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ABSTRACT

The complex process of bone matrix mineralization
is tightly regulated by several transcription factors
and signal transduction pathways. However,
signal transduction pathways occur at protein level
that depends not only on mRNA transcriptional
regulation but also on a multitude of translational
and posttranslational controls.  Furthermore,
proteomics allows a holistic view of complex
molecular pathways and provides an efficient
method to determine protein candidates and
elucidate the signaling transduction pathways that
regulate bone matrix mineralization.
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ABBREVIATIONS

DIx5, distal-less homeobox 5; ATF4, activating
transcription factor 4; SATB2, special AT-rich
sequence-binding protein 2; Twistl, a basic helix-
loop-helix transcription factor

INTRODUCTION

Mesenchymal stem cells differentiate through
specific signal transduction pathways into osteoblasts,
chondrocytes and adipocytes [1-3]. Also, bone
marrow-derived mesodermal progenitor cells
differentiate into  osteoblasts, chondrocytes,
adipocytes, myocytes, and endothelial cells [4].
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Osteoblasts are the bone forming cells that are
responsible  for synthesis, deposition, and
mineralization of the extracellular matrix of bone.
Bone forms through endochondral ossification
that involves a cartilage anlagen and intra-
membranous ossification that forms directly from
mesenchymal cells condensations. The process of
bone formation is highly regulated and involves
the differentiation of mesenchymal stem cells into
osteoblasts under the control of Core binding
factor a-1 (Cbfal) and Osterix (Osx) transcription
factors. Osteoblast commitment and differentiation
are regulated by several transcription factors and
complex signal transduction pathways that elicit a
cascade of highly orchestrated gene expression.
Osteoblast differentiation is essential for bone
formation and defects in this process result in
weak bone with an increased chance for fractures
[5]. Osteoblast matrix mineralization is an important
determinant of the stiffness and hardness of bone
tissue [6]. Transcriptional control of osteoblast
growth and differentiation is tightly regulated
both temporally and spatially [7]. However, little
is known about the molecular mechanisms that
regulate bone matrix mineralization.

Understanding the molecular events leading to
bone matrix mineralization is clinically relevant to
bone metabolic diseases, tissue engineering and
gene therapy. While gene therapy applications for
bone regeneration are in early stages, pioneer
studies by our group have established that
genetically modified muscle and fat grafts are
capable to repair defects in bone and cartilage [8].
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Bone remodeling is regulated by osteoclasts and
osteoblasts; the bone resorbing and forming
cells respectively [9]. The molecular mechanisms
underlying this process are poorly understood.
Unbalanced bone remodeling is a key factor in
determining bone strength and weakness and
leads to bone metabolic disorders such as
osteopetrosis and osteoporosis [10]. Advances in
the knowledge about the molecular mechanisms
that control bone matrix mineralization are
essential for understanding the pathogenesis of
osteoporosis and may provide the means to
develop anabolic therapies for bone metabolic
diseases. Therefore, this minireview evaluates
methods for exploring the complex pathways of
bone matrix mineralization.

METHODS

Different approaches such as linkage analysis,
gene microarray and proteomic analysis have been
currently employed to identify genes involved
in the complex pathways of bone matrix
mineralization.

a) Genome analysis

Linkage analysis [reviewed in 11-13] has been
very successful in identifying numerous quantitative
trait loci involved in bone mineral density
regulation but most of the genetic variables remain
to be discovered, which illustrates the need for
new strategies [14]. Moreover, linkage analysis
has mainly failed to identify the causative genes
of a complex genetic disorder such as osteoporosis
[15].

b) Transcriptome analysis

Gene microarray has offered some insight into
the global patterns of gene expression during
osteoblast matrix mineralization in vitro, as well
as osteoblast and osteoclast regulation, which is
essential to comprehend the pathogenesis of
bone metabolic diseases [16]. Furthermore, it
provides a panoramic analysis of gene alterations
underlying the complex process of bone formation
[17]. Therefore, several groups have used
microarray to unravel the molecular pathways that
regulate osteoblast differentiation and bone
formation using a number of cellular models
[4, 18-33].

Moreover, Chfal and Osx have been identified as
master regulators of osteoblast differentiation and
absence of either one, leads to complete lack of
bone matrix mineralization [34-36]. Several other
transcription factors are involved in osteoblast
regulation including Hedgehog, DIx5, Twistl,
ATF4, SATB2 and Shn3 [37-42]. Also, other
factors [43, 44], and signaling pathways [45] are
essential for osteoblast differentiation. These
regulators interact with each other to trigger
diverse signals and orchestrate the transcription of
genes crucial to define osteoblastic lineage and
differentiation.

c) Proteome analysis

While the application of proteomics to bone field
is in early stages, it promises to increase our
understanding about the molecular pathways
underlying the complex process of bone formation
and remodeling. Mass spectrometric profiling of
proteins present in the extracellular matrix of rat
bone revealed the presence of 108 and 25 proteins
in the metaphysis and diaphysis, respectively.
Twenty-one of them were bone specific and
appeared in both samples including: osteopontin,
bone sialoprotein, osteocalcin, osteoregulin, and
type | collagen [46].

Two dimension gel electrophoresis and mass
spectrometric analysis revealed 52 proteins
responsible for the differentiation of mesenchymal
stem cells into osteoblasts [47]. These proteins
were separated into several groups including
metabolism, transcription, protein folding, calcium-
binding proteins, protein degradation and signal
transduction. Proteomic analysis of osteonecrotic
femoral head bone tissues revealed 141 upregulated
and 56 downregulated proteins compared to the
controls [48].

Proteomic differential display and mass
spectrometric analysis identified 16 differentially
expressed proteins in mineralizing osteoblast [49].
One of these proteins, transketolase, was among
the proteins responsible for the differentiation of
mesenchymal stem cells into osteoblasts [47].
Additionally, vimentin, calreticulin and lamin a/c
have been noted for biological functions in
osteoblast differentiation [50-52], which further
confirm their roles in osteogenesis.
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CONCLUSIONS

Osteoporosis is a complex genetic disorder
associated with low bone mineral density and
deterioration of bone microarchitecture. Increased
osteoclastogenesis and reduced osteoblastogenesis
lead to low bone mineral density due to disparity
between bone resorption and formation.

Linkage analysis has shown great success in
identifying gene mutations causing monogenic
bone diseases, and in identifying numerous
guantitative trait loci involved in bone mineral
density regulation. However, until now, few
causative genes have been discovered and most of
the genetic variables leading to osteoporosis
remain to be discovered.

Gene microarray provides more information about
mRNA transcriptional levels and explores the
relationship between certain genes and the
biological pathways that regulate bone matrix
mineralization. The downsides of gene microarray
are that signal transduction pathways occur at
protein level and the abundance of mMRNA is not a
real indicator of a gene role in cellular functions.

The application of proteomics in the bone field
holds great promise to increase our understanding
of protein expression, dynamics, decay, post-
translational modifications and signal transduction
pathways that regulate bone matrix mineralization.
The identification of novel proteins that may be
associated with bone matrix mineralization presents
important new information toward a better
understanding of the precise mechanisms that
regulate this process. Moreover, proteomic profiling
of osteoblasts, chondrocytes and osteoclasts
would greatly enhance our understanding about
the molecular pathways regulating bone growth
and remodeling. Thus, proteomic profiling
provides an efficient method to determine protein
candidates and elucidate the signaling transduction
pathways that regulate the complex process of
bone matrix mineralization.

ACKNOWLEDGMENTS

The author would like to thank Melvin Glimcher
for his continuous support, Oliver Betz (Ludwig-
Maximilians-Universitait Munchen) and Volker
Betz (Technische Universitdt Dresden) for their
comments and critical review of the manuscript.

This work was supported in part by grants from
The Peabody Foundation to Melvin J. Glimcher.

REFERENCES

1. Ashton, B. A,, Allen, T. D., Howlett, C. R,
Eaglesom, C. C., Hattori, A., and Owen, M.
1980, Clin. Orthop., 151, 294.

2.  Friedenstein, A. J., Latzinik, N. W,
Grosheva, A. G., and Gorskaya, U. F. 1982,
Exp. Hematol., 10, 217.

3.  Madras, N., Gibbs, A. L., Zhou, Y.
Zandstra, P. W., and Aubin, J. E. 2002, Stem
Cells, 20, 230.

4.  Qi, H., Aguiar, D. J., Williams, S. M., La
Pean, A., Pan, W., and Verfaillie, C. M.
2003, Proc. Natl. Acad. Sci. USA, 100,
3305.

5.  Yeo, H., McDonald, J. M., and Zayzafoon,
M. 2006, Ann. N. Y. Acad. Sci., 1068, 564.

6. Buckwalter, J. A., Glimcher, M. J., Cooper,
R. R., and Recker, R. 1995, J. Bone Joint
Surg., 77-A, 1256.

7. Stein, G. S., Lian, J. B., Stein, J. L., Van
Wijnen, A. J., and Montecino, M. 1996,
Physiol. Rev., 76, 593.

8. Evans, C. H., Liu, F. J., Glatt, V., Hoyland,
J. A., Kirker-Head, C., Walsh, A., Betz, O.,
Wells, J. W., Betz, V., Porter, R. M., Saad,
F. A., Gerstenfeld, L. C., Einhorn, T. A,,
Harris, M. B., and Vrahas, M. S. 2009, Eur.
Cell Mater., 18, 96.

9.  Hinoi, E., Fujimori, S., Wang, L., Hojo, H.,
Uno, K., and Yoneda, Y. 2006, J. Bio.
Chem., 281, 18015.

10. Manolagas, S. C. and Jilka, R. L. 1995, N.
Engl. J. Med., 332, 305.

11. Liu, Y. Z., Liu, Y. J., Recker, R. R., and
Deng, H. W. 2003, J. Endocrinol., 177, 147.

12. Liu, Y. J, Shen, H., Xiao, P., Xiong, D. H.,
Li, L. H., Recker, R. R., and Deng, H. W.
2006, J. Bone Miner. Res., 21, 1511.

13. Xu, X-H., Dong, S-S., Guo, Y., Yang, T-L.,
Lei, S-F., Papasian, C. J., Zhao, M., and
Deng, H-W. 2010, Endocrine Reviews,
31, 447.

14. Williams, F. M. and Spector, T. D. 2006, J.
Musculoskelet. Neuronal Interact., 6, 27.

15. Ralston, S. H. and Uitterlinden, A. G., 2010,
Endocrine Reviews, 31, 629.



32

Fawzy A. Saad

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

217.

28.

29.

30.

Han, S. Y., Lee, N. K., Kim, K. H., Jang, I.
W., Yim, M., Kim, J. H., Lee, W. J., and
Lee, S. Y. 2005, Blood, 106, 1240.

Stains, J. P. and Civitelli, R. 2003, Genome
Biol., 4, 222.

Seth, A., Lee, B. K, Qi, S., and Vary, C. P.
H. 2000, J. Bone Miner. Res., 15, 1683.
Beck, G. R., Zerler, B., and Moran, E. 2001,
Cell Growth Differ., 12, 61.

Locklin, R. M., Riggs, B. L., Hicok, K. C.,
Horton, H. F., Byrne, M. C., and Khosla, S.
2001, J. Bone Miner. Res., 16, 2192.

De Jong, D. S., Van Zoelen, E. J. J,
Bauerschmidt, S., Olijve, W., and
Steegenga, W. T. 2002, J. Bone Miner. Res.,
17, 2119.

Doi, M., Nagano, A., and Nakamura, Y.
2002, Biochem. Biophys. Res. Commun.,
290, 381.

Raouf, A. and Seth, A. 2002, Bone, 30, 463.
Vaes, B. L. T., Dechering, K. J., Feijen, A,
Hendriks, J. M. A., Lefevre, C., Mummery,
C. L., Olijve, W., Van Zoelen, E. J. J., and
Steegenga, W. T. 2002, J. Bone Miner. Res.,
17, 2106.

Balint, E., Lapointe, D., Drissi, H., Van der
Meijden, C., Young, D. W., Van Wijnen, A.
J., Stein, J. L., Stein, G. S., and Lian, J. B.
2003, J. Cell. Biochem., 89, 401.

Billiard. J., Moran. R. A., Whitley. M. Z,,
Chatterjee-Kishore, M., Gillis, K., Brown,
E. L., Komm. B. S., and Bodine, P. V. N.
2003, J. Cell. Biochem., 89, 389.

Carinci, F., Pezzetti, F., Volinia, S,
Francioso, F., Arcelli, D., Marchesini, J.,
Scapoli, L., and Piattelli, A. 2003, J. Oral
Implantol., 29, 215.

Carinci, F., Piattelli, A., Stabellini, G.,
Palmieri, A., Scapoli, L., Laino, G., Caputi,
S., and Pezzetti, F. 2004, J. Biomed. Mater.
Res. B. Appl. Biomater., 71, 260.

Kim, Y., Jang, J. H., Ku, Y., Koak, J. Y.,
Chang, I. T., Kim, H. E., Lee, J. B., and
Heo, S. J. 2004, Biotechnol. Lett., 26, 399.
Conrads, K. A., Yi, M., Simpson, K. A,
Lucas, D. A., Camalier, C. E., Yu, L. R,,
Veenstra, T. D., Stephens, R. M., Conrads,
T. P., and Beck, G. R. Jr. 2005, Mol. Cell
Proteomics, 4, 1284.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Govoni, K. E., Lee, S. K., Chadwick, R. B.,
Yu, H., Kasukawa, Y., Baylink, D. J., and
Mohan, S. 2006, Am. J. Physiol. Endocrinol.
Metab., 291, E128.

Qian, A., Di, S., Gao, X., Zhang, W., Tian,
Z., Li, J, Hu, L., Yang, P., Yin, D., and
Shang, P. 2009, Acta. Biochim. Biophys.
Sin., 41, 561.

Morrison, C., Mancini, S., Cipollone, J.,
Kappelhoff, R., Roskelley, C., and Overall,
C. 2011, Platelets, 22, 452.

Komori, T., Yagi, H., Nomura, S,
Yamaguchi, A., Sasaki, K., Deguchi, K.,
Shimizu, Y., Bronson, R. T., Gao, Y. H.,
Inada, M., Sato, M., Okamoto, R., Kitamura,
Y., Yoshiki, S., and Kishimoto, T. 1997,
Cell, 89, 755.

Otto, F., Thornell, A. P., Crompton, T.,
Denzel, A., Gilmour, K. C., Rosewell, I. R.,
Stamp, G. W., Beddington, R. S., Mundlos,
S., Olsen, B. R., Selby, P. B., and Owen, M.
J. 1997, Cell, 89, 765.

Nakashima, K., Zhou, Z., Kunkel, G.,
Zhang, Z., Deng, J. M., Behringer, R. R.,
and De Crombrugghe, B. 2002, Cell,
108, 17.

St-Jacques, B., Hammerschmidt, M., and
McMahon, A. P. 1999, Genes Dev., 13,
2072.

Acampora, D., Merlo, G. R., Paleari, L.,
Zerega, B., Postiglione, M. P., Mantero, S.,
Bober, E., Barbieri, O., Simeone, A., and
Levi, G. 1999, Development, 126, 3795.
Bialek, P., Kern, B., Yang, X., Schrock, M.,
Sosic, D., Hong, N., Wu, H., Yu, K., Ornitz,
D. M., Olson, E. N., Justice, M. J., and
Karsenty, G. 2004, Dev. Cell, 6, 423.

Yang, X., Matsuda, K., Bialek, P., Jacquot,
S., Masuoka, H. C., Schinke, T., Li, L.,
Brancorsini, S., Sassone-Corsi, P., Townes,
T. M., Hanauer, A., and Karsenty, G. 2004,
Cell, 117, 387.

Dobreva, G., Chahrour, M., Dautzenberg,
M., Chirivella, L., Kanzler, B., Farinas, I.,
Karsenty, G., and Grosschedl, R. 2006, Cell,
125, 971.

Jones, D. C., Wein, M. N., Oukka, M.,
Hofstaetter, J. G., Glimcher, M. J., and
Glimcher, L. H. 2006, Science, 312, 1223.



Regulation of bone matrix mineralization

33

43.

44,

45.

46.

47.

Liu, C-J., Chang, E., Yu, J., Carlson, C. S.,
Prazak, L., Yu, X-P., Bo Ding, B., Lengyel,
P., and Di Cesare, P. E. 2005, J. Biol.
Chem., 280, 2788.

Joeng, K. S. and Long, F.
Development, 136, 4177.

Huang, W., Yang, S., Shao, J., and Li, Y. P.
2007, Front. Biosci., 12, 3068.

Schreiweis, M. A., Butler, J. P., Kulkarni, N.
H., Knierman, M. D., Higgs, R. E.,,
Halladay, D. L., Onyia, J. E., and Hale, J. E.
2007, J. Cell Biochem., 101, 466.

Zhang, A. X., Yu, W. H,, Ma, B. F., Yu, X.
B., Mao, F. F., Liu, W., Zhang, J. Q., Zhang,
X. M., Li, S. N, Li, M. T., Lahn, B. T., and

2009,

48.

49,

50.

51.

52.

Xiang, A. P. 2007, Mol. Cell Biochem.,
304, 167.

Zhang, H., Zhang, L., Wang, J.,, Ma, Y.,
Zhang, J., Mo, F., Zhang, W., Yan, S,
Yang, G., and Lin, B. 2009, OMICS, 13,
453,

Saad, F. A. and Hofstaetter, J. G. 2011,
International Orthopaedics, 35, 447.
Shapiro, F., Cahill, C., Malatantis, G., and
Nayak, R. C. 1995, Anat. Rec., 241, 39.
Szabo, E., Qiu, Y., Baksh, S., Michalak, M.,
and Opas, M. 2008, J. Cell Biol., 182, 103.
Akter, R., Rivas, D., Geneau, G., Drissi, H.,
and Duque, G. 2009, J. Bone Miner. Res.,
24, 283.



