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Abstract
Objective: Mechanism of zoledronic acid on osteoblastic differentiation of mesenchy-
mal stem cells (MSCs) has not fully understood. With the knowledge of some drugs 
mechanism that alter methylation pattern of some genes, the present research sets out 
to evaluate  osterix (OSX) promoter methylation pattern during zoledronic acid-induced 
osteoblastic differentiation of MSCs.

Materials and Methods: In this experimental study, MSCs were isolated from human 
bone marrow. For osteogenic differentiation, MSCs were pulse treated with 5μM Zole-
dronic acid for 3 hours and incubated after a medium change in osteogenic differentiation 
medium for 3 weeks. DNA and RNA were extracted on days 0, 7, 14 and 21 of MSCs 
differentiating to osteoblast. After cDNA synthesis, OSX expression was evaluated by RT-
PCR and quantitative Real-Time PCR. After  multiplicity of infection (MOI) treatment, gene 
specific methylation of OSX was analyzed by methylation specific PCR (MSP).  

Results: The mRNA expression of OSX was increased in osteoblast differentiated cells 
induced by zoledronic acid, especially on days 14 and 21 of differentiation (p<0.05), but 
expression of OSX didn’t change in undifferentiated MSCs. MSP revealed that, on day 
0, undifferentiated MSCs are totally methylated. But, on day 7 of differentiation, MSCs 
treated by zoledronic acid were totally unmethylated. OSX promoter remained unmethyl-
ated, afterwards.

Conclusion: MSP revealed that OSX had a dynamic pattern in methylation, while MSCs 
gradually differentiated to osteoblasts. Our finding showed that promoter region of OSX is 
hypomethylated independently from zoledronic acid treatment during osteoblastic differ-
entiation. This knowledge is important to understand drug mechanisms and can be useful 
for developing new therapies to combat against bone diseases.
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Introduction

Zoledronic acid is a nitrogen-containing bispho-
sphonate (1). It is used to prevent skeletal fractures 
in patients with cancers, as well as for treating os-
teoporosis (2). Zoledronic acid is a potent inhibi-

tor of bone resorption. It inhibits osteoclast pro-
liferation (3) and induces osteoclast apoptotic cell 
death (4). Its potency results from its high affinity 
for mineralized bone, especially for sites of high 
bone turnover (5). Several studies confirm that the 
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zoledronic acid induces osteoblastic differentiation in 
mesenchymal stem cells (MSCs). Direct treatment of 
human fetal osteoblasts cells with pamidronate and 
zoledronic acid was found to decrease cell prolifera-
tion, but enhance differentiation (6, 7). Treatment of 
human osteoblast-like cells derived from trabecular 
bone explants with zoledronic acid promotes dif-
ferentiation and mineralization (8). Pulse treatment 
with zoledronic acid causes sustained commitment of 
MSCs for osteogenic differentiation (9). The mecha-
nism of osteoblastic differentiation induction by zole-
dronic acid is still poorly understood. Therefore, study 
the effects of zoledronic acid on osteoblast differen-
tiation is required.

The process of cell differentiation is fundamental to 
organ development, maintenance, repair, and regen-
eration. Multipotential mesenchymal stem cells con-
tribute to the development of several tissues includ-
ing cartilage and bone. The differentiation of these 
multipotential cells into discrete lineages, such as 
chondroblasts; adipoblasts; and osteoblasts, is under 
strict molecular control. Several factors are involved 
in the osteoblast differentiation pathway. Osterix is a 
zinc finger-containing transcription factor expressed 
in osteoblasts that has important role in osteoblast dif-
ferentiation pathway (10). Osterix (OSX) belongs to 
the  specificity protein (Sp) subgroup of the Krüppel-
like family of transcription factors, that are character-
ised by a three zinc-finger DNA-binding domain that 
is located towards the carboxy-terminus of the protein 
(11-13). Outside the zinc-finger DNA-binding do-
main, the homology between the Sp proteins is much 
less and often has no significant homology, at all. The 
Sp proteins contain central activation domains that 
are often glutamine-rich or serine/threonine-rich (11). 
Some genes of Sp proteins contain a TATA box in 
their promoters that is involved in binding the tran-
scription factor TFIID and the subsequent initiation 
of transcription. However, other genes of Sp proteins 
lack of a TATA box, and instead contain another ma-
jor eukaryotic promoter element, the GC-box with the 
consensus sequences GGGCGG (14). The RUNX2 
(Runt-related transcription factor 2) is regarded as 
the master transcription factor for osteoblast differ-
entiation since osteoblast differentiation is arrested 
in RUNX2 null mice (15-17). In these RUNX2 null 
mice, OSX is not expressed; whereas, in OSX null 
mice, RUNX2 is expressed, suggesting that RUNX2 
acts upstream of OSX (10). OSX regulates the ex-
pression of a number of important osteoblast genes, 

such as osteocalcin, osteonectin, osteopontin, bone 
sialoprotein and type I collagen (18). However, no in-
formation is available on the effect of zoledronic acid 
in OSX expression in osteoblast lineage commitment.

Epigenetic mechanisms, such as DNA methyla-
tion are essential to control the heritable cellular 
memory of gene expression during differentia-
tion. Recent studies on embryonic and adult stem 
cells differentiation have highlighted a general and 
critical role for dynamic epigenetic regulation (19- 
22). Our research indicates that receptor tyrosine 
kinase-like orphan receptor 2 (ROR2) hypometh-
ylated during osteoblastic differentiation (23). 
Several drugs alter epigenetic pattern. Valproate 
induces widespread epigenetic reprogramming 
which involves demethylation of specific genes 
during treatment of epilepsy (24). 5-aza-2'-deox-
ycytidine Inhibiting DNA methylation results sup-
pression of the growth of human tumor cell lines 
and induction differentiation (25).

Altogether, the mechanism of bisphosphonate, 
such as zoledronic acid action on bone is not fully 
understood. In this research, we characterize the 
effect of zoledronic acid on methylation status of 
OSX promoter region and its expression during 
osteoblast differentiation. 

Materials and Methods
Human mesenchymal stem cells preparation

In this experimental study, bone marrow derived 
human MSCs were obtained from Stemcells Tech-
nology Inc. (Tehran, Iran) and maintained accord-
ing to the manufacturer’s instructions. MSCs were 
certified for immunophenotyping characterization 
by flow cytometry and positive differentiation po-
tential for adipogenic, chondrogenic, and osteo-
genic linages by Stemcells Technology Inc. MSCs 
were plated in T75 culture flasks and grown in ba-
sal media, approximately to 70% confluence. Basal 
medium for MSCs contained DMEM-low glucose 
(Gibco, Grand Island, NY, US) was supplemented 
with 15% (v/v) fetal bovine serum (FBS), 2-mM 
glutamine, 100 µg/ml of Streptomycin, and 100 U/
ml of Penicillin. Medium was renewed every two 
days. Osteogenic differentiation medium was pre-
pared by supplementing the growth medium with 50 
µg/ml L-ascorbic acid, 10 mM glycerol phosphate, 
and 100 nM dexamethasone (Sigma, St Louis, MO, 
USA). Cells cultured and differentiated in T75 culture 
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flasks and 6-well plate. Undifferentiated MSCs and 
osteoblastic differentiated cells were harvested on 0, 
7th, 14th and 21st days of differentiation with  trypsin-
ethylenediaminetetraacetic acid (trypsin-EDTA) solu-
tion for DNA and RNA extraction. The 6-well plates 
were used for Alizarin Red Staining.

MSCs treatment with zoledronic acid
Zoledronic acid (2-(imidazol-1-yl)-hydroxyehtyl-

idene-1,1-bisphosphonic acid, disodium salt) was 
prepared from Novartis Pharma AG (Basel, Swit-
zerland) and dissolved in double distilled water to 
make a 5 mM stock solution. For pulse treatment with 
zoledronic acid, cells were treated in culture medium 
with final concentration of 5μM Zoledronic Acid for 3 
hours, and incubated after a medium change in osteo-
genic differentiation medium for 3 weeks (9). Moreo-
ver, osteoblastic differentiation of MSCs was carried 
out as negative control without zoledronic acid treat-
ment as negative control. 

Alizarin red staining
Mineralized extracellular matrix was detected by 

Alizarin Red Staining (ARS). MSCs were seeded in 
6-well plate. Some of wells pulse treated with zole-
dronic acid and some of wells were without zoledron-
ic acid treatment. Then, cells were cultured in osteo-
genic differentiation medium for 21 days. For alizarin 
red staining, cells were fixed with 70% ethanol; rinsed 
five times with deionized water; treated 10 minutes 
with 40 mM alizarin red stain at pH=4.2; and washed 
with phosphate buffered saline (PBS) for 15 minutes 
with gentle agitation. Cells were examined by an in-
vert microscope.

DNA extraction and SBS treatment
DNA was extracted from 3-4×106 undifferenti-

ated MSCs and osteoblastic differentiated cells 
on 7th, 14th and 21st days of deifferentiation using 
DNA Extraction Kit (Roche) according to manu-
facturer’s instructions. DNA purity was assessed 
with a spectrophotometer and calculated by ratio 
of the DNA optical density (OD 260) and protein 
optical density (OD 280). DNA size was analyzed 
by electrophoresis pattern of sample aliquots (5 μl) 
in a 1% agarose gel stained with ethidium bromide 
and visualized under ultraviolet light.

Extracted DNA was subjected to sodium bisulfite 
treatment to modify unmethylated cytosine to uracil. 

Sodium bisulfite and hydroquinone solutions were 
freshly prepared just before their use. Initial dena-
turation of 1 µg DNA was achieved by NaOH in final 
concentration of 0.2 M, and the sample was incubated 
at 37˚C for 20 minutes. The denaturated genomic 
DNA was treated with sodium bisulfite (pH=5)/hyd-
roquinone to a final concentration of 3.5 M and 10 
mM, respectively, in a volume of 500 µl, then incu-
bated at 55˚C for 16 hours under a layer of mineral 
oil. After this treatment, modified DNA was purified 
with QIAGEN DNA purification columns according 
to the manufacturer’s instruction and eluted into 200 
µl of elution buffer. Then, desulfonation was achieved 
by addition of NaOH to a final concentration of 0.3 M 
and incubation at the room temperature for 5 minutes. 
The solution was neutralized by addition of ammo-
nium acetate (pH=7.0) to a final concentration of 3 
M. The DNA was precipitated with adding 4 volume 
of ethanol, drying, and resuspending in 30 µl double-
destilled H2O. DNA treated by SBS was either used 
immediately for methylation specific PCR (MSP) or 
stored at-20˚C.

Methylation of genomic DNA with SssI methylase
For preparation of methylated DNA as positive 

control for MSP, extracted DNA of  peripheral 
blood was methylated in vitro using Sss1 methy-
lase (Biolabs, New England, US) according to 
manufacturer’s instructions (26). Briefly, the mix-
ture was prepared in a total volume of 20 µl con-
taining 5 μl peripheral blood DNA, 2 μl 10x NE 
Buffer, 1 μl SssI methylase, 2 μl freshly prepared 
SAM (S-adenosyl methionine), and 10 μl nucle-
ase-free water. The methylation mixture was incu-
bated at 37˚C for 2 hours followed by 20 minutes 
at 65˚C to stop the enzyme activity. Finally, DNA 
was extracted immediately using Roche DNA Ex-
traction Kit and subjected to SBS treatment. Meth-
ylated DNA was used as a positive control in MSP, 
subsequently.

RNA isolation, cDNA synthesis and RT-PCR 
analysis

Total RNA was extracted using the RNeasy plus 
Mini Kit (QIGEN) according to manufacturer’s in-
structions from undifferentiated MSCs and osteo-
blast differentiated cells on 7th, 14th and 21st days of 
differentiation. The quality of extracted RNA was 
determined by gel electrophoresis prior to reverse 
transcription.



          CELL JOURNAL(Yakhteh), Vol 14, No 2, Summer 2012 93

Osteoblastic Differentiation of MSCs by Zoledronic Acid

1 μg of total RNA was reversibly transcribed 
to cDNA using 4µl 5X reaction buffer (contain-
ing 25 mM Tris-HCl (pH=8.3), 5 mM MgCl2, 50 
mM KCl, and 2 mM DTT), 10 mM dNTP each, 20 
pmol random hexamer primer and M-MuLV Re-
verse Transcriptase (Fermentase) in final volume 
of 25 μl. Then, the suspension was incubated for 
1 hour at 42˚C. Reverse transcription was termi-
nated by heating at 95˚C for 5 minutes.

OSX expression was analyzed using RT-PCR 
for cDNA of undifferentiated MSCs and osteo-
blast differentiated cells in 7th, 14th and 21st days of 
differentiation. Gene expression was normalized 
using the endogenous GAPDH gene expression 
as control.  For RT-PCR amplification, primer se-
quences were as follows: OSX forward: GCCA-
GAAGCTGTGAAACCTC; OSX reveres: GCT-
GCAAGCTCTCCATAACC; GAPDH forward: 
CGTCTTCACCACCATGGAGA; GAPDH reverse; 
CGGCCATCACGCCACAGTTT. These reactions 
were performed in 2.5 µl 10X PCR buffer (contain-
ing: 10 mM Tris-HCl (pH=8.3), 1.5 mM MgCl2, and 
50 mM KCl), 0.2 mM each dNTP, 0.5 mM each prim-
er, and 1.25 U of Taq DNA polymerase (Fermentase) 
in final reaction volume of 25 μl. The PCR reaction 
was done at 95˚C for 5 minutes, then 30 cycles of 
94˚C for 30 seconds; 62˚C for 30 seconds; and 72˚C 
for 30 seconds, followed by one cycle of 72˚C for 10 
minutes. The RT-PCR products were analyzed on 1% 
agarose gel and stained by ethidium bromide.

Quantitative Real Time-PCR analysis
mRNA expression of candidate gene was quanti-

fied by quantitative Real Time-PCR using the Line-
Gene 9600 Florescent quantitative detection system 
(Hangzhou Bioer Technology, China). Real Time-
PCR reactions were prepared by Quantifast SYBR 
Green PCR kit (Qiagen) according to the manufac-
turer’s instructions. Briefly, reactions were performed 
in a total volume of 25 μl containing 12.5µl from 2X 
QuantiFast SYBR Green PCR Master Mix (contain-
ing: HotStarTaq Plus DNA Polymerase, QuntiFast 
SYBR Green PCR Buffer, dNTP mix [dATP, dCTP, 
dGTP, dTTP], and ROX passive reference dye); 1 μl 
of cDNA from samples; 0.5µl from each primers; and 
10.5µl RNase-Free Water. Real-Time PCR reactions 
were carried out in triplicate. The real time amplifica-
tions included 5 minutes at 95 ˚C, followed by 40 cy-
cles at 95 ̊ C for 10 seconds and at 60 ̊ C for 1 minute. 
Gene expression levels were normalized to GAPDH 

expression (ΔCt=Ctgene of interest-CtGAPDH), which was 
used as a housekeeping gene. Results were presented 
as relative gene expression (2-ΔCt).

Methylation specific PCR
MSP was carried out to determine the methylation 

status of OSX. MSP was done using specific prim-
ers capable of distinguishing between methylated and 
unmethylated DNA sequences. The MSP primers of 
OSX were designed by MethPrimer software (27). 
Primers specific for methylated (M) sequences were 
as follows: OSXM forward: GTATCGGATAGGCG-
GAGATC; OSXM reverse: GGTATTGGATAG-
GTGGAGATTG; and primers specific for unmethyl-
ated (U) sequences were as follows: OSXU forward: 
GGTATTGGATAGGTGGAGATTG; OSXU re-
verse: AAAACTAATCTAAACAAAACAACAAC. 
Bisulphite-modified DNA was used for MSP with 
methylated DNA (treated with Sss1) and normal hu-
man unmethylated DNA were used as positive and 
negative controls, respectively. The PCR mixture 
contained 10X PCR buffer (500 mM KCl; 100 mM 
Tris-HCl (pH=8.3); and 15 mM MgCl2), dNTPs mix 
(each at 1.25 mM), primers (0.5 µM each primer), 2 
mM MgCl2, 1-4% DMSO, 1.25 units of Taq DNA 
Polymerase (Fermentase), and bisulfite-modified 
DNA (50 ng) or untreated g DNA (50-100 ng) in a 
final volume of 25µl.  Amplification was carried out 
in a MyCycler thermal cycler (Bio-Rad) and PCR 
steps were as follows: 1 cycle of 95˚C for 5 min-
utes, followed by 35 cycles of 95˚C for 30 seconds; 
58˚C for 30 seconds; and 72˚C for 30 seconds, then 
a final extension at 72˚C for 10 minutes. When us-
ing Ferementas Taq DNA polymerase, reactions were 
manually hot-started at 95˚C for 5 minutes before the 
addition of 1.25 units of Taq DNA polymerase. After-
wards, the PCR reaction products were separated by 
electrophoresis in a 1.5% agaros gel and stained with 
ethidium bromide, and directly visualized under UV 
illumination. 

Results
Zoledronic acid induced high extracellular 
matrix mineralization

Alizarin red staining indicated that the extracellu-
lar matrix of MSCs treated with zoledronic acid was 
uniformly mineralized and significantly greater than 
the negative control. The MSCs treated with zole-
dronic acid was stained strongly on day 21 by alizarin 
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red staining, which indicates calcium deposition, 
whereas undifferentiated MSCs were negative for 
ARS (Fig 1).

Fig 1: Alizarin Red Staining. A. Zoledronic acid treated 
MSCs on day 21 and they are positive for Alizarin Red 
Staining because it causes the calcium deposits turns to red 
granules. B. Undifferentiated MSCs are negative for Aliza-
rin Red Staining.

Qualitative and quantitative analysis of zole-
dronic acid effect on OSX expression

To determine the effect of zoledronic acid on OSX 
expression and evaluate relation between DNA meth-
ylation and gene expression, RT-PCR and quantita-
tive real time PCR assays were developed. RT-PCR 
analysis detected OSX expression in differentiated 
MSCs during weeks of 1 to 3 of differentiation, but no 
OSX expression was detected  in undifferentiated 

MSCs (Fig 2). In quantitative Real Time-PCR analy-
sis, OSX expression during differentiation without 
zoledronic acid showed 2-fold, 5.4-fold and 3.1-fold 
increase in expression in weeks of 1 to 3 of differ-
entiation, respectively. However, OSX expression 
during differentiation with zoledronic acid showed 
1.6-fold, 10.4-fold and 7.3-fold increase expression 
in weeks of 1-3 of differentiation, respectively (Fig 
3). The mRNA expression of OSX was increased in 
osteoblast differentiated cells induced by zoledronic 
acid, especially on days 14 and 21 of differentiation 
(p<0.05), but expression of OSX didn’t change in un-
differentiated MSCs. GAPDH gene expression was 
used as the control. GAPDH was expressed in both 
undifferentiated and undifferentiated MSCs during 
osteoblastic differentiation.

Fig 2: RT-PCR result for OSX(A)  and GAPDH(B)  expres-
sion. RT-PCR for OSX and GAPDH with 161 bp and 130 
bp amplicon size, respectively. (0): cDNA of undifferentiated 
MSC. (7, 14, 21); cDNA of osteoblastic differentiated cells 
on days 7, 14, and 21, respectively. (L); 100 bp ladder.
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Effect of zoledronic acid on gene specific meth-
ylation of OSX

To examine the methylation status of the promoter 
region of OSX in MSCs treated with zoledronic acid, 
we used Methylation specific PCR. Selected CpG Is-
land in OSX promoter region characterized by UCSC 
(University of California Santa Cruz) database and 
span 1146bp. A CpG Island was defined as a DNA  
sequence with at least 200 bp, and a GC percentage 

that is greater than 50%, and with an observed-to-
expected CpG ratio that is greater than 60% (28). 
MSP analysis revealed that OSX had a dynamic 
pattern in methylation while MSCs were gradually 
differentiated to osteoblasts. On day 0, undiffer-
entiated MSCs were totally methylated. But, on 7 
days of differentiation, MSCs treated with zole-
dronic acid became totally unmethylated. Analysis 
of OSX promoter afterwards showed a complete 
unmethylation (Fig 4).
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Fig 3: Real Time-PCR for relative gene expression of OSX during osteoblastic differentiation of MSCs with zoledronic acid (grey 
bars) and without zoledronic acid (black bars), * p<0.05 (comparison of OSX expression with and without zoledronic acid).

Fig 4: MSP results with M and U primers for OSX. A. MSP with M primers for OSX with 128bp amplicon size. (0); Undifferenti-
ated MSC. (7, 14, 21); osteoblastic differentiated cells on days7, 14, and 21, respectively. (L); 100bp ladder. (P); Positive control 
as Methylated and SBS treated DNA. (U); SBS Untreated DNA. (Neg); No DNA. B. MSP with U primers for OSX with 130bp 
amplicon size. (0); Undifferentiated MSC. (7, 14, 21); osteoblastic differentiated cells on days 7, 14, and 21, respectively. (L); 
100 bp ladder. (P); Positive control as SBS treated DNA. (U); SBS Untreated DNA. (Neg); No DNA.
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Discussion
Osteoporosis is one of the most common health 

problems in postmenopausal women with great 
socioeconomic importance (29, 30). Bisphospho-
nates such as zoledronic acid have major benefi-
cial effects on the skeletal and are one of the most 
potent class of antiresorptive agents used in the 
treatment of osteoporosis and other bone disorders 
(31, 32). These compounds have a high affinity for 
calcium, so target bone mineral, where they ap-
pear to be internalized selectively by bone-resorb-
ing osteoclasts and inhibit their function, promote 
apoptosis, and reduce bone resorption and bone 
loss (33). This mechanism in details includes the 
followings: zoledronic acid inhibits osteoclasts 
via inhibition of farnesyl diphosphate (FPP) syn-
thase, the cellular biosynthetic, and FPP synthase-
mediated mevalonate pathway (4). In the absence 
of FPP synthase, FPP and geranylgeranyl diphos-
phate are not produced, which results in the inhi-
bition of the GTP-binding proteins prenylation in 
osteoclasts. Low levels of prenylated GTP-binding 
proteins inhibit osteoclast activity and induce os-
teoclast apoptosis  (1, 4, 34).

The majority of in vitro studies on zoledronic 
acid have focused on their action on osteoclastic 
lineage cells. However, only little attention has 
been paid to their effects on osteoblastic lineage 
cells. Recent in vitro studies have clearly demon-
strated that osteoblastic lineage cells are targets of 
zoledronic acid, and this compound acts to mod-
ulate important cellular function of osteoblasts, 
including proliferation; differentiation; synthesis 
of extracellular matrix proteins; and formation of 
mineralized nodules (7, 35, 36).

In this study, we reported zoledronic acid effect on 
OSX promoter methylation status during osteoblastic 
differentiating MSCs treated with zoledronic acid. Our 
previous studies on osteoblastic differentiation with-
out zoledronic acid treatment revealed that OSX has a 
dynamic change of methylation pattern while MSCs 
are gradually differentiated to osteoblasts. Our finding 
in this research confirm previous findings; whereas, it  
indicated that zoledronic acid didn’t change methyla-
tion pattern of OSX promoter during osteoblastic dif-
ferentiation of mesenchymal stem cells treated with 
zoledronic acid. Our findings showed that promoter 
region of OSX become hypomethylated independent 
from zoledronic acid treatment during osteoblastic 
differentiation. This hypomethylation correlates with 

gene expression, so that OSX expression was ob-
served in osteoblastic differentiated cells; where-
as, it is unexpressed in undifferentiated MSCs. 
Mukherjee et al. showed that expression of OSX 
in C3H10T1/2 (mouse embryonic fibroblasts) cul-
tured in osteogenic medium with or without BMP2 
(bone morphogenetic protein 2) began in days 7 
and 5 of differentiation, respectively (37). Anoth-
er study showed that after 2 weeks of osteogenic 
differentiation, compared to the control cells, the 
osteogenic transcription factors OSX and RUNX2 
exhibited a more than 2-fold and 5-fold increase 
in expression, respectively (38). Our study showed 
that the mRNA expression of OSX increases in os-
teoblast differentiated cells induced by zoledronic 
acid, especially in days 14 and 21 of differentiation. 
This upregulation may be related to other genetic 
mechanisms. Methyltion pattern of OSX don’t 
change during zoledronic acid osteoblastic differ-
entiation of MSCs. Our finding showed that zole-
dronic acid does not induce osteoblastic differenti-
ation via epigenetic mechanisms, especially DNA 
methylation. However, zoledronic acid can induce 
osteoblastic differentiation in a manner independ-
ent from DNA epigenetic changes. This research 
focuses on the importance of epigenetic regulation 
in the osteoblastic differentiation of MSCs treated 
with zoledronic acid. Finally, we showed that OSX 
promoter is independently hypomethylated during 
osteoblastic differentiation of MSCs treated with 
zoledronic acid.

Conclusion
In this research, we showed that zoledronic acid 

does not change methylation pattern of OSX dur-
ing osteoblastic differentiation of mesenchymal 
stem cells. This knowledge is important to develop 
new therapies and treatments to combat disease in-
itiation and progression. However, the interactions 
between these significant epigenetic marks and the 
transcriptional downstream regulations needs to be 
further developed.

Acknowledgements
This manuscript is a part of Ph.D. thesis Support-

ed by a grant from the Tarbiat Modares University, 
Faculty of the Medical Science. The authors are 
grateful to all who helped in conducting the pre-
sent study. The authors declare no conflict of inter-
est in this article. 



          CELL JOURNAL(Yakhteh), Vol 14, No 2, Summer 2012 97

Osteoblastic Differentiation of MSCs by Zoledronic Acid

References
1. Green JR. Chemical and biological prerequisites for novel bi-

sphosphonate molecules: results of comparative preclinical 
studies. Semin Oncol. 2001; 28(2 Suppl 6): 4-10.

2. Maricic M. The role of zoledronic acid in the management of 
osteoporosis. Clin Rheumatol.  2010; 29(10): 1079-1084.

3. Coxon FP, Helfrich MH, Van't Hof R, Sebti S, Ralston SH, 
Hamilton A, et al. Protein geranylgeranylation is required for 
osteoclast formation, function, and survival: inhibition by bis-
phosphonates and GGTI-298. J Bone Miner Res. 2000; 15(8): 
1467-1476.

4. Benford HL, McGowan NW, Helfrich MH, Nuttall ME, Rogers MJ. 
Visualization of bisphosphonate-induced caspase-3 activity in 
apoptotic osteoclasts in vitro. Bone. 2001; 28(5): 465-473.

5. Nancollas GH, Tang R, Phipps RJ, Henneman Z, Gulde S, Wu 
W, et al. Novel insights into actions of bisphosphonates on 
bone: differences in interactions with hydroxyapatite. Bone. 
2006; 38(5):617-627.

6. Ponader S, Brandt H, Vairaktaris E, von Wilmowsky C, Nkenke E, 
Schlegel KA, et al. In vitro response of hFOB cells to pamidronate 
modified sodium silicate coated cellulose scaffolds. Colloids Surf 
B Biointerfaces. 2008; 64(2): 275-283.

7. Reinholz GG, Getz B, Pederson L, Sanders ES, Subramaniam 
M, Ingle JN, et al. Bisphosphonates directly regulate cell prolif-
eration, differentiation, and gene expression in human osteo-
blasts. Cancer Res. 2000; 60(21): 6001-6007.

8. Pan B, To LB, Farrugia AN, Findlay DM, Green J, Gronthos 
S, et al. The nitrogen-containing bisphosphonate, zoledronic 
acid, increases mineralisation of human bone-derived cells in 
vitro. Bone. 2004; 34(1): 112-123. 

9. Ebert R, Zeck S, Krug R, Meissner-Weigl J, Schneider D, 
Seefried L, et al. Pulse treatment with zoledronic acid causes 
sustained commitment of bone marrow derived mesenchymal 
stem cells for osteogenic differentiation. Bone. 2009; 44(5): 
858-864.

10. Nakashima K, Zhou X, Kunkel G, Zhang Z, Deng JM, Behring-
er RR, et al. The novel zinc finger-containing transcription fac-
tor osterix is required for osteoblast differentiation and bone 
formation. Cell. 2002; 108(1): 17-29.

11. Göllner H, Dani C, Phillips B, Philipsen S, Suske G. Impaired 
ossification in mice lacking the transcription factor Sp3. Mech 
Dev. 2001; 106(1-2): 77-83.

12. Philipsen S, Suske G. A tale of three fingers: the family of 
mammalian Sp/XKLF transcription factors. Nucleic Acids Res. 
1999; 27(15): 2991-3000.

13. Black AR, Black JD, Azizkhan-Clifford J. Sp1 and krüppel-like 
factor family of transcription factors in cell growth regulation 
and cancer. J Cell Physiol. 2001; 188(2): 143-160.

14. Kolell KJ, Crawford DL. Evolution of Sp transcription factors. 
Mol Biol Evol. 2002; 19(3): 216-222.

15. Komori T, Yagi H, Nomura S, Yamaguchi A, Sasaki K, Deguchi 
K, et al. Targeted disruption of Cbfa1 results in a complete 
lack of bone formation owing to maturational arrest of osteo-
blasts. Cell. 1997; 89(5): 755-764.

16. Otto F, Thornell AP, Crompton T, Denzel A, Gilmour KC, 
Rosewell IR, et al. Cbfa1, a candidate gene for cleidocranial 
dysplasia syndrome, is essential for osteoblast differentiation 
and bone development. Cell. 1997; 89(5): 765-771.

17. Harada H, Tagashira S, Fujiwara M, Ogawa S, Katsumata T, 
Yamaguchi A, et al. Cbfa1 isoforms exert functional differenc-
es in osteoblast differentiation. J Biol Chem. 1999; 274(11): 
6972-6978.

18. Zhang C. Transcriptional regulation of bone formation by the 
osteoblast-specific transcription factor Osx. J Orthop Surg 
Res. 2010; 5: 37-45.

19. Farthing CR, Ficz G, Ng RK, Chan CF, Andrews S, Dean W, 
et al. Global mapping of DNA methylation in mouse promot-
ers reveals epigenetic reprogramming of pluripotency genes. 
PLoS Genet. 2008; 4(6): e1000116.

20. Bernstein BE, Mikkelsen TS, Xie X, Kamal M, Huebert DJ, Cuff 
J, et al. A bivalent chromatin structure marks key developmen-
tal genes in embryonic stem cells. Cell. 2006; 125(2): 315-326. 

21. Xi R, Xie T. Stem cell self-renewal controlled by chromatin re-
modeling factors. Science. 2005; 310(5753): 1487-1489.

22. Eun SH, Gan Q, Chen X. Epigenetic regulation of germ cell dif-
ferentiation. Curr Opin Cell Biol. 2010; 22(6): 737-743.

23. Tarfiei GA,  Soleimani M, Kaviani S, Mahmoodinia Maymand 
M, Farshdousti Hagh M, Pujol P. ROR2 promoter methylation 
change in osteoblastic differentiation of mesenchymal stem 
cells. CELL JOURNAL(Yakhteh), 2011; 13(1): 11-18.

24. Milutinovic S, D'Alessio AC, Detich N, Szyf M. Valproate induces 
widespread epigenetic reprogramming which involves demeth-
ylation of specific genes. Carcinogenesis. 2007; 28(3): 560-571.

25. Fan H, Zhao ZJ, Cheng YC, Shan YF, Lu ZH, Zhang JQ, et al. 
Gene induction and apoptosis in human hepatocellular carci-
noma cells SMMC-7721 exposed to 5-aza-2'-deoxycytidine. 
Chin Med J (Engl). 2007; 120(18):1626-1631.

26. Khazamipour N, Noruzinia M, Fatehmanesh P, Keyhanee M, Pu-
jol P. MTHFR promoter hypermethylation in testicular biopsies of 
patients with non-obstructive azoospermia: the role of epigenet-
ics in male infertility. Hum Reprod. 2009; 24(9): 2361-2364. 

27. Li LC, Dahiya R. MethPrimer: designing primers for methyla-
tion PCRs. Bioinformatics. 2002; 18(11): 1427-1431.

28. Gardiner-Garden M, Frommer M. CpG islands in vertebrate 
genomes. J Mol Biol. 1987; 196(2): 261-282.

29. Looker AC, Johnston CC Jr, Wahner HW, Dunn WL, Calvo 
MS, Harris TB, et al. Prevalence of low femoral bone density 
in older U.S. women from NHANES III. J Bone Miner Res. 
1995; 10(5): 796-802.

30. Siris ES, Miller PD, Barrett-Connor E, Faulkner KG, Wehren 
LE, Abbott TA, et al. Identification and fracture outcomes of 
undiagnosed low bone mineral density in postmenopausal 
women: results from the National Osteoporosis Risk Assess-
ment. JAMA. 2001; 286(22): 2815-2822.

31. Liberman UA, Weiss SR, Bröll J, Minne HW, Quan H, Bell NH, 
et al. Effect of oral alendronate on bone mineral density and the 
incidence of fractures in postmenopausal osteoporosis. The 
Alendronate Phase III Osteoporosis Treatment Study Group. 
N Engl J Med. 1995; 333(22): 1437-1443.

32. Saag KG, Emkey R, Schnitzer TJ, Brown JP, Hawkins F, Goe-
maere S, et al. Alendronate for the prevention and treatment 
of glucocorticoid-induced osteoporosis. Glucocorticoid-In-
duced Osteoporosis Intervention Study Group. N Engl J Med. 
1998; 339(5): 292-299.

33. Rogers MJ, Gordon S, Benford HL, Coxon FP, Luckman SP, 
Monkkonen J, et al. Cellular and molecular mechanisms of ac-
tion of bisphosphonates. Cancer. 2000; 88 Suppl12: 2961-2978.

34. Boissier S, Ferreras M, Peyruchaud O, Magnetto S, Ebetino FH, 
Colombel M, et al. Bisphosphonates inhibit breast and prostate 
carcinoma cell invasion, an early event in the formation of bone 
metastases. Cancer Res. 2000; 60(11): 2949-2954.

35. Klein BY, Ben-Bassat H, Breuer E, Solomon V, Golomb G. 
Structurally different bisphosphonates exert opposing effects 
on alkaline phosphatase and mineralization in marrow osteo-
progenitors. J Cell Biochem. 1998; 68(2): 186-194.

36. Giuliani N, Pedrazzoni M, Negri G, Passeri G, Impicciatore 
M, Girasole G. Bisphosphonates stimulate formation of os-
teoblast precursors and mineralized nodules in murine and 
human bone marrow cultures in vitro and promote early os-
teoblastogenesis in young and aged mice in vivo. Bone. 1998; 
22(5): 455-461.

37. Mukherjee A, Rotwein P. Akt promotes BMP2-mediated osteo-
blast differentiation and bone development. J Cell Sci. 2009; 
122(Pt 5): 716-726.

38. Liu F, Akiyama Y, Tai S, Maruyama K, Kawaguchi Y, Muramat-
su K, et al. Changes in the expression of CD106, osteogenic 
genes, and transcription factors involved in the osteogenic dif-
ferentiation of human bone marrow mesenchymal stem cells. J 
Bone Miner Metab. 2008; 26(4): 312-320.


