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Background and Objective: While the primary role of cementoblasts is to synthe-

size the components of cementum, we have reported that immortalized murine

cementoblasts (OCCM-30) express functional Toll-like receptor (TLR)-2 and -4,

and these receptors are involved in the alteration of gene expression associated

with cementum formation and in the upregulation of osteoclastogenesis-associated

molecules, such as receptor activator of nuclear factor-jB (NF-jB) ligand.
We hypothesized that cementoblasts express a wide range of pattern recognition

receptors in a manner comparable to osteoblasts, which are known to express

various functional TLRs and nucleotide-binding oligomerization domain (NOD)

proteins.

Material and Methods: Murine cementoblasts and pre-osteoblasts were used.

The gene and protein levels of TLRs/NODs were analyzed using real-time

polymerase chain reaction and flow cytometry. Interleukin-6 (IL-6) and activated

NF-jB were measured using enzyme-linked immunosorbent assay.

Results: The expressions of TLR-1, -2, -4, -6 and -9, CD14, NOD-1 and -2 were

detected in cementoblasts and were upregulated upon differentiation induced by

ascorbic acid. Similar patterns were observed in the mouse MC3T3-E1 osteoblast

cell line. Synthetic ligands, Pam3CSK4 (TLR-1/2 agonist), Pam2CGDPKHPKSF

(TLR-2/6 agonist), lipid A (TLR4 agonist), CpG DNA (TLR-9 agonist), FK565

(NOD1 agonist) and muramyldipeptide (NOD2 agonist), effectively induced

NF-jB activation in cementoblasts and/or ascorbic acid-treated cementoblasts.

Furthermore, these ligands induced IL-6 production in a NF-jB-dependent
manner in cementoblasts and/or ascorbic acid-treated cementoblasts.
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The innate immune system is initiated

by the recognition of conserved motifs

in pathogens termed �pathogen-associ-
ated molecular patterns� (PAMPs).

Members of the Toll-like receptor

(TLR) family and CD14 are essential

components in this process. To date, at

least 12 members of the TLR family

have been identified in mammalian

systems as pattern recognition receptors

(PRRs; 1). Toll-like receptor-4 recog-

nizes lipopolysaccharide (LPS) from

gram-negative bacteria (2). Toll-like

receptor-2 recognizes a diverse set of

pathogen-associated motifs including

peptidoglycan, lipoproteins/lipopep-

tides and lipoteichoic acid from various

microorganisms (1). It has been dem-

onstrated that this broader ligand

specificity (3) is attributed to the unique

ability of TLR-2 to heterodimerize with

TLR-1 and TLR-6 for the recognition

of triacylated and diacylated lipopro-

tein, respectively (4,5). Toll-like recep-

tor-9 recognizes bacterial DNA in a

manner dependent on unmethylated

cytosin-phosphorothioate-guanine (CpG)

dinucleotides in particular base con-

texts, which are termed CpG motifs

(6). CD14 not only facilitates the bind-

ing of LPS to the TLR-4–myeloid dif-

ferentiation protein (MD)-2 complex

(7), but has also been reported to bind

directly to triacylated lipopeptides and

facilitate recognition of the lipopeptides

by the TLR-2–TLR-1 complex (8). Re-

cently, a family of nucleotide-binding

oligomerization domain (NOD) pro-

teins has been identified as intracellular

PRRs. NOD1 interacts with motifs

found in peptidoglycans carrying meso-

diaminopimelic acid (meso-DAP),

which is found in most gram-negative

and some gram-positive bacteria (9,10).

In contrast, NOD2 has been implicated

as a general sensor of bacterial pepti-

doglycans because it recognizes a mini-

mal motif present in almost all

peptidoglycans, muramyldipeptides

MurNAc-L-Ala-D-isoGln (MDP) or

MurNAc-L-Ala-D-Glu (11,12).

Cementum is a thin mineralized

tissue covering the tooth root surface

that shares many properties with bone

(13) and most notably a remarkable

similarity in biochemical composition

(14). However, cementum differs from

bone in its histology by lacking inner-

vation and vascularization. In addition,

cementum has no bone marrow and

limited remodeling potential when

compared with bone, where a system

consisting of osteoblasts, osteocytes,

bone-lining cells and osteoclasts is

required (15).

While the primary role of cemento-

blasts and osteoblasts is to synthesize

the components of cementum and bone

matrix, respectively, it has been re-

ported that osteoblasts exhibit func-

tional expression of TLR-2, TLR-4

(16,17), TLR-5 (18), TLR-9 (6), NOD1

(19) and NOD2 (19,20) and initiate the

release of inflammatory cytokines and

osteoclastogenesis by activating these

receptors. For example, Escherichia

coli LPS interacts with TLR-4 on the

surface of osteoblasts and upregulates

the expression of receptor activator of

nuclear factor-jB (NF-jB) ligand

(RANKL) and downregulates the

expression of osteoprotegerin (OPG),

which acts as a decoy receptor for

RANKL (17,21). The CpG oligode-

oxynucleotides interact with osteo-

blastic TLR-9 and increase the

expression of molecules regulating os-

teoclastogenesis (6). Furthermore,

NOD2-mediated signals are involved

in MDP-induced RANKL expression

in osteoblasts (20). Recently, we re-

ported that murine cementoblasts ex-

press functional TLR-2 and TLR-4

(22,23), and they were found to be in-

volved in the alteration of gene

expression associated with cementum

formation (22) and the upregulation of

osteoclastogenesis-associated mole-

cules such as RANKL (23). These

findings suggest that cementoblasts

participate in the innate immune sys-

tem in a way comparable to osteoblasts

by expressing not only TLR-2 and

TLR-4 but also other functional PRRs.

In the present study, we demon-

strate that murine cementoblasts

express TLR-1, -2, -4, -6 and -9,

CD14, NOD1 and NOD2 and their

adaptor molecules at the gene and/or

protein levels and that the expression

levels of PRRs are upregulated in the

course of cell differentiation. Fur-

thermore, we show that these PRRs

are functional receptors using syn-

thetic chemical ligands specific for the

respective TLRs and NODs.

Material and methods

Reagents

Biotin-conjugated monoclonal anti-

bodies (mAbs) for mouse TLR-1 (eBi-

oTR23), mouse TLR-2 (T2.5, mouse

IgG1), mouse TLR-4/MD-2 (MTS510,

Rat IgG2a), fluorescein isothiocyanate

(FITC)-conjugated mAbs for mouse

TLR-9 (M9.D6), mouse CD14 (Sa2-8),

rat IgG2a isotype control antibody

and phycoerythrin (PE)-conjugated

streptavidin were purchased from

eBioscience (San Diego, CA, USA).

Anti-mouse TLR-6 (rabbit polyclonal)

was from IMGENEX (San Diego, CA,

USA). Anti-rabbit IgG (H + L; goat

polyclonal, fluor 488) was from

AnaSpec, Inc. (San Jose, CA, USA).

Pyrrolidine dithiocarbamat (PDTC, a

NF-jB inhibitor) was purchased from

Calbiochem-Novabiochem Co. (La

Jolla, CA, USA). All tissue culture re-

agents were purchased from Gibco

BRL (Rockville, MD, USA).

Stimulants

Pam3CSK4 (TLR-1/2 agonist), a syn-

thetic tripalmitoylated lipopeptide that

mimics the acylated aminoterminus of

bacterial lipoproteins, and Pam2

CGDPKHPKSF (TLR-2/6 agonist),

a synthetic lipoprotein representing

the N-terminal part of the 44 kDa

lipoprotein LP44 of Mycoplasma

salivarium, were purchased from

InvivoGen (San Diego, CA, USA).

Synthetic muramyldipeptide [Mur-

NAc-L-Ala-D-isoGln (MDP); NOD2

agonist] and E. coli-type lipid A (LA-

Conclusion: These results indicate that cementoblasts possess functional TLR and

NOD signaling systems and have a similar capacity to osteoblasts in responding to

a wide variety of pathogens.
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15-PP; TLR-4 agonist) were purchased

from Protein Research Foundation

Peptide Institute (Osaka, Japan).

FK565 (heptanoyl-c-D-Glu-meso-

DAP-D-Ala; NOD1 agonist) was

supplied by Astellas Pharmaceutical

Co. (Tokyo, Japan). Conventional

CpG DNA (TLR-9 agonist), CpG

ODN 1826 [TCCATGACGTTCCT-

GACGTT (CpG motif is under-

lined)], was purchased from

Sigma-Aldrich Japan K.K. (Tokyo,

Japan).

Cells

An immortalized murine cementoblast

cell line (OCCM-30), established by the

isolation of tooth root-surface cells

from transgenic mice containing an

SV40 large T-antigen under the control

of the osteocalcin (OCN)promoter (24),

was kindly provided by Dr Martha J.

Somerman, University of Washington,

WA, USA. The OCCM-30 cells were

maintained in Dulbecco�s modified

Eagle�s medium (DMEM; Gibco BRL,

Rockville, MD, USA) plus 10% fetal

bovine serum (FBS; Gibco BRL) and

antibiotics. A murine pre-osteoblastic

cell line, MC3T3-E1, was purchased

from ATCC (Manassas, VA, USA)

and maintained in a-minimal essential

medium (a-MEM; Gibco) containing

10% FBS and antibiotics. A murine

macrophage cell line, J774-1, was

obtained from the Cell Resource

Center for Biomedical Research,

Tohoku University (Sendai, Japan)

and maintained in RPMI 1640 (Nissui

pharmaceutical Co., Tokyo, Japan)

containing 10% FBS and antibiotics.

The experimental procedures were

approved by the Ethical Review Board

of Tohoku University Graduate

School of Dentistry (Sendai, Japan).

Cell differentiation and treatment

To induce cell differentiation, confluent

OCCM-30 or MC3T3-E1 cells were

cultured in DMEM and a-MEM,

respectively, containing 5% FBS in the

presence of 50 lg/mL ascorbic acid

(Sigma, St Louis, MO, USA) and the

media were changed every 3 days. After

reaching confluency, the cells were

treated with the indicated synthetic

stimulant in medium containing 5%

FBS. In some experiments, cell stimu-

lation was performed in the presence of

1 lM cytochalasin D (Sigma), where all

the samples were adjusted to contain

0.1% (v/v) DMSO in the media.

Fluorescence activated cell sorting
(FACS) analysis

Confluent cells were collected using

Cell Dissociation Solution� (Sigma),

washed with phosphate-buffered saline

three times, and used for staining. For

cell surface staining, a total of 105 cells

were stained with each mAb or isotype-

matched control IgG at 4�C for

20 min. Following washing, PE-conju-

gated streptavidin was added at 4�C
for 20 min. Intracellular staining

was performed with IC Fixation/

Permeabilization buffer� (eBioscience)

according to the manufacturer�s
instructions. Fixed and permeabilized

cells were stained with FITC-conju-

gated mAbs or isotype-matched IgG

for 20 min. Staining was analyzed on a

FACSCalibur cytometer� (Becton

Dickinson, Mountain View, CA,

USA). The arithmetic mean was used

in the computation of the mean fluo-

rescence intensity (MFI).

Quantitative real-time reverse
transcriptase-polymerase chain
reaction (RT-PCR)

Total cellular RNAwas extracted using

TRIzol� reagent (Gibco) according to

the manufacturer�s instructions, and

was DNase-treated (DNA-free�;

Ambion Inc., Austin, TX, USA). The

transcription of total RNA into cDNA

was carried out with the use of a

Transcriptor First Strand cDNA Syn-

thesis Kit� (Roche Diagnostic Co.,

Indianapolis, IN, USA) according to

the manufacturer�s instructions. The

primer sequences for each gene, TLR-1,

TLR-2, TLR-4, TLR-6, TLR-9, CD14,

NOD1, NOD2, alkaline phosphatase

(ALP), OCN and glyceraldehyde 3-

phosphate dehydrogenase (GAPDH),

are shown in Table 1. The amplifica-

tion profile was 40 cycles at 95/60; 55/

30; 72/30 [temperature (�C)/time (s)].

The PCR was performed in an iCycler

(Bio-Rad Laboratories, Hercules, CA,

USA) with iQ SYBR Green Supermix

(Bio-Rad) with optimized levels of

3 mM MgCl2 and 0.5 lM of each pri-

mer. After amplification, one cycle of

linear temperature gradient from 55 to

95�C at a transition rate of 0.5�C/30 s

was performed to assess the specificity

of the PCR products. For each run,

water was used as the negative control.

Reaction products were quantified with

GAPDH as the reference gene. Since

J774-1 and OCCM-30 are regarded as

representative cells expressing func-

tional TLRs/NODs and ALP/OCN,

respectively, cDNA samples from these

cells were used as calibrators for TLRs/

NODs and ALP/OCN expression,

respectively. Therefore, the value on

the Y axis of the figures 2 and 3 indi-

cates the fold-increase vs. the gene

expression level in J774-1 or OCCM-30

cells. For conventional PCR, the

Table 1. Primer sequence used for polymerase chain reaction amplifications

Gene Primer sequences forward/reverse

OCN TGAACAGACTCCGGCG/GATACCGTAGATGCGTTTG

ALP GGGGACATGCAGTATGAGTT/GGCCTGGTAGTTGTTGTGAG

TLR-1 TCTCTTCGGCACGTTAGC/CGTAAGAAATAAGAGCAGCCC

TLR-2 CGAGTGGTGCAAGTACG/GGTAGGTCTTGGTGTTCATTATC

TLR-4 GCAGCAGGTGGAATTGTATC/TGTTCTTCCTCTGCTGTTTG

TLR-6 CCGGTGGAGTACCTCAAT/TCAGCAAACACCGAGTATAGC

TLR-9 CTGCCGCTGACTAATCTG/CTGAAATTGTGGCCTATACCC

CD14 TCTCAGTTACAACAGGCTGGATA/CACTGCTTGGGATGATGG

NOD-1 GGACAACTTGCTGGAGAAT/CTGCAGCACGTAGAGGAA

NOD-2 CTTCATTTGGCTCATCCGTAG/CTGGAGATGTTGCAGTACAAAG

MyD88 TGATGCGGAGCCAGATT/GAGGAGGCATGTGTGTACT

TIRAP GCTGAAGATGGGAACCAC/CTGCTGACCTTCCCGAT

IRAK4 CCAAATCTGACATCTACAGCTT/CATCCGTGTAATCTTCAATCG

Rip2 kinase GGAGGAACAATCATCTATATGCC/ATGATCTGCAAAGGATTGGT

GAPDH ACCACAGTCCATGCCATCAC/TCCACCACCCTGTTGCTGTA
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amplification profile was 30 cycles

using the same cycle programme (tem-

perature/time). Amplified samples were

visualized on 2.0% agarose gels stained

with ethidium bromide and photo-

graphed under UV light.

Preparation of whole-cell extracts

Whole-cell extracts were prepared

from confluent cells using a Nuclear

Extract Kit� (Active Motif, Carlsbad,

CA, USA). Confluent cells cultured in

six-well plates were harvested with a

cell scraper and lysed in 75 lL of

Complete lysis buffer. Cell suspensions

were incubated on ice for 10 min on a

rocking platform followed by centri-

fugation at 14,000 g for 20 min, and

then the supernatants were collected

and stored at )80�C until use.

The concentration of protein in the cell

lysates was measured using a DC

Protein Assay� (Bio-Rad).

Enzyme-linked immunosorbent
assay (ELISA)

The supernatants from cell cultures

were harvested by centrifugation. The

amount of IL-6 in the supernatant was

measured using a mouse ELISA kit

(BioSource International Inc., Cama-

rillo, CA, USA). The assay was

performed according to the manu-

facturer�s instructions. Results were

normalized to protein level using a

standard curve. Each sample was

assayed in triplicate.

Nuclear factor-jB ELISA

Activated NF-jB was measured with a

TransAM� NF-jB p65 transcription

factor assay kit according to the man-

ufacturer�s instructions (Active Motif,

Carlsbad, CA, USA). Briefly, whole-

cell extracts (10 lg of protein per well)

were added to 96-well plates coated

with oligonucleotide containing the

NF-jB consensus site (5¢-GGGAC-

TTTCC-3¢) and incubated for 1 h at

room temperature. After washing, the

wells were incubated with NF-jB anti-

body for 1 h at room temperature fol-

lowed by incubation with horseradish

peroxidase-conjugated anti-rabbit IgG

for 1 h at room temperature. Colori-

metric reactions were developed and

measured at 450 nm. For a positive

control, the provided Jurkat cell nuclear

extract (2.5 lg of protein per well) was

used. Results were expressed as means

of the value of optical density at 450 nm

of triplicate measurements.

Statistical analysis

All experiments in this study were

performed three times to test the

reproducibility of the results, and

representative findings are shown.

Experimental values are given as

means ± SD. The significance of dif-

ferences between control and treat-

ments was evaluated by one-way

ANOVA. Values of p < 0.05 were

considered significant.

Results

Expression of TLRs and CD14 at the
protein level in cementoblasts and
osteoblasts

We examined the possible expression

of PRRs in cementoblasts and osteo-

blasts by flow cytometry. Confluent

cultured (designated as day 0 cells)

cementoblasts as well as osteoblasts

expressed TLR-2, TLR-9 and CD14.

The levels of TLR-2 expression in these

cells were substantially comparable

with that in the murine macrophage

cell line, J774-1, which was used as a

positive control, but the levels of

TLR-9 and CD14 were much lower

than that in J774-1. When the cells

were cultured with ascorbic acid for

5 days (designated as day 5 cells), the

expression levels of TLR-2 and TLR-9

in cementoblasts and the expression

of TLR-9 and CD14 in osteoblasts

were enhanced. Unlike J774-1 cells,

which expressed significant levels of

TLR-1, TLR-4 and TLR-6, both types

of day 0 cells showed limited or slight

expression of TLR-1, TLR-4 and

TLR-6. Levels of TLR-1 and TLR4 in

both cell types and TLR-6 in osteo-

blasts increased upon differentiation

(Fig. 1).

Expression of TLRs, CD14 and NODs
at the gene level in cementoblasts
and osteoblasts

We next examined the gene expression

of PRRs, including NOD1 and NOD2,

in the course of cell differentiation.

Cementoblasts were induced to differ-

entiate by culturing in the presence of

ascorbic acid over a 5 day period with

ALP and OCN used as reference index

genes (Fig. 2A). During cell differenti-

ation, all PRRs were upregulated, with

Fig. 1. Expression of TLR-1, -2, -4, -6 and -9 and CD14 at the protein level in cementoblasts,

osteoblasts and macrophage cell lines. The OCCM-30 (cementoblasts) and MC3T3-E1 cells

(osteoblasts) were cultured in DMEM and a-MEM, respectively, containing 5% FBS until

confluent (day 0 cells; red lines), and then differentiation was induced by the addition of

ascorbic acid (50 lg/mL) for 5 days (day 5 cells; blue line). The J774-1 cells (macrophage cell

line) were cultured in RPMI 1640 containing 5%FBS until subconfluent (red line). After being

harvested by cell dissociation solution (non-enzymatic), cells were stained with each TLR and

CD14 antibody and analyzed by FACS. Representative data of three separate experiments are

shown. Dotted line represents the isotype control staining (FL1:FITC, FL2:PE).
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a peak at days 1–3 (Fig. 2B). The

expressions of TLR-9 and CD14 were

lower by approximately three and one

order(s) of magnitude, respectively,

compared with those of J774-1, which

is consistent with the protein expres-

sion levels shown in Fig. 1. The gene

expression level of TLR-6, which was

limited at the protein level in

cementoblasts (days 0 and 5) shown in

Fig. 1, was detected at day 0 and was

significantly induced upon differentia-

tion. The expression of NOD1 and

NOD2 increased approximately

50- and twofold, respectively, upon

differentiation (Fig. 2B). Osteoblasts

were induced to differentiate by the

addition of ascorbic acid over a 6 day

period using reference index genes

ALP and OCN shown in Fig. 3A. In

Fig. 3B, osteoblasts are shown to

exhibit very similar trends to those of

cementoblasts except that the peak

periods varied.

Expression of key downstream
effector molecules for TLR and NOD
signaling in cementoblasts and
osteoblasts

In order to begin determining whether

cementoblasts express functional TLRs

and NODs, we examined whether

cementoblasts express downstream

effector molecules (1) by RT-PCR.

Myeloid differentiation factor 88

(MyD88) is a common adaptor mole-

cule for TLR signaling. Interleukin-1

receptor-associated kinase (IRAK) 4

and Toll/interleukin-1 receptor (TIR)

domain-containing adaptor protein

(TIRAP) are essential for the MyD88-

dependent signaling pathway. Recep-

tor-interacting protein (Rip) 2 kinase is

a critical effector molecule in both

NOD1- and NOD2-mediated cellular

activation (25). Confluent cemento-

blasts and osteoblasts constitutively

expressed the mRNAs for these sig-

naling molecules (Fig. 4).

Activation of NF-jB in cementoblasts
upon stimulation with synthetic
chemical TLR and NOD ligands

Since most of the TLR and NOD sig-

naling pathways mainly lead to the

activation of NF-jB, we examined

whether TLRs and NODs expressed by

cementoblasts were functional in

terms of NF-jB activation upon stim-

ulation with their respective ligands.

Pam3CSK4 (TLR-1/2 agonist), but not

Pam2CGDPKHPKSF (TLR-2/6 ago-

nist) or lipid A (TLR-4 agonist), sig-

nificantly activated NF-jB in confluent

cementoblasts (day 0 cells; Fig. 5A).

Activation of NF-jB was signifi-

cantly induced upon stimulation with

Pam3CSK4, Pam2CGDPKHPKSF and

lipid A in day 2 cells (Fig. 5A). In

contrast, NF-jB activation was mar-

ginal after treatment with CpG DNA

(TLR-9 agonist), FK565 (NOD1 ago-

nist) or muramyldipeptide (NOD2

agonist; data not shown). Since TLR-9

and NODs are intracellular receptors,

cells were pretreated with cytochala-

sin D (1 lM) to facilitate stimulation by

Fig. 2. Expression of TLR-1, -2, -4, -6 and

-9, CD14, NOD1 and NOD2 at the gene

level in cementoblasts. Confluent OCCM-30

cells were cultured in DMEM containing

5% FBS in the presence of ascorbic acid

(50 lg/mL) for the indicated time periods.

Total cellular RNA was extracted, and the

mRNA expression levels were analyzed by

real-time quantitative RT-PCR. Represen-

tative data of three separate experiments are

shown as means ± SD of triplicate assays.

Statistical significance is shown (*p < 0.05

vs. day 0 control).

Fig. 3. Expression of TLR-1, -2, -4, -6 and -

9, CD14, NOD1 and NOD2 at the gene

level in osteoblasts. Confluent MC3T3 cells

were cultured in a-MEM containing 5%

FBS in the presence of ascorbic acid (50 lg/
mL) for the indicated time periods. Total

cellular RNA was extracted and the mRNA

expression levels were analyzed by real-time

quantitative RT-PCR. Representative data

of three separate experiments are shown as

means ± SD of triplicate assays. Statistical

significance is shown (*p < 0.05 vs. day 0

control).
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TLR-9 and NOD ligands (26). It has

been well established that cytochala-

sin D inhibits actin polymerization and

allows components to internalize into

the cells (27). Activation of NF-jB was

detected upon stimulation with FK565,

muramyldipeptide and CpG DNA in

both day 0 and day 2 cells (Fig. 5B).

Effect of an NF-jB inhibitor on IL-6
production induced by synthetic TLR
and NOD ligands

Next, we examined whether TLRs and

NODs on cementoblasts are functional

in terms of IL-6 production using

ELISA. A major function of IL-6, as

related to bone, is the induction of

osteoclast activity, although it is rec-

ognized that IL-6 is a pleiotropic

cytokine that has both pro- and anti-

inflammatory actions (28). Agonists

for TLR-1/2, TLR-2/6 and TLR-4

significantly induced IL-6 production

in day 0 cells, and much higher pro-

duction was observed in day 2 cells

(Fig. 6A). Since TLR-9 and NODs are

intracellular receptors, day 0 cells were

stimulated with these agonists in the

presence of cytochalasin D. Significant

induction, especially by the NOD2

agonist, was observed for all stimulants

(Fig. 6B). When day 2 cells were stim-

ulated in the same way as day 0 cells,

much higher production of IL-6 was

observed (Fig. 6B). These findings

were consistent with the results shown

in Figs 1–3, where differentiated cells

showed higher expression of TLRs and

NODs compared with day 0 cells.

All of the inductions in day 0 and

day 2 cells were completely inhibited to

background levels or lower by pre-

treatment with 100 lM of PDTC, a

NF-jB inhibitor (Fig. 6A,B). These

results indicate that cementoblasts

express functional TLRs and NODs,

the signaling from which is capable of

activating NF-jB and leads to IL-6

production.

Discussion

We have demonstrated that murine

cementoblasts as well as osteoblasts

express TLR-1, -2, -4, -6 and -9, CD14,

NOD1 and NOD2, as well as their

adaptor molecules, MyD88, TIRAP,

IRAK4 and Rip2 kinase. Furthermore,

we showed that the respective ligands

induce IL-6 production via NF-jB
activation, where CD14 may serve to

facilitate ligand recognition by TLR-1/

2 as well as TLR-4. These findings

suggest that cementoblasts have a

similar capacity to osteoblasts to

respond to a wide variety of pathogens.

However, it has been reported that

there are not only similarities but also

differences in terms of the reactivity to

these ligands. Toll-like receptor-4 sig-

naling triggered by E. coli LPS induces

production of cytokines, including

IL-6, and upregulates RANKL expre-

ssion in both cell types (17,20,23,29).

Toll-like receptor-2 signaling also

Fig. 4. Expression of key downstream

effector molecules for TLR and NOD sig-

naling in cementoblasts and osteoblasts.

Total cellular RNA was extracted from

confluent OCCM-30 and MC3T3 cells, and

the mRNA expression levels of MyD88,

TIRAP, IRAK4 and Rip2 kinase were

analyzed by RT-PCR. Representative data

of three separate experiments are shown.

Fig. 5. Activation of NF-jB in cementoblasts triggered by TLR and NOD ligands.

Confluent OCCM-30 cells (day 0 cells) were cultured in DMEM containing 5% FBS in

the presence of ascorbic acid (50 lg/mL) for 2 days (day 2 cells). (A) Both day 0 and day 2

cells were stimulated with 1 lg/mL Pam3CSK4 (TLR-1/2 agonist), 1 lg/mL

Pam2CGDPKHPKSF (TLR-2/6 agonist) or 100 ng/mL lipid A (TLR-4 agonist) for 3 h in

DMEM with 5% FBS. (B) Cells were stimulated with 5 lM CpG DNA (TLR-9 agonist),

100 lg/mL FK565 (NOD1 agonist), or 100 lg/mL muramyldipeptide (NOD2 agonist) for

3 h in DMEM with 5% FBS in the presence of cytochalasin D (1 lM) in the same medium to

facilitate stimulation by intracellular receptor ligands. All the samples, including the control

sample, were adjusted to contain 0.1% (v/v) DMSO in the media during cell culture. After

stimulation, whole cell extracts were prepared and a NF-jB ELISA assay was performed.

The positive control was provided by a nuclear extract of Jurkat cells. A sample with no cell

extract was used as a negative control. Representative data of three separate experiments are

shown as means ± SD of triplicate assays. Statistical significance is shown (*p < 0.05 vs.

day 0 cell control).
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upregulates RANKL in both cell types

(23,30). In contrast, OPG, which is

downregulated by E. coli LPS in

osteoblasts (17,20), is constitutively

expressed and not altered in cemento-

blasts under the same stimulation

conditions (23), suggesting that

cementoblasts, unlike osteoblasts, may

have inhibitory properties for osteo-

clastogenesis generated by the innate

immunity response. This notion is

consistent with the clinical observation

that root resorption is rarely linked to

periodontal disease, even at a stage of

severe disease with marked resorption

of alveolar bone. In periapical

inflammatory lesions, bone resorption

can usually be observed rather than

external periapical root resorption,

although periforaminal resorption has

been associated with it (31).

We demonstrated that the expres-

sions of TLRs and NODs were upreg-

ulated upon differentiation in both

cementoblasts and osteoblasts in a

similar manner; however, gene expres-

sion levels over 5 days of differentia-

tion were quite different. The

OCCM-30 cell line was established

based on in situ hybridization data, i.e.

only cementoblasts expressed strong

bone sialoprotein (BSP) and OCN gene

signals, while PDL cells did not (24).

The OCCM-30 cell line is considered as

a mature cell line because it expresses

high levels of BSP and OCN tran-

scripts. In contrast, precursor cell lines,

such as MC3T3-E1 cells, require addi-

tional factors to initiate the expression

of BSP and OCN. The OCCM-30 (24)

and MC3T3-E1 cell lines (32) require

several days and 2 weeks, respectively,

before mineralized nodules are formed

in the presence of ascorbic acid in vitro.

Therefore, the different gene expres-

sion levels are probably due to the

different maturation stage of the cells.

It has been reported that the

expression levels of TLR-2 (16,17),

NOD1 and NOD2 (19,20) mRNAs in

mouse osteoblasts are increased by

E. coli LPS and exposure to bacteria.

Since the promoter regions of these

genes possess NF-jB binding site(s)

(33,34), activation of NF-jB has been

implicated in the induction of mouse

TLR-2 and NOD2 expression. In this

study, we showed that the expression

of TLRs and NODs was upregulated

upon differentiation induced by ascor-

bic acid. However, NF-jB does not

seem to be involved in this regulation,

since ascorbic acid was reported to

inhibit NF-jB activation (35).

Another question that arises is,

why do cementoblasts and osteo-

blasts, which do not even reside in

the first line in bacterial challenge,

need to amplify PRR expression in

the course of cell differentiation?

Recent evidence suggests that TLR-2

and TLR-4 are involved in the rec-

ognition not only of microbes but

also of endogenous ligands, including

heat shock proteins (36,37) and

extracellular matrix components, such

as fibronection (38), soluble hyal-

uronic acid (39), heparan sulfate (40)

and biglycan (41). Therefore, upregu-

lation of TLRs during cell differenti-

ation, while speculative at this point,

might be involved in the recognition

of endogenous ligands.

In conclusion, we report for the first

time that cementoblasts functionally

express a wide range of PRRs, and the

upregulation of these receptors

accompanies cell differentiation. The

alteration of cell function mediated by

TLR/NOD signaling needs to be

explored further in order for us to

understand the role of cementoblasts in

Fig. 6. Interleukin-6 production in cementoblasts triggered by TLR and NOD ligands.

Confluent OCCM-30 cells (day 0 cells) were cultured in DMEM containing 5% FBS in the

presence of ascorbic acid (50 lg/mL) for 2 days (day 2 cells). Both day 0 and day 2 cells were

pretreated with/without the indicated concentrations of PDTC, a NF jB inhibitor, for 1 h.

(A) Cells were stimulated with 1 lg/mL Pam3CSK4 (TLR-1/2 agonist), 1 lg/mL

Pam2CGDPKHPKSF (TLR-2/6 agonist) or 100 ng/mL lipid A (TLR-4 agonist) in DMEM

containing 5% FBS for 12 h. (B) Cells were stimulated with 5 lM CpG DNA (TLR-9

agonist), 100 lg/mL FK565 (NOD1 agonist) or 100 lg/mL muramyldipeptide (NOD2

agonist) in the presence of cytochalasin D (1 lM) in DMEM containing 5% FBS for 24 h.

All the samples, including the control sample, were adjusted to contain 0.1% (v/v) DMSO in

the media during cell culture. The amount of IL-6 in the supernatants was analyzed by

ELISA. Representative data of three separate experiments are shown as means ± SD of

triplicate assays. *p < 0.05 vs. respective control; p < 0.05 vs. control culture.
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inflammation/regeneration in perio-

dontal tissue.

Acknowledgements

We gratefully acknowledge Dr Martha

J. Somerman (University of Washing-

ton, Seattle, WA, USA) for helpful

discussions. This work was supported

by a Grant-in-Aid for Scientific

Research (19592380) and Grant-in-Aid

for Exploratory Research (19659546)

from the Japan Society for the Pro-

motion of Sciences. We thank

D. Mrozek (Medical English Service,

Kyoto, Japan) for reviewing this

manuscript.

References

1. Takeda K, Kaisho T, Akira S. Toll-like

receptors. Annu Rev Immunol 2003;

21:335–376.

2. Hoshino K, Takeuchi O, Kawai T et al.

Toll-like receptor 4 (TLR4)-deficient mice

are hyporesponsive to lipopolysaccharide:

evidence for TLR4 as the Lps gene prod-

uct. J Immunol 1999;162:3749–3752.

3. Ozinsky A, Underhill DM, Fontenot JD

et al. The repertoire for pattern recogni-

tion of pathogens by the innate immune

system is defined by cooperation between

toll-like receptors. Proc Natl Acad Sci

U S A 2000;97:13766–13771.

4. Takeuchi O, Kawai T, Mühlradt PF et al.

Discrimination of bacterial lipoproteins

by Toll-like receptor 6. Int Immunol

2001;13:933–940.

5. Takeuchi O, Sato S, Horiuchi T et al.

Role of Toll-like receptor 1 in mediating

immune response to microbial lipopro-

teins. J Immunol 2002;169:10–14.

6. Zou W, Amcheslavsky A, Bar-Shavit Z.

CpG oligodeoxynucleotides modulate the

osteoclastogenic activity of osteoblasts via

Toll-like receptor 9. J Biol Chem 2003;

278:16732–16740.

7. Akashi S, Saitoh S, Wakabayashi Y et al.

Lipopolysaccharide interaction with cell

surface Toll-like receptor 4-MD-2: higher

affinity than that with MD-2 or CD14.

J Exp Med 2003;198:1035–1042.

8. Nakata T, Yasuda M, Fujita M et al.

CD14 directly binds to triacylated lipo-

peptides and facilitates recognition of the

lipopeptides by the receptor complex of

Toll-like receptors 2 and 1 without bind-

ing to the complex. Cell Microbiol

2006;8:1899–1909.

9. Girardin SE, Boneca IG, Carneiro LA

et al. Nod1 detects a unique muropeptide

from gram-negative bacterial peptidogly-

can. Science 2003;300:1584–1587.

10. Chamaillard M, Hashimoto M, Horie Y

et al. An essential role for NOD1 in host

recognition of bacterial peptidoglycan

containing diaminopimelic acid. Nat

Immunol 2003;4:702–707.

11. Girardin SE, Boneca IG, Viala J et al.

Nod2 is a general sensor of peptidoglycan

through muramyl dipeptide (MDP)

detection. J Biol Chem 2003;278:8869–

8872.

12. Inohara N, Ogura Y, Fontalba A et al.

Host recognition of bacterial muramyl

dipeptide mediated through NOD2.

Implications for Crohn�s disease. J Biol

Chem 2003;278:5509–5512.

13. Tenorio D, Cruchley A, Hughes FJ.

Immunocytochemical investigation of the

rat cementoblast phenotype. J Periodont

Res 1993;28:411–419.

14. Birkedal-Hansen H, Butler WT, Taylor

RE. Proteins of the periodontium. Char-

acterization of the insoluble collagens of

bovine dental cementum. Calcif Tissue Res

1977;23:39–44.

15. Bosshardt DD. Are cementoblasts a

subpopulation of osteoblasts or a unique

phenotype? J Dent Res 2005;84:

390–406.

16. Gasper NA, Petty CC, Schrum LW,

Marriott I, Bost KL. Bacterium-induced

CXCL10 secretion by osteoblasts can be

mediated in part through toll-like

receptor 4. Infect Immun 2002;70:4075–

4082.

17. Kikuchi T, Matsuguchi T, Tsuboi N

et al. Gene expression of osteoclast

differentiation factor is induced by lipo-

polysaccharide in mouse osteoblasts via

Toll-like receptors. J Immunol 2001;166:

3574–3579.

18. Madrazo DR, Tranguch SL, Marriott I.

Signaling via Toll-like receptor 5 can ini-

tiate inflammatory mediator production

by murine osteoblasts. Infect Immun

2003;7:5418–5421.

19. Marriott I, Rati DM, McCall SH,

Tranguch SL. Induction of Nod1 and

Nod2 intracellular pattern recognition

receptors in murine osteoblasts following

bacterial challenge. Infect Immun 2005;

73:2967–2973.

20. Yang S, Takahashi N, Yamashita T et al.

Muramyl dipeptide enhances osteoclast

formation induced by lipopolysaccharide,

IL-1a, and TNFa through nucleotide-

binding oligomerization domain-2-medi-

ated signaling in osteoblasts. J Immunol

2005;175:1956–1964.

21. Suda K, Udagawa N, Sato N et al. Sup-

pression of osteoprotegerin expression by

prostaglandin E2 is crucially involved in

lipopolysaccharide-induced osteoclast

formation. J Immunol 2004;172:2504–

2510.

22. Nociti FH Jr, Foster BL, Barros SP,

Darveau RP, Somerman MJ. Cemento-

blast gene expression is regulated by Por-

phyromonas gingivalis lipopolysaccharide

partially via toll-like receptor-4/MD-2.

J Dent Res 2004;83:602–607.

23. Nemoto E, Darveau RP, Foster BL,

Nogueira-Filho GR, Somerman MJ.

Regulation of cementoblast function by

P. gingivalis lipopolysaccharide via TLR2.

J Dent Res 2006;85:733–738.

24. D�Errico JA, Berry JE, Ouyang H, Stray-

horn CL, Windle JJ, Somerman MJ.

Employing a transgenic animal model to

obtain cementoblasts in vitro. J Period-

ontol 2000;71:63–72.

25. Ogura Y, Inohara N, Benito A, Chen FF,

Yamaoka S, Nunez G. Nod2, a Nod1/

Apaf-1 family member that is restricted to

monocytes and activates NF-jB. J Biol

Chem 2001;276:4812–4818.

26. Uehara A, Fujimoto Y, Kawasaki A,

Kusumoto S, Fukase K, Takada H. Meso-

diaminopimelic acid and meso-lanthio-

nine, amino acids specific to bacterial

peptidoglycans, activate human epithelial

cells through NOD1. J Immunol

2006;177:1796–1804.

27. Gruenheid S, Finlay BB. Microbial path-

ogenesis and cytoskeletal function. Nature

2003;422:775–781.

28. Papanicolaou DA, Wilder RL, Manola-

gas SC, Chrousos GP. The pathophysi-

ologic roles of interleukin-6 in human

disease. Ann Intern Med 1998;128:127–

137.

29. Ishimi Y, Miyaura C, Jin CH et al. IL-6 is

produced by osteoblasts and induces bone

resorption. J Immunol 1990;145:3297–

3303.

30. Sato N, Takahashi N, Suda K et al.

MyD88 but not TRIF is essential for

osteoclastogenesis induced by lipopoly-

saccharide, diacyl lipopeptide, and IL-1a.
J Exp Med 2004;200:601–611.

31. Vier FV, Figueiredo JAP. Prevalence of

different periapical lesions associated with

human teeth and their correlation with the

presence and extension of apical external

root resorption. Int Endod J 2002;35:

710–719.

32. Wang D, Christensen K, Chawla K, Xiao

G, Krebsbach PH, Franceschi RT. Isola-

tion and characterization of MC3T3-E1

preosteoblast subclones with distinct in

vitro and in vivo differentiation/minerali-

zation potential. J Bone Miner Res

1999;14:893–903.

33. Musikacharoen T, Matsuguchi T, Kikuchi

T, Yoshikai Y. NF-jB and STAT5 play

important roles in the regulation of mouse

Toll-like receptor 2 gene expression.

J Immunol 2001;166:4516–4524.

34. Gutierrez O, Pipaon C, Inohara N et al.

Induction of Nod2 in myelomonocytic

and intestinal epithelial cells via nuclear

factor-jB activation. J Biol Chem

2002;277:41701–41705.

592 Nemoto et al.



35. Bowie AG, O�Neill LA. Vitamin C inhib-

its NF-jB activation by TNF via the

activation of p38 mitogen-activated pro-

tein kinase. J Immunol 2000;165:

7180–7188.

36. Ohashi K, Burkart V, Flohe S, Kolb H.

Heat shock protein 60 is a putative

endogenous ligand of the toll-like recep-

tor-4 complex. J Immunol 2000;164:

558–561.

37. Roelofs MF, Boelens WC, Joosten LA

et al. Identification of small heat shock

protein B8 (HSP22) as a novel TLR4

ligand and potential involvement in the

pathogenesis of rheumatoid arthritis.

J Immunol 2006;176:7021–7027.

38. Okamura Y, Watari M, Jerud ES et al.

The extra domain A of fibronectin acti-

vates Toll-like receptor 4. J Biol Chem

2001;276:10229–10233.

39. Termeer C, Benedix F, Sleeman J et al.

Oligosaccharides of hyaluronan activate

dendritic cells via toll-like receptor 4.

J Exp Med 2002;195:99–111.

40. Johnson GB, Brunn GJ, Kodaira Y, Platt

JL. Receptor-mediated monitoring of tis-

sue well-being via detection of soluble

heparan sulfate by Toll-like receptor 4.

J Immunol 2002;168:5233–5239.

41. Schaefer L, Babelova A, Kiss E et al. The

matrix component biglycan is proinflam-

matory and signals through Toll-like

receptors 4 and 2 in macrophages. J Clin

Invest 2005;115:2223–2233.

Expression of pattern recognition receptors in cementoblasts 593




