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ABSTRACT
Osteoclasts are unique cells that resorb bone, and are involved in not only bone remodeling but also pathological bone loss such as

osteoporosis and rheumatoid arthritis. The regulation of osteoclasts is based on a number of molecules but full details of these molecules have

not yet been understood. MicroRNAs are produced by Dicer cleavage an emerging regulatory system for cell and tissue function. Here, we

examine the effects of Dicer deficiency in osteoclasts on osteoclastic activity and bone mass in vivo. We specifically knocked out Dicer in

osteoclasts by crossing Dicer flox mice with cathepsin K-Cre knock-in mice. Dicer deficiency in osteoclasts decreased the number of

osteoclasts (N.Oc/BS) and osteoclast surface (Oc.S/BS) in vivo. Intrinsically, Dicer deficiency in osteoclasts suppressed the levels of TRAP

positive multinucleated cell development in culture and also reduced NFATc1 and TRAP gene expression. MicroRNA analysis indicated that

expression of miR-155 was suppressed by RANKL treatment in Dicer deficient cells. Dicer deficiency in osteoclasts suppressed osteoblastic

activity in vivo includingmineral apposition rate (MAR) and bone formation rate (BFR) and also suppressed expression of genes encoding type

I collagen, osteocalcin, Runx2, and Efnb2 in vivo. Dicer deficiency in osteoclasts increased the levels of bone mass indicating that the Dicer

deficiency-induced osteoclastic suppression was dominant over Dicer deficiency-induced osteoblastic suppression. On the other hand,

conditional Dicer deletion in osteoblasts by using 2.3 kb type I collagen-Cre did not affect bone mass. These results indicate that Dicer in

osteoclasts controls activity of bone resorption in vivo. J. Cell. Biochem. 109: 866–875, 2010. � 2009 Wiley-Liss, Inc.
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O steoclasts are unique cells that resorb bone [Horowitz et al.,

2001; Harada and Rodan, 2003; Nakamura et al., 2003; Sims

et al., 2004; Martin and Sims, 2005; Martin et al., 2006; Datta et al.,

2008; McGrath et al., 2008] and deregulation of these cells leads to
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either failed or increased bone resorption as observed in

osteoporosis and rheumatoid arthritis, [Grigoriadis et al., 1994;

Marzia et al., 2000; Schaller et al., 2004; Zhao et al., 2006]. Recent

analyses of osteoclasts point to the importance of several pathways
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of regulation [Takayanagi, 2007]. First is cytokine signaling

molecules between osteoclasts and osteoblasts such as RANKL.

RANKL controls its downstream events involving c-fos, NFATc1 as

well as co-receptors and calcineurin. Second is integrin mediated

signaling and third is nuclear receptors such as estrogen receptors.

Estrogen receptors are present in osteoclasts and play a pivotal role

in the regulation of bone resorption. These signals are modulated by

a number of molecules, and other types of controlling pathways that

are not yet understood may still exist.

MicroRNAs are an emerging regulatory system in physiological

and pathological events [Bernstein et al., 2003; Cobb et al., 2005;

Harfe et al., 2005; Kanellopoulou et al., 2005; Muljo et al.,

2005; Andl et al., 2006; Cobb et al., 2006; Harris et al., 2006; Yi

et al., 2006; Murchison et al., 2007; O’Rourke et al., 2007; Schaefer

et al., 2007; Thai et al., 2007; Chen et al., 2008; Kobayashi et al.,

2008]. MicroRNAs are produced through several steps of modifica-

tion including the cleavage by a key protein called Dicer. Upon

removal of Dicer, microRNA production is downregulated [Harfe

et al., 2005]. We examined the role of Dicer specifically in

osteoclasts to explore its function in the regulation of bone

metabolism. As Dicer null mice are embryonic lethal [Bernstein

et al., 2003], these mice cannot be used to examine microRNA

function in osteoclasts during the remodeling events taking place in

adult bone. Therefore, we deleted the Dicer gene specifically in

osteoclasts by using a conditional floxed allele of Dicer [Harfe et al.,

2005] and the cathepsin K cre-system [Nakamura et al., 2007].

MATERIALS AND METHODS

ANIMALS

Dicer floxed mice were generated as described previously [Harfe

et al., 2005]. As a deleter mouse, we used cathepsin K-Cre knock in

mice [Nakamura et al., 2007]. To generate the osteoclast-specific

Dicer-deficient mice, we crossed cathepsin K Cre knock in mice with

Dicer flox mice. Cre positive Dicer hetero-flox mice were further

crossed with Dicer flox mice, and Cre positive Dicer floxed mice and

Cre negative Dicer floxed mice were used for the analysis. As

another type of mice, 2.3 kb collagen type I promoter cre-mice were

used to knock out Dicer in osteoblasts [Dacquin et al., 2002]. Seven-

week-old male mice were used for the analysis. Mice were housed

under controlled conditions at 248C on a 12-h light and 12-h dark

cycle. All animal experiments were approved by the animal welfare

committee of Tokyo Medical and Dental University.

THREE-DIMENSIONAL (3D) MICRO X-RAY COMPUTED

TOMOGRAPHY (lCT) ANALYSIS
3D-mCT images were obtained using equipment, Scan-Xmate-E090

(Comscan Tecno, Sagamihara, Japan) and computer software, Tri/

3D-Bon (Ratoc System Engineering, Tokyo, Japan). In the trabecular

bone analysis, bone volume/tissue volume (BV/TV), trabecular

number (Tb.N), and trabecular thickness (Tb.Th) were examined in

the secondary trabecular bone area of distal femora. In wild-type

(WT) mice, trabecular bone area for the analysis was set from the

closer margins at 0.2mm to the further margins at 1.2mm from

the growth plate. In cKOmice, the area was adjusted by shorter mean

bone length, correcting the influence of different femur length;
JOURNAL OF CELLULAR BIOCHEMISTRY
closer and further margins were set at 0.18 and 1.08mm,

respectively. In cortical bone analysis, axial images at femoral

mid shaft were analyzed to calculate periosteal and endosteal

perimeters, cortical thickness (Ct.Th), bone area (B.Ar), and cortical

area (Ct.Ar).

BONE HISTOMORPHOMETRIC ANALYSIS

Calcein labeling was conducted to estimate the levels of newly

formed bone within a unit time period. Calcein (Kanto Chemical,

Tokyo, Japan) (10mg/kg body weight) was injected intraperioneally

2 and 4 days before sacrifice. Femora fixed in 4% paraformaldehyde

were rinsed in 0.1M phosphate buffer, and embedded in 4%

carboxymethylcellulose. Sagittal cryo-sections were prepared in

5mm thickness, and the calcein signals were captured by fluorescent

microscopy. Single labeled bone surface (sLS), double labeled bone

surface (dLS), and total bone surface (BS) were separately measured.

Mineralizing surface (MS) per BS was calculated as (dLSþ sLS/2)/

BS. The distance between parallel calcein lines was measured to

yield mineral apposition rate (MAR (mm/day)). Bone formation rate

(BFR) was calculated as MAR multiplied by MS/BS. Histomorpho-

metric analysis was performed by focusing the same area as

analyzed in mCT analysis. Osteoclast number per bone surface

(N.S/BS, N/mm) and osteoclasts surface per bone surface (Oc.S/BS,

%) were analyzed by TRAP staining in sagittal sections of tibiae.

Tibiae were fixed in 4% paraformaldehyde, decalcified in 15%

EDTA, and embedded in paraffin blocks. Osteoclast number per bone

surface (N.Oc/BS, N/mm) and osteoclast surface per bone surface

(Oc.S/BS, %) were analyzed by tartrate-resistant acid phosphatase

(TRAP) staining on the 7-mm thick sagittal sections, as described

previously [Mizoguchi et al., 2008]. TRAP positive cells containing

one or more nuclei and sitting on the surface of the trabeculae were

defined as osteoclasts. One section per animal was analyzed for these

parameters.

TERMINAL DEOXYNUCLEOTIDYLTRANSFERASE-MEDIATED UTP

END LABELING (TUNEL) ASSAY.

TUNEL assay was conducted according to the instruction of in situ

apoptosis detection kit (Takara Bio, Shiga, Japan). Briefly,

decalcified sections were incubated with 15mg/ml proteinase K

for 15min at room temperature and then washed with PBS.

Endogenous peroxidase was inactivated by 3% H2O2 for 5min at

room temperature and then washed with PBS. Sections were

immersed in terminal deoxynucleotidyltransferase (TdT) buffer

containing deoxynucleotidyltransferase and biotinylated dUTP,

incubated in a humid atmosphere at 378C for 90min, and then

washed with PBS. The sections were incubated at room temperature

for 30min with anti-FITC horseradish peroxidase-conjugated

antibody, and the signals were visualized with diaminobenzidine

(DAKO, glostrup, Denmark). This was followed by the TRAP staining

as described above.

RT-PCR ANALYSIS

For RT-PCR analysis, dissected humeri were kept in ‘‘RNA later’’

(Sigma, MO) for about 1 week at �208C. Bone was immersed

in Trizol reagent (Invitrogen, CA), and were homogenized

using Polytron PT3100 homogenizer (Kinematica AG, Lucerne,
OSTEOCLAST SPECIFIC DICER DEFICIENCY AND BONE 867



Switzerland). RNA was extracted according to manufacturer’s

protocol. Reverse transcription (RT) was carried out using 1mg total

RNA, 150 ng random primers (Invitrogen), 0.125mM deoxynucleo-

tide triphosphate mix (Takara Bio), 10mM dTT and 200U of

superscript II reverse transcriptase (Invitrogen) in 20ml volume.

Quantitative real-time PCR analysis was carried out using iCycler

(Bio-Rad, CA) and iQ5 data analyzing software. The reaction was

performed in a 25ml reaction mixture containing 2ml of cDNA

samples, 5mM of sense and antisense primers, and 12.5ml of iQ

SYBR Green Supermix (Bio-Rad). The primer sequences were as

follows: Runx2, forward, 50-TGG CTT GGG TTT CAG GTT AGG G-30,

reverse, 50-TCG GTT TCT TAG GGT CTT GGA GTG-30; Col1a1,

forward, 50-CTG ACT GGA AGA GCG GAG AG-30, reverse, 5’-GCA

CAG ACG GCT GAG TAG G-3’; Osteocalcin, forward, 50-ACC TTA

TTG CCC TCC TGC TT-30 reverse, 50-GCG CTC TGT CTC TCT GAC CT-

30; Cathepsin K, forward, 50-TTC TCC TCT CGT TGG TGC TT-30,

reverse, 50-AAA AAT GCC CTG TTG TGT CC-30; Trap, forward, 50-

TGG CTGAGGAAG TCA TCT GAG TTG-30, reverse, 50-GAC CAC CTT

GGCAAT GTC TCT G-30; Rankl, forward, 50-CCT GAGGCC CAG CCA

TTT-30, reverse, 50-CTT GGC CCA GCC TCG AT-30; osteoprotegerin

(Opg), forward, 50-TAC CTG GAG ATC GAA TTC TGC TT-3, reverse,

50-CCA TCT GGA CAT TTT TTG CAA A-30; Nfatc1, forward, 50-AGC

CCA AGT CTC ACC ACA GG-30, reverse, 50-CAG CCG TCC CAA TGA

ACA GC-30; and glyceraldehyde-3-phosphate dehydrogenase,

forward, 50-AGA AGG TGG TGA AGC AGG CAT C-30, reverse, 50-

CGA AGG TGG AAG AGT GGG AGT TG-30. The PCR conditions were

set as 40 cycles of [958C for 15 s, 558C for 30 s, and 728C for 30 s]. For

the quantitative real-time PCR analysis of the Efnb2 and miR-155,

Taq Man Gene Expression Assay (Applied Biosystems, CA) and

TaqMan Universal PCR Master Mix, No AmpErase UNG (Applied

Biosystems) were used and PCR was conducted as manufactures

protocol. The mRNA expression levels of genes of interest were

evaluated by calculating the ratios against Gapdh expression levels.

IN VITRO OSTEOCLAST FORMATION AND MINERALIZED

NODULE FORMATION

Bone marrow cells were harvested from the tibia. Bone marrow cells

were plated in 1� 105 cells/cm2, and cultured in a-minimal

essential medium (Invitrogen) with 10% fetal bovine serum

(Invitrogen) containing 10 ng/ml M-CSF (R&D, MN). After 2 days,

adherent cells were used as bone marrow macrophages (BMMs).

BMMs were further cultured in the presence of 100 ng/ml soluble

RANKL (Peprotech, London, UK) and 10 ng/ml M-CSF. Three days

after RANKL stimulation, TRAP positive multinucleated cells were

counted as osteoclasts.

For mineralized nodule formation, bone marrow cells were

plated at 1� 106 cells/cm2 to 12 well plates, and were cultured in

a-minimal essential medium with 10% fetal bovine serum

containing 50mg/ml ascorbic acid and 10mM b-glycerophosphate.

The cultures were stained with alizarin red solution on day 21. The

area of mineralised nodules was measured with ImageJ analysis

program.

MICRORNA ARRAY ANALYSIS

BMMs were cultured with 10 ng/ml M-CSF (control) in the presence

or absence of 100 ng/ml RANKL for 24 h, and total RNA was isolated
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by MiRVana MiRNA Isolation kit (Ambion). Cy3-labeled RNA from

control BMMs and Cy5-labeled RNA from RANKL treated BMMs

were mixed and hybridization to the MiRNA array was conducted

using MiRVanaTM MiRNA Bioarray system Ver.2 (Ambion). Data

was analyzed by microarray data analysis tool software (Figen,

Nagoya, Japan).

FLOW CYTOMETRY

Bone marrow cells fromWT and cKOmice were incubated with anti-

CD16/32 antibody (clone 93, eBioscience) to block non-specific

binding of antibodies. After washing with 2% FBS/PBS, the cells

were stained with allophycocyanin-conjugated anti-c-kit (clone

ACK2), phycoerythrin-conjugated anti-c-fms (clone AFS98), and

fluorescein isothiocyanate-conjugated anti-CD11b (clone M1/70).

The cells were analyzed by FACSCalibur (BD Biosience) and

CellQuest software.

STATISTICAL EVALUATIONS

All the numeral data in the results were presented as mean

values� standard deviations (SD). Statistical analysis was per-

formed based on Student’s t-test or Welch’s t-test according to the

results of F-test. Difference was judged to be statistically significant

when P values were <0.05.

Results

DICER DEFICIENCY IN OSTEOCLASTS INCREASES BONE MASS

To investigate the role of Dicer in osteoclasts, we crossed Dicer

floxed mice with cathepsin K cre knock-in mice. Mice with Dicer

deficiency in osteoclasts (hereafter, cKOmutant) were born normally

without exhibiting any significant abnormalities in skeletal

patterning. 3D mCT analysis revealed that Dicer deficiency in

osteoclasts resulted in more crowdedness of trabecular bone pattern

compared to WT (Fig. 1A). Quantification of the 3D-mCT data

indicated that Dicer deficiency in osteoclasts increased the

trabecular bone mass compared to WT mice (BV/TV) (Fig. 1B).

Similarly, Dicer deficiency in osteoclasts increased trabecular

thickness (Fig. 1C). The growth of the mutant mice was retarded

compared to WT (Fig. 1D,E).

DICER DEFICIENCY IN OSTEOCLASTS SUPPRESSES BONE-

RESORPTION IN VIVO

Histological sections of the femora of Dicer deficient cKO mice

revealed sparsity of TRAP positive cells compared to WT (Fig. 2A).

Stromal cellularity was similar in the two genotypes. Quantification

showed that Dicer deficiency in osteoclasts reduced the levels of

osteoclast surface (Oc.S/BS) (Fig. 2B) and also those of osteoclast

number (N. Oc/BS) (Fig. 2C). These results indicated that Dicer

deficiency in osteoclasts suppressed the levels of bone resorption

activity in vivo.

DICER DEFICIENCY IN OSTEOCLASTS SUPPRESSES

OSTEOCLASTOGENESIS IN CULTURE

To address intrinsic effects of Dicer deficiency in osteoclasts, we

cultured bone marrow derived cells from cKO mutant mice in the
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 1. Dicer deficiency in osteoclasts increases bone volume. 3D-mCT images of the secondary trabecular regions of distal metaphyses of the femora (A). Dicer deficiency in

osteoclasts increased the levels of bone volume/tissue volume (BV/TV) (B), and trabecular thickness (Tb.Th) (C). Wild-type (WT); mice with Dicer deficiency in osteoclasts (cKO).

The growth curve of the mice (D) and X-ray pictures (E). Asterisks indicate that the difference is statistically significant (�P< 0.05, ��P< 0.01).
presence of M-CSF to obtain bone marrow derived macrophages

(BMMs) and subjected these BMMs to the treatment with RANKL, an

osteoclastogenic cytokine. Bone marrow cells differentiated into

TRAP positive multinucleated osteoclasts. The size of TRAP-positive

cells in Dicer deficient bone marrow cell cultures tended to be

smaller than WT cells (Fig. 3A). Quantification of the number of

TRAP positive multinucleated cells revealed that Dicer deficiency in

osteoclasts suppressed RANKL-induced development of TRAP

positive cells in culture (Fig. 3B). Thus, Dicer intrinsically control

the development of osteoclasts.
JOURNAL OF CELLULAR BIOCHEMISTRY
DICER DEFICIENCY IN OSTEOCLASTS SUPPRESSES EXPRESSION

LEVELS OF OSTEOCLASTIC PHENOTYPE-RELATED GENES

RT-PCR analysis on the RNA extracted from adult long bone was

performed to examine the effects of Dicer deficiency in osteoclasts

on the expression levels of genes encoding-proteins related to

osteoclast phenotype. Dicer deficiency in osteoclasts suppressed the

expression levels of TrapmRNA compared to control mice (Fig. 4A).

With respect to Nfatc1, the master regularoty gene for osteoclasts,

Dicer deficiency in osteoclasts suppressed mRNA levels slightly

(Fig. 4B). These observations indicated that Dicer deficiency
OSTEOCLAST SPECIFIC DICER DEFICIENCY AND BONE 869



Fig. 2. Dicer deficiency in osteoclasts suppresses the levels of osteoclastic parameters in vivo. TRAP stained sections of the secondary trabecular regions of the femora (A).

Histomorphometric parameters of bone resorption. Osteoclast surface/bone surface (Oc.S/BS) (B). Osteoclast number/bone surface (N.Oc/BS) (C). Bars represent 100mm. Wild-

type (WT); mice with Dicer deficiency in osteoclasts (cKO). Asterisk indicates that the difference is statistically significant ( P< 0.05).
suppressed the expression of genes encoding the regulatory

transcription factor for osteoclast development and its downstream

target genes. Ephrin proteins have been suggested to link

osteoclastic and osteoblastic activities [Zhao et al., 2006]. We

therefore examined expression of ephrinB2 (Efnb2). Dicer deficiency

in osteoclasts suppressed Efnb2 expression in the bone of mice

compared to WT (Fig. 4C).

DICER DEFICIENCY IN OSTEOCLASTS DID NOT ALTER THE FRACTION

SIZE OF OSTEOCLAST PROGENITOR CELLS OR APOPTOSIS OF

OSTEOCLASTS

To examine whether decreased number of osteoclasts occurred due

to decreased number of pre-osteoclasts, bone marrow cells from WT

and cKO mice were subjected to flow-cytometric analysis. We

defined pre-osteoclasts as c-kit positive, c-fms positive, and CD11b

low cells. Such fraction of osteoclast precursors in total bone

marrow appeared to be similar in WT and cKO mice (Fig. 5).

As precursor cell population sizes were similar, we then examined

whether osteoclast-specific Dicer deficiency affect the apoptosis of

osteoclasts. TUNEL staining was conducted using sagittal sections of

femora. However, we detected no significant difference in the levels
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of TUNEL positive osteoclasts between WT and cKO mice (data not

shown). These results suggest that the decreased number of

osteoclasts in Dicer-cKO mice might be caused by reasons other

than the decrease in population sizes of pre-osteoclasts or the

increase in apoptosis of osteoclasts, but impairment of differentia-

tion process.

RANKL STIMULATION OF BMMS RESULTS IN SMALL ALTERATION

OF THE miRNA EXPRESSION PROFILES

The phenotype observed in Dicer-deficient mice could be caused by

impaired miRNA expressions during osteoclastogenesis. To identify

the candidate miRNAs involved in the changes in osteoclastogen-

esis, we conducted miRNA array analysis. BMMs were cultured in

the presence of 10 ng/ml M-CSF with or without 100 ng/ml RANKL

for 24 h. These cells were subjected to miRNA expression profile

analysis. At 24 h time point, morphological appearances of RANKL-

treated cells were similar to those in control cells, whereas mRNA

expression of Trap was already increased (data not shown).

Relatively high expression levels were observed with respect to

more than 100 miRNAs in RANKL treated and control cells (Fig. 6A).

Total of 662-miRNAs were analyzed. Largest effects of RANKL were
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 3. Dicer deficiency in osteoclasts suppresses osteoclastogenesis in vitro.

In vitro osteoclastogenesis assay was performed with bone marrow cells using

10 ng/ml M-CSF and 100 ng/ml RANKL. TRAP positive multinucleated osteo-

clastic cells were visualized under the microscope; scale bars represent 200mm

(A,B). Wild-type (WT); mice with Dicer deficiency in osteoclasts (cKO). Asterisk

indicates that the difference is statistically significant ( P< 0.05).
Fig. 4. Dicer deficiency in osteoclasts suppressed the levels of osteoclast

phenotype-related gene expression. Messenger RNA expression levels of genes

encoding proteins related to osteoclastic phenotype. A: Tartrate-resistant acid

phosphatase (Trap), B: Nfatc1 and C: EfnB2. Values were normalized against

Gapdh expression in bone. Analysis was based on real-time RT-PCR. Wild-type

(WT); mice with Dicer deficiency in osteoclasts (cKO). Asterisks indicate that

the difference is statistically significant (�P< 0.05, ��P< 0.01).

Fig. 5. Osteoclast-specific Dicer deficiency does not alter the fraction size of

osteoclast progenitor cells. Flow-cytometric analysis was performed on bone

marrow cells from 6-week-old mice, using antibodies directed against c-fms,

CD11b and c-Kit as surface markers. Fraction of osteoclast precursor cells was

comparable between WT and cKO mice, as indicated by the representative

scatter plots (n¼ 3). Wild-type (WT); mice with Dicer deficiency in osteoclasts

(cKO).
observed in miR-302c whose expression was up-regulated about

1.78-fold in microRNA array analysis. However, real-time PCR

analysis revealed that the baseline expression level of miR-302c was

relatively low. Our results suggest that the causative miRNAs may

not exhibit changes large enough to be detectable in our micro-

array assay.

MICRORNA-155 ANALYSES IN DICER DEFICIENT CELLS

As Dicer deficiency suppressed osteoclastogenesis in culture, we

sought to examine candidate miRNAs responsible for the suppres-

sion of osteoclastogenesis. To this end, we focused onmicroRNA 155

(miR-155), which has been implicated in macrophage function

[O’Connell et al., 2007]. Computer-based analyses indicated that

miR-155 is a possible regulator of SHIP that inhibits osteoclasto-

genesis previously [Takeshita et al., 2002]. As a baseline, miR-155

levels in BMMs from Dicer deficient mice were similar to those from

WT. RANKL treatment did not significantly alter miR-155 levels in

WT. In contrast, RANKL treatment suppressed miR-155 levels in

BMMs from Dicer deficient mice (Fig. 6B). These data suggest that

Dicer deficiency suppressed miR-155 upon RANKL treatment to

possibly increase SHIP, an inhibitor for osteoclasts.

DICER DEFICIENCY IN OSTEOCLASTS SUPPRESSES OSTEOBLASTIC

ACTIVITY IN VIVO

To examine whether Dicer deficiency in osteoclasts may influence

coupling events in bone turnover, dynamic bone formation

parameters were analyzed to assess osteoblastic activities in vivo.

Dicer deficiency in osteoclasts suppressed the levels of in vivo bone
JOURNAL OF CELLULAR BIOCHEMISTRY
formation parameters including mineralized surface (MS/BS)

(Fig. 7A,B) and MAR (mm/day) (Fig. 7C). As a secondary parameter

of bone formation in histomorphometry, Dicer deficiency in

osteoclasts reduced BFR (mm2/day/mm) (Fig. 7D). These observations
OSTEOCLAST SPECIFIC DICER DEFICIENCY AND BONE 871



Fig. 6. Osteoclast-specific Dicer deficiency reduces the levels of miR-155.

A: MicroRNA array analysis was performed on BMMs subjected to in vitro

osteoclastogenesis. The bone marrow cells were cultured in the presence of

10 ng/ml M-CSF alone or combination of 10 ng/ml M-CSF and 100 ng/ml

RANKL for 24 h. The profile of miRNA expression was visualized by scatter plot

of normalized signal intensities. Horizontal axis is for cells treated with M-CSF

and RANKL. Vertical axis is for cells treated only with M-CSF. B: Osteoclast-

specific Dicer deficiency does not alter the basal levels of miR-155 in bone

marrow derived macrophages treated with RANKL. However, it reduces miRNA

levels after treatment with RANKL. Values were normalized against control

(RNU6B). Wild-type (WT); mice with Dicer deficiency in osteoclasts (cKO).

Asterisk indicates that the difference is statistically significant ( P< 0.01).
imply that Dicer deficiency in osteoclasts suppressed the activity of

osteoblasts in vivo via coupling event.

DICER DEFICIENCY IN OSTEOCLASTS SUPPRESSES EXPRESSION

LEVELS OF OSTEOBLASTIC PHENOTYPE-RELATED GENE

To further examine the influence of Dicer deficiency in osteoclasts

on osteoblasts, mRNA expression of the genes encoding osteoblast

phenotype-related proteins was examined. RT-PCR analysis on bone

revealed that Dicer deficiency in osteoclasts suppressed the mRNA

expression levels of type I collagen (ColIaI), the major product of

osteoblasts (Fig. 7E). Dicer deficiency in osteoclasts also reduced the

mRNA expression levels of osteocalcin (Bglap1) (Fig. 7F), which is a

specific product of osteoblasts. We further examined the osteoblast

regulatory transcription factor, which is a specific product of
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osteoblasts. Dicer deficiency in osteoclasts suppressed the levels of

runt related transcription factor 2 (Runx2) mRNA (Fig. 7G),

indicating that Dicer deficiency in osteoclasts affects osteoblast

phenotype expression in vivo. In contrast, Rankl/opg ratio was not

significantly decreased in cKO mice (data not shown).

DICER DEFICIENCY IN OSTEOBLASTS DOES NOT ALTER BONE MASS

We further examine Dicer function in osteoblasts by specifically

deleting Dicer in osteoblasts using 2.3 kb col I promoter-cre mice.

3D-mCT analysis was conducted. Dicer deficiency in osteoblasts did

not alter the levels of the trabecular bone mass (Fig. 8A), trabecular

thickness (Fig. 7B), and trabecular number (Fig. 7C) compared to WT

mice. Thus, Dicer regulates bone metabolism mainly via its action in

regulation of bone resorption.

DISCUSSION

We showed that Dicer is involved in regulation of osteoclastogenesis

and osteoclastic control of bone metabolism. Dicer deficiency in

osteoclasts suppressed the levels of osteoclast number and osteoclast

surface in vivo and also reduced osteoclastic development in culture

indicating endogenous regulation by Dicer of the cells in

osteoclastic lineage. Therefore, Dicer in osteoclasts is a critical

regulator that acts cell autonomously to modulate bone resorption.

In fact, bone mass was increased in Dicer deficient mice indicating

the importance of Dicer in control of bone mass and metabolism.

Osteoclastic differentiation is regulated by multiple steps of

events including the levels of progenitor cell population derived

from hematopoietic stem cells, microenvironmental signals (M-CSF

and RANKL), transcription factors such (TRAF6, NFkB, c-Fos,

NFATc1), ITAM receptors, calcium oscillation, and calcineurin

[Takayanagi, 2007]. Recent reports also revealed the presence of

estrogen receptors in osteoclasts [Nakamura et al., 2007].

Identification of the involvement of Dicer in the regulation of

osteoclastic activity adds a new layer of regulatory system, that is,

microRNAs, to the control of the osteoclasts.

Decreased osteoclast number associated with increased bone

mass in osteoclast-specific dicer-deficient mice suggests that

expression of certain miRNA-target gene would be altered by Dicer

deficiency in osteoclasts. As Dicer produces miRNAs that inactivate

their target gene(s) via reduction of mRNA or protein levels, the

putative function of the target genes would be to suppress

osteoclastogenesis. As RANKL treatment induces differentiation

of osteoclasts from BMMs, miRNA levels were examined using

miRNA array systems before and after RANKL treatment of BMMs,

to identify the candidate miRNAs required for regulation of

osteoclastogenesis. In this setting, no major changes were detected

in the levels of miRNA expression. We cannot rule out the possibility

that our analysis would not be sensitive enough to detect the

differences, which might have been confounded by heterogeneity of

cell types in BMMs cultures. In fact, osteoclast progenitors are not

predominant populations as shown in flow-cytometry. Nevertheless,

our results indicated that miRNA expression during osteoclastogen-

esis is relatively stable, although their functional importance was

suggested by in vivo and in vitro observations using Ctsk-driven
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Fig. 7. Dicer deficiency in osteoclasts decreases osteoblastic activities in vivo. Calcein double labeling of the bone (A). Dynamic histomorphometric parameters. MS/BS

(B); MAR (A,C); BFR (D). Expression levels of mRNAs encoding ColIaI (E), Osteocalcin (F), and Runx2 (G) were examined based on real-time RT-PCR. Data were normalized

against Gapdh expression levels. Wild-type (WT); mice with Dicer deficiency in osteoclasts (cKO). Asterisks indicate that the difference is statistically significant (�P< 0.05,
��P< 0.01).
conditional knock-out of dicer gene in mice. In cKO mice, miRNA

expression would be declined after cells begin to express Ctsk and

Cre. This may up-regulate expression of target genes that impair

osteoclastogenesis. Individual effect of each target gene may be

small. However, accumulation of defects in multiple miRNAs would

result in dysregulation of osteoclastogenesis.

We observed that Dicer deficiency suppresses expression of miR-

155 in BMMs upon the treatment with RANKL. miR-155 expression

is induced in macrophages and is enhanced by inflammatory stimuli

[O’Connell et al., 2007]. We observed that RANKL treatment

interacts with Dicer deficiency to suppress the expression of miR-

155. Therefore, miR-155 target genes, for example, SHIP that

suppresses osteoclasts, may be up-regulated by the reduction of

miR-155 to lead to the suppression of osteoclasts and increase in

bone mass observed in this study.
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Osteoclast-specific dicer deficiency also decreased bone forma-

tion activity in vivo. In contrast, the levels of in vitro mineralized

nodule formation were similar regardless of the genotypes (data not

shown). Decrease in in vivo function of osteoblasts would suggest a

coupling of bone resorption and bone formation in vivo. Although

identity of coupling factors is not fully clear, we observed that one of

the possible molecules, Efnb2, was downregulated in cKO mice.

Investigation of regulatory signals for coupling between osteoclasts

and osteoblasts would clarify the effect of dicer deficiency in the

cKO mice observed in our study.

Conditional KO mice showed smaller body size with shorter bone

length than WT mice. Shorter bone length has been reported in

several examples of mutant mice deficient in genes required for

osteoclastogenesis, such as Atp6i [Li et al., 1999], Clcn7 [Kornak

et al., 2001], TRAF6 [Lomaga et al., 1999], and TRAP [Hollberg et al.,
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Fig. 8. Dicer deficiency in osteoblasts does not affect bone volume. Dicer

floxed mice were crossed with 2.3 kb type I collagen promoter Cre mice. Dicer

deficiency in osteoblasts did not change the levels of bone volume/tissue

volume (BV/TV) (A), trabecular thickness (Tb.Th) (B) and trabecular number

(Tb.N) (C). Wild-type (WT); mice with Dicer deficiency in osteoblasts (ColIcKO).
2002]. This similarity may imply that developmental impairment of

osteoclastogenesis would generally affect long-bone growth by as

yet unidentified mechanisms. During skeletal development, dicer

and miRNAs are reported to play critical roles in the regulation of

chondrocyte proliferation and differentiation [Kobayashi et al.,

2008]. Our results suggest that dicer and miRNAsmay also play their

roles in osteoclasts during endochondral bone development and

longitudinal bone growth.

Recently, CD11b promoter-driven cre system was used to

suppress Dicer and the miR-223 was implicated in osteoclast

regulation [Sugatani and Hruska, 2007, 2009]. These mice showed

mild osteopetrosis due to decreased bone resorption but bone

formation was not altered in contrast to our observation that

cathepsin K-Cre-induced Dicer cKO showed high bone mass with

decrease in both osteoclasts and osteoblasts. The difference between

their mice and ours was possibly due to diversity in the Cre systems.

Furthermore, they reported that positive feedback loop of Pu.1, miR-

223, NFI-A, and M-CSFR might regulate the osteoclast differentia-

tion. Cathepsin-K Cre system does not influence macrophage but

expresses cre in osteoclasts. Their hypothesis may not be applied to

explain the bone phenotype of our cathepsin K-Cre-driven Dicer

cKO mice. Multiple events may be involved in the regulatory

network of miRNA target actions including both suppression and

activation of osteoclastogenesis.

In conclusion, Dicer deficiency in osteoclasts suppresses

osteoclast development and trans-suppresses osteoblasts. Thus,

Dicer is involved at least in part in the regulation of osteoclasts to

control themselves to contribute to the maintenance of adult bone

mass.
ACKNOWLEDGMENTS

We thank Dr. Asagiri M. and Dr. Takayanagi H. for helpful
discussion and assistance for technical problems related to in vitro
osteoclastogenesis assays. This work was supported by the grants-
in-aid from the Japanese Ministry of Education (Global Center of
Excellent (GCOE) program, 21st Century Center of Excellence (COE)
Program, Frontier Research for Molecular Destruction and Recon-
874 OSTEOCLAST SPECIFIC DICER DEFICIENCY AND BONE
stitution of Tooth and Bone, 17012008, 18109011, 18659438,
18123456, 20013014), grants from Japan Space forum, NASDA,
and ABJS (Advanced Bone and Joint Science) Strategic Research
Networks Projects, in Japan Society for Promotion of Science Core
to Core Program, Research for the Future Program, Genome
Science.

REFERENCES

Andl T, Murchison EP, Liu F, Zhang Y, Yunta-Gonzalez M, Tobias JW, Andl
CD, Seykora JT, Hannon GJ, Millar SE. 2006. The miRNA-processing enzyme
dicer is essential for the morphogenesis and maintenance of hair follicles.
Curr Biol 16:1041–1049.

Bernstein E, Caudy AA, Hammond SM, Hannon GJ. 2001. Role for a bidentate
ribonuclease in the initiation step of RNA interference. Nature 409:363–366.

Bernstein E, Kim SY, Carmell MA, Murchison EP, Alcorn H, Li MZ, Mills AA,
Elledge SJ, Anderson KV, Hannon GJ. 2003. Dicer is essential for mouse
development. Nat Genet 35:215–217.

Boyle WJ, Simonet WS, Lacey DL. 2003. Osteoclast differentiation and
activation. Nature 423:337–342.

Chen JF, Murchison EP, Tang R, Callis TE, Tatsuguchi M, Deng Z, Rojas M,
Hammond SM, Schneider MD, Selzman CH, Meissner G, Patterson C, Hannon
GJ, Wang DZ. 2008. Targeted deletion of Dicer in the heart leads to dilated
cardiomyopathy and heart failure. Proc Natl Acad Sci USA 105:2111–2116.

Cobb BS, Nesterova TB, Thompson E, Hertweck A, O’Connor E, Godwin J,
Wilson CB, Brockdorff N, Fisher AG, Smale ST, Merkenschlager M. 2005.
T cell lineage choice and differentiation in the absence of the RNase III
enzyme Dicer. J Exp Med 201:1367–1373.

Cobb BS, Hertweck A, Smith J, O’Connor E, Graf D, Cook T, Smale ST,
Sakaguchi S, Livesey FJ, Fisher AG, Merkenschlager M. 2006. A role for Dicer
in immune regulation. J Exp Med 203:2519–2527.

Dacquin R, Starbuck M, Schinke T, Karsenty G. 2002. Mouse alpha1(I)-
collagen promoter is the best known promoter to drive efficient Cre recom-
binase expression in osteoblast. Dev Dyn 224:245–251.

Datta H-K, Ng W-F, Walker J-A, Tuck S-P, Varanasi S-S. 2008. The cell
biology of bone metabolism. J Clin Pathol 61:577–587.

Grigoriadis A-E, Wang Z-Q, Cecchini M-G, Hofstetter W, Felix R., et al. 1994.
c-Fos: A key regulator of osteoclast-macrophage lineage determination and
bone remodeling. Science 266:443–448.

Harada S, Rodan G-A. 2003. Control of osteoblast function and regulation of
bone mass. Nature 423:349–355.

Harfe BD, McManus MT, Mansfield JH, Hornstein E, Tabin CJ. 2005. The
RNaseIII enzyme Dicer is required for morphogenesis but not patterning of
the vertebrate limb. Proc Natl Acad Sci USA 102:10898–11903.

Harris K-S, Zhang Z, McManus M-T, Harfe B-D, Sun X. 2006. Dicer function
is essential for lung epithelium morphogenesis. Proc Natl Acad Sci USA
103:2208–2213.

Hollberg K, Hultenby K, Hayman A, Cox T, Andersson G. 2002. Osteoclasts
frommice deficient in tartrate-resistant acid phosphatase have altered ruffled
borders and disturbed intracellular vesicular transport. Exp Cell Res
279:227–238.

Horowitz M-C, Xi Y, Wilson K, Kacena M-A. 2001. Control of osteoclasto-
genesis and bone resorption by members of the TNF family of receptors and
ligands. Cytokine Growth Factor Rev 12:9–18.

Kanellopoulou C, Muljo SA, Kung AL, Ganesan S, Drapkin R, Jenuwein T,
Livingston DM, Rajewsky K. 2005. Dicer-deficient mouse embryonic stem
cells are defective in differentiation and centromeric silencing. Genes Dev
19:489–501.

Kobayashi T, Lu J, Cobb BS, Rodda SJ, McMahon AP, Schipani E, Merkens-
chlager M, Kronenberg HM. 2008. Dicer-dependent pathways regulate
JOURNAL OF CELLULAR BIOCHEMISTRY



chondrocyte proliferation and differentiation. Proc Natl Acad Sci USA
105:1949–1954.

Kornak U, Kasper D, Bosl MR, Kaiser E, Schweizer M, Schulz A, Friedrich W,
Delling G, Jentsch TJ. 2001. Loss of the ClC-7 chloride channel leads to
osteopetrosis in mice and man. Cell 104:205–215.

Li YP, ChenW, Liang Y, Li E, Stashenko P. 1999. Atp6i-deficient mice exhibit
severe osteopetrosis due to loss of osteoclast-mediated extracellular acid-
ification. Nat Genet 23:447–451.

Lomaga MA, Yeh WC, Sarosi I, Duncan GS, Furlonger C, Ho A, Morony S,
Capparelli C, Van G, Kaufman S, van der Heiden A, Itie A, Wakeham A, Khoo
W, Sasaki T, Cao Z, Penninger JM, Paige CJ, Lacey DL, Dunstan CR, Boyle WJ,
Goeddel DV, Mak TW. 1999. TRAF6 deficiency results in osteopetrosis and
defective interleukin-1, CD40, and LPS signaling. Genes Dev 13:1015–1024.

Martin T-J, Sims N-A. 2005. Glycoprotein 130 regulates bone turnover and
bone size by distinct downstream signaling pathways. Osteoclast-derived
activity in the coupling of bone formation to resorption. Trends Mol Med
11:76–81.

Martin T-J, Quinn J-M, Gillespie M-T, Ng K-W, Karsdal M-A., et al. 2006.
Mechanisms involved in skeletal anabolic therapies. Ann NY Acad Sci
1068:458–470.

Marzia M, Sims N-A, Voit S, Migliaccio S, Taranta A., et al. 2000. Decreased
c-Src expression enhances osteoblast differentiation and bone formation.
J Cell Biol 151:311–320.

McGrath K-E, Kingsley P-D, Koniski A-D, Porter R-L, Bushnell T-P., et al.
2008. Enucleation of primitive erythroid cells generates a transient popula-
tion of ‘‘pyrenocytes’’ in the mammalian fetus. Blood 111:2409–2417.

Mizoguchi F, Mizuno A, Hayata T, Nakashima K, Heller S, Ushida T, Sokabe
M, Miyasaka N, Suzuki M, Ezura Y, Noda M. 2008. Transient receptor
potential vanilloid 4 deficiency suppresses unloading-induced bone loss.
J Cell Physiol 216:47–53.

Muljo SA, Ansel KM, Kanellopoulou C, Livingston DM, Rao A, Rajewsky K.
2005. Aberrant T cell differentiation in the absence of Dicer. J Exp Med
202:261–269.

Murchison EP, Stein P, Xuan Z, Pan H, Zhang MQ, Schultz RM, Hannon GJ.
2007. Critical roles for Dicer in the female germline. Genes Dev 21:682–693.

Nakamura M, Udagawa N, Matsuura S, Mogi M, Nakamura H., et al. 2003.
Osteoprotegerin regulates bone formation through a coupling mechanism
with bone resorption. Endocrinology 144:5441–5449.

Nakamura T, Imai Y, Matsumoto T, Sato S, Takeuchi K, Igarashi K, Harada Y,
Azuma Y, Krust A, Yamamoto Y, Nishina H, Takeda S, Takayanagi H, Metzger
JOURNAL OF CELLULAR BIOCHEMISTRY
D, Kanno J, Takaoka K, Martin TJ, Chambon P, Kato S. 2007. Estrogen
prevents bone loss via estrogen receptor alpha and induction of Fas ligand in
osteoclasts. Cell 130:811–823.

O’Connell RM, Taganov KD, Boldin MP, Cheng G, Baltimore D. 2007.
MicroRNA-155 is induced during the macrophage inflammatory response.
Proc Natl Acad Sci USA 104:1604–1609.

O’Rourke JR, Georges SA, Seay HR, Tapscott SJ, McManus MT, Goldhamer
DJ, Swanson MS, Harfe BD. 2007. Essential role for Dicer during skeletal
muscle development. Dev Biol 311:359–368.

Schaefer A, O’Carroll D, Tan CL, Hillman D, Sugimori M, Llinas R, Greengard
P. 2007. Cerebellar neurodegeneration in the absence of microRNAs. J Exp
Med 204:1553–1558.

Schaller S, Henriksen K, Sveigaard C, Heegaard A-M, Hélix N., et al. 2004.
The chloride channel inhibitor NS3736 [corrected] prevents bone resorption
in ovariectomized rats without changing bone formation. J Bone Miner Res
19:1144–1153.

Sims N-A, Jenkins B-J, Quinn J-M, Nakamura A, Glatt M., et al. 2004.
Glycoprotein 130 regulates bone turnover and bone size by distinct down-
stream signaling pathways. J Clin Invest 113:379–389.

Sugatani T, Hruska KA. 2007. MicroRNA-223 is a key factor in osteoclast
differentiation. J Cell Biochem 101:996–999.

Sugatani T, Hruska KA. 2009. Impaired micro-RNA pathways diminish
osteoclast differentiation and function. J Biol Chem 284:4667–4678.

Takayanagi H. 2007. Osteoimmunology: Shared mechanisms and crosstalk
between the immune and bone systems. Nat Rev Immunol 7:292–304.

Takeshita S, Namba N, Zhao JJ, Jiang Y, Genant HK, Silva MJ, Brodt MD,
Helgason CD, Kalesnikoff J, Rauh MJ, Humphries RK, Krystal G,
Teitelbaum SL, Ross FP. 2002. SHIP-deficient mice are severely osteoporotic
due to increased numbers of hyper-resorptive osteoclasts. Nat Med 8:943–
949.

Thai TH, Calado DP, Casola S, Ansel KM, Xiao C, Xue Y, Murphy A,
Frendewey D, Valenzuela D, Kutok JL, Schmidt-Supprian M, Rajewsky N,
Yancopoulos G, Rao A, Rajewsky K. 2007. Regulation of the germinal center
response by microRNA-155. Science 316:604–608.

Yi R, O’Carroll D, Pasolli HA, Zhang Z, Dietrich FS, Tarakhovsky A, Fuchs E.
2006. Morphogenesis in skin is governed by discrete sets of differentially
expressed microRNAs. Nat Genet 38:356–362.

Zhao C, Irie N, Takada Y, Shimoda K, Miyamoto T, Nishiwaki T, Suda T,
Matsuo K. 2006. Bidirectional ephrinB2-EphB4 signaling controls bone
homeostasis. Cell Metab 4:111–121.
OSTEOCLAST SPECIFIC DICER DEFICIENCY AND BONE 875


