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Stage-dependent suppression of the formation of dentin-resorbing
multinuclear cells with migration inhibitory factor in vitro
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Abstract. The macrophage migration inhibitory factor (MIF)
is a crucial mediator of immune responses and is known to
play a pivotal role in cell proliferation and differentiation. In
this study, we assessed whether MIF exerts regulatory effects
on osteoclast formation in bone marrow cells and, if so, by
what mechanism. Bone marrow cells were either co-cultured
with MC3T3-El cells or cultured with macrophage-colony
stimulating factor (M-CSF) and the soluble form of the
receptor activator of the nuclear factor-kB ligand (RANKL).
Under the influence of MIF, the formation of osteoclastic
multinuclear cells was examined. The number of multi-
nuclear TRAP-positive cells formed in the co-culture was
significantly reduced when MIF (=0.1 xg/ml) was exogenously
applied during the third and fourth days of the 6-day cultiva-
tion period. MIF affected neither the number of mononuclear
TRAP-positive cells induced with M-CSF and RANKL, nor
the expression of RANKL and osteoprotegerin in MC3T3-El
cells. TRAP-positive cells cultured on dentin slices with MIF
showed lower dentin-resorbing activity than those cultured
without MIF. These results suggest that MIF has no regulatory
roles in the differentiation of bone marrow cells to mono-
nuclear TRAP-positive cells, but has inhibitory effects on
the formation of mature osteoclasts by preventing cell fusion,
which may eventually interfere with the osteoclast-mediated
dentin resorption.
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Introduction

Similar to bone resorption by osteoclasts, root resorption of
deciduous teeth progresses with the activation of odontoclasts
of macrophage lineage under physiological conditions (1). In the
late stage of root resorption, a large number of TR AP-positive
odontoclasts are seen on the resorbing dentin surfaces (1,2).
The activity of such monocyte-derived TRAP-positive cells
against calcified hard tissues is prominent when they show
a multinuclear giant cell-like phenotype. The giant cell-like
mature osteoclasts are differentiated from mononuclear osteo-
clastic cells that develop from osteoclast precursor cells (3).
It has been shown that mononuclear osteoclastic cells fuse
with each other to form multinuclear cells (MNCs) during
the process of maturation, and that mature osteoclasts usually
contain several or more nuclei (4). The formation of osteo-
clasts requires two cellular factors: the macrophage-colony
stimulating factor (M-CSF), also known as colony stimulating
factor-1, and the receptor activator of the nuclear factor-xB
ligand (RANKL) (5). M-CSF is indispensable for proliferation
and differentiation of osteoclast precursor cells that develop
from hemopoietic progenitor cells (6). RANKL is a member
of the tumor necrosis factor (TNF) family of cytokines and
can induce the differentiation of osteoclasts from the precursor
cells in the presence of M-CSF (4). It has been reported that
the formation of multinuclear osteoclasts is influenced by
various cytokines, such as interleukin (IL)-1, IL-6, IL-11 (7.,8)
and TNF-a (9).

The macrophage migration inhibitory factor (MIF) has
been characterized as a pro-inflammatory cytokine (10)
produced by T-lymphocytes, and has been shown to be associ-
ated with the migration of macrophages during delayed-type
hypersensitivity (11,12). It has been shown that MIF not only
plays a role in the immune system, but that it is also involved
in cell proliferation and differentiation in a variety of organs
(13-15). Onodera et al (16) reported that matrix metallopro-
teinase-13 mRINA expression in osteoblasts was up-regulated
by MIF, suggesting that MIF takes part in osseous metabo-
lism. As hemopoietic progenitor cells that differentiate into
osteoclast precursor cells are of macrophage lineage (4,17), it
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is possible that MIF influences the differentiation or activity of
osteoclasts. Although analyses of bone marrow cells isolated
from both wild-type and MIF transgenic mice have not
provided evidence of the direct effects of MIF on osteoclast
formation (18), it has been shown that trabecular bone volume
in the femurs and vertebrae of MIF-deficient mice is decreased
compared to wild-type mice, suggesting that MIF-deficiency
facilitates osteoclastic bone resorption (19).

Osteoblasts or stromal cells play a role in osteoclast differ-
entiation, and the interaction of these cells with osteoclast
precursors is crucial for the formation of mature osteoclasts
(20). Osteoblasts are known to express RANKL, that promotes
the differentiation and activation of osteoclasts, and they
also produce osteoprotegerin (OPG), a member of the TNF
receptor superfamily, that suppresses bone resorption by
inhibiting osteoclast formation (21). When the root resorp-
tion of deciduous teeth occurs, hematopoietic progenitor cells
migrate from blood vessels of the periodontal ligament and
alveolar bone toward the root surface (1). In parallel with
the activation of osteoclasts, periodontal tissues adjacent
to the resorbing root surface degenerate without inflamma-
tion (22). As the periodontal fibroblasts prevent osteoclast
formation in a steady state condition (23), it is plausible that
RANKL-expressing osteoblasts play a predominant role in
the differentiation and/or maturation of osteoclasts around
the tooth root, and MIF may affect the osteoblast activity and
regulate root resorption during the tooth shedding stage. In
the present study, we examined the role of MIF in the forma-
tion and action of dentin-resorbing multinuclear osteoclasts
derived from mouse bone marrow cells.

Materials and methods

Reagents and culture media. MC3T3-El cells and mouse bone
marrow cells were cultured in a-minimal essential medium
(a-MEM; Gibco BRL, Grand Island, NY, USA) containing
10% fetal bovine serum (FBS; Hyclone, Logan, UT, USA). The
recombinant soluble form of human RANKL was purchased
from PeproTech, Inc. (Rocky Hill, NJ, USA). Recombinant
human M-CSF was purchased from Austral Biologicals
(San Ramon, CA, USA). Recombinant MIF was expressed in
Escherichia coli BL21/DE3 (Novagen, Madison, WI, USA)
and purified as described previously (24). It contained <1 pg
of endotoxin/ug protein, as determined by the chromogenic
Limulus amebocyte assay (BioWhittaker, Walkersville,
MD, USA).

Osteoclast formation in a co-culture system. Mouse bone
marrow cells were collected from 4-week-old C57BL/6
mice by flushing the femoral shafts with a 26-gauge sterile
needle. The cells (1x10° cells/well) were seeded on confluent
MC3T3-El osteoblast-like cells (2x10° cells/well) cultured
in 24-well dishes with a-MEM containing 10% FBS, 10 nM
1-a, 25-dihydroxyvitamin Dj (vitamin D;) and 100 nM dexa-
methasone (Dex). MIF was applied to the cells by dissolving
in the medium at concentrations of 0.01, 0.1 and 1.0 pg/ml,
and the medium (1 ml/well) was changed every 2 days. The
experimental work was reviewed and approved by the Animal
Care Committee of Hokkaido University Graduate School of
Dental Medicine. After 6 days of co-culture, the cells were

fixed with 10% formaldehyde in PBS for 10 min at room
temperature. After washing with PBS, the cells were treated
with an acetone/ethanol mixture (50:50, v/v) for 1 min at room
temperature. Then, the cells were dried naturally and stained
for TRAP by incubating in 0.1 M sodium acetate buffer
(pH 5.0) containing AS-MX phosphate (Sigma) and Fast
red violet LB salt (Sigma) in the presence of 50 mM sodium
tartrate as described previously (25). Rinsed with distilled
water, TR AP-positive MNCs were counted by using a light
microscope (Eclipse 80i; Nikon, Tokyo, Japan).

Quantitative RT-PCRfor RANKLmRNA.Confluent MC3T3-El
cells (2x10° cells/well) on 24-well dishes were cultured with
a-MEM containing 10% FBS, 10 nM vitamin D5, 100 nM Dex
and MIF (0.01, 0.1 and 1.0 ug/ml) for 24 or 48 h. Total RNA
(tRNA) was prepared from the cells with ISOGEN (Nippon
Gene Co., Tokyo, Japan) according to the manufacturer's
instructions. The tRNA was treated with DNase I (Takara Bio
Co., Kyoto, Japan) for 1 h at 37°C to remove genomic DNA.

Real-time reverse transcriptase-polymerase chain reaction
(RT-PCR) was performed for the quantification of RANKL
and GAPDH mRNAs with Smart Cycler (Cepheid, Sunnyvale,
CA, USA). Single-stranded cDNA was synthesized from 2 ug
of the treated RNA as follows: the tRNA was incubated with
0.5 pg oligo(dT),,.,5 primer (Gibco Brl) at 70°C for 10 min,
then chilled on ice and mixed with 1 xl 10 mM dNTP
(Gibco-BRL) for 5 min at 25°C. The mixture was reacted
with 1 pl Superscript II RNase H-reverse transcriptase (Gibco
Brl) for 10 min at 25°C, which was followed by incubation at
42°C for 50 min. PCR for the cDNAs was set up in a Smart
Cycler reaction tube (Cepheid). According to the instruction
of Takara Ex Tag R-PCR version kit (Takara Bio), 0.25 ul
Ex Tag R-PCR, 2.5 ul 10X R-PCR buffer, 0.3 ul 250 mM Mg**
solution for R-PCR, 0.75 ul ANTP mixture and 2.5 ul SYBR-
Green I (dilution 1:3,000) were mixed with 2 ul sample cDNA,
15.7 ul dH,0, and 0.5 ul 15 uM forward and reverse primers
(RANKL, 5'-TAT GAT GGA AGG CTC ATG GT-3' and
5-TGT CCT GAA CTT TGA AAG CC-3'; GAPDH, 5-CGG
AGT CAA CGG ATT TGG TCG TAT-3' and 5-AGC CTT
CTC CAT GTT GGT GAA GAC-3").

The PCR reaction was performed at the following tempera-
ture cycle: a denaturation step at 95°C for 30 sec and 50 cycles
of denaturation at 95°C for 1 sec, annealing at 55°C for
15 sec and extension at 72°C for 15 sec. The amplification for
RANKL and GAPDH cDNAs was carried out simultaneously
and the final products were quantified by measuring fluo-
rescence from SYBR-Green I bound to the double-stranded
cDNA in the reaction tubes. The fluorescence intensity from
the SYBR-Green I-labeled RANKL cDNA was normalized to
that from the labeled GAPDH cDNA.

Measurement of OPG in the culture media. Confluent
MC3T3-El cells (2x10° cells/well) on 24-well dishes
were cultured with a-MEM containing 10% FBS, 10 nM
vitamin D;, 100 nM Dex and MIF (0.01, 0.1 and 1.0 zg/ml)
for 24 or 48 h. The concentration of OPG in the conditioned
medium was measured using a mouse OPG immunoassay kit
(ANALYZA Immunoassay System; Techne Co., Minneapolis,
MN, USA) that was based on the sandwich enzyme immuno-
assay technique. In brief, standard solutions and the collected
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Figure 1. Effects of MIF on the induction of TRAP-positive cells in co-culture. Mouse bone marrow cells were seeded on confluent MC3T3-El osteoblast-like
cells and cultured for 6 days with a-MEM containing FBS, vitamin D, and Dex in the presence or absence of MIF. MIF(-): cells co-cultured without MIF.
MIF(+), cells co-cultured in the presence of MIF (0.1 yg/ml). Arrows, mature osteoclasts containing five or more nuclei.

samples were placed in a 96-well microplate pre-coated with
monoclonal antibody specific to mouse OPG and incubated
for 2 h at room temperature. After washing, a peroxidase-
labeled polyclonal antibody specific to OPG was added to each
well and incubated for 2 h. Then, unbound antibody-enzyme
reagent was removed by washing and a substrate reagent was
added to the wells. Following incubation for 30 min at room
temperature, absorbance at 450 nm was measured with a
microplate reader.

Osteoclast formation in a bone marrow cell culture. Bone
marrow cells were collected from 4-week-old C57BL/6 mice
as described above. They were applied to a Sephadex G-10
column (Pharmacia, Uppsala, Sweden) and incubated for
45 min at 37°C. Then, the cell suspension was passed through
the column with the addition of a-MEM containing 10% FBS
and collected. By this process, adhesive cells mixed in the
extract of bone marrow were trapped in the column (26), and
we used the passed cells as osteoclast precursors for the subse-
quent experiment. The cells (2x10* cells/well) were plated in
24-well plates with 1 ml of a-MEM containing 10% FBS,
5 ng/ml M-CSF, 50 ng/ml soluble RANKL and 0.1 g/ml MIF.
After 6 days of culture, the cells were fixed and stained for
TRAP as described earlier.

Scanning electron microscope (SEM) observation of resorp-
tion pits. The activity of osteoclasts in terms of degrading
calcified tissue was assessed by a comparison of the size of
the resorption pits which appeared on mammoth tusk-derived
dentin slices (Hokudo Co., Sapporo, Japan). Osteoclast
precursor cells (2x10* cells/well) were plated on a dentin slice
(14 mm in diameter, 300 gm in thickness) placed in the well
of culture plates containing 1 ml of a-MEM supplemented
with 10% FBS, 5 ng/ml M-CSF, 50 ng/ml soluble RANKL
and 0.1 pg/ml MIF. After 6 days of culture, the cells were
removed and the dentin slices were dehydrated through a
graded series of ethanol and critical-point-dried with liquid
CO,. The dentin slices were coated with platinum and palla-
dium in an ion coater (E-1030; Hitachi, Tokyo, Japan) and
observed with (SEM).

Statistical analysis. The results were expressed as the means
+ SD. Overall comparisons were made using ANOVA and
statistical differences between the groups were determined by
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Figure 2. Dose-dependent effects of MIF on the formation of TRAP-positive
MNC s in the co-culture. After co-culturing MC3T3-El cells and bone
marrow cells for 6 days with MIF (0, 0.01, 0.1 and 1.0 yg/ml), the number of
TRAP-positive MNCs that contained two or more nuclei was counted. Data
are presented as the means + SD (n=6 for each group). Significant differences
between groups (P<0.01) are indicated with asterisks.

Bonferroni's test. Data with a P-value <0.05 were considered
significant.

Results

Effects of MIF on osteoclast formation in the co-culture.
TRAP-positive MNCs were observed in the 6-day co-culture
of MC3T3-El cells and bone marrow cells in the presence
of vitamin D; and Dex (Fig. 1). The relationship between the
MIF concentration and the number of TR AP-positive MNCs
is shown in Fig. 2. The formation of TRAP-positive MNCs
was significantly suppressed in the MIF-treated co-culture
and the effect of MIF was dose-dependent. The suppressive
effect of MIF on the osteoclast formation was remarkable at
the concentrations of 0.1 and 1.0 xg/ml. To determine the exact
stage at which MIF influenced the formation of MNCs, we
divided the 6-day cultivation period into 3 stages: the early
stage (days 1-2), the middle stage (days 3-4) and the late stage
(days 5-6). Eight co-culture groups were prepared and MIF
(0.1 ug/ml) was applied at each of the stages of a 2-day period,
as indicated in Fig. 3. The number of MNCs was apparently
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Figure 3. Time-dependent effects of MIF on the formation of TRAP-positive
MNC:s in the co-culture of MC3T3-El1 cells and bone marrow cells. The 6-day
cultivation period was divided into 3 stages (2 days each); the stage when MIF
(0.1 ug/ml) was applied to the culture is indicated as (+), and the stage when
MIF was not applied to the culture is indicated as (-). The early, middle and
late stages are indicated in a row from left to right. TRAP-positive MNCs that
contained two or more nuclei were counted. Data are presented as the means
+ SD (n=6 for each group). “P<0.01, "P<0.05.
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Figure 4. Effects of MIF on the RANKL mRNA expression in MC3T3-El
cells. After 24-h cultivation of MC3T3-El cells with various concentrations of
MIF, mRNAs of RANKL and GAPDH expressed in the MC3T3-El1 cells were
measured. Relative expression of RANKL mRNA to that of GAPDH mRNA
(normalized by the control value) are indicated. There was no difference in
RANKL mRNA expression among the cells treated with different concentra-
tions of MIF. Data are presented as the means + SD (n=6 for each group).

reduced in the groups where MIF was applied at the middle
and late stages in the cultivation period. The suppressive effect
of MIF on the formation of MNCs was most remarkable when
applied at the middle stage. The present results are consistent
with a recent report demonstrating that the formation of MNCs
in a culture of RAW 264.7 cells, a mouse macrophage cell line,
was suppressed more effectively in the presence of RANKL
when MIF was applied at the last 2 days in a 4-day culture
(19). It is noteworthy that the middle stage in our experiment
coincides with the time when multinuclear osteoclasts were
first confirmed in the same co-culture system (27).

Effects of MIF on the expression of RANKL and OPG in
MC3T3-EI cells. To investigate whether the suppressive
effect of MIF on the formation of MNCs is dependent on
the amounts of RANKL and/or OPG that are produced by
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Figure 5. Effects of MIF on the production of OPG in MC3T3-El cells. After
24- or 48-h cultivation of MC3T3-El cells with various concentrations of MIF,
OPG in the conditioned media was measured. There was no difference in OPG
concentration among the media treated with different concentrations of MIF
for the identical period, although longer cultivation increased OPG concentra-
tion in the media. Data are presented as the means + SD (n=6 for each group).

MC3T3-El cells (28), we measured RANKL mRNA and OPG
production in the MC3T3-El cell culture. The expression of
RANKL mRNA was evaluated using quantitative RT-PCR,
and the result is shown in Fig. 4 as a relative expression ratio
of RANKL to GAPDH. After the 24-h cultivation period with
MIF, there was no substantial effect of the treatment on the
RANKL mRNA expression in MC3T3-El cells. The treat-
ment of MC3T3-El cells with MIF for 48 h under the same
conditions also had no effect (data not shown). For the assay
of OPG production by MC3T3-El cells, conditioned media
were collected from MC3T3-El cell cultures treated with MIF
for 24 or 48 h. As shown in Fig. 5, there was no significant
difference in the concentration of OPG among the cultures
treated with different doses of MIF. Cultivation of the cells
for a longer period with MIF (24 vs. 48 h) resulted in a further
accumulation of OPG in the media, but there was no differ-
ence in the OPG concentration among the cultures treated with
different doses of MIF. We did not find a difference in the
number of MC3T3-El cells per well among the cultures after
the treatment with MIF (data not shown).

Effects of MIF on the osteoclast formation in the bone marrow
cell culture. Osteoclast formation was observed in the mouse
bone marrow cells cultured with M-CSF and soluble RANKL
for 6 days. Without applications of these factors, TR AP-positive
cells were not induced, and treatment of the bone marrow cells
with either M-CSF or RANKL had no effect (data not shown).
As shown in Fig. 6A, TRAP-positive mononuclear cells were
present in MIF-treated cultures and the cell number was not
smaller than that in the control cultures. However, the number
of MNCs was significantly smaller in the MIF-treated cultures
compared to the control cultures (P<0.05). When MNCs were
classified into subgroups by the number of nuclei (Fig. 6B),
it became apparent that there were very few TRAP-positive
MNC:s having five or more nuclei in the MIF-treated cultures.
The ratio of MNC formation in the absence of MIF was 14.6%
of the total TRAP-positive cells and in the presence of MIF



EXPERIMENTAL AND THERAPEUTIC MEDICINE 3: 37-43, 2012 41

A B
100 OMIF(-)
600 | ]
e | MIF(+) .
K <
§ o
« 400 | 60 | % 5
e
E 40 B
= 5
2 200 + =
20 -
0 0
mononuclear multinuclear (2=<)

2 3 4 5 6 7=
number of nuclei /an osteoclast

Figure 6. Multinucleation of osteoclasts was influenced by MIF. Mouse bone marrow cells were cultured either with or without MIF (0.1 xg/ml) in the presence
of M-CSF and soluble RANKL for 6 days. (A) The numbers of TR AP-positive mononuclear cells and MNCs (with two or more nuclei) were compared between
the control and MIF-treated cultures. There was no significant difference in the number of TR AP-positive mononuclear cells between the cultures. However,
the number of MNCs in the MIF-treated culture was significantly less than that in the control culture ("P<0.05). (B) The number of TRAP-positive MNCs
classified into subgroups by the number of nuclei. Very few TRAP-positive MNCs had five or more nuclei in the MIF-treated culture.
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Figure 7. Presence of large resorption pits on dentin slices in the control culture, but not in the cell culture treated with MIF. Top: representative images of
TRAP-positive cells in the bone marrow cell culture. A multinuclear giant cell with more than ten nuclei was present in the control culture (left), but such
a large cell was not found in the 0.1 pg/ml MIF-treated culture (right). Bottom: resorption pits formed on dentin slices by osteoclasts. A large resorption pit
of >100 ym in diameter was found to be formed on the control slice (left), but such a large pit was absent on the slices exposed to MIF-treated cells (right).

it was 9.4%. There was no difference in the total number of
the nuclei of TRAP-positive cells between the control and
MIF-treated cultures, and the numbers were 696.1+81.5
and 706+117.5/well, respectively. Fig. 7 shows representa-
tive images of TRAP-positive cells in the bone marrow cell
culture and resorption pits formed by osteoclasts on the dentin
slices. TR AP-positive multinuclear giant cells with more than
ten nuclei were present in the control culture, as shown in the
upper left image, although such a large cell was not found in
the MIF-treated culture (upper right image). The maximum
number of nuclei in individual MNC in the control culture
was 17, but that in the MIF-treated culture was 6. TRAP-
positive cells containing a few nuclei were present in both

the control and MIF-treated cultures, and the majority of the
TRAP-positive cells in both cultures were mononuclear cells.
Resorption pits formed on the dentin slices were visualized by
SEM (Fig. 7; lower images). A large resorption pit of >100 ym
in diameter was formed on the control slice, but such a large
pit was never found on the slices exposed to MIF-treated
bone marrow cells.

Discussion
In the present study, we examined the role of MIF in the

formation of dentin-resorbing MNCs from mouse bone
marrow cells, and showed that MIF inhibited the formation
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of MNCs by preventing cell fusion at the middle stage and, to
a lesser extent, the late stage of the 6-day cultivation period
in co-culture with MC3T3-El cells. Osteoblast/stromal cells
play a role in the differentiation of osteoclasts by producing
RANKL, an essential factor for the osteoclast formation. They
also produce OPG that suppresses osteoclast formation by
acting as a decoy receptor for RANKL (4). It can be speculated
that the inhibitory effect of MIF on the formation of MNCs
may be mediated by the suppression of RANKL or by the
up-regulation of OPG, as the amount of these factors is closely
related to the formation of MNCs, as shown in our previous
study (23). However, as is evident from the present experi-
ments using MC3T3-El cell culture, neither RANKL mRNA
expression nor OPG production was influenced by MIF. In
these experiments, 24- or 48-h exposure of MC3T3-El cells
to 1.0 ug/ml of MIF, which is 10-fold higher than the dose
sufficient to inhibit formation of MNCs in the co-culture,
had no effect. Exposure of murine calvarial osteoblasts to
MIF for 12 or 24 h also had no substantial effects on cellular
RANKL and OPG mRNA levels (18). Although these results
do not exclude the possibility that MIF has some effects on the
production of other cytokines or factors in MC3T3-El cells
and influences the maturation of osteoclasts, it is apparent
that MIF does not affect the RANKL-dependent intercellular
processes of osteoclast differentiation from the precursors.

MNC:s can be induced from bone marrow cells in a culturing
condition that does not contain osteoblastic cells (29). Instead
of the cooperation with osteoblastic cells, TRAP-positive
cells were induced abundantly in the culture of bone marrow
cells stimulated with M-CSF and RANKL. We did not find
a significant difference in the number of mononuclear osteo-
clastic cells between the control and MIF-treated cultures,
although a slightly larger number of mononuclear osteoclastic
cells was observed in the MIF-treated cultures. By contrast, a
significant reduction in the number of MNCs was observed in
the MIF-treated cultures and the suppressive effect of MIF on
the fusion of osteoclastic cells was evident when the number
of mature osteoclasts was counted; we found very few MNCs
containing five or more nuclei in the MIF-treated cultures.

For the isolation of bone marrow cells, we removed osteo-
blastic and fibroblastic cells effectively from the heterogenous
cell mixture extracted from mouse femoral shafts by purifying
it using a Sephadex G-10 column in which adhesive cells,
such as osteoblasts, were trapped. This treatment excluded
the possible methodological flaw such that MIF activated
contaminated cells and affected the maturation of osteoclasts.
Our histological studies further support the direct action of
MIF on differentiated osteoclasts. In contrast to the formation
of extremely large osteoclasts containing more than ten nuclei
in the MIF-free culture, mature MNCs were rarely found in
the bone marrow cell culture treated with MIF. The assay of
pit formation on dentin slices suggests a close relationship
between the sizes of MNCs and their dentin-resorbing poten-
tial. The large resorption pits formed on the dentin surface
mean strong phagocytic action of giant osteoclasts. Taken
together with the results reported by another group (19), it can
be concluded that MIF inhibits the formation of MNCs by
preventing the fusion of osteoclastic cells.

Osteoclast formation occurs through a cell differentiation
pathway that implies the formation of osteoclast precursors from

hemopoietic cells, subsequent differentiation of the precursors
to mononuclear osteoclastic cells, and a process of cell fusion
to form multinuclear osteoclasts (30). The processes of the
osteoclast differentiation require several days in vitro; in fact,
it took 4 days to form MNCs in the co-culture of mouse bone
marrow cells and MC3T3-El cells (27). To specify the time
when MIF affected the formation of MNCs, we divided the
6-day cultivation period into 3 stages, and bone marrow cells
and MC3T3-El1 cells were co-cultured either with or without
MIF by changing the medium every 2 days. We paid particular
attention to adjusting the number of both bone marrow cells
and MC3T3-El cells in the culture dishes at the beginning
of co-culture. When MIF was applied to the co-culture at the
middle stage, the formation of MNCs was markedly inhibited.
The application of MIF at the late stage had a substantial,
although lesser effect on the formation of MNCs compared to
the MIF application at the middle stage. By contrast, the appli-
cation of MIF at the early stage had no effect, or rather slightly
promoted MNC formation. The middle stage corresponds to the
period when mononuclear osteoclastic cells are formed nearly
completely and they start to fuse with each other in the experi-
mental condition (27,30). The present findings strongly indicate
that MIF exerts an inhibitory effect on the formation of MNCs
by preventing the multinucleation of osteoclasts, and that MIF
has little effect on the differentiation of osteoclast precursors to
mononuclear osteoclastic cells.

The mechanism of inhibition of the formation of mature
osteoclasts by MIF has not yet been elucidated. In order to
further investigate the action of MIF, the process of cell fusion
must be clarified. Kukita er al (31) showed that the dendritic
cell-specific transmembrane protein (DC-STAMP), a puta-
tive seven-transmembrane-spanning receptor, was induced
in osteoclastic cells by RANKL, and that target inhibition
of this molecule by small interfering RNAs suppressed the
formation of MNCs. Yagi et al (32) also demonstrated that
DC-STAMP is essential for the fusion of osteoclast precursor
cells and macrophages. Vignery (33) proposed a possible
mechanism of the cell fusion; the DC-STAMP-expressing
osteoclastic cell acts as the master fusing cell and fuses with
a DC-STAMP-negative follower cell. Although the ligand for
DC-STAMP has not yet been identified, the possibility that
MIF influences the resorption of calcified tissues by exerting
some effects on DC-STAMP itself or its ligand is a matter of
concern.

There is accumulating evidence that MIF may be associ-
ated with juvenile idiopathic arthritis (JIA). A novel 5'-flanking
region polymorphism of MIF has been shown to be associated
with systemic-onset JIA (34). Systemic-onset JIA patients
carrying a -173 single-nucleotide G-to-C polymorphism of the
MIF gene (MIF-173"C) had serum and synovial fluid levels
of MIF significantly higher than those in patients carrying
a MIF-173°G allele, and the duration of clinical response to
intra-articular injection of triamcinolone hexacetonide was
significantly shorter in patients carrying the MIF-173"C allele
(35). Notably, a clinical survey of panoramic radiographs of
school children revealed that dental maturity was significantly
advanced in JTA patients compared to healthy children (36).
Although the effect of corticosteroids used for the treatment of
JIA should also be taken into account, MIF may be involved in
the mechanism of altered dental development in JIA children.
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