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 破骨細胞は骨髄に存在する造血幹細胞から分化するミエロイド系の細胞であることが知られており、生

体内においては唯一骨を吸収することができる細胞である。正常な骨質を維持するためには、古い骨を除

去し、新しい骨を形成するというサイクルを生涯にわたり繰り返すことが重要である。ただ、この骨吸収

と骨形成のバランスが崩れてしまうと、様々な骨疾患につながる恐れがある。例えば関節リウマチは自己

免疫疾患であるが、破骨細胞の異常な活性化を誘発することが知られている。関節近傍で活性化した破骨

細胞は、不可逆的に関節を破壊してしまう。関節リウマチで見られる、こうした炎症性骨破壊をコントロ

ールするには破骨細胞分化や活性を制御することが求められる。そのため、破骨細胞分化を活性化するサ

イトカインやシグナルについての研究が精力的に進められてきた。こうした取り組みにより、ミエロイド

系前駆細胞から破骨細胞へ分化するプロセスが明らかになってきた。破骨細胞前駆細胞上に発現する RANK

受容体に、RANK リガンド（RANKL）が結合し RANK シグナルが活性化することが破骨細胞分化に必須である

ことが明らかとなっている。 

 生体内の破骨細胞分化、破骨細胞前駆細胞を評価するには、現在のところ、破骨細胞特異的に発現する

酒石酸抵抗性ホスファターゼ（TRAP）を病理組織で染色して検出したり、破骨細胞のex vivoでの培養が

一般的である。しかしながら、特に破骨細胞のin vitroでの培養はサンプル調整やテクニックによるば

らつきが見られる場合もある。また、破骨細胞培養分化実験は培養開始時に含まれている破骨細胞前駆

細胞数を反映する。前駆細胞については様々な報告があるものの、血球細胞分化ヒエラルキーのどの分

化ステージに破骨細胞前駆細胞が存在しているのかについての詳細は明らかではない。本研究では、in 

vitro分化培養系破骨細胞における発現遺伝子をシングルセルRNA-seq（scRNA-seq）技術を用いて解析す

ることで詳細な検討ができると考えた。生体内の破骨細胞前駆細胞を簡便にモニターするシステムを確

立することができれば、今後のが飛躍的に進むと考えた。生体における破骨細胞前駆細胞の実態を明ら

かにすることで破骨細胞が関与する疾患の病態解明の基盤構築を目指す。 

1. In vitro分化培養系破骨細胞のscRNA-seq解析 

マウス骨髄細胞をM-CSF存在下で2日間培養後、さらにM-CSFとRANKL存在下にて3日間培養し、in vitro

において破骨細胞分化を誘導した。RANKL刺激前をDay 0、刺激後1日目（Day 1）、3日目（Day 3）とし、

それぞれ、2,190、2,649、2,389細胞をscRNA-seq解析を行なった（図1）。 

図1 
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increased during the culture period at both the mRNA and protein 
levels (Fig. 1a).

We analysed the scRNA-seq profiles of 7,228 cells that passed 
quality-control criteria. These cells comprised 2,190, 2,649 and 
2,389 cells on day 0, day 1 and day 3, respectively. An unsupervised 
graph-based clustering approach defined 12 clusters covering the 
three different time points (Fig. 1b). Among these clusters, cluster 
7 appeared on day 3 and exhibited high expression of osteoclast 
marker genes (Acp5, Ctsk, Mmp9, Nfatc1, Dcstamp and Atp6v0d2), 
indicating that cluster 7 comprised mature osteoclasts (Fig. 1b,c). In 
contrast, cluster 1 was abundantly present on day 0 but disappeared 
on day 1 and day 3. Cluster 1 exhibited marker genes for osteoclast 
precursors (Tnfrsf11a, Csf1r and Cx3cr1), as well as intrinsic negative 
regulators for osteoclastogenesis (Irf8, Bcl6 and Mafb; Fig. 1b,d,e), 
suggesting that cluster 1 comprised osteoclast precursor cells.

Next, we performed pseudotime analysis using Slingshot, a 
method which can predict the differentiation trajectory based on the 
cluster-based minimum spanning tree12. Pseudotime analysis showed 
that cluster 1 differentiated into cluster 7 via stepwise pathways, pass-
ing through clusters 9, 3, 2 and 4 along the way (Fig. 2a). During this 
trajectory, the expression levels of osteoclastic genes (Acp5, Ctsk, 
Mmp9, Dcstamp, Ocstamp and Atp6v0d2) were progressively ele-
vated, whereas the expression levels of negative regulators for osteo-
clastogenesis (Irf8, Bcl6 and Mafb) were progressively down-regulated 
(Fig. 2b), consistent with bulk RNA-seq data (Extended Data Fig. 1a).

It should be noted that cluster 9 exhibited high expression of 
dendritic cell (DC)-marker genes such as Itgax (encoding CD11c) 
and antigen presentation genes (Cd74, H2-Aa, H2-Ab1 and H2-Eb1) 
but lacked expression of co-stimulatory molecules (Cd80 and 
Cd86), suggesting that cluster 9 may comprise osteoclast progenitor 

cells, which possess characteristics similar to but distinct from DCs 
(Extended Data Fig. 1b). The expression of Itgax was transiently 
up-regulated during the predicted trajectory of osteoclastogenesis 
(Fig. 2c). We also analysed scRNA-seq data with Monocle 3 and 
FateID, and both methods indicated that monocytic precursor cells 
give rise to mature osteoclasts by passing through DC-like precur-
sors (Extended Data Fig. 2).

The contribution of DCs to osteoclast formation has been con-
troversial. Several studies have proposed that DCs are osteoclast 
precursor cells based on the findings showing that CD11c+ cells can 
differentiate into osteoclasts in in vitro culture and in vivo transfer 
into osteopetrotic mice13–16. However, osteoclast formation is not 
decreased in mice lacking mature DCs, suggesting that DCs do not 
contribute to osteoclastogenesis under physiological conditions17–19. 
To validate the computational inference of the osteoclast differen-
tiation trajectory, we crossed Tnfrsf11aflox/flox mice20 with CD11c-Cre 
mice21. Notably, osteoclast formation was significantly inhibited 
in Tnfrsf11aflox/Δ CD11c-Cre mice compared to Tnfrsf11aflox/Δ mice 
both in vitro and in vivo (Fig. 2d–h). Bone formation was nor-
mal in Tnfrsf11aflox/Δ CD11c-Cre mice (Extended Data Fig. 3a). 
CD11c-Cre-mediated deletion of RANK led to a high bone-mass 
phenotype regardless of sex and age (Extended Data Fig. 3b–d). 
This study identified that CD11c is a molecule transiently expressed 
at an early stage of osteoclastogenesis and can be used as a marker 
for osteoclast precursor cells at specific stages, although the func-
tion of CD11c molecule in osteoclast formation remains unknown. 
The transient expression of CD11c in osteoclast precursor cells may 
explain why FACS-sorted CD11c+ cells could give rise to osteoclasts 
under certain conditions even though mature DCs are not essential 
for osteoclastogenesis.
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Fig. 1 | Determining cellular heterogeneity in the osteoclast culture system by scRNA-seq. a, Schematic of the experimental setting for the osteoclast 
formation system (top). The expression levels of osteoclast marker genes (Acp5 and Ctsk) and the trp RNA-binding attenuation protein (TRAP) during the 
culture period (bottom). RPKM, reads per kilobase per million. b, Uniform manifold approximation and projection (UMAP) visualization of 12 clusters in 
the osteoclast culture system. c, The expression patterns of osteoclast marker genes in the UMAP visualization. The arrowheads indicate cluster 7. d, The 
expression patterns of marker genes for osteoclast precursor cells in the UMAP visualization. The arrowheads indicate cluster 1. e, The expression patterns 
of intrinsic negative regulators for osteoclastogenesis in the UMAP visualization. The arrowheads indicate cluster 1.
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increased during the culture period at both the mRNA and protein 
levels (Fig. 1a).

We analysed the scRNA-seq profiles of 7,228 cells that passed 
quality-control criteria. These cells comprised 2,190, 2,649 and 
2,389 cells on day 0, day 1 and day 3, respectively. An unsupervised 
graph-based clustering approach defined 12 clusters covering the 
three different time points (Fig. 1b). Among these clusters, cluster 
7 appeared on day 3 and exhibited high expression of osteoclast 
marker genes (Acp5, Ctsk, Mmp9, Nfatc1, Dcstamp and Atp6v0d2), 
indicating that cluster 7 comprised mature osteoclasts (Fig. 1b,c). In 
contrast, cluster 1 was abundantly present on day 0 but disappeared 
on day 1 and day 3. Cluster 1 exhibited marker genes for osteoclast 
precursors (Tnfrsf11a, Csf1r and Cx3cr1), as well as intrinsic negative 
regulators for osteoclastogenesis (Irf8, Bcl6 and Mafb; Fig. 1b,d,e), 
suggesting that cluster 1 comprised osteoclast precursor cells.

Next, we performed pseudotime analysis using Slingshot, a 
method which can predict the differentiation trajectory based on the 
cluster-based minimum spanning tree12. Pseudotime analysis showed 
that cluster 1 differentiated into cluster 7 via stepwise pathways, pass-
ing through clusters 9, 3, 2 and 4 along the way (Fig. 2a). During this 
trajectory, the expression levels of osteoclastic genes (Acp5, Ctsk, 
Mmp9, Dcstamp, Ocstamp and Atp6v0d2) were progressively ele-
vated, whereas the expression levels of negative regulators for osteo-
clastogenesis (Irf8, Bcl6 and Mafb) were progressively down-regulated 
(Fig. 2b), consistent with bulk RNA-seq data (Extended Data Fig. 1a).

It should be noted that cluster 9 exhibited high expression of 
dendritic cell (DC)-marker genes such as Itgax (encoding CD11c) 
and antigen presentation genes (Cd74, H2-Aa, H2-Ab1 and H2-Eb1) 
but lacked expression of co-stimulatory molecules (Cd80 and 
Cd86), suggesting that cluster 9 may comprise osteoclast progenitor 

cells, which possess characteristics similar to but distinct from DCs 
(Extended Data Fig. 1b). The expression of Itgax was transiently 
up-regulated during the predicted trajectory of osteoclastogenesis 
(Fig. 2c). We also analysed scRNA-seq data with Monocle 3 and 
FateID, and both methods indicated that monocytic precursor cells 
give rise to mature osteoclasts by passing through DC-like precur-
sors (Extended Data Fig. 2).

The contribution of DCs to osteoclast formation has been con-
troversial. Several studies have proposed that DCs are osteoclast 
precursor cells based on the findings showing that CD11c+ cells can 
differentiate into osteoclasts in in vitro culture and in vivo transfer 
into osteopetrotic mice13–16. However, osteoclast formation is not 
decreased in mice lacking mature DCs, suggesting that DCs do not 
contribute to osteoclastogenesis under physiological conditions17–19. 
To validate the computational inference of the osteoclast differen-
tiation trajectory, we crossed Tnfrsf11aflox/flox mice20 with CD11c-Cre 
mice21. Notably, osteoclast formation was significantly inhibited 
in Tnfrsf11aflox/Δ CD11c-Cre mice compared to Tnfrsf11aflox/Δ mice 
both in vitro and in vivo (Fig. 2d–h). Bone formation was nor-
mal in Tnfrsf11aflox/Δ CD11c-Cre mice (Extended Data Fig. 3a). 
CD11c-Cre-mediated deletion of RANK led to a high bone-mass 
phenotype regardless of sex and age (Extended Data Fig. 3b–d). 
This study identified that CD11c is a molecule transiently expressed 
at an early stage of osteoclastogenesis and can be used as a marker 
for osteoclast precursor cells at specific stages, although the func-
tion of CD11c molecule in osteoclast formation remains unknown. 
The transient expression of CD11c in osteoclast precursor cells may 
explain why FACS-sorted CD11c+ cells could give rise to osteoclasts 
under certain conditions even though mature DCs are not essential 
for osteoclastogenesis.
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Fig. 1 | Determining cellular heterogeneity in the osteoclast culture system by scRNA-seq. a, Schematic of the experimental setting for the osteoclast 
formation system (top). The expression levels of osteoclast marker genes (Acp5 and Ctsk) and the trp RNA-binding attenuation protein (TRAP) during the 
culture period (bottom). RPKM, reads per kilobase per million. b, Uniform manifold approximation and projection (UMAP) visualization of 12 clusters in 
the osteoclast culture system. c, The expression patterns of osteoclast marker genes in the UMAP visualization. The arrowheads indicate cluster 7. d, The 
expression patterns of marker genes for osteoclast precursor cells in the UMAP visualization. The arrowheads indicate cluster 1. e, The expression patterns 
of intrinsic negative regulators for osteoclastogenesis in the UMAP visualization. The arrowheads indicate cluster 1.
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 12個のクラスターに分かれ、特にDay 3で検出された7個のクラスターには破骨細胞分化マーカーとして

特徴的な遺伝子の発現(Acp5, Ctsk, Mmp9, Nfatc1, Dcstamp and Atp6v0d2)を認めた。 

2. 機械学習アルゴリズムによる破骨細胞分化経路予測 

次に、scRNA-seqデータを用いて、擬時系列解析を行ない、。すると、クラスター1は、7へと分化する過

程でクラスター9→3→2→4の順番に通ることが予測された。この過程では、Acp5, Ctsk, Mmp9, Dcstamp, 

Ocstamp and Atp6v0d2といった破骨細胞分化に特徴的な遺伝子の経時的な上昇を認める一方、破骨細胞

分化を負に制御すると報告のあるIrf8, Bcl6 and Mafbは発現減少していた。クラスター9に着目すると

樹状細胞に特徴的なItgax（CD11c）の発現と抗原提示細胞で重要な遺伝子(Cd74, H2-Aa, H2-Ab1 and H2-

Eb1)の発現が認められた（図2）。樹状細胞の破骨細胞分化への役割は議論が続いているところなので、 

図2     

 

 

 

 

図3 

 

 

 

 

樹状細胞特異的にRANKL受容体であるRANK（Tnfrsf11a）を欠損するマウス（Tnfrsf11aflox/Δ CD11c-Cre）の

解析を行なった。このマウスでは破骨細胞分化が抑制されており、そのために骨量が増加していた（図3）。

したがって、破骨細胞は分化過程で一過的にCD11cを発現することが明らかとなった。 

 

3. 破骨細胞分化におけるステップワイズな生物学的過程 

破骨細胞分化ステージの詳細を明らかにするため、それぞれのクラスターについて更なる解析をgene 

ontologyを調べることにした。クラスター1では、ミエロイド系細胞と関連が深いファゴソームやファ後

妻トーシス関連のプロセスが、クラスター9は樹状細胞様前駆細胞のような抗原提示に関与するプロセス

が特徴的であった。クラスター3では、RANKLによって誘導される初期遺伝子がドライブされていると考

えられる。クラスター2では、RNA代謝が盛んになり増殖のフェーズに入ると考えられた。クラスター4で

は破骨細胞にコミットした転写プロファイルが観察された。最後にクラスター7においては破骨細胞の機

能的な特徴である骨吸収に関連するプロセスが活性化されていることが明らかとなった。以上のことか

ら、破骨細胞分化は、段階的で動的な分子プロセスが起きていることが明らかとなった。 
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4. 破骨細胞最終分化における分子スイッチとしてのCited2 

次にこのデータから、重要な転写因子を探索することにした。すでに破骨細胞分化に重要であるとの報

告があるNfatc1やJdp2と同じ様な挙動を示す遺伝子としてcarboxy-terminal domain 2 (Cited2)に着目

した。Cited2欠損マウスは胎生致死であるので、Cited2欠損マウス胎児肝臓細胞を用いてin vitroでは

骨細胞分化を観察した。すると、Cited2欠損マウス細胞からは、クラスター1、9、3、2での発現遺伝子は

観察されたものの、クラスター4、7で観察される遺伝子発現は観察されなかったが、細胞周期に関わる

Ccnd1, Ccna2, Nek6, E2f2, E2f1, Cdc6 and Dhfrの発現が高いレベルであることがわかった。これまで

に、破骨細胞の最終分化には細胞周期が停止することが重要であることが報告されている。我々のscRNA-

seq解析結果からもクラスター2→4の過程で細胞周期が停止しているようであった。そこで、破骨細胞特

異的にCited2を欠失するマウス（Cited2flox/flox Tnfrsf11a-Cre）を観察すると、破骨細胞分化が抑制され

ていた（図4）。以上から、Cited2は破骨細胞分化過程で重要な細胞周期のスイッチとして働くことが明

らかとなった。 

図4 

  

 

 

 

 

本課題により、破骨細胞分化過程における各ステージ間の進行は分子レベルで厳密に制御されており、多段

階的なプロセスによって運命決定されていることが１細胞レベルで解明された（図5）。 
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Fig. 4 | Identification of Cited2 as a molecular switch triggering terminal differentiation of osteoclasts. a, Heat map of the top 25 transcriptional regulators 
whose expression was significantly altered during the trajectory of osteoclastogenesis. b, The top 20 GO terms that were differentially enriched in Cited2+/+ 
cells and Cited2−/− cells. c, Osteoclast differentiation in Cited2flox/flox cells and Cited2flox/flox Tnfrsf11a-Cre cells. Representative images (left) and quantification 
(n!=!4; right) of cells are shown. Data are represented as mean!±!s.e.m. P values were calculated using one-sided Student’s t-test. d, Bone histomorphometric 
analysis of the tibiae of 3-week-old Cited2flox/flox (n!=!4) and Cited2flox/flox Tnfrsf11a-Cre (n!=!6) mice. Representative images and quantification of cells 
are shown. Scale bars, 200!μm. Data are represented as mean!±!s.e.m. P values were calculated using a one-sided Student’s t-test. e, The frequency of 
C5aR1+CSF1R+ cells (clusters 2 and 3), C5aR1−CSF1R+cells (cluster 4) and C5aR1−CSF1R− cells (clusters 6 and 8) on day 1 and day 2 of the osteoclast culture 
system in Cited2flox/flox and Cited2flox/flox Tnfrsf11a-Cre mice (n!=!3). ***P!=!0.0043. P values were calculated using one-sided Student’s t-test. f, Schematic of the 
stepwise cell fate decision pathways of osteoclastogenesis and the site of action of Cited2. Highly expressed genes for each cluster are listed.

NATURE METABOLISM | VOL 2 | DECEMBER 2020 | 1382–1390 | www.nature.com/natmetab 1387

LETTERSNATURE METABOLISM

Cited2 +/+Cited2 –/–

Gene name

Klf6

Top 25 transcription regulators

Cluster

a c

d

eb

f

1
10
2
3
4
7
8
9

3.5

3

2.5

2

1.5

1

0.5

0

Rbpj

Id1

Atf3

Ikzf1

Mafb

Id3

Fli1

Mef2c

Maf

Naca

Cited2

Ppargc1b

Mef2a

Fosl2

Cebpb

Irf5

Id2

Jdp2

Bhlhe40

Nfatc1

Zfp462

Irf8

Etv5

Spi1

Positive regulation of cellular component movement

Positive regulation of cell death
Myeloid cell differentiation
Negative regulation of cellular component organization

Regulation of cell adhesion

Chromosome maintenance
Cytokine production

Regulation of defence response

Cellular response to DNA damage stimulus

Positive regulation of defence response

Mitotic cell cycle process

Cell division

Cell cycle, mitotic

–log10 (P value)

0 234 6 10 20

Cluster 1
monocytic
precursor

Cluster 9
DC-like

precursor

Cluster 3
membrane raft

assembly

Cluster 2
proliferation &

RNA metabolism

Cluster 4
energy metabolism &
terminal differentiation

Cluster 7
bone resorption

Cited2

Highly

genes
expressed

Tnfrsf11a
Csf1r
Cx3Cr1
Ccl2

Itgax
Cd74
Mmp12
H2-Aa

Cav1
Ahnak
Clec4d
Anxa2

Top2a
Ube2s
Ube2c

Mafb Cd36 S100a10
Mki67
Cdca3

Nfatc1
Jdp2

Acp5

Cited2
Prdm1

Mmp9
Ctsk
Acp5
Atp6v0d2
Dcstamp

O
st

eo
cl

as
t n

um
be

r
/b

on
e 

pe
rim

et
er

 (
m

m
–1

)

0

3

6

O
st

eo
cl

as
t s

ur
fa

c
 /b

on
e 

su
rf

ac
e 

(%
)

0

5

10
P = 0.0471 P = 0.0262

(Vcam1–Ly6G–B220– gated)
C5aR1-PE-Cy7

C
S

F
1R

-F
IT

C

Day 1

Day 2

4.8% ± 0.3% 84.5% ± 1.6%

2.9% ± 0.2%

3.1% ± 0.5% 85.8% ± 0.9%

5.6% ± 1.6%

44.4% ± 6.4% 43.9% ± 4.6%

7.5% ± 1.8%

***11.8% ± 2.2% 77.4% ± 2.6%

6.5% ± 0.8%

O
st

eo
cl

as
ts

 p
er

 w
el

l (
n)

0

Cite
d2

flo
x/

flo
x

Cited2 flox/ flox

Cited2 flox/ flox

Cite
d2

flo
x/

flo
x

Tnfr
sf1

1a
-C

re

Cite
d2

flo
x/

flo
x

Cite
d2

flo
x/

flo
x

Tnfr
sf1

1a
-C

re

Cite
d2

flo
x/

flo
x

Cite
d2

flo
x/

flo
x

Tnfr
sf1

1a
-C

re

Cited2 flox/ flox Tnfrsf11a-Cre

Cited2 flox/ flox Tnfrsf11a-Cre

100

200

300 ***P < 0.0001

Cited2 flox/ flox

Cited2 flox/ flox Tnfrsf11a-Cre

105

104

103

0

–103

–103 0 103 104 105

Haemostasis
Endocytosis

Regulation of kinase activity

Actin filament-based process

Oxidative phosphorylation
Mitochondrion organization
Drug metabolic process
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whose expression was significantly altered during the trajectory of osteoclastogenesis. b, The top 20 GO terms that were differentially enriched in Cited2+/+ 
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stepwise cell fate decision pathways of osteoclastogenesis and the site of action of Cited2. Highly expressed genes for each cluster are listed.
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Fig. 4 | Identification of Cited2 as a molecular switch triggering terminal differentiation of osteoclasts. a, Heat map of the top 25 transcriptional regulators 
whose expression was significantly altered during the trajectory of osteoclastogenesis. b, The top 20 GO terms that were differentially enriched in Cited2+/+ 
cells and Cited2−/− cells. c, Osteoclast differentiation in Cited2flox/flox cells and Cited2flox/flox Tnfrsf11a-Cre cells. Representative images (left) and quantification 
(n!=!4; right) of cells are shown. Data are represented as mean!±!s.e.m. P values were calculated using one-sided Student’s t-test. d, Bone histomorphometric 
analysis of the tibiae of 3-week-old Cited2flox/flox (n!=!4) and Cited2flox/flox Tnfrsf11a-Cre (n!=!6) mice. Representative images and quantification of cells 
are shown. Scale bars, 200!μm. Data are represented as mean!±!s.e.m. P values were calculated using a one-sided Student’s t-test. e, The frequency of 
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system in Cited2flox/flox and Cited2flox/flox Tnfrsf11a-Cre mice (n!=!3). ***P!=!0.0043. P values were calculated using one-sided Student’s t-test. f, Schematic of the 
stepwise cell fate decision pathways of osteoclastogenesis and the site of action of Cited2. Highly expressed genes for each cluster are listed.
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