from corresponding controls, p < 0.05. Statistical analysis was performed

using Student’s t-test.
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osteoclastogenesis: the RAW264.7 mouse macrophage cell

line. These cells, when cultured in the presence of RANKL,

differentiate into osteoclasts [11]. Since NF-kB is a key

transcription factor activated by RANKL at early stages of

osteoclastogenesis, we decided to first investigate the effect of

BaP on RANKL-induced NF-kB activation.

NF-kB is a dynamic transcription factor and its nuclear

translocation kinetics depend on the inducing agent [16]. It has

been demonstrated that RANKL and tumor necrosis factor a

(TNF-a) [17–19] induce a transient NF-kB response that peaks

at around 30 min and is terminated by 60 min. To determine

whether BaP affects RANKL-induced NF-kB activation, the

cells were incubated with RANKL and BaP for 30, 45 and 60 min

and the levels of activated NF-kB in the nuclear extracts were

measured using TransAM kit (Fig. 1A–C). In the absence of
RANKL, DMSO causes a small and sustained increase in NF-kB

activation as compared to unstimulated cells (indicated by the

horizontal dotted line), and the addition of BaP did not alter

this pattern. In the presence of 25 ng/ml RANKL for 30 min,

10�5 M BaP in three independent experiments, consistently

decreased RANKL-mediated activation of NF-kB, while 10�6 M

BaP had little or no effect compared to vehicle control. At

45 min, in 2 out of 3 experiments we observed an increase of

NF-kB activity in the presence of 10�5 M BaP compared to

vehicle control. This increase could be due to a BaP-mediated

shift of NF-kB activation in response to RANKL. By 60 min,

RANKL-mediated NF-kB activation consistently decreased,

while the presence of 10�5 M BaP kept NF-kB levels elevated.

Similar results were obtained at 200 ng/ml RANKL at the

30 min time point. However, at 45 min, 10�5 M BaP still



Fig. 2 – NF-kB inhibitors, gliotoxin and SC-514, inhibit BaP-induced CYP1B1 mRNA expression in a dose-dependent manner. RAW

cells were cultured for 24 h, pre-treated with the inhibitor for 30 min and then incubated in the presence of the inhibitor,

10S5 M BaP, or DMSO for 20 h followed by RNA extraction. These samples were analyzed by RT-PCR and representative gels

are shown in (A). The density of these bands was analyzed by GeneTools software. The values for CYP1B1 were normalized

to the GAPDH value for each sample. The densitometry results shown in (B) and (C) are expressed as mean W S.D., n = 3. (a,

b) statistically different from a corresponding control (BaP 10S5 M, no inhibitor), p < 0.05. Statistical analysis was performed

using Student’s t-test.
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inhibited RANKL-induced activation in cells treated with

200 ng/ml of RANKL. By 60 min, NF-kB activation in BaP-

containing groups was above the vehicle control levels. These

results demonstrate that the presence of BaP inhibits RANKL-

induced NF-kB activation at 30 min time point.

We then asked whether there is also an inhibitory effect of

BaP on NF-kB nuclear translocation. Using immunofluores-

cence, BaP-mediated inhibition of NF-kB nuclear translocation

was clearly visible at 25 ng/ml RANKL after 30 min of

incubation (Fig. 1D). Quantification of the immunofluores-

cence confirmed these observations (Fig. 1E). This suggests

that BaP affects not only NF-kB binding to DNA (TransAM

activity assay) but also inhibits nuclear translocation of NF-kB.

3.2. NF-kB is necessary for BaP-mediated CYP1B1
expression

We previously demonstrated that RANKL inhibited BaP-

induced CYP1B1 gene expression suggesting that both BaP

and RANKL use the same transcription factor for signal

transduction [15]. To investigate the involvement of NF-kB in

BaP-induced CYP1B1 expression, the cells were incubated in

the presence of gliotoxin or SC-514 and the levels of CYP1B1

mRNA were determined by RT-PCR. Gliotoxin and SC-514 are
commonly used inhibitors of NF-kB but they have different

mechanisms of action. At high concentrations, gliotoxin

prevents NF-kB-DNA binding, whereas at low concentrations

it prevents IkBa degradation [20–22]. SC-514 is a highly

selective inhibitor of IkB kinase b (IKKb or IKK2) shown to

specifically block NF-kB dependent gene expression [23]. For

these experiments, we used the highest inhibitor concentra-

tions that did not affect cell viability (data not shown). RT-PCR

results demonstrate that BaP-induced CYP1B1 mRNA levels

significantly decreased with increasing concentrations of both

inhibitors (gliotoxin and SC-514) in a dose-dependent manner

(Fig. 2), while GAPDH gene expression was not affected. These

results suggest that NF-kB is involved in BaP-induced CYP1B1

expression. Inhibition of this induction with the IKKb specific

inhibitor, SC-514, indicates the involvement of the canonical

pathway [12].

3.3. NFATc1 is not involved in induction of CYP1B1 by BaP

We next asked whether NFATc1, another key transcription

factor involved in osteoclastogenesis, is implicated in AhR–

RANKL signaling crosstalk. NFATc1 belongs to the NFAT

family of transcription factors that are evolutionary related to

the NF-kB family. These proteins are regulated by Ca2+ and



Fig. 3 – The effect of BaP on CYP1B1, NFATc1, and c-Myc expression. (A and B) RAW cells were cultured for 24 h, pre-treated with

cyclosporin A (the inhibitor of NFATc1) for 30 min and then incubated in the presence of the same concentration of the

inhibitor, 10S5 M BaP, or DMSO for 20 h followed by RNA extraction. These samples were analyzed by RT-PCR and a

representative gel is shown in (A). The density of the bands was analyzed by GeneTools software, the values for CYP1B1

were normalized to the GAPDH value for each sample. The densitometry results (B) are expressed as mean W S.D., n = 3. (C)

10S5 M BaP inhibits RANKL-induced c-myc gene expression in RAW cells, but has no effect on NFATc1 gene expression as

determined by RT-PCR. The cells were cultured for 24 h and then treated with 0–200 ng/ml RANKL and 10S5 M BaP or DMSO

for 20 h followed by RNA extraction. Samples were analyzed by RT-PCR and a representative gels are shown in (C). Similar

results were obtained in two additional experiments. (D) Quantification of c-myc expression. The values for c-Myc were

normalized to the GAPDH value for each sample and expressed as a percent of vehicle control in the presence of 25 ng/ml

RANKL. The densitometry results shown in (D) are expressed as mean W S.D., n = 3. (a) Statistically different from a

corresponding control, p < 0.05. Statistical analysis was performed using Student’s t-test.
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Ca2+/calmodulin-dependent serine phosphatase calcineurin

[24]. To assess whether NFATc1 is involved in induction of

CYP1B1 gene expression by BaP, the cells were treated with

cyclosporin A, an inhibitor of the protein phosphatase activity

of calcineurin. Exposure of RAW cells to cyclosporin A had no

effect on induction of CYP1B1 mRNA by BaP as determined by

RT-PCR (Fig. 3A and B). Furthermore, the RANKL-induced

increase of NFATc1 gene expression was not affected by BaP

treatment (Fig. 3C). These results indicate that NFATc1 is not

involved in the AhR–RANKL signaling crosstalk.

3.4. BaP inhibits RANKL-induced c-Myc gene expression

We next asked whether BaP has an effect on RANKL-induced

gene expression. c-Myc is one of the transcription factors

involved in osteoclastogenesis and its transcription is regu-

lated by NF-kB [25]. It has been demonstrated that c-Myc is

expressed at very low levels in RAW cells, however, exposure

to RANKL dramatically induces c-myc gene expression [26]. To

see whether BaP has an effect on c-myc gene expression, the

cells were analyzed by RT-PCR (Fig. 3C and D). The results

demonstrate that in the presence of 25 ng/ml RANKL but not
200 ng/ml RANKL, BaP partially but significantly inhibited c-

myc expression by about 30%. These results indicate that BaP

inhibits RANKL-induced gene expression mediated by NF-kB.

3.5. BaP induces luciferase reporter gene transcription
under the control of NF-kB response elements

To determine whether NF-kB is involved in mediating

responses to BaP, RAW cells were transiently transfected

with a plasmid containing 6 NF-kB response elements

upstream of a luciferase reporter gene. As expected, 25 and

200 ng/ml RANKL increased luciferase activity (Fig. 4). Further-

more, BaP significantly increased the luciferase response on its

own and showed an additive effect with the 25 and 200 ng/ml

concentrations of RANKL after 6 h (data not shown) and also

after 24 h of incubation (Fig. 4). These results further suggest

that NF-kB is activated by both RANKL and BaP in a cumulative

manner. These results are not inconsistent with NF-kB nuclear

translocation and DNA binding assays shown in Fig. 1. Taken

together, the data imply that BaP inhibits RANKL-induced NF-

kB nuclear translocation and DNA binding at an early time

point (30 min) but activates NF-kB at later time points (6–24 h).



Fig. 4 – RANKL and BaP induce luciferase reporter gene

transcription under the control of NF-kB response elements.

RAW264.7 cells were transiently transfected with pNF-kB-

Luc and b-gal plasmids and then incubated in the

presence of 10S5 M BaP, or vehicle control (DMSO) and 0–

200 ng/ml RANKL for 24 h. To account for differences in

transfection rates, the data were normalized to the

constitutively expressed b-gal. The results are expressed

as mean W S.D., n = 3. (a, b, c) statistically different from

corresponding controls, p < 0.05. Statistical analysis was

performed using Student’s t-test. Similar results were

obtained in two additional independent experiments.
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3.6. BaP enhances AhR/NF-kB interaction only in the
absence of RANKL

As shown so far, NF-kB appears to be involved in both BaP and

RANKL-mediated signaling pathways. Because AhR and NF-kB

interact in both hepatoma and dendritic cells in the presence

of dioxin [27,28], we used co-immunoprecipitation to ask if a

similar interaction occurs in RAW cells. Interestingly, an anti-

p65 antibody co-precipitated AhR and NF-kB in the absence

but not in the presence of RANKL. Furthermore, in the absence

of RANKL, 10�5 M BaP increased the p65/AhR interaction at

both 20 and 30 min (Fig. 5A and B). At the same time,

interaction between AhR and ARNT was observed only in the

presence of BaP and this interaction was not disrupted by

200 ng/ml RANKL (Fig. 5C). However, when the blots were

probed with anti-p65 antibody, p65 was not detected in the

AhR/ARNT complex (data not shown).

The absence or presence of BaP did not appear to

substantially affect the amount of IkBa being pulled down by

anti-p65. Furthermore, immunoblots of the whole cell lysates

showed that BaP did not affect cellular IkBa levels at these time

points (unpublished observations), confirming similar results

by Ruby et al. [28]. In contrast, the interaction between IkBa and

p65 decreased after 20 min exposure to 200 ng/ml RANKL and

was restored by 120 min. These results are compatible with

current literature showing that in the RANKL-mediated activa-

tionof the NF-kB pathway, IkBa isdegradedafter10–20 minwith

protein levels restored in �60 min [29].

These results demonstrate that in RAW264.7 mouse

macrophage cell line AhR is present in a complex with NF-
kB and IkBa and that this interaction is disrupted upon NF-kB

activation by RANKL.
4. Discussion

Here, we show for the first time that NF-kB is a transcription

factor involved in both BaP- and RANKL-mediated signaling

pathways in a mouse macrophage cell line. Furthermore, we

present the novel finding that in a mouse macrophage cell line,

NF-kB is involved in BaP-induced CYP1B1 gene expression.

The purpose of this project was to investigate the

molecular mechanism by which BaP inhibits osteoclastogen-

esis. Osteoclasts are multinucleated cells formed by fusion of

mononuclear precursor cells in the presence of RANKL. RANKL

is a member of the TNF superfamily and it activates a number

of transcription factors upon binding to its receptor RANK. As

the name RANKL (Receptor Activator of NF-kB Ligand) implies,

NF-kB is one of the major transcription factors activated by

RANKL. At the same time, aryl hydrocarbons activate NF-kB

via the AhR-mediated signaling pathway and this activation

has been investigated by several groups. Increased DNA

binding activity of NF-kB was observed in mouse hepatoma

cells [30] and in human hepatoblastoma cells [31]. Direct NF-kB

activation by BaP in a human epithelial cell line was confirmed

using luciferase reporter gene assays [32]. NF-kB p50 and p65

nuclear translocation in thymic stromal cells induced by

TCDD treatment was demonstrated in vivo and in vitro [33].

Therefore, this investigation of inhibition of osteoclasto-

genesis evolved into an investigation of two molecules that

independently activate NF-kB. As mentioned before, NF-kB

activation is a dynamic process, involving rapid degradation of

IkBs, translocation of NF-kB into the nucleus, re-synthesis of

IkBs and export of NF-kB out of the nucleus. The oscillations

depend on the activating agent. RANKL induces a rapid but

short-lived activation of NF-kB with the peak of activation

around 30 min. Based on the available literature, it appears

that BaP activation of NF-kB is of smaller amplitude. However,

in contrast to RANKL, BaP causes a sustained activation of this

transcription factor.

Since both BaP and RANKL activate NF-kB, one would

expect a cumulative increase in the activation of this

transcription factor as was seen in the luciferase reporter

gene experiments (Fig. 4). In contrast, we observed that BaP

inhibited RANKL-induced NF-kB nuclear translocation and

DNA binding (Fig. 1). These results are not contradictory but

rather suggest that BaP inhibits RANKL-induced NF-kB nuclear

translocation and DNA binding at an early time point (30 min)

and activates NF-kB at later time points (6–24 h). The results

confirm published reports that PAHs activate NF-kB at later

time points (2 h and up to 72 h) [30,32]. Moreover, NF-kB

involvement in the BaP-mediated signaling pathway was

confirmed by incubation with two different NF-kB inhibitors,

resulting in a dose-dependent decrease of BaP-inducedCYP1B1

gene expression.

The reciprocal inhibition between NF-kB activating agents

and aryl hydrocarbons has been described before. Cytokines,

such as TNF-a [27,34,35], interleukin-1b [36], interleukin-6 [36],

and lipopolysaccharides [34,35] decrease cytochrome P450

enzyme expression and activity levels, possibly as a part of the



Fig. 5 – BaP enhances AhR/NF-kB interaction only in the absence of RANKL: RAW264.7 cells were grown to confluence and treated

with DMSO or 10-5 M BaP and/or 200 ng/ml RANKL for the indicated time periods. Whole cell lysates, obtained as described

in Section 2, were incubated with anti-p65 (A and B) or anti-ARNT (C) antibodies and precipitated with protein G sepharose.

Proteins were separated by SDS-PAGE, transferred to a nitrocellulose membrane and then incubated with anti-AhR, anti-

ARNT, anti-IkBa and anti-p65 antibody. The blots were then incubated with HRP-conjugated antibody and resulting images

were captured using GeneSnap (Syngene). WCL – whole cell lysate.
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host-defense response mechanisms [37]. Moreover, it has

been demonstrated that AhR and NF-kB physically interact

and functionally modulate each other’s activities in rat

hepatoma cells [8,27]. Therefore, it has been proposed that

there is crosstalk between AhR and NF-kB signaling pathways

[8]. Our results confirm this hypothesis. Using co-immuno-

precipitation, we demonstrated that AhR and p65 interact in

RAW cells. This interaction was increased in the presence of

BaP but was disrupted in the presence of RANKL. The co-

immunoprecipitation of AhR and p65 in RAW cells corrobo-

rates the observation of AhR/p65 interaction in dendritic cells

[28]. However, in contrast to our observation that RANKL

disrupted this interaction, Ruby et al. [28] reported an

enhancement of AhR/p65 interaction by TNF-a. This discre-

pancy could be explained by differences in cell type, incuba-

tion time points and the use of endogenous versus exogenous

AhR (dendritic cells were transfected with AhR-FLAG in the

experiments by Ruby et al.). Co-immunoprecipitation also

revealed that RANKL-induced IkBa degradation was not

affected by BaP, confirming the previous report that IkBa

proteolysis was not affected by TCDD treatment [28]. RANKL

treatment did not disrupt BaP-induced AhR/ARNT interaction

at 20 and 120 min.

Our findings demonstrate that NF-kB is involved in the BaP-

induced signaling pathway; however, the mechanism of NF-kB

activation by BaP is still not known. This is not surprising

considering that NF-kB activation is very complicated and

tightly regulated; it is also stimulus- and cell type-specific,

resulting in activation of either the canonical or alternative
pathways. In the following paragraphs we will speculate on a

possible mechanism of NF-kB involvement in AhR–RANKL

crosstalk. To do this we will first discuss separately the RANKL

and AhR signaling pathways.

The mechanism of RANKL-mediated NF-kB activation is

well understood [38,39]. Upon RANKL binding to RANK, several

signaling proteins are recruited to the receptor, including TNF-

a receptor associated factors (TRAFs) 2, 3, 5 and 6. TRAF6, a

factor essential for osteoclastogenesis [39], is a RING domain

E3 ubiquitin ligase that catalyses synthesis of Lys-63 linked

polyubiquitin chain [40,41]. This polyubiquitination activates

the transforming growth factor b activated kinase-1 (TAK1)

complex, which in turn phosphorylates IKKb, leading to

activation of the IKK complex. The IKK complex, which

consists of IKKa, IKKb and IKKg, phosphorylates IkBa, there-

fore, targeting it for degradation. This allows NF-kB to

translocate to the nucleus, bind to DNA and initiate gene

expression.

The mechanism of BaP-induced NF-kB activation is not

known. One possible scenario is that, analogous to TRAF6, AhR

acts as a ligand-dependent E3 ubiquitin ligase [42], activates

the IKK complex and consequently initiates the NF-kB

signaling cascade. However, unlike RANKL, BaP-induced NF-

kB activation would have much slower kinetics, resulting in

NF-kB activation hours after the induction, rather than

minutes.

Another open question is how AhR interacts with the NF-kB

complex. Our results demonstrate that, in the absence of

RANKL, AhR is present in a complex with NF-kB and IkBa.
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However, the co-immunoprecipitation results cannot differ-

entiate whether AhR interacts directly with NF-kB or with

another protein in the complex. One possibility is a direct

interaction between AhR and IkBa. Wu et al. demonstrated a

direct Per-Arnt-Sim (PAS)-domain-dependent interaction

between phosphodiesterase (PDE) 8A1, a PAS domain contain-

ing protein, and all IkB proteins as well as c-Rel and RelB, but

not p65, p50 or p52 [43]. Based on their deletion studies, the

authors hypothesized that the proteins interacted via the PAS

domain of the PDE8A1 and the ankyrin-repeat motifs of IkBs.

The results of Wu et al. suggest that a similar interaction may

exist between the PAS domain of AhR and the ankyrin-repeat

motif of IkBa in mouse macrophages and osteoclast pre-

cursors.

Here, we propose the following mechanism of AhR–NF-kB

crosstalk. In the absence of RANKL, a certain amount of AhR is

present in the cytoplasm in a complex with p65 and IkBa. As

suggested above, upon stimulation with BaP, AhR acts as a

ligand-dependent E3 ubiquitin ligase and activates the IKK

complex, resulting in NF-kB activation. The rest of AhR forms a

complex with ARNT and binds to DNA as previously described

[9]. Even though the exact mechanism of NF-kB participation

in BaP-induced gene expression is not clear, our data show

that it is necessary for CYP1B1 gene expression. It is possible

that NF-kB is not directly involved in CYP1B1 gene expression,

since the promoter region of mouse CYP1B1 does not contain

known kB elements [44,45]. In the presence of high concen-

trations of RANKL, due to fast activation kinetics, the IKK

complex is activated within minutes of the induction, leading

to rapid IkBa degradation and sequestering of NF-kB to RANKL-

specific kB elements. We speculate that the loss of IkBa breaks

AhR interaction with NF-kB, and, as a result, making NF-kB no

longer available for BaP-induced CYP1B1 expression and

resulting either in inhibition or a delay of gene expression.

In the presence of low concentrations of RANKL, both

pathways are active. Since not all of IkBa is degraded, BaP-

induced CYP1B1 expression is marginally inhibited by RANKL

[15]. At the same time, RANKL-induced c-myc gene expression

is also affected (Fig. 3) resulting in inhibition of osteoclasto-

genesis. Work is in progress in this laboratory to further test

this proposed mechanism of AhR–NF-kB crosstalk.

In summary, here we present data that AhR–NF-kB cross-

talk is a possible mechanism of inhibition of osteoclastogen-

esis by BaP. These results add to the growing evidence that

exposure to PAHs affects bone remodeling not only by

inhibiting osteoblast differentiation and function [46], but

also by directly inhibiting osteoclastogenesis [15,47]. However,

from a bone remodeling standpoint, exposure of bone cells to

environmental pollutants has much wider implications.

Beside the direct inhibition of both osteoblast and osteoclast

differentiation processes, BaP induces macrophages and

osteoclasts to express CYP1B1. CYP1B1, besides converting

BaP to a more toxic metabolite, is an estrogen-metabolizing

enzyme [48,49]. Exposure to PAHs or cigarette smoke is known

to increase CYP1B1 expression in other tissues [50]; a similar

increase of CYP1B1 expression could occur in bone as well. As

estrogen is known to play a critical role in bone remodeling

[51], a significant decrease in estrogen levels in bone would

lead to decreased bone deposition rates, leading to impaired

bone remodeling. This could one of the possible explanations
why cigarette smoking is a risk factor for bone loss in

periodontal disease, increased bone fracture rates, and

impaired bone healing after surgery [6,7].
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