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Abstract: The E26 transformation-specific (ETS) family of transcription factors plays an important role in 
osteogenic differentiation. Whether GA-binding protein b2 (GABPb2), a member of the ETS family, is involved 
in osteogenic differentiation has not been previously reported. In the present study, directed differentiation of 
human osteoblast-like Saos-2 cells was induced and validated by examining alkaline phosphatase (ALP) activi-
ty, presence of mineralized nodule and other phenotypic characteristics of the cells on days 0, 3, 6 and 9, thus 
establishing their osteogenic potential. Real-time PCR revealed that similarly to the bone-specific transcription 
factor Runx2, the expression of Gabpb2 in Saos-2 cells also peaked on day 3 and was significantly reduced on days 
6 and 9. Immunocytochemical staining showed that changes in the immunoreactivity of GABPb2 also exhibited 
a similar trend to that of Runx2. Initially, Runx2 was predominantly localized in the nuclei, while GABPb2 was 
relatively diffuse. Both exhibited a significant increase in immunoreactivity on day 3, with presence in both the 
nuclei and cytoplasm. By day 6, both showed a significant decrease in immunoreactivity and were mainly locali-
zed in the nuclei. Therefore, we surmise that GABPb2, as an ETS family member, may play a regulatory role in 
early osteoblastic differentiation and potentially act in synergy with Runx2. (Folia Histochemica et Cytobiologica 
2014, Vol. 52, No. 3, 225–231)
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Introduction

The E26 transformation-specific (ETS) family of 
transcription factors (TFs) is one of the largest TFs 
families, comprising 27 ETS genes in humans, all 
sharing a conserved winged helix-turn-helix DBD 
of ~85 amino acids. Additionally, all ETS genes 
contain an evolutionarily conserved DNA-binding 
ETS domain found in target genes which binds to  
a consensus DNA sequence containing a core 5’-GGAA/ 
/T-3’ motif [1–4]. The ETS family regulates a variety 
of physiological and pathological processes in many 
tissues such as development, cell proliferation, 
differentiation, apoptosis, migration, invasion and 
metastasis [5–8]. 

ETS transcription factors are expressed ubiquito-
usly or in tissue-specific patterns [9, 10] and have 
been strongly implicated in osteoblast differentia-
tion [11]. Some ETS TFs are reported to regulate 
bone development. Ets1, the founding member of 
the ETS family which was originally discovered as 
part of avian E26 retrovirus genome, is expressed in 
proliferating preosteoblastic cells, whereas Ets2 is 
expressed in terminally differentiated osteoblasts [11].  
Myeloid elf-1-like factor (MEF), a member of 
the ETS family which was originally isolated from  
a human megakaryocytic leukemia cell line, is highly 
expressed in the early differentiation phase of MC3T3-E1  
osteoblasts, with expression levels reduced by bone 
morphogenetic protein 2 (BMP2) treatment [12]. 
Runx2 (runt-related transcription factor 2) has 
been found to interact with MEF and binds to the 
promoters of genes of the osteoblast markers such 
as alkaline phosphatase (ALP), osteopontin (Opn), 
and osteocalcin (Oc). These findings would imply that 
osteoblast differentiation and bone formation can be 
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increased by activating MEF to elicit the synergistic 
effect of Runx2 and MEF [13]. While Runx2 is a key 
transcriptional regulator of osteogenesis [14], basal 
Runx2 gene transcription is regulated by dynamic 
interactions between Sp1 transcription factor (SP1) 
and ETS-like factors (e.g. Ets1 and ELK1) during 
osteogenesis [15].

GA-binding protein (GABP), a member of the 
ETS family of transcription factors, consists of two 
subunits, GABPa and GABPb, and is known to criti-
cally regulate cell cycle, protein synthesis, and cellular 
metabolism [16]. In comparison with extensive studies 
on GABPa [17–19], the role of the GABPb subunit 
has not been investigated. The most studied GABPb 
isoforms are GABPb1L and GABPb1S, which are 
splice variants encoded by the gabpb1 allele. A third 
GABPb isoform, GABPb2, is encoded by Gabpb2 
gene [20–22]. Currently, the function of GABPb2 
is still unclear, with no prior implications made per-
taining to osteoblast differentiation. In this study, 
intracellular localization and expression of GABPb2 
and Runx2 has been examined in human osteoblast-
-like Saos-2 cells in order to provide evidence for the 
involvement of GABPb2 in osteoblast differentiation. 

Material and methods

Cell culture and osteogenic differentiation. Human 
osteoblast-like Saos-2 cells were purchased from the 
cell bank of the Shanghai Institute for Biological Scien-
ces, Chinese Academy of Sciences (Shanghai, China). 
The cells were cultured in McCoy’s 5a medium (Gib-
co, Grand Island, NY, USA) containing 15% fetal 
bovine serum (FBS), 50 μg/ml penicillin and 50 μg/ml  
gentamicin under the atmosphere of 5% CO2, at 37°C. The 
osteogenic culture medium was prepared on the basis of the 
above medium by adding 0.1 μM dexamethasone, 50 μg/ml 
ascorbic acid and 10 mM b-glycerophosphate (Sigma-Al-
drich, St. Louis, MO, USA) were added.

Morphological examination with ALP staining. Saos-2 cells 
in the logarithmic growth phase were seeded in culture 
plates, with osteogenic differentiation induced after 24 
h. Cells on days 0, 3, 6 and 9 were examined: the medium 
was discarded, cells were rinsed with phosphate-buffer 
saline (PBS, pH 7.3), fixed with 4% paraformaldehyde for  
30 min, rinsed in PBS and stained with an Alkaline Phos-
phatase (ALP) staining kit (Burstone azo coupling method, 
Sigma-Aldrich) according to the manufacturer’s protocol. 
The morphology of cultured cells was examined under the 
macroscopic and microscopic views. 

Alizarin red staining. Saos-2 cells in the logarithmic growth 
phase were seeded in culture plates and osteogenic differen-
tiation induced after 24 h. On days 6 and 9, the medium was 

discarded; the cells were fixed with 95% ethanol for 10 min 
and rinsed several times with distilled. 0.1% Alizarin red 
(Sigma, USA) dye solution (prepared using Tris-HCI, pH 8.3) 
was added, samples were incubated at 37°C for 30 min and 
rinsed for several times with distilled water before imaging. 

Quantitative real-time PCR (qRT-PCR). Saos-2 cells in the 
logarithmic growth phase were seeded in culture plates, 
and osteogenic differentiation was induced after 24 h. On 
days 0, 3, 6 and 9, total RNA was extracted using a RNA 
extraction kit (TIANGEN Biotech, Beijing, China). For each 
time point, equal amounts of RNA were used to examine 
Runx2, GABPb2 and the internal reference gene GAPDH. 
For each time point, three parallel reaction tubes were used. 
SYBRGreen Real-time PCR Master mix kit (TOYOBA, 
Osaka, Japan) was prepared according to the manufacturer’s 
protocol and the fluorescence quantitative PCR analyzer 
(ABI7500, Applied Biosystems, Inc. Foster, CA, USA) pro-
tocol set for a total of 40 cycles (pre-denaturation at 95°C for 
30 sec; main loop 95°C for 15 sec, 60°C for 34 sec). Expression 
levels were determined using the comparative Ct value me-
thod (2—DDCt). Specific amplification primers were synthesi-
zed by Invitrogen Corp. (Invitrogen, Shanghai, China), and 
their sequences were as follows: Gabpb2 upstream primer: 
5’-CCAAACTTCAATCCCTACT-3’, downstream primer: 
5’-TGGTTTCTTTGTTAGTGGC-3’, Runx2 upstream pri-
mer 5’-TGTTCAGCTCCTTCCTGATTC-3’, downstream 
primer 5’-CTTCTTACACTTCCACCATAC-3’, Gapdh 
upstream primer: 5’-AGAAGGCTGGGGCTCATTTG-3’, 
downstream primer: 5’-AGGGGCCATCCACAGTCTTC-3’.

Immunocytochemical staining of Saos-2 cells with avidin
-biotin complex (ABC) method. Saos-2 cells in the loga-
rithmic growth phase were seeded in culture plate climbing 
slides and osteogenic differentiation was induced after 24 h.  
On days 0, 3, 6 and 9, the medium was discarded, cells were 
fixed with 4% paraformaldehyde for 30 min and rinsed 
with PBS (pH 7.3) prior to immunocytochemical (IHC) 
staining. The main IHC steps were as follows: (1) rabbit 
anti-Runx2 and anti-GABPb2 antibodies (both 1:100, 
Santa Cruz, Dallas, TX, USA) were added to the wells 
of culture plates for incubation at room temperature for 
24 h; (2) biotinylated goat anti-rabbit IgG (1:200, Vector, 
Burlingame, CA, USA) was added for incubation at room 
temperature for 2 h; (3) horseradish peroxidase-labeled 
streptavidin (1:100, Vector, USA) was added for incubation 
at room temperature for 2 h; (4) visualization step with 
diaminobenzidine (DAB/H2O2) at room temperature for 
30 min. After the reaction, the climbing slides were dehy-
drated, cleared and coverslipped.

Statistical analysis. ALP, Alizarin red and IHC stainings 
were analyzed using Image-Pro Plus 6.0 (Media Cyber-
netics, Rockville, MD, USA), with integrated optical 
density (IOD) and mean optical density (MOD) of positive 
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reactions in each well measured. All data are expressed as 
means (c ± SD) from at least 3 independent experiments, 
with comparisons between groups performed using a t test 
and statistical analysis performed utilizing the SPSS13.0 
software.

Results

ALP reactivity during osteogenic differentiation  
of human osteoblast-like Saos-2 cells 

ALP reactivity in Saos-2 cells on days 0, 3, 6 and 9 was 
examined. Positive ALP staining under the macro-
scopic views was the highest on day 3, with a notable 
reduction observed on days 6 and 9 (Figure 1A).  
Samples were quantified using IOD values and the 
Image-Pro Plus software to further confirm the hi-
ghest ALP activity to be on day 3 (p < 0.01; Figure 1B).  
Examination under the light microscope showed there 
were the largest number of ALP-positive cells and 

the strongest positive reactivity on day 3, with only 
few ALP-positive cells on days 6 and 9 (Figure 1B).

Mineralized nodules in human osteoblast-like  
Saos-2 cells during osteogenic differentiation  
revealed by Alizarin red staining 

Osteogenic differentiation led to the generation of 
mineralization nodules as demonstrated by an incre-
asing trend in Alizarin red staining from day 0 to day 9  
under the macroscopic views (Figure 2A). Sample 
quantification reflected by IOD values obtained by me-
asurements with Image-Pro Plus software showed the 
highest level of Alizarin red staining on day 9 (p < 0.01; 
Figure 2B). Examination under the light microscope 
revealed no notable red nodule-like structures on days 
0 and 3, with a small number of nodules observed on 
day 6 and a large number on day 9 (Figure 2A). These 
results suggest that terminal osteogenic differentiation 
of the Saos-2 cells was reached between days 6 to 9.

Figure 1. ALP reactivity during osteogenic differentiation 
of osteoblast-like Saos-2 cells. A. ALP reactivity on days 
0, 3, 6 and 9 of osteogenic differentiation was detected 
by ALP staining as described in Methods. The upper row 
displays the macroscopic views of ALP-stained dishes and 
the lower row the microscopic views of ALP staining cells 
(× 100); B. Quantitative analysis using IOD values of the 
macroscopic views of positive ALP reactions in Saos-2 cells 
during osteogenic differentiation. *p < 0.01, compared to 
other time points; #p < 0.01, compared to days 6 and 9

A

B
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Figure 2. Alizarin red staining of Saos-2 cells during osteo-
genic differentiation. A. The results show values on days 0, 
3, 6 and 9. The upper row displays the macroscopic views 
of Alizarin red staining dishes and the lower row the micro-
scopic views of Alizarin red staining cells (× 100); 
B. Quantitative analysis using IOD values of the macro-
scopic views of positive Alizarin red staining in Saos-2 cells 
during osteogenic differentiation. *p < 0.01, compared to 
other time points; #p < 0.01, compared to days 0 and 3

A

B

Runx2 and Gabpb2 expression in human osteoblast-
-like Saos-2 cells during osteogenic differentiation 

qRT-PCR result showed that on day 3 of osteogenic 
differentiation, Runx2 gene expression was the highest 
and was significantly higher than on days 0, 6, and 9  
(p < 0.01; Figure 3A). Gabpb2 expression showed 
similar changes as Runx2 expression during osteogenic 
differentiation, with the highest expression levels noted 
on day 3 relative to days 0, 6, and 9 (p < 0.05; Figure 3B).

Intracellular localization of Runx2 and GABPb2 
during osteogenic differentiation

Immunocytochemistry revealed that changes in 
Runx2 and GABPb2 protein expression levels 
during osteogenic differentiation were consistent 
with the corresponding gene expression. Upon exa-

mination under the light microscope, Runx2 was 
found to be localized mainly in the nuclei of Saos-2 
cells. On day 3 of induced osteogenic differentiation, 
Runx2 immunoreactivity was notably enhanced, 
and its expression in both nuclei and cytoplasm was 
substantially increased. On day 6, Runx2 immuno-
reactivity was significantly reduced, and was again 
predominantly localized in the nuclei (Figure 4A). 
GABPb2 immunoreactivity was diffusely distributed 
in osteoblast-like Saos-2 cells. On day 3, GABPb2 
immunoreactivity was notably enhanced, with a sub-
stantially increased expression in the nuclei, whereas 
on day 6 was notably decreased, with its expression 
predominantly localized in the nuclei (Figure 4A). 
Additionally, MOD values for both Runx2- and 
GABPb2-immunoreactive cells were significantly hi-
gher on day 3 relative to other time points (p < 0.05;  
Figure 4B).
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Figure 4. Immunohistochemical localization of Runx2 and GABPb2 in Saos-2 cells during osteogenic differentiation.  
A. The localization of Runx2 and GABPb2 on days 0, 3 and 6 (× 200); B. Quantitative analysis of MOD values of Runx2 
(left panel) and GABPb2 (right panel) immunoreactive cells during osteogenic differentiation. *p < 0.05, compared to 
other time points

A

B

Figure 3. RQ (relative quantity) of Runx2 and Gabpb2 mRNA expression in Saos-2 cells on day 0, 3, 6 and 9 of osteobla-
stic differentiation. A. Runx2; B. Gabpb2. *p < 0.01, compared to other time points

A B
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Discussion 

Osteogenic differentiation is crucial for bone deve-
lopment, remodeling under normal physiological con-
ditions and bone damage repair under pathological 
conditions. Abnormal osteogenic differentiation can 
lead to serious pathologic states including osteopo-
rosis and multiple myeloma. Thus, elucidation of the 
mechanisms regulating osteogenic differentiation 
can provide new therapeutic targets for treating such 
pathologies [23, 24]. In vitro studies of osteogenic dif-
ferentiation and its regulation mostly employ directed 
induction of human mesenchymal stem cells (hMSCs) 
or murine MC3T3-E1 preosteoblast cell lines [25–27]. 
hMSCs and human osteoblasts can be limited by ava-
ilability, passage number, cell purity, proportion of 
induced cells and other factors, with MC3T3-E1 cells 
also subjected to certain restrictions in basic research. 

Saos-2 cells lines are derived from human osteosar-
comas and are also known as human osteoblast-like 
cells. Saos-2 cells exhibit phenotype characteristics 
of osteoblasts, express alkaline phosphatase and can 
undergo osteogenic differentiation producing mine-
ralized nodules. ALP is a specific marker for early 
osteogenic differentiation that is synthesized and 
secreted by osteoblasts and can promote bone matrix 
calcification. Mineralized nodules generated from 
bone matrix calcification are important markers for 
late stage osteogenic differentiation [28]. Thus, Saos-2 
cells can serve as a research tool to study osteogenic 
differentiation [29]. In the present study, a hMSC 
osteogenic induction system [25] was used to induce 
osteogenic differentiation in Saos-2 cells, thus pro-
viding a consistent differentiation mechanisms with 
those previously used to characterize osteogenesis 
in hMSCs.

By inducing directed differentiation of human 
osteoblast-like Saos-2 cells and examining changes 
in ALP activity, presence of mineralized nodules and 
expression of the bone-specific transcription factor 
Runx2, Saos-2 cells were demonstrated to possess 
good osteogenic capability. These results indicated 
that changes in the phenotype characteristics of Saos-2 
cells during induced osteogenic differentiation were 
similar to that of hMSCs [25]. In addition, Saos-2 cells 
are easily cultured and show fast in vitro proliferation, 
making it possible to complete induction in a relatively 
short time. Saos-2 cells also have a high differentiation 
rate, providing a high density of mature osteoblasts. 
Obviously, the establishment of an effective method 
for the induced differentiation of Saos-2 cells will 
provide a basis for investigating the mechanisms of 

osteogenic differentiation and diseases related to 
osteogenic differentiation using this cell line.

Runx2, also known as Cbfa1, is a runt family 
transcription factor and acts as a master regulator in 
the commitment of osteoblast differentiation [30]. 
Runx2 was first detected in preosteoblasts, with an 
increased expression seen in immature osteoblasts, 
and a reduced expression noted during osteoblast 
maturation [31, 32]. Runx2-deficient (Runx2–/–) mice 
completely lack bone formation due to an absence 
of osteoblasts, which reveals that Runx2 is essen-
tial for both endochondral and membranous bone 
formation [33]. Furthermore, Runx2 induces ALP 
activity, expression of bone matrix protein genes and 
mineralization in osteoblasts in vitro [34].

In this study, the change in Runx2 expression 
during osteogenic differentiation in Saos-2 cell in the 
present study was consistent with previous findings 
reported by other authors [31, 32]. More importantly, 
we found Gabpb2 expression to follow a similar trend 
to that of Runx2 gene, with both exhibiting significan-
tly higher expression on day 3. Changes in GABPb2 
immunoreactivity were also found to be similar to 
those of Runx2, but GABPb2 immunopositivity was 
first observed as a diffuse one and, in the course of 
osteogenic differentiation of the Saos-2 cells, gradual-
ly moved to the nuclei. This observation is in contrast 
with the predominantly nuclear Runx2 localization, 
which suggests that GABPb2 may play different roles 
at the different stages of osteoblast differentiation.

It is well known that GABPb2 is one of the GABPb 
isoforms and was found to have both redundant and 
distinct roles in the immune system, with the manipu-
lation of GABPb2 expression as a potentially useful 
approach to modulate B cell responses without inter-
fering with normal B cell development [21]. However, 
to our best knowledge, there were almost no reports 
on the function of GABPb2 outside of the immune 
system. Our results revealed that during osteoblast dif-
ferentiation, GABPb2 expression exhibited a similar 
expression trend to Runx2 which implicates its poten-
tial involvement in early osteoblast differentiation. 

In conclusion, GABPb2 expression during osteo-
genic differentiation of human osteoblast-like Saos-2 
cells shows a novel marker that may be related to the 
osteoblastic function in bone formation, especially 
in early osteogenic differentiation. As an ETS family 
member, GABPb2 may regulate downstream target 
genes and regulate early osteoblast differentiation 
in synergy with Runx2. The elucidation of the regu-
latory role of GABPb2 in osteogenesis needs further 
investigations.



231GABPb2 expression during osteogenesis

©Polish Society for Histochemistry and Cytochemistry
Folia Histochem Cytobiol. 2014
10.5603/FHC.2014.0026

www.fhc.viamedica.pl

Acknowledgments

Our research was supported by the National Nature 
Science Foundation of China (81060075) and the 
Key Projects of Jiangxi Province Education Office 
(GJJ08526, GJJ11693), China. 

References
1. Kar A, Gutierrez-Hartmann A. Molecular mechanisms of 

ETS transcription factor-mediated tumorigenesis. Crit Rev 
Biochem Mol Biol. 2013;48:522–543.

2. Sharrocks AD. The ETS-domain transcription factor family. 
Nat Rev Mol Cell Biol. 2001;2:827–837.

3. Ciau-Uitz A, Wang L, Patient R et al. ETS transcription 
factors in hematopoietic stem cell development. Blood Cells 
Mol Dis. 2013;51:248–255.

4. Wei GH, Badis G, Berger MF et al. Genome-wide analysis 
of ETS-family DNA-binding in vitro and in vivo. EMBO J. 
2010;29:2147–2160.

5. Galang CK, Muller WJ, Foos G et al. Changes in the expres-
sion of many Ets family transcription factors and of potential 
target genes in normal mammary tissue and tumors. J Biol 
Chem. 2004;279:11 281–11 292.

6. Hollenhorst PC, McIntosh LP, Graves BJ. Genomic and 
biochemical insights into the specificity of ETS transcription 
factors. Annu Rev Biochem. 2011;80:437–471.

7. Shaikhibrahim Z, Lindstrot A, Langer B et al. Differential 
expression of ETS family members in prostate cancer tissues 
and androgen-sensitive and insensitive prostate cancer cell 
lines. Int J Mol Med. 2011;28:89–93.

8. Munde M, Wang S, Kumar A et al. Structure-dependent in-
hibition of the ETS-family transcription factor PU.1 by novel  
heterocyclic diamidines. Nucleic Acids Res. 2014;42:1379–
–1390.

9. Maroulakou IG, Bowe DB. Expression and function of Ets 
transcription factors in mammalian development: a regulatory 
network. Oncogene. 2000;19:6432–6442.

10. Cooper CD, Newman JA, Gileadi O. Recent advances in 
the structural molecular biology of Ets transcription factors: 
interactions, interfaces and inhibition. Biochem Soc Trans. 
2014;42:130–138.

11. Raouf A, Seth A. Ets transcription factors and targets in 
osteogenesis. Oncogene. 2000;19:6455–6463.

12. Kim YJ, Kim BG, Lee SJ et al. The suppressive effect of 
myeloid Elf-1-like factor (MEF) in osteogenic differentiation. 
J Cell Physiol. 2007;211:253–260.

13. Lee JM, Libermann TA, Cho JY. The synergistic regulatory 
effect of Runx2 and MEF transcription factors on oste-
oblast differentiation markers. J Periodontal Implant Sci. 
2010;40:39–44.

14. Thomas DM, Johnson SA, Sims NA et al. Terminal osteoblast 
differentiation, mediated by runx2 and p27KIP1, is disrupted 
in osteosarcoma. J Cell Biol. 2004;167:925–934.

15. Zhang Y, Hassan MQ, Xie RL et al. Co-stimulation of 
the bone-related Runx2 P1 promoter in mesenchymal 
cells by SP1 and ETS transcription factors at polymorphic 
purine-rich DNA sequences (Y-repeats). J Biol Chem. 
2009;284:3125–3135.

16. Rosmarin AG, Resendes KK, Yang Z et al. GA-binding pro-
tein transcription factor: a review of GABP as an integrator 

of intracellular signaling and protein-protein interactions. 
Blood Cells Mol Dis. 2004;32:143–154.

17. Ristevski S, O’Leary DA, Thornell AP et al. The ETS tran-
scription factor GABPalpha is essential for early embryoge-
nesis. Mol Cell Biol. 2004;24:5844–5849.

18. O’Leary DA, Noakes PG, Lavidis NA et al. Targeting of the 
ETS factor GABPalpha disrupts neuromuscular junction 
synaptic function. Mol Cell Biol. 2007;27:3470–3480.

19. Yu S, Zhao DM, Jothi R et al. Critical requirement of 
GABPalpha for normal T cell development. J Biol Chem. 
2010;285:10 179–10 188.

20. de la Brousse FC, Birkenmeier EH, King DS et al. Molecu-
lar and genetic characterization of GABP beta. Genes Dev. 
1994;8:1853–1865.

21. Jing X, Zhao DM, Waldschmidt TJ et al. GABPbeta2 is 
dispensible for normal lymphocyte development but mo-
derately affects B cell responses. J Biol Chem. 2008;283: 
24 326–24 333.

22. Yu S, Jing X, Colgan JD et al. Targeting tetramer-forming 
GABPbeta isoforms impairs self-renewal of hematopoietic 
and leukemic stem cells. Cell Stem Cell. 2012;11:207–219.

23. Sandhu SK, Hampson G. The pathogenesis, diagnosis, inve-
stigation and management of osteoporosis. J Clin Pathol. 
2011;64:1042–1050.

24. Groen RW, de Rooij MF, Kocemba KA et al. N-cadherin-
-mediated interaction with multiple myeloma cells inhibits 
osteoblast differentiation. Haematologica. 2011;96:1653–1661.

25. Shin MK, Jang YH, Yoo HJ et al. N-formyl-methionyl-leucyl-
phenylalanine (fMLP) promotes osteoblast differentiation via 
the N-formyl peptide receptor 1-mediated signaling pathway 
in human mesenchymal stem cells from bone marrow. J Biol 
Chem. 2011;286:17 133–17 143.

26. Kapinas K, Kessler C, Ricks T et al. miR-29 modulates Wnt 
signaling in human osteoblasts through a positive feedback 
loop. J Biol Chem. 2010;285:25 221–25 231.

27. Wirries A, Schubert AK, Zimmermann R et al. Thymoquino-
ne accelerates osteoblast differentiation and activates bone 
morphogenetic protein-2 and ERK pathway. Int Immuno-
pharmacol. 2013;15:381–386. 

28. Mornet E, Stura E, Lia-Baldini AS et al. Structural evidence 
for a functional role of human tissue nonspecific alkaline 
phosphatase in bone mineralization. J Biol Chem. 2001;276: 
31 171–31 178.

29. McQuillan DJ, Richardson MD, Bateman JF. Matrix de-
position by a calcifying human osteogenic sarcoma cell line 
(SAOS-2). Bone. 1995;16:415–426.

30. Jonason JH, Xiao G, Zhang M et al. Post-translational regulation 
of Runx2 in bone and cartilage. J Dent Res. 2009;88:693–703.

31. Maruyama Z, Yoshida CA, Furuichi T et al. Runx2 determi-
nes bone maturity and turnover rate in postnatal bone deve-
lopment and is involved in bone loss in estrogen deficiency. 
Dev Dyn. 2007;236:1876–1890.

32. Komori T. Regulation of osteoblast differentiation by Runx2. 
Adv Exp Med Biol. 2010;658:43–49.

33. Komori T, Yagi H, Nomura S et al. Targeted disruption  
of Cbfa1 results in a complete lack of bone formation owing 
to maturational arrest of osteoblasts. Cell. 1997;89:755–764.

34. Fujita T, Azuma Y, Fukuyama R et al. Runx2 induces oste-
oblast and chondrocyte differentiation and enhances their 
migration by coupling with PI3K-Akt signaling. J Cell Biol. 
2004;166:85–95.

Submitted: 25 May, 2014 
Accepted after reviews: 9 September, 2014


	OLE_LINK6
	_ENREF_1
	_ENREF_2
	_ENREF_3
	_ENREF_4
	_ENREF_5
	_ENREF_6
	_ENREF_7
	_ENREF_8
	_ENREF_9
	_ENREF_10
	_ENREF_11
	_ENREF_12
	_ENREF_25
	_ENREF_24
	_ENREF_28
	_ENREF_32

