J Musculoskelet Neuronal Interact 2006; 6(4):349-350

Perspective Article

Hylonome

TGF-‚ regulation of osteoblast differentiation
and bone matrix properties
T. Alliston
Department of Orthopaedic Surgery, University of California at San Francisco, CA, USA

Keywords: TGF-beta, Bone Matrix Material Properties, Runx2, Hearing Loss

With the promise of harnessing stem cells to generate
skeletal tissue, remains the challenge of creating tissue of sufficient mechanical quality. Bone matrix material properties, in
addition to bone mass and architecture, determine the ability
of bone to resist fracture1. Several hormones and growth factors that control bone mass and architecture have been identified, including parathyroid hormone and female reproductive hormones2,3. However, little is known about the mechanisms that control the material properties of skeletal matrices.
The material properties of the bone matrix are products of
both the organic and mineral content. For example, individuals with osteogenesis imperfecta suffer from a high incidence
of bone fracture because of collagen mutations that disrupt
the organic and mineral structure of the bone matrix4.

TGF-‚ regulation of bone matrix material
properties
We have recently identified TGF-‚ as a key regulator of
bone matrix mechanical properties and composition5. Bone
matrix properties were tested in mice with genetic alterations in TGF-‚ signaling. These data were the first to show
that the mechanical properties of bone matrix are regulated,
specifically through a pathway including TGF-‚, the TGF-‚
receptor, and Smad3. Thus, a partial reduction of TGF-‚ signaling increases several mechanical and compositional properties of bone, including increased bone matrix mechanical
properties, mineral concentration, cortical thickness, trabecular bone volume, and fracture resistance. These conclusions
were derived using atomic force microscopy (AFM), X-ray
topographic microscopy (XTM), and 3-point bending.
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TGF-‚ repression of Runx2 function and terminal
osteoblast differentiation
We previously showed that TGF-‚ inhibits terminal
osteoblast differentiation by repressing Runx2, a critical transcriptional regulator of osteoblast differentiation6. Specifically,
TGF-‚ activates Smad3 to bind and inhibit Runx2 function. We
have since shown that histone deacetylases 4 and 5 (HDAC4/5)
are required for this transcriptional repression7 overexpression
or knockdown of Smad3 and HDAC4/5 activity in retrovirally
infected cells or by siRNA altered osteoblast differentiation.
Therefore, we showed that Runx2, Smad3 and HDAC4/5 are
required for TGF-‚ to inhibit terminal osteoblast differentiation. These findings are supported by the phenotypes of Smad3
and HDAC4 null mice, which exhibit premature chondrocyte
and osteocyte terminal differentiation8-10.

TGF-‚ regulation of Runx2 function in vivo
That Runx2 is downstream of TGF-‚ in vivo is supported
by the appearance of a cleidocranial dysplasia-like phenotype in both Runx2+/- mice and in D4 mice that overexpress
TGF-‚ in osteoblasts under control of the osteocalcin promoter11-13. Both mouse lines exhibit dysplastic or absent clavicles and patent cranial sutures. The similarity in the
Runx2+/- and D4 phenotypes is consistent with the ability of
TGF-‚ to repress Runx2 function, as was observed in vitro6.
We are further investigating the extent to which TGF-‚ regulates Runx2 expression and function in vivo. Specifically, we
are investigating whether Runx2 is also downstream of TGF‚ in the control of bone matrix material properties.

Bone disease-associated hearing loss:
bone matrix material properties in the ear
Though each bone has "signature" matrix mechanical properties, the functional significance of this local regulation remains
unclear. However, the composition and mechanical properties
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Disease
Otosclerosis
Osteogenesis
Imperfecta
Paget's Disease
Camurati-Engelmann
Disease
Cleidocranial
Dysplasia

Observed defect
Refs.
Inappropriate bone remodeling,
19
gene(s) unknown
Poor bone matrix mechanical
18
properties due to collagen mutation
Reduced cochlear bone mineral
14
concentration, gene(s) unknown
TGF-‚ mutation
17
Heterozygous loss of function
mutation of Runx2

6.

7.

15,16

8.
Table 1.

of bone are clearly important for normal hearing. Very little is
known about the role of bone in hearing. Hearing loss is associated with a number of human bone diseases including otosclerosis, osteogenesis imperfecta, Paget’s disease, CamuratiEngelmann disease, and cleidocranial dysplasia14-19. The defects
in some of these human bone diseases are related to impaired
bone matrix properties, TGF-‚ signaling, and Runx2 function
(Table 1). This hearing loss can be conductive or sensorineural
in origin. Although bone in the ear has several unique properties
and is critical for the development of the neural structures of the
ear, the role of bone in sensorineural hearing loss is not understood. We are currently investigating the role of bone matrix
properties in hearing, as well as identifying the pathways that
control these properties in the ear. Specifically, auditory brainstem response testing is used to measure hearing in mice with
mutations that affect TGF-‚ or Runx2 function. The bone
matrix material properties of the cochlear capsule are measured
using atomic force microscopy with nanoindentation, while ear
structure is examined histologically and radiologically. These
studies provide an insight into the functional role of bone matrix
material properties in auditory structure and function.

9.

10.

11.

12.

13.

References
14.
1.
2.

3.

4.

5.

350

Currey JD. What determines the bending strength of
compact bone? J Exp Biol 1999; 202(Pt 18):2495-2503.
Lane NE, Yao W, Kinney JH, Modin G, Balooch M,
Wronski TJ. Both hPTH(1-34) and bFGF increase trabecular bone mass in osteopenic rats but they have different effects on trabecular bone architecture. J Bone
Miner Res 2003; 18:2105-2115.
Poli V, Balena R, Fattori E, Markatos A, Yamomoto M,
Tanaka H, Ciliberto G, Rodan GA, Constantini F.
Interleukin-6 deficient mice are protected from bone loss
caused by estrogen depletion. EMBO J 1994; 13:1189-1196.
Misof K, Landis WJ, Klaushofer K, Fratzl P. Collagen
from the osteogenesis imperfecta mouse model (oim)
shows reduced resistance against tensile stress. J Clin
Invest 1997; 100:40-45.
Balooch G, Balooch M, Nalla RK, Schilling S, Filvaroff
EH, Marshall GW, Marshall SJ, Ritchie RO, Derynck

15.

16.

17.
18.

19.

R, Alliston T. TGF-beta regulates the mechanical properties and composition of bone matrix. Proc Natl Acad
Sci USA 2005; 102:18813-18818.
Alliston T, Choy L, Ducy P, Karsenty G, Derynck R.
TGF-beta-induced repression of CBFA1 by Smad3
decreases cbfa1 and osteocalcin expression and inhibits
osteoblast differentiation. EMBO J 2001; 20:2254-2272.
Kang JS, Alliston T, Delston R, Derynck R. Repression
of Runx2 function by TGF-beta through recruitment of
class II histone deacetylases by Smad3. EMBO J 2005;
24:2543-2555.
Borton AJ, Frederick JP, Datto MB, Wang XF,
Weinstein RS. The loss of Smad3 results in a lower rate
of bone formation and osteopenia through dysregulation of osteoblast differentiation and apoptosis. J Bone
Miner Res 2001; 16:1754-1764.
Yang X, Chen L, Xu X, Li C, Huang C, Deng CX. TGFbeta/Smad3 signals repress chondrocyte hypertrophic
differentiation and are required for maintaining articular cartilage. J Cell Biol 2001; 153:35-46.
Vega RB, Matsuda K, Oh J, Barbosa AC, Yang X,
Meadows E, McAnally J, Pomajzl C, Shelton JM,
Richardson JA, Karsenty G, Olson EN. Histone
deacetylase 4 controls chondrocyte hypertrophy during
skeletogenesis. Cell 2004; 119:555-566.
Otto F, Thornell AP, Crompton T, Denzel A, Gilmour
KC, Rosewell IR, Stamp GW, Beddington RS,
Mundlos S, Olsen Br, Selby PB, Owen MJ. Cbfa1, a
candidate gene for cleidocranial dysplasia syndrome, is
essential for osteoblast differentiation and bone development. Cell 1997; 89:765-771.
Erlebacher A, Derynck R. Increased expression of
TGF-beta 2 in osteoblasts results in an osteoporosislike phenotype. J Cell Biol 1996; 132:195-210.
Komori T, Yagi H, Nomura S, Yamahuchi A, Sasaki K,
Deguchi K, Shimizu Y, Bronson RT, Gao YH, Inada
M, Sato M, Okamoto R, Kitamura Y, Yoshiki S,
Kishimoto T. Targeted disruption of Cbfa1 results in a
complete lack of bone formation owing to maturational
arrest of osteoblasts. Cell 1997; 89:755-764.
Monsell EM. The mechanism of hearing loss in Paget's
disease of bone. Laryngoscope 2004; 114:598-606.
Visosky AM, Johnson J, Bingea B, Gurney T, Lalwani
AK. Otolaryngological manifestations of cleidocranial
dysplasia, concentrating on audiological findings.
Laryngoscope 2003; 113:1508-1514.
Cooper SC, Flaitz CM, Johnston DA, Lee B, Hecht JT.
A natural history of cleidocranial dysplasia. Am J Med
Genet 2001; 104:1-6.
Higashi K, Matsuki C. Hearing impairment in Engelmann
disease. Am J Otol 1996; 17:26-29.
Hartikka H, Kuurila K, Korkko J, Kaitila I, Grenman
R, Pynnonen S, Hyland JC, Ala-Kokko L. Lack of correlation between the type of COL1A1 or COL1A2
mutation and hearing loss in osteogenesis imperfecta
patients. Hum Mutat 2004; 24:147-154.
Chole RA, McKenna M. Pathophysiology of otosclerosis. Otol Neurotol 2001; 22:249-257.

