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Hospital at Tokyo Medical and Dental University. These patients
had synovial chondromatosis in the temporomandibular joint.
Written informed consent was obtained from both the patients,
and the experiments were approved by the hospital’s Ethical Re-
view Board.

BMP production by the synovium and free bodies in synovial chon-
dromatosis. BMPs were detected by reverse transcription-polymer-
ase chain reaction (RT-PCR) and immunochistochemistry. For the
RT-PCR analysis, total RNA was extracted from unfixed frozen sam-
ples of the synovium and free bodies maintained at —80 °C and
from cultured synovial cells by using NucleoSpin (Macherey-Nagel,
Duren, Germany). RNA aliquots were reverse transcribed to com-
- plementary DNAs by using Oligo(dT) primer (Roche, Mannheim,
Germany), deoxynucleotide triphosphate (dNTP; Promega), and
Moloney murine leukemia virus (M-MulV) reverse transcriptase
(Fermientas, Hanover, MD). The complementary DNA products
were subjected to PCR amplification, using gene-specific primers
for BMP-2, BMP-4, BMP-6, and BMP-7 (Table 1). The amplified prod-
ucts were electrophoresed on 2% agarose gel containing ethidium
bromide, using OneSTEP ladder 100 (Nippon Gene, Japan).

For immunohistochemistry, synovium and a few enucleated
free bodies were fixed in 10% phosphate-buffered formalin and
embedded in paraffin. The free bodies were decalcified by treat-
ment with 10% ethylenediaminetetraacetic acid (EDTA) at 4°C
for 1 week before embedding in paraffin. The embedded specimens
were cut into 4 um sections. Endogenous peroxidase activity was
blocked with 10% hydrogen peroxidase/methanol, and nonspecific
binding was blocked with 10% horse serum. Antigen retrieval was
performed by incubating the specimens in an antigen retrieval buf-
fer (10 mM Tris, 1 mM EDTA; pH 9.0) in a microwave at 80 °C for
60 min. The sections were incubated with goat anti-BMP-2/BMP-
4 antibody (dilution, 1:500; Santa Cruz Biotechnology, Santa Cruz,
CA), which specifically recognizes both BMP-2 and BMP-4. Anti-
goat immunoglobulin G (IgG) (Vector laboratories, Burlingame,
CA) was used as the secondary antibody. The antigen-bound perox-
idase activity was
chromogen.

Cell culture. To isolate cells from the free bodies and synovium
obtained from our two patients, each tissue was cut into small
pieces (approximately less than 1 x 1 mm), and the pieces were
treated with 0.25% trypsin-EDTA solution at 37 °C for 20 min. After
washing with phosphate-buffered saline (PBS) and Dulbecco’s
modified minimum essential medium (DMEM; Nacalai Tesque,
Kyoto, Japan), the cells were re-incubated with DMEM containing
0.15% collagenase (Collagenase type II; Worthington Biochemical
Corporation, Lakewood, NJ) and 0.25% trypsin (Becton, Dickinson
and Company, Franklin Lakes, NJ) at 37 °C for 4 h. The harvested
cells were inoculated into 24-well plates at a density of 2.0 x 10*
cells per well and cultured in DMEM containing 10% fetal bovine
serum (Invitrogen/Gibco, Carlsbad, CA), penicillin G (50 U/ml),

Table 1
Primers sequences used for RT-PCR.

visualized using 3,3’-diaminobenzidine

and streptomycin (50 mg/ml). The culture medium was changed
every 3 days and maintained for 6 days with or without 500 ng/
ml of recombinant human BMP-2 (rthBMP-2), which was provide
by Astellas Pharma, Inc., Tokyo, Japan. To investigate the role of
BMPs in chondrocyte and osteoblast differentiation, the cells iso-
lated from the free bodies and synovium were cultured in the pres-
ence or absence of 500ng/ml of noggin (R&D Systems,
Minneapolis, MN). ' :

RT-PCR analysis. Total RNA was extracted from the cultured cells
and RNA aliquots were reverse transcribed to complementary
DNAs as described above. The complementary DNA products were
subjected to PCR amplification, using gene-specific primers for
Sox9, Collal, Col2al, Col10al, Aggrecan (Agcl), Runx2, and Osteocal-
cin (Table 1). Real-time RT-PCR amplification was performed using
a LightCycler System (Roche) with a Platinum SYBR Green gPCR
SuperMix UDG kit (Invitrogen, Carlsbad, CA). The relative amount
of each mRNA was normalized to f-actin mRNA.

Histochemical staining. Cultured cells were fixed in 10% phos-
phate-buffered formalin for 5min, washed twice with 10mM
Tris-HCl (pH 7.5), and then double stained with alkaline phospha-
tase {ALP) and alcian blue. ALP staining was performed at 37 °C for
20 min by using 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyl-2H-
tetrazolium chloride (INT) as a formazan dye with 5-bromo-4-
chloro-3-indolyl phosphate (BCIP) as an enhancer (Roche). After
the ALP staining, alcian blue (pH 2.5) staining was performed. Al-
cian blue-positive nodules were defined as those having a diameter
of more than 50 pm. )

" Measurement of ALP activity. Cultured cells were sonicated in
radioimmunoprecipitation assay (RIPA) buffer to obtain the cell Iy-
sate. ALP activity was determined using p-nitrophenylphosphate
solution (Wako Pure Chemicals, Osaka, Japan) as the substrate.
The amount of p-nitrophenylphosphate released was estimated
by measuring the absorbance at 405 nm after 30 min of incubation
at 37°C. The protein concentration was determined using: a
bicinchoninic acid (BCA) protein assay kit (Thermo, Waltham, MA).

Statistical analyses. We used t-test for the statistical analysis of
the influence of rhBMP-2 and noggin. P values less than 0.05 were
considered significant. Each analysis was performed at least 3
times. The data are presented as mean % standard error of mean
(SEM) of independent replicates (n > 3).

Results and discussion

The synovium and free bodies expressed BMPs in synovial
chondromatosis

In synovial chondromatosis, free bodies were produced in the
joints (Fig. 1A), which are composed ’of cartilaginous tissues
(Fig. 1B). We hypothesized that the synovium and free bodies syn-
thesized BMPs, which might be involved in the excess formation of
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Fig. 1. Free bodies and BMP expression in synovial chondromatosis. (A) Gross findings of free bodies used for isolation of culture cells. Thirty-eight enucleated nodules were
isolated from the temporomandibular joint in one patient. (B) Typical histology of a free body, which is composed of hyaline cartilage. Right upper insert shows a high
magnification view of cartilage. (C) Expression of BMP-2, BMP-4, and BMP-6 mRNAs in the free bodies (F) and synovium (S) or cultured synovial cells (Sc). RT-PCR analysis
was performed as described in Materials and methods. (D, E) Immunohistochemical detection of BMP-2/BMP-4 in the free bodies (D) and synovium (E). Immunoreactivity
(brown) is seen in chondrocytes (D) and some fibroblastic cells (E). Immunohistochemistry was performed as described in Materials and methods.

cartilage or bone in synovial chondromatosis. To corroborate our
hypothesis, we first investigated BMP expression in the synovium
or cultured synovial cells and the free bodies isolated from two
synovial chondromatosis patients. RT-PCR analysis revealed that
the synovium or cultured synovial cells and the free bodies ex-
pressed high levels of BMP-2 and BMP-4 mRNAs (Fig. 1C). BMP-6
expression was weak in the free bodies and undetectable in the
synovium or cultured synovial cells (Fig. 1C). No apparent BMP-7
expression was detected in either the synovium or the free bodies.
Immunohistochemical study demonstrated that chondrocytes in
the free bodies (Fig. 1D) and some fibroblastic cells in the syno-
vium (Fig. 1E) expressed BMP-2/BMP-4. These results indicate
the production of BMP-2 and BMP-4 by the free bodies and syno-
vium in synovial chondromatosis and suggest the possible involve-
ment of BMPs in the pathobiology of synovial chondromatosis.
These results prompted us to further investigate the effects of
rhBMP-2 on chondrogenic and osteogenic differentiation in the
free-body and synovial cells isolated from synovial chondromato-
sis patients.

rhBMP-2 stimulated the production of cartilaginous nodules and ALP-
positive cells in the culture of cells isolated from synovial
chondromatosis patients

We first assessed the effects of rhBMP-2 on chondrogenic and
osteogenic differentiation of cells by dual staining with ALP and
alcian blue in the cells isolated from the free bodies and syno-
vium. In the culture of free-body cells isolated from Case 1, we
found numerous nodules composed of spherical cells associated
with alcian blue-positive extracellular matrices, indicating chon-
drogenic differentiation (Fig. 2A). BMP-2 treatment (500 ng/ml)
for 6 days increased the number of these nodules by 1.5 times
than that in the BMP-2-untreated culture (Fig. 2B). Free-body
cells isolated from Case 2 formed a few such nodules (Fig. 2B).
Cultured synovial cells exhibited no apparent alcian blue-positive
nodules in the presence or absence of BMP-2 (data not shown).
These results indicate that free-body cells are capable of
differentiating into chondrocytes more effectively than synovial
cells.
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Fig. 2. Effects of rhBMP-2 on cartilaginous nodule formation (A,B) and ALP activity
(C-F). (A) Double staining of the cultured cells isolated from the free bodies with
ALP and alcian blue in the presence of rhBMP-2. Note that round-shaped alcian
blue-positive cells (blue) form a cartilaginous colony. No ALP-positive cells are
observed. (B) The number of alcian blue-positive colonies observed in culture of
free-body cells and synovial cells in the presence or absence of rhBMP-2 (500 ng/
ml). No positive colonies were observed.in the synovial cell culture. (C,E) ALP
histochemistry in free-body cells (C) and synovial cells (E). Numerous ALP-positive
cells (brown) were observed in the cultures of free-body and synovial cells in the
presence of rhBMP-2. (D,F) ALP activity in the free-body cells (D) and synovial cells
(F) cultured with or without rhBMP-2.

ALP-positive cells were scattered in the cultures of both free-
body (Fig. 2C) and synovial cells (Fig. 2E). Almost all the cells were
polyhedral or spindle-shaped without any close association with
the alcian blue-positive nodules (Fig. 2C and E). BMP-2 treatment
increased the number of ALP-positive cells in the cultures of both
the free-body and synovial cells (data not shown). Further, BMP-
2 treatment significantly increased ALP activity in both the free-
body cells (Fig. 2D) and the synovial cells (Fig. 2F). ALP activity is
exhibited from early differentiated osteoblasts through mature
osteoblasts [8], but it appears in only mature hypertrophic cells
during chondrocyte differentiation. We found few nodules dou-
ble-positive for ALP and alcian blue even in the cultures treated
with tThBMP-2. These suggest that ALP-positive polyhedral or spin-
dle-shaped cells are osteoblast lineage cells.

BMP-2 stimulated the expression of mRNAs related to chondrocyte and
osteoblast differentiation in the culture of cells isolated from synovial
chondromatosis patients

We investigated the effects of ThBMP-2 on the expression of
mRNAs related to chondrocyte differentiation. The basal expres-

sion levels of Sox9, Col2al, Aggrecan, and Col10al mRNAs were sig-
nificantly higher in the free-body cells than in the synovial cells
(data not shown). BMP-2 treatment increased Sox9 mRNA expres-
sion over 20-fold in the free-body cells (Fig. 3A). BMP-2 also signif-
icantly increased the expression of Col12al and Aggrecan mRNAs,
which are involved in the early differentiation of chondrocytes
[22] (Fig. 3A). The expression of Col10al mRNA, which is mainly
expressed by hypertrophic chondrocytes [22], was also stimulated
by the BMP-2 treatment, but its induction in the treated culture
was less than 2-fold as compared with that in the control cultures
(Fig. 3A). In the synovial cells, thBMP-2 treatment significantly in-
creased the expression of Sox9, Col2al, and Aggrecan mRNAs
(Fig. 3B). BMP-2 increased Col10al expression more effectively in
the synovial cells than in the free-body cells. These results indicate
that ThBMP-2 stimulates the free-body and synovial cells to differ-
entiate into chondrogenic cells.

We next investigated the effects of rhBMP-2 on the expression
of mRNAs related to osteoblast differentiation. BMP-2 treatment
significantly increased Runx2 expression but failed to stimulate
Colal expression in the free-body cells. rhBMP-2 slightly, but sig-
nificantly, increased Osteocalcin expression in only Case 2. In the
synovial cells, BMP-2 treatment significantly increased the expres-
sion of Runx2, Col1al, and Osteocalcin mRNAs. These results suggest
that rhBMP-2 induces osteoblast differentiation more effectively in
synovial cells than in free-body cells.

Taken together, these results indicate that BMP-2 treatment
stimulates chondrocyte and osteoblast differentiation in free-body
and synovial cells. Our histopathological examination of eight pa-
tients with synovial chondromatosis in the temporomandibular
joint revealed that free bodies in all the cases exhibited extensive
cartilage formation, and only one case was associated with bone
formation (unpublished results). These findings support that the
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Fig. 3. Effects of BMP-2 on the expression of mRNAs related to chondrocyte and
osteoblast differentiation in the free-body cells (A) and synovial cells (B). The cells
were cultured for 6 days in the presence or absence of BMP-2 (500 ng/ml), and the
expression of mMRNAs was determined by real-time RT-PCR analysis as described in

Materials and methods. Agc1, Aggrecan. Thin slash bars indicate the data of Case 1,
and thick slash bars show that of Case 2. P<0.05, "P<0.01, "P<0.001 (n=3).
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free-body cells used in the present study had differentiated into
chondrogenic cells, and the synovial cells retained bipotency to dif-
ferentiate into both chondrocytes and osteoblasts.

"Noggin inhibited the expression of marker genes related to
chondrocyte and osteoblast differentiation in the cultured cells

The free-body and synavial cells expressed substantial levels of
mRNAs related to chondrocyte and osteoblast differentiation in the
absence of exogenous BMP-2. We also demonstrated that the free-
body and synovial cells expressed BMPs. These results suggested
that endogenous BMPs synthesized by the free-body and synovial
cells stimulated chondrocyte and osteoblast differentiation in an
autocrine or a paracrine fashion. To address this issue, we investi-
gated the effects of noggin, which is a specific antagonist for BMPs
[23,24], on chondrogenic and osteoblastic differentiation in the
free-body and synovial cells.

Noggin significantly inhibited Sox9 and Col2ql expression in
both the free-body and synovial cells (Fig. 4A and B). Noggin also
inhibited aggrecan expression in the free-body cells but not in
the synovial cells (Fig. 4A and B), which might be due to the low
level of basal aggrecan mRNA expression in the latter. The inhibi-
tory effect of noggin on Col10al expression was observed in only
one case each in the free-body and synovial cells (Fig. 4A and B).
These results indicate that BMPs synthesized by free-body and
synovial cells are involved in chondrogenic differentiation in syno-
vial chondromatosis. -
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Fig. 4. Effects of noggin on the expression of mRNAs related to chondrocyte and
osteoblast differentiation in the free-body cells (A) and synovial cells (B). The cells
were cultured for 6 days in the presence or absence of noggin (500 ng/ml), and the
expression of MRNAs was determined by real-time RT-PCR analysis as described in
Materials and methods. Agc1, Aggrecan. Thin slash bars indicate the data of Case 1,
and Thick slash bars show that of Case 2. P < 0.05, "P<0.01, "P<0.001 (n=3).

Noggin significantly inhibited Runx2 expression in the free-
body and synovial cells, but its inhibitory effect on Collal expres-
sion was observed in only synovial cells isolated from Case 1
(Fig. 4A and B). Noggin inhibited Osteocalcin expression in the
synovial cells but not in the free-body cells (Fig. 4A and B). The
ALP activity in the free-body (Fig. 4C) and synovial cells (Fig. 4D)
was also inhibited by noggin. These results suggest that BMPs syn-
thesized by free-body and synovial cells also participate in the reg-
ulation of osteoblast differentiation in synovial chondromatosis.

In conclusion, the present study demonstrated that the free
bodies and synovium isolated from synovial chondromatosis pa-
tients produced BMPs and that the free-body and synovial cells

_are capable of differentiating into chondrocyte and osteoblast line-

age cells in response to BMPs. Thus, we propose that BMPs synthe-
sized by synovial and free-body cells promote cartilaginous and
osteogenic metaplasia in synovial chondromatosis in an autocrine
or a paracrine fashion. The present study also indicates that BMPs
play important roles in not only skeleton formation but also in the
cartilaginous and osteogenic metaplasia observed under patholog-
ical conditions. Thus, BMP antagonists such as noggin might be
useful therapeutic tools for preventing chondrogenic metaplasia
occurred in synovial chondromatosis. '
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Deficiency of Chemokine Receptor CCR1 Causes Osteopenia
Due to Impaired Functions of Osteoclasts and Osteoblasts™
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Chemokines are characterized by the homing activity of leu-
kocytes to targeted inflammation sites. Recent research indi-
cates that chemokines play more divergent roles in various
phases of pathogenesis as well as immune reactions. The chemo-
kine receptor, CCR1, and its ligands are thought to be involved
in inflammatory bone destruction, but their physiological roles
in the bone metabolism in vivo have not yet been elucidated. In
the present study, we investigated the roles of CCR1 in bone
metabolism using CCR1-deficient mice. Ccrl™'~ mice have
fewer and thinner trabecular bones and low mineral bone den-
sity in cancellous bones. The lack of CCR1 affects the differen-
tiation and function of osteoblasts. Runx2, Atf4, Osteopontin,
and Osteonectin were significantly up-regulated in Cerl™/~
mice despite sustained expression of Osterix and reduced
expression of Osteocalcin, suggesting a lower potential for dif-
ferentiation into mature osteoblasts. In addition, mineralized
nodule formation was markedly disrupted in cultured osteo-
blastic cells isolated from Ccr1™/~ mice. Osteoclastogenesis
induced from cultured CcrI ™/~ bone marrow cells yielded fewer
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and smaller osteoclasts due to the abrogated cell-fusion.
Ccrl™'~ osteoclasts exerted no osteolytic activity concomitant
with reduced expressions of Rank and its downstream targets,
implying that the defective osteoclastogenesis is involved in the
bone phenotype in Ccr1™/~ mice. The co-culture of wild-type
osteoclast precursors with Cerl™'~ osteoblasts failed to facili-
tate osteoclastogenesis. This finding is most likely due to a
reduction in Rankl expression. These observations suggest that
the axis of CCR1 and its ligands are likely to be involved in cross-
talk between osteoclasts and osteoblasts by modulating the
RANK-RANKL-mediated interaction.

Chemokines are initially identified as small cytokines that
direct the homing of circulating leukocytes into sites of inflam-
mation (1). Chemokines are now recognized to be major fac-
tors in inflammation and immune development as well as
tumor growth, angiogenesis, and osteolysis. Chemokine
receptors are expressed in a well organized spatiotemporal
manner in various types of leukocytes, including lympho-
cytes, granulocytes, and macrophages. They facilitate the
recruitment of these cells into inflammatory sites during the
appropriate phase of inflammation.

Recent findings indicate that chemokine receptors, including
CCR17 and its related chemokines, CCL3 and CCL9, are
involved in the pathogenesis of a variety of diseases. In partic-
ular, CCL3 (also called MIP-1a), a major pro-inflammatory
chemokine produced at inflammatory sites, appears to play a
crucial role in pathological osteoclastogenesis (2, 3). In osteo-
Iytic bone inflammation (e.g rheumatoid arthritis-associated
bone destruction), CCL3 induces ectopic osteoclastogenesis (4)

7 The abbreviations used are: CCR, C-C chemokine receptor; M-CSF, macroph-
age-colony stimulation factor; BALP, bone-specific alkaline phosphatase;
CCL, C-C chemokine ligand; MCP-1, macrophage chemoattractant pro-
tein-1; MIP-1, macrophage inflammatory protein-1; CT, computed tomog-
raphy; PTX, pertussis toxin from Bordetella pertussis; RANK, receptor activa-
tor of NF-kB; RANKL, receptor activator of NF-«B ligand; RANTES, regulated
upon activation normal T expression and secreted; TRAP, tartrate-resistant
acid phosphatase; NTx, N-telopeptides.
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and results in bone destruction (5). Several reports suggested
that CCL3 is also produced by myeloma cellsand directly stim-
ulates bone destruction in myeloma—related bone diseases
(5-7). These findings indicate the possrble roles of CCL3 as a

crucial chemokine for osteoclast function. Several antagonists
of the chemokine ligands of CCLB such as CCR1-specific -

(BX471) and CCR5- specific (TAK779) blockers, have been
tested as drug candidates for the treatment of patients with
rheumatoid arthritis-. assocrated bone destructron and multiple
myeloma (4, 8).. The chemokme CCL9 (also called MIP-1v), is
also abundantly produced by various myeloid lineage- derived
cells, including osteoclasts (9), activates osteoclastogenesis
through its receptor, CCR1 (10— -12). However, the exact phys-
iological functions of CCR1 and its related chemokines in bone
remodeling are still not fully characterized (12, 13).

A recent study using an ovariectomy-induced bone loss

model found that the chemokine receptor CCR2 was associated

with postmenopausal bone loss (14), but there are few reports

on bone phenotypes in other chemokine receptor-deficient
mouse models. In the present study, we demonstrated that
osteopenia in Ccrl™/~ mice appeared to be due to impaired
osteoclast and osteoblast function. Our data also uncovered a
possible role for CCR1 and its related ligands in the communi-
cation between osteoclasts and osteoblasts.

EXPERIMENTAL PROCEDURES

" Mice—Standard male C57BL/6 mice (6 -9 weeks of age) were

obtained from CLEA Japan. Ccr1™/~ mice (15) purchased from
Jackson Laboratories were backcrossed for 8 ~10 generations
- on the C57BL/6 background mice. Mice were all bred and
) marntamed under pathogen-free conditions at the animal facil-
ities of the Umversrty of Tokyo All experiments. were per-

formed accordrng to the Instrtutronal Guidelines for the Care
and Use of Laboratory Animals in Research and were approved
by the ethics committees of both the Umversrty of Tokyo and

the Research Inst1tute of Intematronal Medical Center of Iapan
Materzals—Recombmant mouse M- CSF and RANKL were

purchased from R&D Systems Inc. (Minneapolis, MN) and

PeproTech Inc. (Rocky Hill, NJ), respectively. Recombinant

mouse CCL2 (MCP-1), CCL3 (MIP-1a), CCL4 (MIP 1B8),

CCL5 (RANTES), CCL9 (MIP-1v), and CCL11 (eotaxin-1) and
their corresponding-neutralizing antibodies were purchased
from R&D Systems: Control rat IgG was purchased from Jack-
son ImmunoResearch (Bar Harbor, ME). Recombinant mouse
CX3CL1 (fractalkine) was purchased from R&D Systems. Ham-
ster anti-CX3CL1-neutralizing antibody and control hamster

IgG were kindly provided by Dr. Toshio Imai (Kan Research

Institute, Kobe, Japan). Rabbit anti-human/mouse CCR1 poly-
~ clonal antibody and control rabbit IgG were purchased from
~AbCam (Cambridge, MA) and Chemicon (Temecula, CA),

respectively. Secondary antibodies (Alexa488-labeled anti-rab-
bit IgG and Streptavidin-PE) were purchased from Molecular
Probes (Eugene, OR). Rabbit anti-TRAP and anti-Cathepsin K
polyclonal antibodies were both purchased from Santa Cruz
Biotechnology (Santa Cruz, CA).

Osteoclast and Osteoblastic Cell Culture—Mouse bone mar-
row cells cultured in @-minimal essential medium were used as
sources of osteoclastic and osteoblastic cell cultures. The non-
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adherent cells were collected for bone marrow-derived macro-
phage and pre-osteoclast induction, and adherent bone mar-
rowederrved,mesenchyrnal stromal cells were collected for

osteoblast induction. Bone marrow-derived macrophages were

induced with 10 ng/ml M-CSF for an additional 10 days. To
generate pre-osteoclasts, non-adherent cells were passed
through a column filled with Sephadex G-10 microspheres

(Amersham Biosciences) and were then cultured with 10 ng/ml

M-CSF and 20 ng/ml RANKL for 4 days. The mature oste-
oclasts were induced from pre-osteoclasts by culturing for an
additional 14 days with M-CSF and RANKL. The culture media
were replaced every 3 days. TRAP activity in the osteoclasts was
determined by staining using an acid phosphatase leukocyte
staining kit (Sigma). The contamination of stromal/osteoblastic
cells was monitored using Q-PCR analysis, as a low expression
level of the Osteoprotegrm gene indicates stromal/osteoblastic
cells.

Osteoblastic dlfferentlatlon in adherent bone marrow mes-
enchymal stromal cells was induced by culture in a-minimal
essential medium containing 10% FBS, 200 uM ascorbic acid, 10
mM B-glycerophosphate, and 10 nm dexamethasone (16). The
culture media was replaced once every 3 days in the presence or
absence of chemokine-neutralizing antibodies. The cells were

fixed with 4% paraformaldehyde and stained for alkaline phos-

phatase with naphthol AS-MX phosphate plus Fastblue-BB
(Sigma) and for minerals with alizarin red. Mineral deposrtlon
was alternatively identified by von Kossa staining (Polysciences,
Inc., Warrington, PA), and the mineralized areas were mea-
sured by using an Array Scan VTI HCS analyzer (Beckman
Coulter).

Co-culture experlments with osteoclast precursors and
osteoblasts were performed by moculatmg bone marrow-de-
rived precursors (1 X 10° cells/well) onto the layer of osteoblas-
tic cells that had been cultured for 21 days with osteoblast-
mducmg medra in 24-well plates ‘Thereafter, these cells were

.co- cultured for7 days in o-minimal essential medium supple-

mente’ with 10% FBS and 10 pug/ml vitamin D,. To assess bone
activity, these co-culture studies were also con-

ducted using bone slices. After fixation of the cells with 2.5%

glutaraldehyde/ 1.6% paraformaldehyde in 0.1 M cacodylic acid
(pH 7.4), the bone shces were briefly rinsed, and were com-
pletely dehydrated inan ascendmg series of ethanol and liquid
carbon dioxide. The samples were coated with an ultrafine tita-
nium oxide powder and observed under a scanning electron
MiCroscopy.. . ;

Immunohistochemical szmng—For the immunohisto-
chemical staining analyses, osteoclasts were fixed with 4%
paraformaldehyde, permeabilized, and stained with the indi-
cated specific antibodies, followed by Alexa594-conjugated
secondary antibodies and Alexa488-labeled phalloidin (Molec-
ular Probes). The osteoclasts with multiple nuclei (>3) were
quantified. Images were captured using an IX-81 fluorescence
microscope equipped with a confocal microscopy DSU unit
(Olympus, Japan) and were analyzed with the MetaMorph™
software program (Universal Imaging, Molecular Devices,
Sunnyvale, CA). The formation of osteoclasts was quantified by
capturing and analyzing images using the Image] software pro-

gram (National Institutes of Health, Bethesda, MD) based on
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TRAP staining of 25 fields in each well, which were randomly
chosen and analyzed.

Real-time PCR-Analysis—Total cellular RNA from oste-

oclasts, osteoblasts, and bone tissues (proXimal tibia after the
bone marrow flush and the removal of metaphysial regions) was
isolated using the RNeasy kit (Qiagen, Valencia, CA). The total
RNA was then reverse-transcribed into cDNA using the Super-
script III RT kit (Invitrogen). The real-time quantitative PCR
analyses were performed using the ABI 7700 sequence detector
system with SYBR Green (Applied Biosystems, Foster City,
CA). The sequences were amplified for 40 cycles under the
following conditions: denaturation at 95 °C for 15 s, annealing
at 60 °C for 30's, and extension at 72 °C for 45 s with primers for
the chemokine receptors as previously reported (17). Gene
expression levels were compared with Gapdh gene expression
by the 274¢? method.
Measurement of Cytokines and Chemokines—Chemokine
- CCL5 and CCL9 secretion levels were determined by ELISA
using the antibodies MAB4781 and BAF478 (R&D systems) and
MAB463 and BAF463 (R&D systems), respectively. The reac-
tion intensities were determined by using HRP-conjugated
streptavidin {Chemicon). The cytokine production levels were
quantified with a mouse 23-plex multiple cytokine detection
system (Bio-Rad Corp., Hercules, CA) according to the manu-
facturer’s instructions.

Flow Cytometry—FITC-, PE-, APC-, PerCP-Cy5.5-, PE-Cy7-,
or biotin-conjugated anti-mouse mAbs to CD45.2 (104),
CD115 (AFS98), and CD265/RANK (R12-31), and subclass-
matched control antibodies were purchased from eBioscience
(San Diego, CA). Anti-mouse mAbs to FeyR (2.4G2), Ly6C/6G
(RB6-8C5), CD11b (M1/70), and CD19 (1D3) were purchased
from BD Pharmingen (San Diego, CA). The flow cytometric
analyses were performed using an LSR II flow cytometer with
the FACS diva software program (BD Biosciences) and were
analyzed with the FlowJo software program (TreeStar, Ashland,
OR). Dead cells were excluded on the basis of the forward and
side scatter profiles and propidium iodide staining.

Microcomputed Tomography and Peripheral Quantita-
tive Computed Tomography—Micro-computed tomography
{(microCT) scanning was performed on proximal tibiae by
wCT-40 (SCANCO Medical AG) with a resolution of 12 um,

and the microstructure parameters were three-dimensionally

calculated as previously described (18). The bone scores were
measured by peripheral quantitative CT using the XCT
Research SA+ system (Stratec Medizintechnik GmbH, Pfor-
zheim, Germany). The bone scores and density were measured
and analyzed at 1.2 mm below the epiphyseal plate of distal
femora. The scores were defined according to the American
Society for Bone and Mineral Research standards.

Bone Histomorphometry—The unilateral proximal tibiae
fixed with ethanol were embedded in glycol methacrylate, and
the blocks were cut in 5-um-thick sections. The structural
parameters were analyzed at the secondary spongiosa. For the
assessment of dynamic histomorphometric indices, calcein (at
a dose of 20 mg/kg body weight) was injected twice (72-h inter-
val) to wild-type and Ccri-deficient mice, respectively. The sec-
tions were stained with toluidine blue and analyzed using a
semi-automated system (Osteoplan II, Zeiss). The nomencla-
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ture, symbols, and units used in the present study are those
recommended by the Nomenclature Committee of the Ameri-
can Society for Bone and Mineral Research (19).

Measurement of TRAP, BALP, and Collagen-type I N-telopep-
tides (NTx)—Tartrate-resistant acid phosphatases (TRAP5b) in
serum and culture supernatant were measured by the mouse
TRAP EIA assay kit (Immunodiagnostic system, Fountain Hills,
AZ). In brief, the culture supernatant or diluted serum was
applied to an anti-TRAP5b-coated microplate, accordingto the
manufacturer’s instruction. The enzymatic activities of bound
TRAP were determined with chromogenic substrates. Bone-
specific alkaline phosphatase (BALP) levels were measured
using the mouse BALP ELISA kit (Cusabio Biotech Co. Ltd,,
Wilmington, DE). Collagen-type I NTx were measured by
ELISA (SRL, Tokyo).

Collagen-based Zymography—Collagen digestion activity
was measured by using modified methods, which were based on
gelatin-based zymography (20), with some modification for
type-I collagen (21, 22). In brief, the osteoclasts were gently
digested with lysis buffer (150 mm NaCl, 50 mm HEPES, 5 mm
EDTA, and 10% Nonidet P-40 with Halt protease inhibitor mix-
ture, pH 7.5). The lysates were separated by SDS-PAGE on a
10% polyacrylamide gel with porcine type-I collagen (1 mg/ml,
Nitta Gelatin Inc., Osaka, Japan) under chilled conditions. The
gel was washed with denaturation buffer (Tris-buffered saline
(150 mm NaCl, 25 mm Tris-HCl, pH 74, supplemented with
2.5% Triton X-100) and then subjected to zymography for
18-24 h at 37 °C in zymography developing buffer (Tris-buff-
ered saline, supplemented with 1 mm CaCl,, 1 um ZnCl,, and
0.05% Brij-35). The signals were detected using Coomassie Bril-
liant Blue solution {Wako Pure Chemicals, Osaka, Japan).

Immunoblot Analysis—Total cell lysates were isolated, sepa-
rated by SDS-PAGE, and electrotransferred onto Immobilon-P
PVDF membranes (Millipore). The membrane was blocked by
5% BSA in TBST (150 mm NaCl, 25 mm Tris-HCl (pH 7.4)
supplemented with 0.1% Tween 20) and incubated with rabbit
anti-ATF4 polyclonal antibody (1/2,000), followed by HRP-
conjugated anti-rabbit IgG (1/10,000). The signals were
detected using an ECL chemiluminescence substrate (Amer-
sham Biosciences). The quantitative analysis of blots was nor-
malized using the lumino image analyzer LAS-4000 (Fujifilm
Corp., Japan). ’

Statistics—Data are presented as the mean * S.E. for the
indicated number of independent experiments. Statistical sig-
nificance was determined with a post-hoc test of one-factor
factorial analysis of variance (Figs. 3E, 6D, 7B, and 7C), the
Wilcoxon Mann-Whitney U test (non-parametric analysis, Fig.
2C, and Fig. 6C), and Student’s ¢ test (other figures) using the
KaleidaGraph® 4.0 programs (Synergy Software, Reading, PA).
Ditferences with a p value of <0.05 was considered statistically
significant (* and # indicate up-regulation and down-regula-
tion, respectively; NS indicates not significant).

RESULTS
CCRI-deficient Mice Exhibit Osteopenia—To understand

the functions of CCR1 in bone metabolism, we investigated the -

bone mineral density in CerI ™/~ mice. A peripheral quantita-
tive CT analysis showed a significant reduction in bone mineral
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FIGURE 1. Bone morphometric analyses of CCR1~/~ mice. A shows the bone mineral density of trabecular and cortical bones in distal femurs as measured by
peripheral quantitative CT. B shows the microCT images and the quantitative measurements of trabecular bones (Tb.V.) in the distal femurs of wild-type and

Cer1™/~ mice (n = 10). In C-F, the bone histomorphometric analyses of distal

femurs in wild-type and CCR7 ™/~ mice were carried out as described under

“Experimental Procedures.” Parameters relating to the trabecular structure (in C): bone volume per tissue volume (BV/TV), trabecular number (7b.N.), and
trabecular separation (Tb.Sp.). Parameters relating to bone formation (in D): osteoid volume to bone volume (OV/BV), osteoid surface/bone surface (OS/BS),
osteoid thickness (0.Th.), formation rate referenced to bone surface (BFR/BS), mineral apposition rate (MAR), and mineralizing surface per bone surface (MS/BS).
The immunofluorescence images of calcein labeling in wild-type and Ccr 1™/~ mice (in E). Parameters relating to bone resorption (in F): osteoclast number per
bone perimeter (N.Oc./B.Pm), osteoclast surface per bone surface (Oc.S./BS), eroded surface per bone surface (ES/BS), and osteoblast surface per bone surface
(0b.5./BS). The bone histomorphometric analysis data are represented as the mean = S.E. obtained from six mice in each group. * significantly different from
wild-type controls, p < 0.05. In G, osteocyte numbers per area are represented as the mean = S.E. obtained from three mice in each group.

density in cancellous bone in Ccrl™/~ mice compared with
wild-type mice (Fig. 1A4). There were no significant differences
between bone mineral density in the cortical bone at the meta-
physial (Fig. 14) and diaphysial regions (data not shown)
between Ccri-deficient and wild-type mice. In Ccr1~/~ mice, a
microCT analysis indicated decreased cancellous bone tissue at
the metaphysical region (Fig. 1B). An analysis of bone histo-
morphometrics confirmed a significant decrease of bone vol-
ume (BV/TV) at the metaphysial region of CcrI ™/~ mice. This
was associated with a diminished number of trabeculae (T8.N),
increased trabecular bone separation (75.Sp), and no signifi-
cant changes in trabecular bone thickness (T%.Th), thus indi-
cating that CcrI-deficient mice have sparse trabeculae (Fig. 1C).
We examined the effect of Ccrl deficiency on the function of
osteoblasts and osteoclasts in bone morphometry (Fig. 1, D—F).
The morphological analyses revealed that Ccr~/~ mice have a
significantly reduced number of osteoblasts (0b.5./BS) (Fig.
1F). CcrI™'~ mice exhibited extremely low values of osteoid
surface (OS/BS) and osteoid volume (OV/BV) compared with
wild-type mice (Fig. 10). Notably, Ccr1~/~ mice showed a sig-
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nificant decreases in the mineral apposition rate (MAR), min-
eralized surface (MS/BS), and bone formation rate (BER/BS)
(Fig. 1D), which were calculated based on calcein administra-
tion (representative pictures are shown in Fig. 1£). In addition,
the number of osteocytes per area was significantly reduced in
Cerl™'~ mice (Fig. 1G). These results indicate that Ccrl ™/~
mice have impaired bone formation. Fig. 1F summarizes the
bone morphometric parameters associated with bone resorp-
tion. Ccrl™/~ mice have significantly decreased osteoclast
numbers (N.Oc./B.Pm) and osteoclast surface area (Oc.S./BS),
and an eroded surface (ES/BS). These findings indicate that
Ccrl™'~ mice have diminished osteoclast function. Taken
together, the morphometric analyses suggest that the bone
phenotype in Ccri-deficient mice exhibit osteopenia with low
bone turnover, which is most likely due to the diminished func-
tion of osteoblasts and osteoclasts.

Impaired Osteogenesis and Osteoclastogenesis in the Bone
Tissue of Ccr1-deficient Mice—T o elucidate the status of osteo-
blasts and osteoclasts in bones of CcrI ™/~ mice, we compared
the transcriptional levels of osteoclast- and osteoblast-related
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FIGURE 2. Expression of markers related to osteoblasts and osteoclasts in bones and sera in wild-typeand CCR1 ~/~ mice.In A, B,and D, total RNAs were
isolated form the proximal tibia of wild-type and Cer1™~ male mice at 8 weeks of age. Real-time Q-PCR revealed the relative expression levels of osteoblast-
related mRNAs (Runx-2, Osterix, Atf4, Osteonectin, Osteopontin, Osteocalcin, and Collagen1al, A), osteoclast-related mRNA (Trap5a and Cathepsin K, B), and
RANK-RANKL axis (Rank and Rankl, D). Data are expressed as the copy numbers of these markers normalized to Gapdh expression (mean = S.E,n = 8).InC, the
Jevels of serum BALP, TRAP, and serum collagen-type1 N-telopeptides (NTx) were measured by ELISA. The bars indicate the mean = S.E. Each sample was

"duplicated, Wiid-type and Ccr1 ™/~ male mice at 9 weeks of age (n = 10 and 6, respectively) were subjected to BALP and TRAP. Wild-type and Ccr1™/~ male mice
at 9-13 weeks of age (n = 8 and 6, respectively) were assayed for NTx.* significantly different from wild-type controls, p < 0.05.N.D., not detected.

markers in the proximal tibiae of wild-type and CerI ™'~ mice.
The analyses of osteoblast-related markers, such as bone-spe-
cific transcriptional factors (Runx-2, Atf4, and Osterix) (23-25)
and bone matrix proteins (Collagenlal, Osteonectin, Osteopon-
tin, and Osteocalcin), revealed that the expression levels of
Runx2 and Atf4 were dramatically up-regulated in Ccrl ™'~
mice than in wild-type mice (Fig. 24). However, there were no
significant changes in the expression levels of Osterix. Early
markers for osteoblast differentiation, including Collagenlal,
Osteonectin, and Osteopontin, were significantly up-regulated.
Osteocalcin expression, a marker for mature osteoblasts, was
significantly down-regulated in CcrI ™/~ mice. These results
suggest that osteoblasts in Ccrl-deficient mice are retained in
animmature state due to the overexpression of Runx-2and Atf4
by osteoblasts, which is also consistent with the significant
reduction in number of osteocytes in Ccrl ™/~ mice. Constitu-
tive Runx-2 overexpression in osteoblasts results in maturation
arrest in osteoblasts and in a reduced number of osteocytes
(25). The serum levels of BALP in Ccrl-deficient mice were
significantly decreased (Fig. 2C).

The expression levels of markers related to osteoclast differ-
entiation, revealed attenuated transcription levels of TRAPSb
and cathepsin Kin Cer1 ™'~ mice (Fig. 2B). In addition, Cerl ™'~
mice exhibited significantly decreased levels of serum TRAP
(26) and collagen-type I NTx (27, 28) (Fig. 2C). This finding is
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consistent with diminished osteoclastic bone resorption in

Ccr1~/~ mice. These observations led us to assess the RANK- -

RANKL axis, a key signaling pathway in osteoblast-osteoclast
interactions that regulates osteoclast differentiation and func-
tion. Interestingly, the analyses revealed that both Rank and
Rankl were down-regulated (Fig. 20), thus implying that CCR1
is involved in the regulation of the RANK-RANKL axis. Con-
sidering the factthat Ccr1 ™/~ mice exhibit osteopenia with low
bone turnover, these bone cell marker expression levels suggest
that CCR1 is heavily involved in the differentiation and func-
tion of osteoblasts and osteoclasts as well as in the cellular inter-
actions between these cell types.

CCRI1 Signaling Is Important in the Maturation and Function
of Osteoblasts—To further corroborate the necessity of CCR1
in osteoblast maturation and function, we examined the forma-
tion of mineralized nodules in vitro by osteoblastic cells isolated
from bone marrow of wild-type and Cerl ™/~ mice. Mineralized
nodule formation in osteoblastic cells isolated from Ccrl™/~
mice was markedly abrogated compared with wild-type osteo-
blastic cells (Fig. 34). We next investigated the time-course
expression profiles of osteoblastic markers in this iz vitro cul-
ture system and compared them between wild-type and
Ccr1™/~ mice (Fig. 3B). In wild-type mice, Runx2 exhibited the
highest levels of expression at day 14, but was drastically down-
regulated at day 21, during the mineralization stage. However,
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FIGURE 3. Impaired mineralized nodule formation in CCR1-deficient osteoblastic cells. In A, osteoblastic cells were cultured from the bone marrow of
wild-type and Ccr1 ™/~ mice, and then minerals were stained with alizarin red and BALP with chromogenic reagents (shownin “blue”) (magnification X100, left).
Mineral deposition was determined by von Kossa staining (n = 6, right). In B, total RNAs were isolated from osteoblastic cells isolated from wild-type (open
circles) and Cer1 ™/~ mice (filled circles). The real-time Q-PCR analyses examined the relative expression levels of osteoblast-related transcriptional factor mRNAs
(Runx-2, Osterix, and Atf4) and osteoblast-related marker mRNAs (Osteonectin, Osteopontin, Osteocalcin, and Collagenial). Data are expressed as the copy
numbers of these markers normalized to Gapdh expression (mean = S.E, n = 8). In C, the protein expression levels of the transcriptional factor ATF4 by
wild-type and Ccr17/~ osteoblastic cells were measured by a Western blot analysis. Osteoblast lysates (10 j.g of protein per lane) was loaded and separated by
SDS-PAGE. The expression levels of ATF4 were normalized to GAPDH expression. In D, the production of CCR1-related chemokine ligandsin the culture media
of wild-type and Ccr1 ™/~ osteoblastic cells was measured by ELISA (n = 5). % significantly different from wild-type controls, p < 0.05.In E, osteoblastic cells were
cultured with the indicated neutralizing antibodies against chemokines. The mineral deposition rate was measured by von Kossa staining (n = 4). Stained cells
cultured with control rat IgG were set as 100%. ¥, significantly different from between different concentrations of each antibody, p < 0.05. PTX, pertussis toxin.

an inverse Runx2 expression pattern was observed in CCR1-
deficient osteoblastic cells, in which the levels of expression
were markedly suppressed in the early stages (days 0 and 14),
and was then significantly up-regulated at day 21, reaching the
levels present in wild-type mice. Osterix expression was highly
up-regulated at day 21 in wild-type mice, whereas its expression
in CCR1-deficient osteoblastic cells was sustained at an inter-
mediate level between the lowest and the highest levels in wild-
type mice, overall resulting in a lower expression levels than in
wild-type mice at day 21. These inverted expression patterns
were also consistently observed, especially at day 21, with other
osteoblastic markers, including A4, Caollagenlal, Osteonec-
tin, Osteopontin, and Osteocalcin. Similarly, the expression pat-
tern of ATF4 was also confirmed by a Western blot analysis
(Fig. 3C). These observations indicated that CCR1 deficiency
severely affected the temporal expression of osteoblastic mark-
ers, resulting in the impaired differentiation and maturation of
osteoblasts. Because CCR1 signaling is activated by several
cross-reactive chemokines (CCL4, CCL5, CCL9, and CCL11),
we next compared the levels of these chemokines in wild-type

NCTNEN
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and CCRI1-deficient osteoblastic cells. We observed signifi-
cantly diminished expression levels of these chemokines in
CCR1-deficient osteoblastic cells (Fig. 3D). A test on the effects
of neutralizing antibodies against various chemokines, includ-
ing CCR1 ligands, revealed the role of each chemokine in min-
eralized nodule formation by osteoblastic cells. The neutraliz-
ing antibodies against CCL4, CCL5, CCL9, and CCLI11
significantly reduced the number of mineralized nodules in
osteoblastic cells, although the antibodies against CCL2 and
CCL3 did not inhibit the numbers completely (Fig. 3E). Pertus-
sis toxin (PTX), an inhibitor of G; protein-coupled receptors
involved in chemokine signaling, inhibited mineralized nodule
formation in a dose-dependent manner. In further support of
these findings, we observed similar temporal changes in the
transcriptional levels of osteoblastic markers in wild-type
osteoblastic cultures treated with an anti-CCL9 antibody, com-
pared with Ccrl ™/~ osteoblastic cells (supplemental Fig. 2).
These results suggest that CCR1 signaling mediated by its
ligands (CCL4, CCL5, CCL 9, and CCL11) plays an essential
role in mineralized nodule formation.
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FIGURE 4. Essential roles of CCR1 in multinucleation and bone-resorbing activity. Pre-osteoclastic cells were cultured from the bone marrow of wild-type
and Cer1 ™/~ mice. Osteoclasts were induced from the pre-osteoclastic cells by M-CSF and RANKL treatment. In A, the formation of multinuclear osteoclasts by
wild-type and Ccr1™/~ precursors was visualized by TRAP chromogenic staining (magnification X400, upper panels). Immunohistochemical staining was
carried out using an anti-cathepsin K antibody conjugated with Alexa594 (red). F-actin and nuclei were counterstained by phalloidin-AlexaFluor 488 (green)
and Hoechst 33258 (blue), respectively (magnification X640, bottom panels). The yellow arrow indicates multinuclear giant cells with an impaired actin ring
rearrangement, and the red arrows indicate TRAP accumulation. In B, histograms of the area distribution of multinuclear osteoclasts delimited with phalloidin,
and of the number of multinuclear osteoclasts in A. Area comprises TRAP-positive multinuclear (>3 nuclei) giant cells shown in A (mean = S.E, n = 3).In C, pit
formation by wild-type and Ccr1™/~ osteoclasts on bone slice observed by scanning electron microscopy (magnification: X 1000 (top) and X6000 (bottom),
respectively). In D, collagen digestion activity by wild-type and Ccr1™/~ osteoclasts was measured by collagen-based zymography. Lanes M, 1, 2-3, and 4-5
indicate the molecular markers, bone marrow-derived macrophage lysates (10 g of protein//ane), wild-type osteoclast lysates (1 and 10 g of protein//ane),
and Ccr17/~ osteoclasts lysates (1 and 10 ug of protein/each /ane), respectively.

Lack of Chemokine Receptor CCR1 Causes Impaired Oste-
oclast Differentiation and Bone-resorbing Activity—To eluci-
datethe roles of CCR1 in osteoclast differentiation, we analyzed
the differentiation potency of osteoclast precursors derived
from Ccrl ™'~ mice (Fig. 44). Osteoclast precursors from Cerl-
deficient mice markedly abrogated multinucleation with defec-
tive actin ring formation (Fig. 44, yellow arrows) compared with
precursors from wild-type mice, which generated a large numbers
of osteoclasts with multinucleation and well organized actin ring
formation at the cell periphery. The histograms of the osteoclast
area and number of nuclei per cell as well as TRAP-positive areas
reveal the presence of impaired cellular fusion and differentiation
in Ccri-deficient osteoclasts (Fig. 4B). We further investigated the
activity of bone resorption in CerI-deficient osteoclasts (Fig. 4C).
Few resorption pits were observed in Ccrl '~ osteoclasts by scan-
ning electron microscopic examination, in contrast to obvious
resorption pits with well digested collagen fibers detected in wild-
type osteoclasts. This observation was also confirmed by collagen
zymography demonstrating that Cerl ™/~ osteoclasts failed to
digest type-I collagens (Fig. 4D).

Furthermore, the transcriptional levels of osteoclastic differ-
entiation markers were investigated in the osteoclast culture
system. Rank and its downstream targets Nfat-cI, other mark-
ers such as c-fos, Trap, CathepsinK, Atp6v0d?2, integrin «V, and
integrin 33 were markedly down-regulated in Ccri-deficient

28832 JOURNAL OF BIOLOGICAL CHEMISTRY

cells, whereas S1P, and Irf-8 were up-regulated (Fig. 54). We
next examined whether the down-regulation in RANK expres-
sion in vivo (see Fig. 2D) and in vitro (Fig. 5A) directly correlated
with the reduction in RANK-expressing osteoclast precursors.
The cellular profiles of osteoclast precursors by a flow cytomet-
ric analysis revealed that the Ccr1 ™/~ mice had lower numbers
of CD457CD11b"CD115" myeloid-lineage precursors com-
pared with wild-type mice (Fig. 58). In addition, the subpopu-
lations of osteoclast precursors, which are categorized into
CD11bM (R1) and CD11b' (R2), were marked reduced in the R2
subpopulation in CCR1-deficient cells. Because the R1 and R2
subpopulations reportedly express higher and lower levels of
RANK, respectively (29), a reduction in the R2 subpopulation
likely contributed to reduced expression of osteoclast markers
in CCR1-deficient osteoclastic cells. Importantly, our observa-
tion is also consistent with a previous work reporting that
RANK precursors are required for cellular fusion (29).

CCRI1 Signaling Is Involved in Osteoclast Differentiation—10
further explore the role of CCR1 signaling in osteoclast differ-
entiation, we next examined the expression levels of chemokine
receptors during osteoclastogenesis using an iz vitro culture
system. CCR1 was expressed in the course of the osteoclasto-
genesis, with the highest levels of expression at day 4 after
culture (10-12), whereas other chemokine receptor CCR2
was gradually down-regulated during this culture period (30)
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after culture (mean = SEE, n = 5). %
pre-osteoclastic cells isolated from the bone marrows of wild-type and Ccr1™/~

(Fig. 64). Immunohistochemical staining revealed that CCR1
was highly expressed on the multinuclear osteoclasts (supple-
mental Fig. 3). The expression profiles of CCR ligands in this iz
vitro osteoclast culture system revealed that ligands specific for
CCR1, such as Ccl5 and Ccl9, had a relatively higher levels of
expression than other ligands, and appeared to be regulated
depending on the maturation stages of the osteoclasts. Ccl5 was
preferentially expressed at day 4, a stage of mononuclear pre-
osteoclasts, whereas multinuclear osteoclasts predominantly
produced Ccl9 at later times (Fig. 6B8). These regulated tran-
scriptional patterns of CclS and Ccl9 were also confirmed by the
analysis of protein expression levels in cultured media (Fig. 6C).
These observations suggested that the interaction between
CCR1 and its ligands, CCL5 and CCL9, could be involved in
osteoclast differentiation.

We verified this hypothesis by culturing osteoclast precur-
sors in the presence of neutralizing antibodies against CCL5
and CCL9. Blockade of either ligand resulted in a partial inhi-
bition of osteoclast formation in a dose-dependent manner.
Similarly, simultaneous treatment with neutralizing antibodies
against CCL5 and CCL9 induced synergistic inhibitory effects
(Fig. 6D). Furthermore, PTX treatment blocked osteoclasto-
genesis to the basal levels. Notably, we found no CCL3 produc-
tion by ELISA or any inhibitory osteoclastogenesis effects using
an anti-CCL3 antibody (data not shown), although CCL3 is
thought to play an essential role in inflammation-related oste-

SEPTEMBER 10, 2010+ VOLUME 285 -NUMBER 37

, significantly different from wild-type controls, p < 0.05. In B, expression analysis of RANK in CD45*CD11b*CD115™

mice after 4 days in culture were analyzed by flow cytometry.

oclastogenesis in humans (4, 7, 31, 32). These findings indicate
that CCR1 is essential for osteoclast differentiation, and CCL5
and CCL9 are the likely candidate ligands that participate in the
CCR1 axis.

CCRI1 Is Involved in the RANK-RANKL Axis and Induces the
Impaired Osteoclastogenesis—Because osteoclast differentia-
tion is critically regulated by the signals through the RANK-
RANKL axis, we investigated the transcriptional level of Rankl
in Ccr1~/~ osteoblastic cells. The cells expressed significantly
lower levels of RANKL compared with wild-type osteoblastic
cells (Fig. 7A). We next performed co-cultures of pre-oste-
oclasts with layers of osteoblastic cells by reciprocal combi-
nations of these two cell populations from wild-type and
Ccrl1™'~ mice. As expected from the reduced Rankl expres-
sion, a significantly reduced number of osteoclasts were
formed from co-culture with CcrI~/~ osteoblastic cells com-
pared with wild-type osteoblastic cells (Fig. 7B). In the presence
of PTX, wild-type osteoblastic cells also failed to generate sub-
stantial numbers of osteoclasts (Fig. 78). Ccrl '~ osteoclast
precursors did not form differentiated osteoclasts even in the
presence of wild-type-derived osteoblasts (Fig. 7C), as is con-
sistent with our observations in Fig. 4. These observations sug-
gest that the CCR1 chemokine receptor, which is expressed by
both osteoblasts and osteoclasts, plays a critical role on osteo-
blast-osteoclast communication through the regulation of the
RANK and RANKL expression.
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D, the number of osteoclasts after neutralization of CCL5, CCL9, and their combination in the osteoclastic cultures were scored (mean = SE, n = 3)

#
L]

significantly different between two distinct concentrations of each antibody, p < 0.05. PTX, pertussis toxin.

DISCUSSION

Pathological findings postulate that chemokines and chemo-
kine receptors are involved in bone remodeling (9-13). Among
these receptors, CCR1 appears to be an important molecule
involved in bone metabolism (9). We used CcrI ™/~ mice to
investigate whether CCR1 affects bone metabolism. Our find-
ings have demonstrated that a CCR1-deficiency affects the dif-
ferentiation and function of both osteoblasts and osteoclasts,
and also causes osteopenia.

Our bone histomorphometric study in Cerl ™'~ mice clearly
demonstrated impaired osteoblast differentiation and function
(Fig. 1, D-G). The bone tissues in Ccr1™’~ mice exhibited
down-regulation of osteocalcin, which is a marker for mature
osteoblasts, whereas the expression of Osteonectin and

- Osteopontin, which are markers for early osteoblasts, were up-
regulated in the bones of these mice (Fig. 24). Significantly,
Ccrl™!~ osteoblastic cells exhibited much less potency to gen-
erate mineralized tissues (Fig. 34). These results suggest that
the deficiency of CCR1 results in arrested osteoblast matura-
tion and defective osteoblast function. Previous reports have

/
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demonstrated that the sustained expression of Runx2 in osteo-
blasts inhibits their terminal maturation and causes osteopenia
with a reduction in the number of osteocytes (25, 33). Consis-
tent with these findings, bone tissue specimens from Cerl ™/~
mice exhibited a higher expression level of Runx2 and areduced
number of osteocytes (Fig. 3G). These findings suggest that
osteopenia in Ccrl™/~ mice is due to impaired osteoblastic
function via Rumx2 up-regulation. Our findings in Cerl ™/~
osteoblastic culture supportively demonstrated that an inverse
temporal expression level of osteoblastic transcriptional fac-
tors, such as Runx2, Atf4, and Osterix could be related to the
disordered expressions of bone matrix proteins, thus resulting
in impaired bone mineral deposition (Fig. 3B).

Furthermore, treatment with neutralizing antibodies against
CCRI1 ligands (eg CCL4, CCL5, CCL9, and CCL11) signifi-
cantly inhibited mineral deposition (Fig. 3£) and osteoblastic
protein expression (supplemental Fig. 2) in osteoblastic cells
isolated from wild-type mice. These observations indicate that
CCR1-mediated signaling is essential for osteoblast differenti-
ation and function. Although we detected substantial levels of
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significantly different from wild-type controls, p < 0.05. In Band C the number of TRAP ™ multinuclear osteoclasts induced by co-culture with osteoblasts

Co-culture with osteoblastsc cells isolated from wild-type or Ccr1™/
wild-type or Cer17/

mice (mean =+ S.E, duplicated, n = 2, B), and with osteoclast precursors isolated from
~ mice (mean * SE, duplicated, n = 2, C). Osteoclast cultures with M-CSF and RANKL without osteoblasts were set as positive control. 4

significantly different from co- -culture of 'osteoclasts with wild-type osteoblasts, P <. 05

variouschemokine ligands (CCL4, CCL5, CCLY, and CCL11) in : ’

osteoblastic cells, these levels were greatly reduced in cells iso-
lated from Ccrl™'~ mice (Fig. 3D). This observation implies a
chemokine- dependent amplification loop by which a given
chemokine signaling sustains or amplifies the expressions of its
participating ligands and receptors, which has been prewously'

reported in several contexts. For instance, the activation of l

CD14* monocytes form a CCR2-CCL2 axis- dependent amph»
fication loop that ultimately leads to fibrosis (34). Several other
studies have reported that macrophage infiltration in 1n)ured
tissue is mediated by a CCR1-mediated loop (35-37) and a
" CCR5-CCL5 loop (38). Reports of renal inflammatory signals
and abdominal inflammation have described CCR7—-CCL19/
CCL21 (39) and CCR8 —CCL1 loops (17), respecnvely Therer
fore, the CCR1-mediated loop is likely to be involved in osteo-
blast differentiation, function, and cellular interactions that

regulate bone metabolism. Possible roles of the CCR1-medi-

“ated loop in osteoblast differentiation and lunctlon suggest that
changes in the bone marrow microenvironment by a CCR1 -
dehaency affected the osteoblastic lineage and/or the intercel-
lular regulation of osteoblast differentiation and function.
CCR1 conventional knock-down seems to have affected many
cell types that express CCR1, affecting the bone marrow
m1croenv1ronrnent which regulates whole process of osteo-
blast differentiation and function. Qur ix vitro experiments
did not successfully retrieve this point. Nevertheless, the
present experiments have confirmed an essential role for
CCR1-mediated signaling in osteoblastic cells. The expression
and possible roles of CCR1 in osteoclast lineage cells have been

reported by several studies (4, 10, 11). We observed the up-reg-
ulation of Cerl expression and down-regulation of Cer2 during
cultured osteoclastogenesis (Fig. 64). The bone histomorpho-
metric analyses demonstrated impaired osteoclast differentia-

~ tion and function in Ccrl™'~ mice (Fig. 1F). In addition, we
observed impaired bone resorption activity by osteoclasts iso-
lated from CCRI™/'™ mice (Fig. 4, B and C). A potential reason
for the impaired bone resorption is due to defects in osteoclast
differentiation. Indeed, the tlow cytometric analyses revealed
that the component of CD11b*CD115" myeloid-lineage pre-

pCEVEN
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cursors in Cer1™/~ mice are drastically changed; this popula-

tion of cells lacked the RANK'® CD11b'® subpopulation, which

'ls reqmred f01 cellular lusmn (29) (Fig. 5B). Recent live obser-

vation of calvamal bone marrow by two-photon microscopy

clarified the roles of chemoattractant S1P; (sphingosine-1-
: phosphate 1) and its recept01s in the migration of osteoclast
:precursms to the bone surface (40). Therefore, it is indeed

intriguing to speculate that elevated levels of S1P, expression in

‘Ccrl L osteoclasts (Fig. 11~) reduced the supply of osteoclast
- precurs sors from penpheral circulation in the bone marrow to
the bone surtace Further investigation will reveal whether the

CCR1 axxs is mvolved in the chemotactic migration of oste-
oclast precursors | to the bone surface.

One of the p0551ble reasons for osteoclast dysfunction in
Ccr1™'~ mice may be diminished signaling along the RANK—
RANKL axis. The down- regulatlon of both Rank and Rankl
mRNA was observed in the bone tissue of CcrI™/~ mice (Fig.

2D). Cultured osteoblastxc cells and osteoclasts isolated from

Cerl™'~ mice exhxbxted remarkable reductions in Rank and
Rankl expression levels, respectlvely (Figs. 58 and 7B). Further-
more, Ccrl-deficient osteoclasts had discouraged the levels of
osteoclastlc maturation markers such as c-fos, Nfatc1, Cathep-
sink, and several integrins (Fig. 5A). These results suggest that
CCR1-mediated signaling controls the RANK—RANKL axis
through the regulatlon of both osteoblasts and osteoclasts. Our
intercross co-cultures of pre-osteoclasts with osteoblastic cells
from wild-type and CcrI ™/~ mice obviously demonstrated an
impaired interaction between these two cell types, resulting in
the impaired induction of functional mature osteoclasts (Fig. 7,
Band C). These findings, interestingly, support theidea that the
chemokines produced by the osteoblasts and osteoclasts that
stimulate CCR1-mediated signaling could be categorized as
putative “bone-coupling factors” (41), which mediate the cross-
talk between osteoclasts and osteoblasts to maintain bone
remodeling.

Our data imply that the regulatory mechanism of Rankl
expression is associated with osteoblast maturation. Runx2
reportedly induce a low steady-state level of Rankl expres-
sion and is also required for the stimulatory effect of vitamin
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' D, on Rankl transcription possibly by condensing or decon-
densing the chromatin structure (42). It is possible that the
inverse-temporal Runx2 expression in CCR1-deficient mice
is causative of the down-regulation of Rankl, due to a
reduced cellular response to bone-targeted hormones such
as vitamin D, and parathyroid hormone. However, a more
direct role of CCR1-mediated signaling on Rankl transcrip-
tion remains to be elucidated.

CCR1-mediated signaling pathways on both osteoblasts and
osteoclasts raise important questions on how the several mem-
bers of murine chemokine ligands for CCR1 (in rodents, CCL3,
CCL4, CCL5,CCL6, CCL8, CCLY, and CCL11) (43) distinguish
the downstream signaling pathways, despite sharing the same
CCRI1 receptor. Each chemokine may possess specific regula-
tory control for binding to the receptor and inducing a specific
cellular response. For example, the osteoclasts may have a dis-
tinct intrinsic signaling adaptor protein for cellular response, as
well as the adaptor protein FROUNT for CCR2-mediated sig-
naling (44). It has also been demonstrated that the spatiotem-
poral expression of chemokine receptors and their ligands may
relay chemokine signaling and sequential output that regulate
bone metabolism. This is related to several findings in this
study, including the distinct temporal expression patterns of
different ligands as observed in Fig. 6 (B and C) and
supplemental Fig. 1, the chemokine-dependent amplification
loop, and the possible chemokine-mediated cellular interac-
tion. Further studies are warranted to investigate the intracel-
lular signaling pathways downstream of each chemokine
receptor.

Our current results also support the concept that chemo-
kine receptor antagonists are potentially novel therapeutic
candidates for the treatment of patients with certain inflam-

matory bone diseases. Several reports suggest that CCL3

promotes pathological bone destruction by excessively trig-
gering osteoclast activation (2, 4, 7, 31, 32). However, we
were unable to detect increased CCL3 production by cul-
tured osteoclasts (Fig. 6, B and C, and data not shown), sug-
gesting that physiological osteoclastogenesis is primarily
maintained by CCL9 rather than CCL3. It is probable that
pro-inflammatory CCL3 overcomes the physiological pro-
cess of osteoclastogenesis by CCL9 expression and signaling,
thereby inducing ectopic osteoclastogenesis that causes
bone destruction mediated by T-lymphocyte-mediated acti-
vation (45). Alternatively, the species differences between
rodents and humans must be considered; CCL9 is described
only in rodents, and the putative human homologue is pre-
dicted to be CCL15 and CCL23 (46), which are potent oste-
oclastogenesis mediators in humans (47). It is therefore
worthwhile to dissect the distinct roles of chemokine signal-
ing in both the pathological and physiological contexts,
which would provide novel information that may help
researchers identify new therapeutic targets.

In conclusion, the present observations provide the first evi-
dence for the physiological roles of CCR1-mediated chemo-
kines in the bone metabolism. Further studies on chemokine
receptors in the bone metabolism will enable the targeted
development of new therapeutic strategies for the treatment of
patients with bone destruction diseases and osteoporosis.
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Maf promotes osteoblast‘ differentiation
in mice by mediating the age-related switch
in mesenchymal cell differentiation
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Aging leads to the disruption of the homeostatic balance of multiple biological systems. In bone marrow mul-
tipotent mesenchymal cells undergo differentiation into various anchorage-dependent cell types, including
osteoblasts and adipocytes. With age as well as with treatment of antidiabetic drugs such as thiazolidinedio-
nes, mesenchymal cells favor differentiation into adipocytes, resulting in an increased number of adipocytes
and a decreased number of osteoblasts, causing osteoporosis. The mechanism behind this differentiation
switch is unknown. Here we show an age-related decrease in the expression of Mafin mouse mesenchymal
cells, which regulated mesenchymal cell bifurcation into osteoblasts and adipocytes by cooperating with the
osteogenic transcription factor Runx2 and inhibiting the expression of the adipogenic transcription factor
Pparg. The crucial role of Mafin both osteogenesis and adipogenesis was underscored by in vivo observations
of delayed bone formation in perinatal Maf/~ mice and an accelerated formation of fatty marrow associated
with bone loss in aged Maf*/~ mice. This study identifies a transcriptional mechanism for an age-related
switch in cell fate determination and may provide a molecular basis for novel therapeutic strategies against

age-related bone diseases.

Introduction

A progressive and irreversible accumulation of DNA damage,
which is triggered by telomere shortening and various stressors
such as oxidative stress, contributes to cellular senescence and
organismal aging (1, 2), but how aging is relared to the disruption
of the homeostatic balance of cell differentiation from a common
progenitor is not well understood. Bone marrow contains mul-
tipotent mesenchymal progenitor cells, which differentiate into
various anchorage-dependent cell types, including adipocytes and
osteoblasts (3, 4). With age, mesenchymal cells in the bone mar-
row become inclined to undergo differentiation into adipocytes
rather than osteoblasts (5-7), resulting in an increased number of
adipocytes and a decreased number of osteoblasts, causing osteo-
porosis. Adipocytes are also known to directly inhibit functions
of other cells in the bone matrow, including hematopoietic stem
cells and osteoblasts (8-11). Since an increase in marrow fat along
with bone loss is observed in diabetic patients treated with thia-
zolidinediones (TZDs) (12), understanding the mechanism of this
differentiation switch has substantial relevance to both the man-
agement of age-related osteoporosis and secondary osteoporosis
after such drug treatment. However, the change in mesenchymal
cell differentiation cannot be adequately explained by cellular
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senescence or the cell cycle arrest caused by DNA damage. While
estrogen deficiency causes postmenopausal osteoporosis (6, 13), it
has been suggested that the downregulation of cytokines and hor-
mones, such as IGF1, TGFB1,1L-11, and growth hormone, is corre-
lated with age-related bone loss (6, 14, 15). However, a cell-intrinsic
mechanism that regulates the age-related switch in mesenchymal
cell differentiation remains to be elucidated. Here we report an
age-related decrease in the expression of Maf in mesenchymal cells
and present evidence that Maf regulates mesenchymal cell bifur-
cation into osteoblasts and adipocytes. This study establishes
the crucial role of the Maf-mediated transcriptional program in
the physiological and age-related regulation of mesenchymal cell
lineage, which may facilitate the development of new therapeutic
strategies against bone and metabolic diseases.

Results

A genome-wide screening of transcription factors involved in the age-related
decrease in bone formation. To identify the transcription factors
involved in age-related bone loss, we performed a genome-wide
screening of mRNAs expressed in cells derived from mouse cal-
varia during osteoblastogenesis. Among 1,470 transcription fac-
tors, we identified 163 genes related to osteogenic function; the
identifying characteristic of these factors was that their expression
was increased by more than 4-fold during osteoblastogenesis (Fig-
ure 1A and Supplemental Table 1, A and B; supplemental material
Ocrober2010 3455

Volume 120 Number 10



A OBs

8 32 (wk)
BDecreased
in BMSCs

increased during
OB differentiaticn
D — <

Decreased
in BMSCs
(179)

Maf Tef
Tsc22d3 Ezht
4 Lmod  Tcfeb

=200 77 L2oP

Increased during
OB differentiation
(163)

E17

Figure 1

V“! 45

OBs (d} 0 27 4] 21
Maf e
Gapdh S5 . e

Relative

Mal/Gapdh)

of Mafin BMSCs

4 8 32 .73
Time (wk)

ALP Maf . ;

Impaired bone formation in Maf+- mice. (A) A genome-wide screening of transcription factor mRNAs during in vitro differentiation of osteoblasts
(OBs) and a comparison of their expression between 8- and 32-week-old BMSCs. The increase in Maf expression during osteoblastogenesis
was confirmed in calvarial osteoblasts (RNA blot analysis, right top). Maf expression was markedly lower in BMSCs derived from the aged mice
(real-time RT-PCR analysis, right bottom). Screening results are summarized in the Venn diagram. *P < 0.05; **P < 0.01. (B) Alizarin red/alcian
blue staining of E17 embryos (top). Top view of calvaria (bottom). Images in B are composites. (C) Histology (von Kossa staining) and micro-
computed tomography analysis of WT and Maf-- littermates at PO (n = 3). Scale bar: 100 um. (D) ALP and von Kossa staining of osteogenic
fronts (OFs) in the calvaria of WT and Maf- littermates. Scale bar: 100 um. (E) Expression of Bglap7 in the calvaria of WT and Maf~- mice

(in situ hybridization). Scale bar: 100 pm.

available online with this article; doi:10.1172/JCI42528DS1). To
identify age-related genes, we also comprehensively analyzed the
mRNAs expressed by bone marrow stromal cells (BMSCs) derived
from 8- and 32-week-old mice, which resulted in identifications
of 179 genes, the expression of which was decreased in the aged
mice by more than 2 fold (Supplemental Table 1C). Fifty-two
genes met both criteria (Supplemental Table 1D), from which we
selected 7 genes preferentially expressed in BMSCs (with an aver-
age difference greater than 200). Among these 7 genes, we identi-
fied Maf (also known as c-Maf) to be the most highly expressed in
the BMSCs. We confirmed that the expression of Maf increased
during osteoblastogenesis, using calvarial and BMSCs (Figure 1A,
right top, and Supplemental Figure 1A), and decreased with age
(Figure 1A, right bottom, and Supplemental Figure 1B). Maf, a
3456
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basic leucine zipper transcription factor, is known to be involved
in the regulation of diverse developmental processes such as
lens fiber elongation (16) and Th2 cell differentiation (17, 18).
Although it has been documented that transcription factors such
as AFosb, Taz, Esr1, Msx2, and Cebpp regulate the bifurcation of
osteoblast/adipocyte differentiation (7, 19, 20), the expression of
AFosb was increased in aged BMSCs (Supplemental Figure 2) and
the other 4 factors were not included in the 179 age-related genes
(Supplemental Table 1C). These results suggest that Maf is one of
the potential candidate genes underlying an age-related decrease
in osteoblastogenesis.

Theindispensable role of Maf in osteogenesis. Since Maf~~ mice usually
die immediately after birth (16), we investigated the role of Maf
in osteogenesis by analyzing the skeletal development of perinatal
October 2010
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Table 1
Skeletal development of perinatal Maf~-mice

CwT Maf+
BV/TV (%) 2951 £0.15 23.56 + 0.324
Tb.N (mm-) 13.43+0.26 11.81£0.33
Tb.Sp (um) 51.86 + 1.59 64.98 + 1.464
Tb.Th (um) 22.47 £0.03 20.36 + 0.63

Microcomputed tomography analysis of WT and Maf~ littermates at PO.
BV/TV, bone volumeftissue volume, Tb.N, trabecular number, Tb.Sp, tra-
becular separation, and Tb.Th, trabecular thickness. AP < 0.01. 8P < 0.05.

Maf/~ mice. Bone formation was severely impaired in both the long
and calvarial bones in the embryos of Maf~~ mice (Figure 1B), and
bone volume was decreased in newborn Maf~~ mice (Figure 1C,
Table 1, and Supplemental Figure 3). The formation of alkaline
phosphatase-positive (ALP-positive) cells on an osteogenic front

was markedly impaired in the calvaria of newborn Maf~~ mice (Fig- .

ure 1D). In situ hybridization analysis revealed the expression of
osteoblast genes, such as Bglap1 (encoding osteocalcin), but not of
Runx2 was much lower in the embryos of Maf~ mice than WT mice
(Figure 1E and Supplemental Figure 4, A and B), although the pro-
liferating or apoptotic osteoblast numbers were not different (Sup-
plemental Figure 4C). Since the osteoclast number was decreased in
Maf/~ mice, possibly in a cell-autonomous manner (Supplemental
Figure S), it is unlikely that abnormal osteoclastic bone resorp-
tion contributes to the low bone mass phenotype in Maf”~ mice.
When a neomycin-resistance gene cassette was inserted into the Maf
locus, chondrocyte development was reported to be affected in the
mutant mice, but the mice were not perinatally lethal (18). In the
current study, in which the coding sequence of Maf was entirely
replaced by the LacZ cassette, the mice were perinatally lethal and
exhibited more severe chondrocyte abnormalities (Supplemental
Figure 6). It is difficult to rule out the possibility that a defect in
chondrocytes contributes to a skeletal phenotype inlongbone, but
Maf~ mice exhibited a defective bone formation in flat bones, like
the calvaria (Figure 1B), which are not formed by endochondral
" bone formation, suggesting a role of Maf in osteoblasts. To analyze
a cell-autonomous defect in osteoblasts further, osteoblast differ-
entiation was evaluated in an in vitro culture system of osteoblast
precursor cells derived from the calvaria of newborn Maf~~ mice.
ALP activity and bone nodule formation were markedly suppressed
in Maf- cells (Figure 2A), but neither the proliferation nor apop-
tosis was affected (Figure 2B). These results collectively indicate
that a complete lack of Mafled to an osteopenic phenotype, due to
impaired osteoblast differentiation and bone formation.

Maf regulates osteoblast differentiation in cooperation with Runx2. The
expression of various osteoblast-specific genes, including Bglap1,
was severely suppressed in Maf™~ cells (Figure 2, C and D), but
Runx2, a well-known transcriptional regulator of Bglapl (21, 22),
was niormally expressed in Maf~ mice (Supplemental Figure 4B).
It is notable that Maf expression was not decreased in Runx27~ cal-
varial osteoblasts (Supplemental Figure 7). These results prompt-
ed us to investigate whether Maf directly regulates the BglapI pro-
moter. As-expected, S Maf recognition element-like (MARE-like)
sequences were contained in the 1,050-base Bglap] promoter region
(Figure 2E). A reporter gene assay indicated that Maf activares the
Bglapl promoter mainly through a region containing 3 proximal
MARE:-like sequences (MARE1-MARE3), which was included in
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the proximal DNase hypersensirive site (23) and partially over-
lapped with osteoblast-specific element 1 (OSE1) (22) (Figure 2F).
ChIP experiments showed that Maf is recruited to the region con-
taining MARE1-MARES3 in primary osteoblasts (Figure 2G), sug-
gesting that Maf directly regulates the Bglapl promoter.

To gain insight into the transcriptional partners of Maf, we
analyzed the Maf transcriptional network using a systems biol-
ogy approach, based on protein-protein interaction databases and
our own GeneChip analysis. Fos, Jun, Atf4, Nfat, and Runx2 were
included among the transcription factors predicted to interact
with Maf (Supplemental Figure 8). The function of these candi-
date partners was examined in the Maf-mediated activation of the
Bglap1 promoter, which was found to be exclusively enhanced by
the addition of Runx2 (Figure 2H and data not shown). Consistent
with this, the transcriptional activity of Maf on the Bglap] promoter
was markedly decreased in Runx2/~ cells (Supplemental Figure 9).
Maf bound to Runx2 in an immunoprecipitation assay (Figure 3
and Supplemental Figure 10); and immunohistochemical analysis
showed that Maf was colocalized with Runx2 in calvarial osteo-
blasts (Supplemental Figure 11). Thus, these results suggest that
Maf controls osteoblast differentiation by regulating osteoblastic
gene expression mainly in cooperation with Runx2.

Mafsuppresses adipogenesis by the downregulation of Pparg. We further
characterized the Maf”~ calvarial cells using gene set enrichment
analysis (GSEA), which revealed adipocyte-related genes to be
highly enriched in Maf~/~ cells (Supplemental Figure 12). Indeed,
GeneChip data showed that the expression of adipocyte genes was
upregulated in Maf~~ calvarial cells, even under the conditions
optimized for osteoblast differentiation (Figure 4A). Maf™- cells
differentiated into oil red O-positive adipocytes more efficiently
than WT cells (Figure 4B). Real-time RT-PCR analysis confirmed
the expression of Pparg, the key transcription factor for adipogene-
sis, as well as that of Fabp4, Slc2a4, Lpl, Accl, and Cd36, downstream
effectors of Ppary (24-26), to be markedly elevated in Maf~~ cells
(Figure 4C and Supplemental Figure 13). To further investigate the
role of Maf in osteoblast and adipocyte differentiation, we ectopi-
cally expressed Maf in C3H10T1/2 cells, a stromal cell line with a
capacity to differentiate into both osteoblasts and adipocytes, and
found that the introduction of Maf resulted in a severe blockade of
adipocyte differentiation and an enhancement of osteoblast differ-
entiation (Figure 4D and Supplemental Figure 14). Similar results
were obtained using another stromal cell line, ST2, and BMSCs
(Supplemental Figure 15, A-C). In addition, short hairpin RNA-
mediated knockdown of Maf in ST2 cells resulted in a blockade of
osteoblast differentiation and an acceleration of adipocyte differ-
entiation (Supplemental Figure 15, D and E). Similar results were
obtained using BMSCs (Supplemental Figure 15F). These results
suggest that Maf promotes osteoblast differentiation and inhibits
adipocyte differentiation in a cell-autonomous manner.

To understand the mechanism underlying the Maf-mediated
inhibition of Pparg expression and adipogenesis, we examined the
effect of Maf on the transcriptional activity of Cebp, the family
members of which are involved in the regulation of Pparg (27, 28).
Overexpression of Maf clearly suppressed the activation of the
Pparg promoter by Cebpa. and Cebpd but not that by Cebpf (Fig-
ure 4E and data not shown). Since the introduction of mutation(s)
into MAREs in the Pparg promoter did not affect the inhibitory
effect of Maf on Cebp8 activity, it is unlikely that Maf inhibited the
Pparg promoter activity by directly binding to MAREs (Supplemen-
tal Figure 16, A and B). EMSA revealed that Maf did not affect the
October 2010 3457
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