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ABSTRACT
RUNX2 is an essential transcription factor for osteoblast differentiation and chondrocyte maturation. SP7, another transcription factor, is

required for osteoblast differentiation. Major signaling pathways, including FGF, Wnt, and IHH, also play important roles in skeletal

development. RUNX2 regulates Sp7 expression at an early stage of osteoblast differentiation. FGF2 upregulates Runx2 expression and

activates RUNX2, and gain-of-function mutations of FGFRs cause craniosynostosis and limb defect with upregulation of Runx2 expression.

Wnt signaling upregulates Runx2 expression and activates RUNX2, and RUNX2 induces Tcf7 expression. IHH is required for Runx2 expression

in osteoprogenitor cells during endochondral bone development, and RUNX2 directly regulates Ihh expression in chondrocytes. Thus, RUNX2

regulates osteoblast differentiation and chondrocyte maturation through the network with SP7 and with FGF, Wnt, and IHH signaling

pathways during skeletal development. J. Cell. Biochem. 112: 750–755, 2011. � 2010 Wiley-Liss, Inc.
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R UNX2 is an essential transcription factor for osteoblast and

chondrocyte differentiation [Komori, 2005]. RUNX2 belongs

to the Runx family, which consists of RUNX1, RUNX2, and RUNX3.

These transcription factors form heterodimers with CBFB and bind

the consensus sequence, TGPyGGPyPy. These transcription factors

act as master regulators in different cell lineages with some

overlapping functions. RUNX1 is essential for hematopoietic

stem cell differentiation and is involved in acute myeloid leukemia.

RUNX3 plays important roles in the growth regulation of gastric

epithelial cells and in neurogenesis, and is related to gastric cancer.

RUNX1 and RUNX3 are required for thymocyte development, and

RUNX3 has a redundant function with RUNX2 in chondrocyte

differentiation in a late stage. In this review, the focus is on the

interaction of RUNX2 with major signaling pathways, including

FGF, Wnt, and IHH, and on SP7, another essential transcription

factor for osteoblast differentiation, during bone development.

SP7 AND RUNX2

SP7 is a zinc finger-containing protein which belongs to the Sp/KLF

(Kruppel like factor) family of transcription factors [Nakashima

et al., 2002]. Sp7-deficient (Sp7�/�) mice are unable to form bone

due to the arrest of osteoblast differentiation. Their mesenchymal

cells condense in the perichondrial region, where bone normally

forms, and express genes for chondrocyte markers but not

bone matrix proteins. Therefore, SP7 is essential for osteoblast

differentiation, and Runx2þSp7� mesenchymal cells (preosteo-

blasts) are able to differentiate into osteoblasts or chondrocytes

[Nakashima et al., 2002]. As Runx2 is expressed in mesenchymal

cells in Sp7�/�mice, SP7 is a downstreammolecule of RUNX2. BMP

and IGF mediate Sp7 expression via MAPK and protein kinase D

pathways and RUNX2 [Celil and Campbell, 2005]. Further, BMP

induces Sp7 expression in a manner dependent on RUNX2 and

independent of RUNX2 through MSX2 [Matsubara et al., 2008]

(Fig. 1).

In contrast to RUNX2, the induction of osteoblast differentiation

by SP7 is dependent on the cells and culture conditions in vitro

[Kim et al., 2006;Maehata et al., 2006; Tu et al., 2006; Fu et al., 2007;

Kurata et al., 2007; Kaback et al., 2008; Matsubara et al., 2008;

Kärner et al., 2009; Tominaga et al., 2009]. Thus, additional factors

are required for SP7-dependent osteoblast differentiation. Although

osteoblast-specific deletion of Sp7 using the 2.3 kb Col1a1 promoter

Cre transgenic mice resulted in osteopenia due to the inhibition

of osteoblast differentiation in adult mice [Baek et al., 2009],

the important role of SP7 should be in the early stage of osteoblast

differentiation. In addition to capacity for the induction of

osteoblast differentiation, RUNX2 is involved in vascular invasion
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into the cartilage [Sun et al., 2001; Zelzer et al., 2001; Himeno et al.,

2002; Javed et al., 2005; Conen et al., 2009; Sun et al., 2009].

Osteoblast precursors expressing the reporter gene under the control

of Sp7 promoter, located in the perichondrium prior to vascular

invasion of the cartilage, give rise to trabecular osteoblasts,

osteocytes, and stromal cells inside the developing bone. Through-

out translocation, some precursors were found to intimately

associate with invading blood vessels, in pericyte-like fashion

[Maes et al., 2010]. Therefore, SP7 may also be involved in the

invasion of blood vessels into the developing bone.

FGF SIGNALING AND Runx2

Four fibroblast growth factor receptor (FGFR) genes have been

identified in mammals (FGFR1–4), each encoding an extracellular

domain composed of two or three extracellular immunoglobulin-

like (Ig) loops, a transmembrane segment, and an intracellular

tyrosine kinase. The affinity and specificity of FGFR1–3 are

regulated by tissue-specific alternative splicing, which occurs in the

region encoding the carboxyl-terminal half of Ig domain III creating

different isoforms, IIIb and IIIc. The receptor isoforms have distinct

ligand-binding specificity. For FGFR2, the mesenchymal-based

ligands (FGF7 and FGF10) activate only FGFR2b, which is expressed

overlying the epithelium, whereas epithelium-based ligands (FGF2,

4, 6, 8, 9) bind to mainly mesenchyme-expressed FGFR2c [Itoh and

Ornitz, 2004; Beenken and Mohammadi, 2009; Turner and Grose,

2010]. Signaling from FGFR1, FGFR2, and FGFR3 plays important

roles in skeletal development by regulating the proliferation and

differentiation of osteoblasts and chondrocytes [Colvin et al., 1996;

Deng et al., 1996; Naski et al., 1998; Partanen et al., 1998; Chen et

al., 1999; Eswarakumar et al., 2002; Yu et al., 2003; Valverde-

Franco et al., 2004; Li et al., 2005; Verheyden et al., 2005; Jacob

et al., 2006]. Fgfr1c, Fgfr2b, Fgfr2c, and Fgfr3c are expressed in

mesenchymal cells in the calvaria [Iseki et al., 1999; Rice et al., 2000;

Johnson et al., 2000], and gain of function mutations in FGFR1,

FGFR2, and FGFR3 genes cause craniosynostosis syndromes,

such as Apert, Crouzon, Pfeiffer, and Muenke syndromes and

Thanatophoric dysplasia [Cohen, 2004].

Gain-of-function mutations of Fgfr1 and Fgfr2 in mice enhanced

Runx2 expression. In mice carrying a P250R mutation in

Fgfr1, which is orthologous to the Pfeiffer syndrome mutation in

humans, premature fusion of calvarial sutures occurred accom-

panying the marked increase in Runx2 expression [Zhou et al.,

2000]. Mutant mice carrying C342Y replacement in Fgfr2c,

equivalent to a mutation associated with Crouzon and Pfeiffer

syndromes in humans, showed enhanced Runx2 expression, and

Fgfr2c loss-of-function mutant mice showed reduced Runx2

expression [Eswarakumar et al., 2002, 2004]; however, the induction

of Runx2 by Fgfr2-activating mutants is controversial in vitro.

Overexpression of Fgfr2c with or without the S253W mutation

equivalent to the Apert mutation enhanced Runx2mRNA expression

[Tanimoto et al., 2004], whereas overexpression of neither C342Y

nor S252W mutant in a murine osteoblastic cell line increased

Runx2 mRNA and protein [Mansukhani et al., 2005]. From the

findings with Fgfr mutant mice, however, RUNX2 seems to be

involved in the pathogenesis of craniosynostosis caused by gain-of-

function mutations of FGFRs.

Inactivation of Fgfr1 in osteo-chondro-progenitor cells

resulted in delayed osteoblast differentiation, while inactivation

of Fgfr1 in differentiated osteoblasts accelerated differentiation and

increased bone mass [Jacob et al., 2006]. Inactivation of Runx2 in

differentiated osteoblasts also showed similar phenotypes [Mar-

uyama et al., 2007], suggesting that RUNX2 is induced and activated

by FGFR1 signaling; however, adult mice with inactivation of Fgfr1

in osteo-chondro-progenitor cells also showed increased bone mass.

Thus, FGFR1 signaling may not be able to induce and activate

RUNX2 at the stage of commitment to the osteoblast lineage,

because proliferating osteoprogenitor cells express Fgfr2 but not

Fgfr1, and Fgfr1 is upregulated during osteoblast differentiation

in calvarial development [Iseki et al., 1999]. Each FGFR seems to

have specific and redundant functions at a different stage of

osteoblast differentiation through differential expression during

osteoblast differentiation.

FGFR signaling also plays an important role in limb development,

and gain-of-function mutations of FGFRs cause limb defects [Wilkie

et al., 2002]. Apert syndrome, which is a gain-of-function mutation

of FGFR2, shows limb defects, including broad first digits, complex

bony syndactyly, symphalangisms, and radio-humeral or -ulnar

synostosis [Wilkie et al., 2002], and osteoblastic cells derived

from digital bone show enhanced osteoblast differentiation

[Tanimoto et al., 2004]. Pfeiffer syndrome also shows limb defects

including broad thumbs, symphalangisms, and radio-humeral or -

ulnar synostosis [Wilkie et al., 2002]. Fgfr2c mutant mice with

the gain-of-function mutation (C342Y) showed multiple joint

fusions with excessive bone formation, and Runx2 expression was

upregulated in chondrocytes, the perichondrium, and periosteum

Fig. 1. RUNX2 plays important roles in osteoblast differentiation and chon-

drocyte maturation. RUNX2, SP7, and canonical Wnt signaling are essential for

osteoblast differentiation. RUNX2 induces Sp7 expression in preosteoblasts;

FGF induces Runx2 expression and activates RUNX2 in the osteoblast lineage;

Wnt induces Runx2 expression and activates RUNX2, while RUNX2 induces

Tcf7 expression in osteoblast and chondrocyte lineages; RUNX2 induces Ihh

expression in chondrocytes; and IHH induces Runx2 expression in osteopro-

genitor cells.
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[Eswarakumar et al., 2004]. As the overexpression of Runx2 in

chondrocytes causes multiple joint fusions with excessive bone

formation [Ueta et al., 2001], RUNX2 may also be involved in the

pathogenesis of limb defects caused by gain-of-function mutations

of FGFRs.

FGF2 enhanced Runx2 mRNA expression through the PKC

pathway [Kim et al., 2003]. FGF2 phosphorylated RUNX2

through the MAPK pathway and enhanced transcriptional

activity of RUNX2 [Xiao et al., 2002; Ge et al., 2009; Li et al.,

2010]; ERK-dependent phosphorylation stabilized RUNX2 protein

[Park et al., 2010], and craniosynostosis resulting from FGFR2 with

the S252W substitution was rescued by treatment with U0126, an

inhibitor of MEK1/2 [Shukla et al., 2007]. RUNX2 is also activated

through the PI3K-Akt pathway [Fujita et al., 2004]. Fgf2-deficient

mice show decreased bone mass and bone formation, and Fgf18-

deficient mice show a delay of osteogenic differentiation in the

long bones and cranium [Montero et al., 2000; Liu et al., 2002;

Ohbayashi et al., 2002]. Although Runx2 mRNA expression was

maintained in Fgf18-deficient mice, RUNX2 activity may have been

reduced in mice. Thus, FGF2 enhances Runx2mRNA expression and

activates RUNX2, and FGF18 may have similar activities (Fig. 1).

Wnt SIGNALING AND RUNX2

Canonical Wnt signals are transmitted through stabilizing b-catenin

protein by inhibiting GSK3b-mediated b-catenin phosphorylation.

Unphosphorylated b-catenin accumulates in the cytoplasm and

translocates to the nucleus where it acts as a co-activator with TCF/LEF

transcription factors, including TCF7/TCF1, LEF1, TCF7L1/TCF3, and

TCF7L2/TCF4 [Sharpe et al., 2001; Hartmann, 2006; Xu and

Kimelman, 2007]. Ctnnb1/b-catenin depletion in osteoblast progeni-

tors using Prrx1 promoter Cre transgenic mice or Twist2/Dermo1 Cre

knock-in mice and Ctnnb1 depletion in preosteoblasts using Sp7

promoter Cre transgenic mice result in a complete block of

osteoblast differentiation, indicating that Ctnnb1 is essential for

osteoblast differentiation [Day et al., 2005; Hill et al., 2005; Hu et al.,

2005; Rodda and McMahon, 2006]. In these conditional knockout

mice, Runx2 is expressed in perichondrial cells surrounding

hypertrophic chondrocytes, and these cells differentiate into chon-

drocytes. Sp7 is not detected in perichondrial cells whose Ctnnb1 has

been depleted at the osteoblast progenitor stage, whereas Sp7 is

detected in perichondrial cells whose Ctnnb1 has been depleted at the

preosteoblast stage. This result indicates that b-catenin is required for

not only Sp7 expression, but also osteoblast differentiation after the

expression of Sp7. These findings indicate that RUNX2 is the first

transcription factor required for determination of the osteoblast

lineage, while SP7 and canonical Wnt signaling further direct the fate

of mesenchymal cells to osteoblasts, blocking their differentiation into

chondrocytes.

The functions of canonical Wnt signaling in Runx2 expression and

activation are still controversial. Wnt signaling enhances Runx2

expression through the direct binding of TCF7 or LEF1/b-catenin on

theRunx2 promoter and throughDNAbinding of SMADs and TCF7L2/

b-catenin to their cognate sequences as well as protein–protein

interactions between them [Gaur et al., 2005; Dong et al., 2006;

Rodrı́guez-Carballo et al., 2010]. Further, FHL2, a member of the LIM-

only subclass of the LIM protein superfamily, interacts with b-catenin

and potentiates b-catenin nuclear translocation and TCF/LEF

transcription, resulting in increased Runx2 expression [Hamidouche

et al., 2008]. In contrast, constitutive active b-catenin and BMP2

synergistically stimulated bone formation without altering RUNX2

protein expression [Mbalaviele et al., 2005]. Wnt activates RUNX2

through activation of the PI3K-Akt pathway, and RUNX2 forms a

complex with LEF1 or TCF7l2-TCF7L2 and this complex binds the

composite-binding site in the Fgf18 promoter and activates it

[Reinhold and Naski, 2007; Ling et al., 2010], whereas LEF1 interacts

with RUNX2 and represses RUNX2-induced activation of the

osteocalcin promoter [Kahler and Westendorf, 2003].

The expression patterns of Tcf/Lef family genes in endochondral

bones are quite different. Tcf7 is upregulated in prehypertrophic

chondrocytes and is also expressed in perichondrium around

hypertrophic chondrocytes and in osteoblasts. Lef1 is expressed in

proliferating chondrocytes, Tcf7l1 is expressed in the whole

cartilage, but Lef1 and Tcf7l1 are undetectable in osteoblasts.

Tcf7l2 is expressed in proliferating chondrocytes and is highly

expressed in hypertrophic chondrocytes and osteoblasts but not in

prehypertrophic chondrocytes [Glass et al., 2005; Hu et al., 2005].

Runx2 is weakly expressed in resting and proliferating chondrocytes

and upregulated in prehypertrophic chondrocytes, and is highly

expressed in the perichondrium around hypertrophic chondrocytes

and in osteoblasts [Inada et al., 1999; Maruyama et al., 2007]. Thus,

the expression pattern of Tcf7 is completely compatible with that in

Runx2, whereas the expression patterns of Lef1 and Tcf7l1 are

different from in Runx2, and the expression pattern of Tcf7l2 is

partly similar to that of Runx2.

Regulation of the expression of Tcf/Lef family genes by RUNX2

was also reported. RUNX2 strongly induced the expression of Tcf7

and Lef1 in chondrocyte and osteoblast lineages; the expression of

Tcf7 and Tcf7l2 was reduced in Runx2�/� endochondral skeletons;

the expression of Tcf7, Lef1, and Tcf7l2 was reduced in Runx2�/�

calvaria; and RUNX2 enhanced the reporter activity of Tcf7

promoter [Mikasa et al., 2010]. Combined with the expression

patterns of Tcf/Lef family genes and Runx2, RUNX2 regulates at

least Tcf7 expression among Tcf/Lef family genes. Further, RUNX2

regulates Lef1DN p2 promoter, which is located within the intron

between exons 3 and 4 of Lef1, and that overexpression of Lef1DN in

differentiating osteoblasts induces the expression of osteoblast

differentiation genes, osteocalcin and Col1a1 [Hoeppner et al.,

2009]. Thus, RUNX2 and Wnt signaling are mutually regulated

during skeletal development (Fig. 1).

IHH SIGNALING AND RUNX2

In vertebrates, hedgehog signaling is mediated by three GLI

transcription factors, GLI1, GLI2, and GLI3, and regulated by several

feedback loops. GLI transcription and protein activity are controlled

at several different levels by hedgehog signaling. When the levels of

the hedgehog ligand are low, GLI2 and GLI3 are processed into

truncated N-terminal target repressors. Full-length GLI2 and GLI3

act as target activators, though GLI3 only weakly. High concentra-
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tions of the hedgehog ligand downregulate GLI3 at the transcrip-

tional level and also suppress the processing of GLI2 and GLI3 into

truncated target repressors. GLI1 is an activator of hedgehog target

genes. GLI1 does not undergo proteolytic cleavage and does not

function as a repressor [Marigo et al., 1996; Dai et al., 1999; Ruiz and

Altaba, 1999; Sasaki et al., 1999; Wang et al., 2000; Ingham

and McMahon, 2001]. IHH plays important roles in the regulation

of chondrocyte proliferation and differentiation and osteoblast

differentiation. Ihh-deficient mice show the lack of endochondral

bone due to the absence of osteoblasts and Runx2 expression

is absent in the perichondrial cells before vascular invasion

[St-Jacques et al., 1999; Hilton et al., 2005]. Further, ectopic

expression of Ihh in chondrocytes induces Runx2 expression

throughout the perichondrium, although IHH alone is not sufficient

to induce bone collar formation throughout it [Long et al., 2004].

Thus, IHH is required for Runx2 expression in osteoblast precursors

during endochondral bone formation but not sufficient for

osteoblast differentiation. In Ihh�/�Gli3�/� mice, osteoblast

differentiation is partly rescued, because Runx2 and Col1a1 are

expressed in the perichondrium, although Sp7 expression and

activation of canonical Wnt signaling are still absent in the

perichondrium before vascular invasion [Hilton et al., 2005]. The

repressor form of GLI3 inhibits DNA binding of RUNX2 [Ohba et al.,

2008]. Further, IHH upregulates the expression and function of

Runx2 through GLI2 [Shimoyama et al., 2007]. Thus, IHH activates

Runx2 expression by inhibiting the processing of GLI3 to the

repressor form and by upregulating the full-length activating form

of GLI2. RUNX2 also directly regulates Ihh expression in the growth

plate [Yoshida et al., 2004]. In the processes of endochondral

ossification, RUNX2 plays an important role in chondrocyte

maturation, and IHH induces chondrocyte proliferation and inhibits

chondrocyte maturation through the induction of parathyroid

hormone-related peptide (PTHrP), which inhibits Runx2 expression

through the PKA signaling pathway [Vortkamp et al., 1996;

St-Jacques et al., 1999; Enomoto et al., 2000; Takeda et al., 2001;

Ueta et al., 2001; Iwamoto et al., 2003; Li et al., 2004]. Thus, in the

growth plate, RUNX2 induces chondrocyte maturation and

enhances chondrocyte proliferation through the direct induction

of Ihh expression; IHH induces PTHrP; PTHrP inhibits chondrocyte

maturation through the inhibition of Runx2 expression, forming a

negative feedback loop in chondrocyte maturation; and IHH induces

Runx2 expression in the perichondrium and induces osteoblast

differentiation (Fig. 1).

CONCLUDING REMARKS

RUNX2 plays essential roles in osteoblast differentiation and

chondrocyte maturation, and RUNX2, SP7, and major signaling

pathways, including FGFR, Wnt, and IHH, interact in osteoblast

differentiation and/or chondrocyte maturation (Fig. 1). However, it

remains to be clarified how Runx2 expression is regulated in the two

lineages and how RUNX2 regulates both osteoblast differentiation

and chondrocyte maturation at different stages and locations during

bone development. Elucidation of the reciprocal regulation of

RUNX2, SP7, and the major signaling pathways at an appropriate

time and space in bone development would reveal why RUNX2 plays

critical roles in both osteoblast differentiation and chondrocyte

maturation.

REFERENCES

BaekWY, Lee MA, Jung JW, Kim SY, Akiyama H, de Crombrugghe B, Kim JE.
2009. Positive regulation of adult bone formation by osteoblast-specific
transcription factor osterix. J Bone Miner Res 24:1055–1065.

Beenken A, MohammadiM. 2009. The FGF family: Biology, pathophysiology
and therapy. Nat Rev Drug Discov 8:235–253.

Celil AB, Campbell PG. 2005. BMP-2 and insulin-like growth factor-I mediate
Osterix (Osx) expression in human mesenchymal stem cells via the MAPK
and protein kinase D signaling pathways. J Biol Chem 280:31353–31359.

Chen L, Adar R, Yang X, Monsonego EO, Li C, Hauschka PV, Yayon A, Deng
CX. 1999. Gly369Cys mutation in mouse FGFR3 causes achondroplasia by
affecting both chondrogenesis and osteogenesis. J Clin Invest 104:1517–
1525.

Cohen MM. 2004. FGFs/FGFRs and associated disorders. In: Epstein CJ,
Erickson RP, Wynshaw-Boris A, editors. Inborn errors of development. New
York: Oxford University Press. pp 380–400.

Colvin JS, Bohne BA, Harding GW, McEwen DG, Ornitz DM. 1996. Skeletal
overgrowth and deafness in mice lacking fibroblast growth factor receptor 3.
Nat Genet 12:390–397.

Conen KL, Nishimori S, Provot S, Kronenberg HM. 2009. The transcriptional
cofactor Lbh regulates angiogenesis and endochondral bone formation
during fetal bone development. Dev Biol 333:348–358.

Dai P, Akimaru H, Tanaka Y, Maekawa T, Nakafuku M, Ishii S. 1999. Sonic
hedgehog-induced activation of the Gli1 promoter is mediated by GLI3. J Biol
Chem 274:8143–8152.

Day TF, Guo X, Garrett-Beal L, Yang Y. 2005. Wnt/beta-catenin signaling in
mesenchymal progenitors controls osteoblast and chondrocyte differentia-
tion during vertebrate skeletogenesis. Dev Cell 8:739–750.

Deng C, Wynshaw-Boris A, Zhou F, Kuo A, Leder P. 1996. Fibroblast growth
factor receptor 3 is a negative regulator of bone growth. Cell 84:911–921.

Dong YF, Soung do Y, Schwarz EM, O’Keefe RJ, Drissi H. 2006.Wnt induction
of chondrocyte hypertrophy through the Runx2 transcription factor. J Cell
Physiol 208:77–86.

Enomoto H, Enomoto-Iwamoto M, Iwamoto M, Nomura S, Himeno M,
Kitamura Y, Kishimoto T, Komori T. 2000. Cbfa1 is a positive regulatory
factor in chondrocyte maturation. J Biol Chem 275:8695–8702.

Eswarakumar VP, Monsonego-Ornan E, Pines M, Antonopoulou I, Morriss-
Kay GM, Lonai P. 2002. The IIIc alternative of Fgfr2 is a positive regulator of
bone formation. Development 129:3783–3793.

Eswarakumar VP, HorowitzMC, Locklin R, Morriss-Kay GM, Lonai P. 2004. A
gain-of-function mutation of Fgfr2c demonstrates the roles of this receptor
variant in osteogenesis. Proc Natl Acad Sci USA 101:12555–12560.

Fu H, Doll B, McNelis T, Hollinger JO. 2007. Osteoblast differentiation in vitro
and in vivo promoted by Osterix. J Biomed Mater Res A 83:770–778.

Fujita T, Azuma Y, Fukuyama R, Hattori Y, Yoshida CA, Koida M, Ogita K,
Komori T. 2004. Runx2 induces osteoblast and chondrocyte differentiation
and enhances their migration by coupling with PI3K-Akt signaling. J Cell
Biol 166:85–95.

Gaur T, Lengner CJ, Hovhannisyan H, Bhat RA, Bodine PV, Komm BS, Javed
A, van Wijnen AJ, Stein JL, Stein GS, Lian JB. 2005. Canonical WNT
signaling promotes osteogenesis by directly stimulating Runx2 gene expres-
sion. J Biol Chem 280:33132–33140.

Ge C, Xiao G, Jiang D, Yang Q, Hatch NE, Roca H, Franceschi RT. 2009.
Identification and functional characterization of ERK/MAPK phosphoryla-
tion sites in the Runx2 transcription factor. J Biol Chem 284:32533–32543.

JOURNAL OF CELLULAR BIOCHEMISTRY RUNX2-DEPENDENT BONE DEVELOPMENT 753



Glass DA II, Bialek P, Ahn JD, Starbuck M, Patel MS, Clevers H, Taketo MM,
Long F, McMahon AP, Lang RA, Karsenty G. 2005. Canonical Wnt signaling
in differentiated osteoblasts controls osteoclast differentiation. Dev Cell
8:751–764.
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