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Abstract

Osteoclasts are bone-resorbing multinucleated cells differentiated from monocyte/macrophage

lineage precursors. A novel osteoclast precursor cell line, 4B12 was established from Mac-1+c-

Fms+RANK+ cells from calvaria of 14-day-old mouse embryos using immunofluorescence and

cell-sorting methods. Like M-CSF-dependent bone marrow macrophages (M-BMMs), M-CSF is

required for 4B12 cells to differentiate into TRAP-positive multinucleated cells [TRAP(+) MNCs]

in the presence of RANKL. Bone-resorbing osteoclasts differentiated from 4B12 cells on dentine

slices possess both a clear zone and ruffled borders and express osteoclast-specific genes. Bone-

resorbing activity, but not TRAP, was enhanced in the presence of IL-1α. The number of

TRAP(+) MNCs and the number of pits formed from 4B12 cells on dentine slices was four-fold

higher than that from M-BMMs. 4B12 cells were identified as macrophages with Mac-1 and

F4/80, yet lost these markers upon differentiation into osteoclasts as determined by confocal laser

scanning microscopy. The 4B12 cells do not have the potential to differentiate into dendritic cells

indicating commitment to the osteoclast lineage. 4B12 cells are readily transfectable with siRNA

transfection before and after differentiation. These data show that 4B12 cells faithfully replicate

the properties of primary cells and are a useful and powerful model for analyzing the molecular

and cellular regulatory mechanisms of osteoclastogenesis and osteoclast function.
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Introduction

Osteoclasts are multinucleated giant cells with the capacity to resorb mineralized tissues. It

is believed that circulating monocyte/macrophage lineage cells differentiate into mature

osteoclasts at bone surfaces through several steps including chemotaxis and attachment of

the cells to bone, differentiation into multinucleated cells, the formation of both a sealing

zone and ruffled borders, followed by active resorption [1]. Two cytokines have been

identified as essential factors for the differentiation of osteoclast precursor cells into mature

osteoclasts. One is macrophage colony-stimulating factor (M-CSF) produced by osteoblast/

stromal cells [2]. It is also known that the M-CSF functions as an important factor for the

proliferation of osteoclast progenitor cells and the survival of mature osteoclasts [3]. The

effects of M-CSF are mediated by c-Fms (M-CSF receptor) [4]. c-Fms is expressed on

primitive multipotent hematopoietic cells, monocytes, and osteoclasts [5]. M-CSF/c-Fms

signaling in osteoclast precursors is indispensable for osteoclastogenesis [6]. The other is the

receptor activator of NF-κB (RANK) ligand (RANKL) expressed on the osteoblast/stromal

cell membrane [7]. RANKL is an anchored cell membrane factor that binds to RANK, a

RANKL receptor [8]. RANK is mainly expressed in osteoclast progenitor cells, osteoclasts,

dendritic cells (DCs), and T-lymphocytes [8,9]. RANKL/RANK signaling in osteoclast

precursors is indispensable for osteoclastogenesis [10]. The discovery of these signaling

pathways enables us to investigate the regulation of osteoclast differentiation and function.

Although M-CSF-dependent bone marrow macrophages (M-BMMs) have been commonly

used to study the mechanism of osteoclast differentiation, they are not a homogeneous

population. The development of a maintainable cell line with characteristics of osteoclast

precursors would allow further studies of the molecular and cellular biology of osteoclasts.

Several cell lines representing osteoclast progenitors have been established from in vivo or

in vitro immortalized cells [11–14], while previously established macrophage cell lines such

as human leukemic cell line (FLG 29.1), murine macrophage cell line (BDM-1, RAW

264.7), have also been used to study osteoclastogenesis [9,15,16]. However, an osteoclast

precursor cell line recapitulating the features of primary osteoclast differentiation and

function has not been established. In the present study, we established and characterized a

novel osteoclast precursor cell line, 4B12, from 14-day-old (E14) mouse embryo calvarial

cells. Previously we had devised an assay system utilizing devitalized bone slices for the

study of osteoclast formation [17]. We hypothesized that it would be possible to isolate

osteoclast precursors from calvaria-derived cells of E14 mouse embryos used in this system.

Using this approach, a Mac-1 and F4/80 positive osteoclast progenitor cell line was created,

4B12, which gives rise to Mac-1 and F4/80 negative bone-resorbing osteoclasts expressing

osteoclast-specific genes and possessing both a clear zone and ruffed borders. In addition,

4B12 cells were transfectable with siRNA. 4B12 cells will be a useful and powerful model

for studying the cellular and molecular regulatory mechanisms of osteoclast differentiation

and function.
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Materials and Methods

Reagents and antibodies

M-CSF and sRANKL were purchased from R&D Systems (Minneapolis, MN). Mouse SCF

(mSCF), mouse GM-CSF (mGM-CSF), and mouse IL-4 (mIL-4) were purchased from

Peprotech (Rocky Hill, NJ). Human IL-1 α (hIL-1α) was kindly supplied by Otsuka

Pharmaceutical Co. Ltd. (Tokushima, Japan). Monoclonal antibodies: R-phycoerythrin (R-

PE)-conjugated rat anti-mouse CD11b (Mac-1 α chain, M1/70.15), CD45R (RA3-6B2),

CD117 (c-Kit, 2B8), F4/80 (CI:A3-1), and CD34 (MEC14.7) were from Caltag

(Burlingame, CA). Fluorescein isothiocyanate (FITC)-conjugated rat anti-mouse MOMA-2

was from Beckman-Coulter (Palo Alto, CA). FITC-conjugated anti-mouse CD11c (HL3), R-

PE-conjugated anti-mouse CD14 (rmC5-3), and anti-mouse CD16/CD32 (Fc Block, 2.4G2)

were from BD Biosciences PharMingen (San Diego, CA). Polyclonal antibodies: Anti-Fms

(CSF-1 R) was from Upstate Biotechnology (Lake Placid, NY). Secondary antibodies:

Alexa Fluor 647-conjugated anti-rabbit IgG was from Molecular Probes (Eugene, OR).

FITC-conjugated anti-rat IgG was from Beckman-Coulter. Escherichia coli 0111:B4

lipopolysaccharide (LPS) was purchased from InvivoGen (San Diego, CA).

Preparation of recombinant mouse soluble RANKL fusion protein (rmsRANKL)

The rmsRANKL fusion protein expression vector was prepared by fusing the extracellular

domain of RANKL (Lys158–Asp316) [7] to the C-terminal end of His using the pBAD-

TOPO Expression System (Invitrogen, Carlsbad, CA). The rmsRANKL-His tag fusion

protein was purified by using a high-performance liquid chromatography C8 reverse-phase

column, μBONDASPHERE (Waters, Milford, MA). LPS contamination of the purified

rmsRANKL was measured by use of a colorimetric endotoxin determinant reagent

(Seikagaku Kogyou, Tokyo, Japan), and the endotoxin concentration was only 0.001 pg/mg

protein. The rmsRANKL was biotinylated by using a FluoReporter Mini-biotin-XX protein

labeling kit (Molecular Probes).

Isolation and cloning of osteoclast precursors from Mac-1+c-Fms+RANK+ cell population
from calvaria of E14 mouse embryos

All animal experiments were performed in accordance with the Guidelines of the Animal

Center of the Meikai University School of Dentistry. DDY mouse embryos at the age of 14

days (Sankyo, Tokyo, Japan) were dissected. Their calvariae were digested at room

temperature for 30 min in 10 ml of phosphate-buffered saline (PBS) (pH 7.2) containing

0.1% bacterial collagenase, 0.05% trypsin, and 4 mM EDTA. The digested calvarial cells

were plated at a cell density of 1×107 cells/10 ml in 90-mm culture dishes, and cultured for 7

days in α-Eagle’s minimum essential medium (α-MEM; Sigma, St. Louis, MO) containing

10% fetal bovine serum (FBS; Sigma). Upper-layer cells containing osteoclast progenitors

separated by centrifugation on 1.70 Percoll density gradients were cultured for 7 days. These

cells were then used for isolation of Mac-1+c-Fms+RANK+ cells. Mac-1+c-Fms+RANK+

cells were sorted by using an EPICS ALTRA flow cytometer (Beckman-Coulter). The purity

of the Mac-1+c-Fms+RANK+ cells was 96%. Cellular viability was determined to be greater

than 90% by trypan blue exclusion. The Mac-1+c-Fms+RANK+ cell population was

maintained for 1 month in α-MEM supplemented with 10% FBS, 30% calvaria-derived
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stromal cell conditioned media (CSCM) from, mM-CSF (1.5 ng/ml), and rmsRANKL (1.5

ng/ml). After testing for TRAP-positive (TRAP(+)) cell-forming activity, the cells were

plated at a density of 1/well in 96-well culture plates by limiting dilution. We obtained 50

clonal cells from 1000 wells. Nineteen of 50 cloned cells showed both TRAP(+) cell-

forming and pit-forming abilities in the presence of mM-CSF (10 ng/ml) and rmsRANKL

(100 ng/ml). The cell line with the highest levels of these abilities was 4B12. The 4B12 cells

were maintained in α-MEM supplemented with 10% FBS and 30% CSCM. The

concentration of M-CSF in the CSCM was 9 ng/ml. The 4B12 cells were used for the

following studies.

Proliferation assay

The CyQUANT Cell Proliferation Assay Kit (Molecular Probes) was used according to the

manufacturer’s instructions. The observed fluorescence was converted to a cell number

using a cell number standard curve generated from the same 4B12 cells. Results are

expressed as the mean ± standard error (SE) of triplicate cultures.

Culture of macrophage cell line and osteoclast precursor cell line

RAW 264.7 cells were kindly provided by Dr. Toshio Kukita (Kyushu University) MOCP-5

cells obtained from Dr. Yi-ping Li have been described previously [12]. These cell lines

were maintained in α-MEM containing 10% FBS.

M-BMMs culture

Bone marrow cells were obtained by flushing femuri from 6-week-old DDY male mice. For

the formation of M-BMMs, stroma free bone marrow cells were cultured in the presence of

M-CSF (10 ng/ml) for 3 days. M-BMMs were suspended in α-MEM containing 10% FBS.

Detection of TRAP(+) cells and TRAP-solution assay

Cells were fixed with 10% formalin-ethanol after cultivation with samples, and stained for

TRAP as previously described [17]. TRAP(+) cells were counted under a light microscope.

Enzyme activity in a ten-fold dilution of the culture medium was measured by the TRAP-

solution assay as described previously [18]. These results were expressed as the mean ± SE

of quadruplicate cultures.

RNA preparation and semiquantitative RT-PCR analyses

Total RNA was extracted using the QIAquick PCR purification kit (Qiagen, Valencia, CA).

PCR was performed using PCR Master Mix (Promega, Madison, WI) for 17~32 cycles on

single-strand complementary DNA prepared from total RNA (10 ng) using a Superscript III

preamplification system (Invitrogen). Primers used are described in Table 1. The following

conditions were used for PCR: denaturation at 94°C for 30 sec, annealing at 60°C for 1 min,

polymerization at 72°C for 1 min, and elongation at 72°C for 15 min. For semiquantitative

estimation, the signals of each cDNA were normalized using the values of the corresponding

products from the GAPDH amplification, and the expression of these factors was compared

at the logarithmic phase of the PCR reaction.
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Pit formation assay

Cells on dentine slices in 24-well culture plates were cultured with or without test samples.

After TRAP staining, the pits on the dentine slices were observed with an incident light

microscopy with metallurgic objectives (Olympus, Tokyo, Japan) as described previously

[19]. The number and total area of the pits were measured. The results were expressed as the

mean ± SE of six cultures.

Transmission electron microscopy (TEM)

4B12 cells on dentine slices were fixed, decalcified, and postfixed as previously described

[17]. After dehydration in ethanol, the cells were embedded in Araldite 502. Ultrathin

sections were stained with lead citrate and uranyl acetate and examined under a

JSM-6360LV microscope (Japan Electronics, Tokyo, Japan) at 15 kV.

Flow cytometry

Cells were blocked with anti-mouse CD16/CD32 for 15 min before the addition of the

appropriate monoclonal or polyclonal antibodies. Cell surface fluorescence was determined

using antibodies conjugated directly with FITC and PE. For unconjugated primary

antibodies, Alexa Fluor 647- or FITC-conjugated secondary antibody was used. A minimum

of 5 ×104 cells were analyzed using an EPICS ALTRA flow cytometer. The percentage of

positive cells was determined by setting the lower limit over the nonspecific fluorescence

with a suitable control.

Immunofluorescence and confocal laser scanning microscopy

Cells on dentine slices were washed twice in PBS and then fixed with 10% formalin-ethanol.

After blocking using 5% normal goat serum in PBS, cells were incubated with R-PE-

conjugated anti-mouse CD11b, F4/80, or CD14 antibodies, anti-mouse c-Fms followed by

Alexa Fluor 647-conjugated anti-rabbit IgG, and anti-mouse CD16/CD32 followed by

FITC-conjugated anti-rat IgG. For visualization of the F-actin, cells were permeabilized in

0.1% Triton X-100 in PBS and then incubated with FITC phalloidin or rhodamine

phalloidin. Samples were viewed with a LSM 510 confocal laser scanning microscope (Carl

Zeiss, Jena, Germany).

Short-interfering RNA (siRNA) transfection and quantitative real-time RT-PCR (qRT-PCR)

4B12 cells were transfected with Cy3-labeled negative control #1 siRNA (Ambion, Austin,

TX) using TransIT-siQUEST Transfection Reagent (Mirus Bio, Madison, WI) according to

the manufacturer’s protocol. After 24 h, tranfection efficiency was estimated by counting the

Cy3-positive cells in randomly under a LSM 510 confocal microscope. 4B12 cells were

transfected with GFP siRNA (siGFP) (Invitrogen) and TRAF6 siRNA (siTRAF6)

(Invitrogen) using TransIT-siQUEST Transfection Reagent. After 72 h, total cellular RNA

was extracted by using the RNeasy protect mini kit (Qiagen, Valencia, CA), and treated with

deoxyribonuclease I to eliminate genomic DNA. One microgram of total RNA was

transcribed into cDNA in a total volume of 20 μl using random primers and MultiScribe

reverse transcriptase (Applied Biosystems, Foster City, CA) according to the manufacturer’s

instructions. qRT-PCR was performed with the ABI 5700 real-time PCR system, using the
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FastStart Universal Probe Master ROX (Roche Applied Science, Indianapolis, IN). The

oligonucleotide sequences of primers and identification number for the corresponding Roche

mouse universal probe library are listed in Table 2. 18S RNA was used as an endogenous

control to normalize quantification of TRAF6, NFATc1 and TRAP. Relative amounts of

cDNA were calculated by the relative quantification (ΔΔCt) study method [20].

Statistics

The significance of differences between groups was determined by use of Student’s t-test.

Values of p<0.05 were considered to indicate statistical significance.

Results

4B12 cells established from the Mac-1+c-Fms+RANK+ cell population derived from calvaria
of E14 mouse embryos depend on M-CSF for both proliferation and osteoclast
differentiation

Yamada et al. [21] reported that the frequency of osteoclast precursors was increased

proportional to an increase in Mac-1 and c-Fms double-positive cells. Thus, we tried to

establish osteoclast precursor cell lines from Mac-1+c-Fms+RANK+ cell population, and

could obtain a novel osteoclast cell line, 4B12. (see Materials and Methods). In this study,

we show that 4B12 cells are a useful model for osteoclast precursors.

We initially examined the proliferating ability of 4B12 cells in the presence of myeloid

growth factors such as M-CSF, GM-CSF, and SCF. 4B12 cells proliferated in response to

M-CSF or GM-CSF, but not in response to SCF (Figure 1A). The growth of 4B12 cells was

more dependent on M-CSF than on GM-CSF, and cell growth reached a plateau at 80 ng/ml

mM-CSF (Figure 1A). Next we examined whether M-CSF treatment could sustain and

maintain 4B12 cells as osteoclast precursors. The cells were maintained in α-MEM

containing M-CSF (10 ng/ml) or 30% CSCM for 1 or 4 months, and were used for the

analysis of TRAP(+) cell-forming activity. TRAP(+) multinucleated (≥ 3 nuclei) cell-

forming activity of 4B12 cells maintained in α-MEM containing M-CSF alone was lower

than that of the cells maintained in α-MEM containing the CSCM (Figure 1B,C). The

concentration of M-CSF in the CSCM was 9 ng/ml. These results suggest that the

proliferation of 4B12 cells is dependent on M-CSF, and that the CSCM can sustain 4B12

cells as osteoclast precursors. It is well known that M-CSF is an indispensable factor for

osteoclast differentiation. M-BMMs, which are used as primary osteoclast precursors,

differentiate into osteoclasts in the presence of M-CSF and RANKL, whereas RAW264.7 or

MOCP-5 cells form osteoclasts in the presence of RANKL alone [9,22]. Furthermore we

examined the response of 4B12 cells to M-CSF on RANKL-induced TRAP(+) cell

formation. M-BMMs, 4B12, RAW264.7 and MOCP-5 cells were treated with sRANKL in

the presence or absence of M-CSF. In the presence of M-CSF, all of them formed TRAP(+)

cells in response to sRANKL stimulation. In the absence of M-CSF, RAW264.7 and

MOCP-5 cells formed TRAP(+) cells by sRANKL stimulation, however 4B12 cells similar

to M-BMMs did not (Figure 1D). These results suggest that 4B12 cells are dependent on M-

CSF for not only proliferation but also osteoclast differentiation. Next, we compared time

courses for TRAP(+) cell formation in 4B12 cells and M-BMMs. TRAP(+) mononuclear
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and multinuclear cell formation from both M-BMMs and 4B12 cells was detected on days 3

and 5, respectively. On day 7, the number of TRAP(+) mononuclear and multinuclear cells

formed from 4B12 cells was three- and four-fold higher, respectively, than that formed from

M-BMMs (Figure 1E,F). These results suggest that both 4B12 cells and M-BMMs

differentiate into TRAP(+) MNCs at the same time point, although 4B12 cells are more

efficient than M-BMMs at TRAP(+) MNC formation.

4B12 cells are capable of differentiating into bone-resorbing osteoclasts with both a clear
zone and ruffled borders on dentine slices

Next, we examined whether 4B12 cells could differentiate into bone-resorbing osteoclasts

on dentine slices. It has been reported that IL-1 enhances bone resorption activity [23].

Therefore, 4B12 cells were cultured with M-CSF plus sRANKL plus IL-1α on dentine slices

for 7, 14, and 21 days. As shown in Figure 2A, TRAP(+) MNCs were observed on day 7,

and typical resorption pits were observed on day 14 using reflected light microscopy. The

resorption pits increased in number by day 21. To investigate the efficiency at which 4B12

cells formed mature osteoclasts, we measured both the number of TRAP(+) mononuclear

and multinuclear cells and the number of pits (Table 3). The ratio of TRAP(+) MNCs to

TRAP(+) mononuclear cells was 0.46% on day 7, 3.93% on day 14, and 4.09% on day 21,

suggesting that the differentiation of 4B12 cells from TRAP(+) mononuclear cells into

TRAP(+) MNCs reached a plateau by day 14. However, the number of pits increased from

40 on day 14 to 310 on day 21, suggesting that TRAP(+) MNCs efficiently differentiated

into bone-resorbing cells and the bone resorption activity of TRAP(+) MNCs enhanced

between days 14 and 21. To determine whether the bone-resorbing cells formed from 4B12

cells on the dentine slices had the characteristic features of mature osteoclasts, we used TEM

to examine the cells for the existence of both a clear zone and ruffled borders. As expected,

the bone-resorbing cells possessed both features (Figure 2B), the same as those of

osteoclasts found adjacent to bone in Howship’s lacunae in vivo [24]. This observation

demonstrates that 4B12 cells have the potential to differentiate into bone-resorbing

osteoclasts with features of native mature osteoclasts on dentine slices. We examined the

effect of IL-1α on the bone-resorbing activity of osteoclasts formed from 4B12 cells. There

was no difference in TRAP activity between cells cultured in the presence of sRANKL

alone and those receiving sRANKL plus hIL-1α stimulation. However 4B12 cells stimulated

by sRANKL plus hIL-1α in the presence of M-CSF formed about twice the number of pits

and three times the pit area compared to cells stimulated by sRANKL alone in the presence

of M-CSF (Figure 2C), suggesting that the bone-resorbing activity of osteoclasts formed

from 4B12 cells is directly enhanced by IL-1α stimulation.

Bone-resorbing osteoclasts formed from 4B12 cells express osteoclast marker genes

To determine whether bone-resorbing osteoclasts formed from 4B12 cells express

osteoclast-specific genes, total RNA was prepared from 4B12 cells treated with M-CSF plus

sRANKL plus IL-1α for 21 days on dentine slices, and analyzed by semiquantitative RT-

PCR (Figure 3A). Interestingly, non-stimulated 4B12 cells weakly expressed osteoclast

marker mRNAs of TRAP, matrix metalloproteinase-9 (MMP-9), and carbonic anhydrase II

(CAII), and strongly expressed cathepsin K (CTK) and osteopontin (OPN). In the nontreated

4B12 cells, calcitonin receptor 1a (CR-1a) and integrin beta 3 were not detected even after
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32 cycles. 4B12 cells stimulated with factors expressed all of the osteoclast marker mRNAs,

TRAP, MMP-9, CAII, CTK, integrin alpha V, integrin beta 3, CR-1a, and OPN. The mRNA

expression level of OPN in 4B12 cells was slightly decreased by stimulation with M-CSF

plus sRANKL plus IL-1α. We also examined the mRNA levels of transcriptional factors

such as PU.1 and c-fos. mRNA of PU.1 was present in nontreated 4B12 cells, and the

expression did not change during osteoclast differentiation, whereas the expression of c-fos

mRNA was present in nontreated 4B12 cells, and slightly enhanced.

The bone-resorbing activity of osteoclasts formed from 4B12 cells was directly enhanced by

IL-1α stimulation. Next the effect of IL-1α in the presence of M-CSF and RANKL on

osteoclast-specific gene expression was examined. We did not observe any difference in

osteoclast-specific gene expression in cells treated with or without IL-1α, except for the

expression of CR-1a gene. Interestingly, IL-1α inhibited the expression of CR-1a gene in the

osteoclasts formed from 4B12 cells (Figure 3B).

4B12 cells have high TRAP(+) multinuclear cell- and pit-forming capacity

Next, the number of TRAP(+) mononuclear and multinuclear cells and pits formed from M-

BMMs, 4B12, RAW264.7 and MOCP-5 cells on dentine slices was compared. The number

of TRAP(+) mononuclear and multinuclear cells formed from 4B12 cells was higher than

those formed from M-BMMs, RAW264.7 and MOCP-5 cells (Figure 4A,B). The number of

pits formed from 4B12 cells was also higher than that formed from M-BMMs, RAW264.7

and MOCP-5 cells (Figure 4C,D). The number of TRAP(+) multinuclear cells and pits

formed from 4B12 cells on day 21 was approximately fourfold higher than those formed

from M-BMMs (Figure 4B,D). We hypothesized that the difference in the efficiency of

osteoclast formation between 4B12 cells and M-BMMs is due to a higher percentage of c-

Fms+RANK+ cells in the 4B12 cells. So next the percentage of c-Fms+RANK+ cells in

4B12 cells and M-BMMs was compared. The percentage of c-Fms+RANK+ cells in 4B12

cells was approximately four-fold higher than that in M-BMMs (Figure 2E). These results

suggest that 4B12 cells are more efficient in forming osteoclasts than M-BMMs, RAW264.7

and MOCP-5 cells most likely due to the high ratio of c-Fms+RANK+ cells.

4B12 cells are already committed to a specific subset of macrophages

It has been reported that, in addition to CD34-positive hematopoietic stem cells,

macrophages expressing Mac-1, F4/80, and c-Fms act as sources of osteoclast precursors

[9,25]. To characterize the differentiation stage of the 4B12 cells established from a

Mac-1+c-Fms+RANK+ cell population, we initially examined their surface markers by flow

cytometry. 4B12 cells expressed macrophage markers such as Mac-1, CD14, and FcγII/IIIR,

weakly expressed F4/80, and were negative for MOMA-2, CD34, c-kit, CD45R, and CD11c

(Figure 5A). These results suggest that 4B12 cells belong to a macrophage lineage.

It has been shown that osteoclasts and dendritic cells (DCs) share a common origin from the

same precursor cell and are separated by a lineage bifurcation process [26]. Therefore, we

examined whether 4B12 cells have the potential to differentiate into DCs. It has been

reported that the combination of GM-CSF/IL-4 increases the number and function of DCs

[27]. Thus, 4B12 cells were exposed to GM-CSF and IL-4 for 7 days. Bone marrow cells
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treated with or without GM-CSF and IL-4 were used as a control. We analyzed the

expression of CD11c and Mac-1 as markers of DCs and macrophages, respectively.

Although the percentage of CD11c-positive cells in the bone marrow cells increased from

0.1% to 17.2%, almost no changes were observed in 4B12 cells (Figure 5B). In addition,

there was no difference in TRAP(+) cell formation activity between nontreated 4B12 cells

and 4B12 cells pretreated with both GM-CSF and IL-4 (Figure 5C). It has been

demonstrated that GM-CSF or IL-4 directly inhibits the development of osteoclasts from

bone marrow precursors in the presence of both M-CSF and RANKL [28,29]. Thus, we

confirmed the response of 4B12 cells to GM-CSF or IL-4 on TRAP(+) cell formation. Such

formation was obviously inhibited by GM-CSF or IL-4 treatment (Figure 5D). These results

suggest that 4B12 cells have the potential to be inhibited in response to GM-CSF or IL-4

during osteoclastogenesis. However, 4B12 cells in response to GM-CSF and IL-4 do not

have the potential to differentiate into DCs.

It is well known that macrophages are activated by LPS stimulation [30]. We examined

whether 4B12 cells activated by LPS could differentiate into TRAP(+) cells. The rate of

TRAP(+) cell formation from 4B12 cells was reduced by pretreatment with LPS in the

presence of M-CSF for 5 days (Figure 5E). Taken together, these findings demonstrated that

4B12 cells are already committed to a specific subset of macrophages, and that 4B12 cells

lose the potential for osteoclastogenesis in the presence of GM-CSF or IL-4, or by

pretreatment with LPS.

4B12 cells lose macrophage markers such as Mac-1 and F4/80 during osteoclast
maturation

It has been reported that the macrophage phenotype of osteoclast progenitor cells is lost

during osteoclastogenesis [31]. Therefore, we examined the expression of Mac-1, F4/80, c-

Fms, CD14, and FcγII/IIIR during osteoclast differentiation from 4B12 cells. Bone-

resorbing osteoclasts formed from 4B12 cells on dentine slices in the presence of M-CSF

plus sRANKL plus IL-1α were observed by confocal laser scanning microscopy. As shown

in Figure 6A, both c-Fms, and FcγII/IIIR were detected on the bone-resorbing osteoclasts,

whereas CD14 was barely detected, and neither Mac-1 nor F4/80 could be detected. The

macrophage markers Mac-1 and F4/80 expressed on 4B12 cells disappeared during

osteoclast maturation. Furthermore, both c-Fms and FcγII/IIIR expressed on the bone-

resorbing osteoclasts were localized to F-actin, whereas CD14 was not. Co-localization of c-

Fms or FcγII/IIIR with F-actin was also observed on bone-resorbing osteoclasts formed

from M-BMMs (Figure 6B).

4B12 cells before and after osteoclast differentiation can be used for siRNA transfection
experiments

Gene knockdown using siRNA is a powerful tool for studying the biological effects of

decreased levels of mRNA and subsequent protein levels. To determine the transfection

efficiency, we transfected Cy3-labeled siRNA in the 4B12 cells. The transfection efficiency

before and after differentiation was estimated to be approximately 90% (Figure 7A). The

RANK signal regulating osteoclast development and function is dependent on TNF receptor-

associated factor 6 (TRAF6) [32,33]. Therefore, we examined the effects of TRAF6
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knockdown in 4B12 cells on osteoclast formation. The knockdown efficiency of siTRAF6

#1 in the 4B12 cells before osteoclast differentiation was estimated to be approximately 70%

(Figure 7B). The expression of NFATc1 and TRAP genes in siTRAF6 transfected 4B12

cells was inhibited relative to the knockdown efficiency of TRAF6 by siTRAF6 #1 to #3

(Figure 7B). TRAP activity on day 5 was also inhibited in proportion to the knockdown

efficiency of TRAP gene expression on day 3 (Figure 7C). The knockdown efficiency of

TRAF6 in the 4B12 cells after osteoclast differentiation was estimated to be approximately

60%. The expression of NFATc1 and TRAP genes was also inhibited by siTRAF6 #1

transfection (Figure 7D). These results suggest that 4B12 cells are very useful for siRNA

knockdown experiments in all stages of differentiation from TRAP-negative mononuclear

cells to TRAP(+) MNCs.

Discussion

In this study, we established a new osteoclast precursor cell line, 4B12, with high potential

to differentiate into authentic bone-resorbing osteoclasts in the presence of M-CSF and

RANKL. 4B12 is the first osteoclast precursor cell line requiring both M-CSF/c-Fms and

RANKL/RANK signals to form TRAP(+) MNCs. Terminal differentiation of 4B12 cells

into fully functional bone-resorbing mature osteoclasts occurs during days 14 to 21 of

culture. Distinct from macrophage polykaryons, the TRAP(+) MNCs formed from 4B12

cells possess both a clear zone and ruffled borders, identical to native osteoclasts. Even

though 4B12 cells progress towards osteoclast differentiation at the same pace as M-BMMs,

their frequency of osteoclast differentiation was higher most likely due to the fact that 4B12

cells are homogeneous, while M-BMMs are a heterogeneous population.

Although M-CSF is an indispensable factor for proliferation of osteoclast precursors, M-

CSF alone could not maintain the 4B12 cells as osteoclast precursors with a high

differentiation potential. Additional unknown soluble factors produced by the calvaria-

derived supporting stromal cells in combination with M-CSF were required to maintain

4B12 cells as osteoclast precursors for months in culture. We assume that the unknown

factors are normally produced by these supporting stromal cells in vivo. It will be important

to identify this unknown factor in future studies.

In this study, we also observed that the bone-resorbing activity of 4B12 cells was enhanced

by the addition of IL-1α without an increase in the number of TRAP(+) MNCs, however, an

increase in expression of osteoclast-specific genes involved in bone resorption was not

observed. The observed increase in pit formation in response to IL-1α was consistent with

previous reports [34]. Nakamura et al. [35] showed that IL-1 regulates cytoskeletal

organization in osteoclasts via TNF receptor-associated factor 6/c-src complex. The

enhancement of bone-resorbing activity by 4B12 cells treated with IL-1α may result from

optimal cytoskeletal re-organization.

The point at which osteoclasts branch off from other lineages is ambiguous. Studies have

attempted to address the precise stage of differentiation at which osteoclast precursors

diverge from other hematopoietic lineages. Several studies suggest that the major population

of osteoclasts in bone marrow is derived from c-kit-positive cells [36,37]. However,
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osteoclast production does not require a signal from the c-kit receptor [36]. On the other

hand, Udagawa et al. [38] showed that osteoclasts could be induced from mature monocytes

or macrophages. In the present study, we showed that 4B12 cells were positive for

macrophage markers F4/80, Mac-1, and c-Fms, but not c-kit. Results from our studies

suggest that macrophages are the final branching point for differentiation into osteoclasts,

since 4B12 cells do not have the potential to differentiate into dendritic cells, and LPS-

activated 4B12 cells lose their potential for osteoclastogenesis. It will be interesting to

clarify the transcriptional mechanisms during osteoclast maturation using 4B12 cells.

It has been reported that the osteoclast precursor cell lines MOCP-5 and BDM-1 type-2

subclone cells established from bone marrow macrophages are negative for F4/80, but

positive MOMA-2 [12,16] which is expressed on both bone marrow monocyte/macrophage

precursors and mature subsets of macrophages in lymphoid organs [39]. In contrast, 4B12

cells are positive for F4/80 but negative for MOMA-2. MOMA-2-positive early monocyte

precursors may differentiate into a subset of F4/80 positive macrophages with the potential

to become osteoclast precursors. Henkel et al. [40] reported that the majority of cells from

PU.1−/− myeloid colonies were MOMA-2-positive early monocyte precursors and that the

late monocytic F4/80 marker could not be detected. Taking these results together, we

propose that the osteoclast precursor 4B12 cells are macrophages that may be more

differentiated than osteoclast precursor cell lines such as MOCP-5 and BDM-1 [12,16].

Macrophage surface markers Mac-1 and F4/80 expressed on undifferentiated 4B12 cells

disappeared during differentiation into bone-resorbing osteoclasts. This is consistent with

the reports of Takahashi et al. [31] and Niida et al. [41] showing that Mac-1 expression in

calcitonin receptor-positive cells disappeared during their differentiation into multinucleated

osteoclasts [31] and that mouse osteoclasts are negative for Mac-1, F4/80, and MOMA-2

antigens [41]. Recently, Chang MK et al. [42] proposed that F4/80+c-Fms+ resident

macrophages in the osteal microenviroment, called ‘OsteoMacs’, serve as sentinel cells in

osteal tissues to regulate osteoblast function. As 4B12 cells are also F4/80 and c-Fms

positive cells, these cells may also function as ‘OsteoMacs’. In future experiments, it will be

important to determine whether 4B12 cells have similar capabilities as OsteoMacs to

stimulate osteoblast function.

CAII and vitronectin receptor integrin αVβ3, in addition to CTK, play an important role in

bone resorption as demonstrated by genetic experiments in mice [43–45]. Expression of

CAII and the integrin β3 subunit of the vitronectin receptor were increased during terminal

4B12 osteoclast differentiation. We assume that the elevation of both CAII and integrin β3

gene expression is required for terminal differentiation of TRAP(+) MNCs into bone-

resorbing osteoclasts. Integrin αV and CTK, however, were continuously expressed in

undifferentiated 4B12 cells through to mature osteoclast formation.

The CD14 antigen expressed on undifferentiated 4B12 cells did not completely disappear

during osteoclast maturation. CD14 is a membrane-anchored glycoprotein that functions as a

member of the LPS receptor system [46]. Itoh et al. [47] reported that osteoclasts weakly but

detectably express CD14 protein as determined by immunostaining. Most likely the

difference in intensity between macrophages and osteoclasts with regards to CD14

expression may correlate with their different responses to LPS. Indeed, in bone marrow
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macrophages or C7-TY cells normally expressing CD14, LPS inhibits RANKL-induced

osteoclastogenesis [48], while in mature osteoclasts with low CD14 expression, LPS

promotes the survival of mature osteoclasts [36].

c-Fms was localized to F-actin on bone-resorbing osteoclasts formed from 4B12 and M-

BMMs. It is known that c-Fms is highly expressed on mature osteoclasts [5] and it has been

reported that M-CSF induces cell spreading, motility, and actin reorganization in mature

osteoclasts [49]. In the future, it will be interesting to elucidate the function of c-Fms

localized to F-actin in bone-resorbing osteoclasts. Another potential use of the 4B12 cells

may be to analyse c-Fms signaling or the cooperation between c-Fms and RANK signals on

osteoclast differentiation, in comparison with RAW264.7 or MOCP-5 cells.

In conclusion, we have generated a new osteoclast precursor cell line, 4B12, established

from calvaria-derived cells of E14 mouse embryos. 4B12 cells were found to be useful for

siRNA knockdown experiments before and after osteoclast differentiation making this cell

line a powerful model to identify the molecular regulatory mechanisms of osteoclast

differentiation and function. This osteoclast precursor cell line will be useful in dissecting

specific stages during osteoclast differentiation from macrophages into mature osteoclasts

and potentially for the generation of therapeutics to reduce bone loss.
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Figure 1. Proliferation and maintenance of 4B12 cells
(A) 4B12 cells were cultured in the presence of various concentrations of mM-CSF, mGM-

CSF or mSCF in 96-well culture plates. After 7 days, the cells were counted by CyQuant

cell proliferation assay. (B) 4B12 cells were maintained in α-MEM containing 10% FBS in

the presence of M-CSF (10 ng/ml) or 30% calvaria-derived stromal cell conditioned media

(CSCM) for 1 to 4 months. The cells of each group were plated at a cell density of 500

cells/200 μl in 96-well culture plates, and cultured in the presence of mM-CSF (10 ng/ml)

and sRANKL (10 ng/ml) for 7 days. Bar = 100μm. (C) TRAP(+) MNCs were counted and

TRAP activity in the culture medium was measured. *P<0.01 versus 4B12 cells precultured

in the presence of M-CSF. (D) 4B12 cells (500/well), M-BMMs (500/well), RAW264.7

cells (500/well) and MOCP-5 cells (500/well) were plated in 96-well culture plates, and

cultured with or without sRANKL (10 ng/ml) in the presence or absence of mM-CSF (10

ng/ml) for 6 days. TRAP activity in the culture medium was measured. Similar results were

obtained in two independent experiments. (E) 4B12 cells (500/well) and M-BMMs (500/

well) were cultured in the presence of mM-CSF (10 ng/ml) plus sRANKL (10 ng/ml) in 96-

well culture plates for the indicated times. Cultured cells were fixed and stained for TRAP.

Bar = 100 μm. (F) TRAP(+) mononuclear and multinuclear cells were counted. Similar

results were obtained in two independent experiments.
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Figure 2. Osteoclast differentiation of 4B12 cells on dentine slices
(A) 4B12 cells (5 × 103) were cultured in the presence of mM-CSF (10 ng/ml) plus

sRANKL (10 ng/ml) plus hIL-1α (1000 u/ml) on dentine slices in 24-well culture plates.

The culture medium was exchanged for new culture medium every 7 days. After 7, 14, and

21 days of culture, 4B12 cells on dentine slices were stained for TRAP. After removing the

4B12 cells on dentine slices, resorption pits on the dentine surface were observed by

reflective light microscopy. (B) Ultrastructural features of bone-resorbing cells formed from

4B12 cells in the presence of mM-CSF (10 ng/ml) plus sRANKL (10 ng/ml) plus hIL-1α

(1000 u/ml). The cells exhibit a clear zone (arrowhead) and ruffled borders (asterisk). (C)

4B12 cells (5 × 103) were cultured with or without hIL-1α (1000 u/ml) in the presence of

mM-CSF (10 ng/ml) and sRANKL (10 ng/ml) on dentine slices for 21 days. TRAP activity

and the number and total area of the resorption pits formed on the dentine slices were

measured. *P<0.05 versus the culture without hIL-1α. Similar results were obtained in two

independent experiments.
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Figure 3. Expression of osteoclast-specific genes in 4B12 cells by semiquantitative RT-PCR
analyses
(A) 4B12 cells (2.5 × 104) were cultured in the presence of mM-CSF alone (C) or in the

presence of mM-CSF (10 ng/ml) plus sRANKL (10 ng/ml) plus hIL-1α (1000 u/ml) (T) on

dentine slices in 24-well culture plates for 21 days. Total RNA was extracted from the cells

and processed by RT-PCR. The PCR reactions were stopped at the indicated number of

cycles: 23, 26, and 29 for TRAP, CTK, PU.1, and c-fos; 26, 29, and 32 for CR-1a, MMP-9

CAII, integrin alphaV, and integrin beta 3; 17, 20, and 23 for OPN; and 20, 23, and 26 for

GAPDH. The primers described in Table 1 were used for mouse genes of TRAP, MMP-9,

CAII, CTK, integrin alpha V, integrin beta 3, OPN, CR-1a, PU.1, and c-fos. Numbers in

parentheses indicate the number of PCR cycles. Data are representative of three similar

experiments.

(B) 4B12 cells (2.5 × 104) were cultured in the presence of mM-CSF (10 ng/ml) alone (M),

mM-CSF (10 ng/ml) plus sRANKL (10 ng/ml) (MR), and mM-CSF (10 ng/ml) plus

sRANKL (10 ng/ml) plus hIL-1α (1000 u/ml) (MRI) on dentine slices in 24-well culture

plates for 21 days. Total RNA was extracted from the cells and processed by RT-PCR. The

PCR reactions were stopped at the indicated number of cycles: 20 for OPN; 23 for TRAP,

CTK and GAPDH; 26 for MMP-9, PU.1 and c-fos; and 29 for CAII, integrin alphaV, and

integrin beta 3; and 32 for CR-1a. Data are representative of three similar experiments.
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Figure 4. Comparison between 4B12 cells, M-BMMs, RAW264.7 and MOCP-5 cells in
osteoclastogenesis
(A) M-BMMs, 4B12, RAW264.7 and MOCP-5 cells were plated at a cell density of 5 × 103

on dentine slices in 24-well culture plates, and cultured in the presence of mM-CSF (10

ng/ml) plus sRANKL (10 ng/ml). The culture medium was exchanged for new culture

medium every 7 days. After 7, 14, and 21 days of culture, cells on dentine slices were

stained for TRAP. (B) TRAP(+) mononuclear and multinuclear cells were counted. (C)

Resorption pits on the dentine surface on day 21 were observed by reflective light

microscopy. (D) The number of the resorption pits formed on the dentine slices was

measured. Similar results were obtained in two independent experiments. (E) Percentage of

the c-Fms+RANK+ cells in 4B12 cells and M-BMMs was analysed by flow cytometry.
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Figure 5. Differentiation stages of 4B12 cells along the osteoclast lineage and inhibition by GM-
CSF, IL-4 and LPS
(A) 4B12 cells were stained with various antibodies for the cell surface (solid lines) as

described in Materials and Methods. Dotted lines represent the isotype control. (B) Bone

marrow or 4B12 cells precultured in the presence of mGM-CSF (10 ng/ml) and mIL-4 (10

u/ml) for 7 days were used for analysis of Mac-1 and CD11c expression by flow cytometry.

(C) In addition, 4B12 cells pretreated with mGM-CSF (10 ng/ml) and mIL-4 (10 u/ml) for 7

days were plated at a cell density of 500/well in 96-well culture plates, washed with α-MEM

three times, and cultured in the presence of mM-CSF (10 ng/ml) and various doses of

sRANKL for 7 days. TRAP activity in the culture medium was measured. (D) The 4B12

cells were plated at a cell density of 500/well in 96-well culture plates and cultured in the

presence of mM-CSF (10 ng/ml) and sRANKL (10 ng/ml) with or without mIL-4 (20 u/ml)

or mGM-CSF (20 ng/ml) for 7 days. TRAP activity in the culture medium was measured.

*P<0.01 versus 4B12 cells cultured in the presence of mM-CSF and sRANKL. (E) 4B12

cells pretreated with LPS (10 ng/ml) in the presence of mM-CSF (10 ng/ml) for 5 days were

plated at a cell density of 500/well in 96-well culture plates, washed with α-MEM three

times, and cultured in the presence of mM-CSF (10 ng/ml) and various doses of sRANKL

for 7 days. TRAP activity in the culture medium was measured. *P<0.05 versus the control.

Similar results were obtained in two independent experiments.
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Figure 6. Expression of macrophage markers on 4B12 cells and M-BMMs during osteoclast
maturation
(A) Bone-resorbing osteoclasts formed from 4B12 cells in the presence of mM-CSF (10

ng/ml) plus sRANKL (10 ng/ml) plus hIL-1α (1000 u/ml) on dentine slices were stained

with antibodies against Mac-1 (red), F4/80 (red), c-Fms (red), CD14 (red), and FcγII/IIIR

(green) as described in Materials and Methods. In the case of staining with antibodies

against Mac-1, F4/80, c-Fms, and CD14, FITC-phalloidin was used to detect actin

distribution (green). In the case of staining with antibody against FcγII/IIIP, rhodamine-

phalloidin was used to detect actin distribution (red). The dentine surface position in the x-z

perspective is indicated by the blue line. Dotted lines in a, e, i, m, and q are outlines of pits

formed by functional mature osteoclasts differentiated from 4B12 cells, determined by

background fluorescence at very high gains. Panel d, h, l, p, and t show merged figures of b

+c, f+g, j+k, n+o, and r+s, respectively. Both colocalization of c-Fms (red) with F-actin

(green) and colocalization of FcγII/IIIR (green) with F-actin (red) are revealed by yellow/

orange color. Data are representative of three similar experiments. (B) Bone-resorbing

osteoclasts formed from M-BMMs in the presence of mM-CSF (10 ng/ml) plus sRANKL

(10 ng/ml) plus hIL-1α (1000 u/ml) on dentine slices were stained with antibodies against c-

Fms (red) and FcγII/IIIR (green). In the case of staining with antibodies against c-Fms,

FITC-phalloidin was used to detect actin distribution (green). In the case of staining with

antibody against FcγII/IIIP, rhodamine-phalloidin was used to detect actin distribution (red).

The dentine surface position in the x-z perspective is indicated by the blue line. Dotted lines

in a and e are outlines of pits formed by functional mature osteoclasts differentiated from M-
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BMMs. Panel d and h show merged figures of b+c and f+g respectively. Both colocalization

of c-Fms (red) with F-actin (green) and that of FcγII/IIIR (green) with F-actin (red) are

revealed by yellow/orange color. Data are representative of three similar experiments.
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Figure 7. Transfection of siRNA into 4B12 cells
(A) 4B12 cells were plated on 96-well plates at a cell density of 1 × 103 per well, and

cultured in α-MEM supplemented with 10% FBS and 30% CSCM. After 24 h, the cells

were transfected with Cy3-labeled negative control #1 siRNA (20 nM) using TransIT-

siQUEST transfection reagent (0.09 μl/well) according to the manufacturer’s protocol.

TRAP(+) MNCs, which were formed from 4B12 cells in the presence of M-CSF (10 ng/ml)

and sRANKL (10 ng/ml) for 7 days, were transfected with Cy3-labeled negative control #1

siRNA in the presence of M-CSF (10 ng/ml) and sRANKL (10 ng/ml). Transfection

efficiency was estimated by counting the Cy3-positive cells at 48 h after transfection under a
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LSM 510 confocal microscope. The results are expressed as the mean ± standard deviation

(SD) of quadruplicate cultures. (B) 4B12 cells were plated at a cell density of 5 × 103 in

each well of 96-well culture plates and cultured in α-MEM supplemented with 10% FBS

and M-CSF (10 ng/ml) for 24 h, and transfected with siGFP (10 nM) and siTRAF6 (10 nM)

using TransIT-siQUEST transfection reagent (0.09 μl/well). After 72 h, TRAF6, NFATc1

and TRAP expression were measured by qRT-PCR as described in Materials and Methods.

Relative amounts of cDNA were calculated by the relative quantification (ΔΔCt) study

method. The results are expressed as the mean ± SD of triplicate cultures. Similar results

were obtained in two independent experiments. (C) After 5 days, TRAP activity was

measured. Similar results were obtained in two independent experiments. (D) 4B12 cells

were plated at a cell density of 5 × 103 in each well of 24-well culture plates and cultured in

the presence of M-CSF (10 ng/ml) plus sRANKL (10 ng/ml) plus hIL-1α (1000 u/ml) for 14

days, and transfected with siGFP (10 nM) and siTRAF6 (10 nM) using TransIT-siQUEST

transfection reagent (0.09 μl/well). The trasfected cells were cultured in the presence of M-

CSF plus sRANKL plus hIL-1α. After 72 h, the expression of TRAF6, NFATc1, and TRAP

genes were measured. Similar results were obtained in two independent experiments.

Amano et al. Page 24

J Cell Physiol. Author manuscript; available in PMC 2014 July 03.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Amano et al. Page 25

Table 1

Nucleotide sequence of primers used for reverse transcription- polymerase chain reaction

Gene Nucleotide sequence (5′–3′) Fragment size (bp) Accession No.

TRAP GTCTCTGGGGGACAATTTCTACT
GTTTGTACGTGGAATTTTGAAGC

241 M99054

MMP-9 TTGCCCCTACTGGAAGGTATTAT
GAGAATCTCTGAGCAATCCTTGA

172 NM013599

CAII TCAGGGAGCCCATTACTGTC
TCCAAATCACCCAGCCTAAC

234 BC055291

CTK TAACAGCAAGGTGGATGAAATCT
CTGTAGGATCGAGAGGGAGGTAT

195 NM007802

Integrin alpha V ACAATGTAAGCCCAGTTGTGTCT
TTTGTAAGGCCACTGGAGATTTA

236 NM008402

Integrin beta 3 CTGCTCATCTGGAAGCTACTCAT
CACACACACACAAATTGTCCTCT

233 AF026509

OPN AGTTTCCAGGTTTCTGATGAACA
CTCTTTGGAATGCTCAAGTCTGT

219 AF515708

CR-1a TGCGGCGGGATCCTATAA
AGCCAGCAGTTGTCGTTGTA

238 AF056329

c-fos CCAGTCAAGAGCATCAGCAA
TAAGTAGTGCAGCCCGGAGT

248 BC029814

PU.1 GAGAAGCTGATGGCTTGGAG
TTGTGCTTGGACGAGAACTG

175 M32370

TRAP, tartrate-resistant acid phosphatase; MMP, matrix metalloproteinase; CAII, carbonic anhydrase II; CTK, cathepsin K; OPN, osteopontin; CR,
calcitonin receptor
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Table 2

Primers and probes used for qPCR analysis

Gene Primers(5′–3′) Roche probe No. Accession No.

TRAF6 TTGCACATTCAGTGTTTTTGG
TGCAAGTGTCGTGCCAAG

No. 6 NM009424

NFATc1 TGCAAGTGTCGTGCCAAG
TCCAAATCACCCAGCCTAAC

No. 50 NM198429

TRAP TCTGACCACCTGTGCTTCCT
GGAGTGGGAGCCATATGATTT

No. 3 NM007388

TRAF6, Tnf receptor-associated factor 6; NFATc1, nuclear factor of activated T-cells, cytoplasmic, calcineurin-dependent 1, transcript variant 1;
TRAP, tartrate-resistant acid phosphatase, transcript variant 3
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Table 3

Quantification of TRAP(+) mononuclear and multinuclear cells, and resorption pits formed on the dentine

slices shown in Figure 2(A).

Culture time (days) No. of TRAP(+)mononuclear
cells No. of TRAP(+)multinuclear Ratio of multinuclear to

mononuclear cells (%)
No. of resorption

pits

7 37667 ± 444 172 ± 111 0.46 ± 0.29 0 ± 0

14 29536 ± 2850 1160 ± 135 3.93 ± 0.46 40 ± 8.67

21 29294 ± 2440 1198 ± 155 4.09 ± 0.53 310 ± 56.2

The results are expressed as the mean ± SE of six cultures. Similar results were obtained in two independent experiments.
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