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Overexpression of osteoprotegerin promotes preosteoblast differentiation

to mature osteoblasts

Hongyou Yua,b; Paul de Vosb; Yijin Renc

ABSTRACT
Objective: The hypothesis of the present study is that overexpression of osteoprotegerin (OPG)
promotes preosteoblast maturation.
Materials and Methods: The preosteoblast cell line MC3T3-E1 was transfected with OPG
overexpression. OPG expression was confirmed by enzyme-linked immunosorbent assay (ELISA)
and Western blot. Changes in the transcription factors in OPG-expressing cells were assessed by
real-time polymerase quantitative polymerase chain reaction (RT-qPCR). Alkaline phosphate
(ALP) expression was measured by ELISA.
Results: The success of stable transfection of MC3T3-E1 cells with OPG overexpression was
confirmed by MoFlow sorting followed by G418 selection. RT-qPCR showed that expression of
RunX2, the most important osteoblast differentiation controlling factor, was suppressed. Smad1
and Akt1, as well as ALP, were upregulated in the OPG overexpressing cells.
Conclusion: Results from the present study provide evidence that overexpression of OPG in
preosteoblasts promotes its differentiation into mature osteoblasts. (Angle Orthod. 2011;81:100–106.)

KEY WORDS: Osteoprotegerin (OPG); Osteoblast; Preosteoblast; Alkaline phosphatase; Runx2;
Orthodontics

INTRODUCTION

Teeth move to designed optimal position induced in
orthodontic treatment by mechanical force, which
leads to bone remodeling through bone resorption by
osteoclasts in the compression side and new bone
formation by osteoblasts in the tension side. In a whole
biological cycle of bone remodeling, osteoclasts are
recruited and activated to resorb the old bone, after
which preosteoblast attaches and matures on the
surface of the bone to secrete bone matrix subse-

quently mineralized in the resorption pits to modify
bone shape.1 Bone formation is included in distinct
stages of proliferation, matrix maturation, and finally
mineralization.2 Preosteoblast originates from mesen-
chymal stem cells, and its proliferation and differenti-
ation are notably divided into three phases: preosteo-
blast, mature osteoblast, and osteocyte, which are
regulated by transcription factors and express specific
phenotypic genes.2–4

The differentiation of preosteoblasts into mature
osteoblasts goes through different distinct stages and
is under the control of transcription factors such as
Runx2, Smad1, and Akt1. Osteoprotegerin (OPG)
inhibits osteoclast differentiation and activation by
competing with receptor activator NF-kB (RANK) to
combine with RANK ligand (RANKL), but its role in
osteoblast differentiation is still unclear.

Several transcription factors are known to be
essential in osteoblast differentiation. Runx2 is a
normal transcriptional factor that contributes to regu-
latory mechanisms during osteoblast differentiation
and is required to modulate target gene expression at
key developmental transitions.5,6 Akt1 and Smad1
interact with Runx2 to regulate and control transcrip-
tional levels of osteoblast differentiation.7–9 Alkaline
phosphate (ALP) is a key early marker of matrix
maturation that is expressed in preosteoblasts during
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osteoblast differentiation and upregulated expression
in mature osteoblasts and is downregulated in osteo-
cytes.3

Osteoblasts are able to modulate osteoclastogen-
esis by changing the ratio of OPG and the receptor
activator of RANKL during bone remodeling.10 Osteo-
clasts are activated by RANKL/RANK pathways and
are inhibited by OPG, a decoy factor competing with
RANK for RANKL engagement.11 The essential role of
OPG has been well described in osteoclast differen-
tiation both in vitro and in vivo.11 Mice deficient in OPG
expression exhibit severe osteoporosis, while overex-
pression of OPG results in osteopetrosis and a
decreased number of osteoclasts.12,13 However the
direct effects of OPG on osteoblast differentiation are
still unknown. Previous studies showed that osteoblast
maturation was suppressed when OPG expression
was inhibited by treatment with granulocyte colony-
stimulating factor,14 and mature osteoblasts have an
inhibitory role in osteoclastogenesis15 by vitamin D
acting through the vitamin D receptor followed by OPG
upregulated expression. On the basis of previous
studies, we hypothesize that overexpression of OPG
promotes preosteoblast maturation.

MATERIALS AND METHODS

Materials

The plasmid pIRES2-EGFP was a gift from Dr
Horton (University Medical Center, Groningen, The
Netherlands). Digestion enzyme, T4 DNA liganase,
and pfu DNA polymerase from fermentas were used
(St Leon-Rot, Germany); in addition, one-shot top 10
chemically competent Escherichia coli cells from
Invitrogen (Breda, The Netherlands), plasmids and
reverse transcriptase polymerase chain reaction
(PCR) products, purification kits from Qiagen (Valen-
cia, Calif); FuGENE 6 transfection reagents from
Roche (Indianapolis, Ind), a real-time quantitative
PCR one-step kit from Applied Biosystems (Foster
City, Calif), an OPG enzyme-linked immunosorbent
assay (ELISA) kit from R&D Systems (R&D Systems,
Minneapolis, Minn), an ALP ELISA kit from ANASpec
(San Jose, Calif), and OPG and b-actin primary and
secondary antibodies from Santa Cruz (Heidelberg,
Germany) were used. Preosteoblast cell line MC3TC-
E1 was supplied by the European Collection of Cell
Cultures (ECACC; Salisbury, United Kingdom).

Cell Culture

MC3T3-E1 subclone 14 cell line was cultured in
Dulbecco’s Modified Eagle Medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS) at 37uC in
a humid atmosphere with 5% carbon dioxide (CO2).

Cells were passaged every 3 days with 1:3 ratios.
MC3T3-E1, transfected with empty plasmids or con-
structed OPG recombinant, was maintained in DMEM
supplemented with 10% FBS and 600 ng/mL G418
after MoFlow (BD Biosciences, San Jose, Calif)
sorting.

Cell Proliferation

Cells were seeded in 96-well plates at a density of
1000 cells/well with 100 mL DMEM supplemented with
10% FBS and 600 ng/mL G418. Relative absorbance
optical density (OD) values were measured daily for 6
consecutive days. Briefly, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide–based assay (MTT)
was added to the cells at a final concentration of 2 mg/
mL and was incubated for 3 hours at 37uC; then
medium was aspirated from the wells, and 100 mL
dimethyl sulfoxide (DMSO) was added and incubated
at 37uC for 5 minutes. Subsequently, the samples
were mixed and were read in an ELISA reader at a
wavelength of 540 nm. Relative absorbance OD
values were plotted as a function of time.

Plasmids Construct and Cell Transfection

pIRES2-EGFP contains the internal ribosome entry
site of the encephalomyocarditis virus (ECMV) be-
tween the multiple cloning site (MCS) and the
enhanced green fluorescent protein (EGFP) coding
region. This permits inclusion of both the gene of
interest (cloned into the MCS) and the EGFP gene to
be translated from a single bicistronic mRNA. pIRES2-
EGFP is designed for efficient selection by flow
cytometry.

OPG primers, including restriction enzyme sites
(NhEI and BamH1), were designed by Clone Manag-
ers (Cary, NC) and were used in PCR to amplify the
OPG gene fragment (Table 1). Subsequently, the
OPG fragment was inserted into the plasmids by T4
DNA ligases. The sequence of OPG construct was
confirmed by automated sequencing in the laboratory.

Table 1. Primer Sequences

Gene Nucleotide Sequence 59-39

OPG Fw CACTGCTAGCTCCTGAGGTTTCCCGAGGAC

Rv GACGGGATCCAACAGCCCAGTGACCATTC

RANKL Fw AGATTTGCAGGACTCGACTC

Rv CCCACAATGTGTTGCAGTTC

Runx2 Fw TTCTGCCTCTGGCCTTCCTC

Rv GGTGGCTGGGTAGTGCATTC

Smad1 Fw TTCTGTCTTATCCGCTCCAC

Rv CTGAAACACGAAGCCAGTTG

Akt1 Fw TGGTGCGGAGATTGTGTCTG

Rv TTGATGTGCCCGTCCTTGTC
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Plasmids were transfected into MC3T3-E1 cells with
FuGENE 6 transfection reagent according to the
manufacturer’s instructions. A stable cell line was
established by sorting with MoFlow and was selected
by 600 mg/mL G418 for 3 weeks. Single cell–derived
cell colonies were expanded and tested for green
fluorescent protein (GFP) expression by fluorescence
activated cell sorting (FACS) and for secreted OPG
protein by ELISA kit and Western blot according to the
manufacturer’s instructions.

Real-Time Quantitative Polymerase Chain
Reaction (RT-qPCR)

Cells, transfected with control plasmids (pEGFP) or
OPG recombinant (pOPG), were harvested and total
mRNA was isolated using a Stratagene Kit (Stratagene
Products, La Jolla, Calif). One-step real-time qPCR
reactions were performed using Power SYBR Green
RNA-to-CT One-Step Kit (Applied Biosystems, Foster
City, Calif) in a final volume of 10 mL. Reactions,
including 20 ng total RNA, were performed by Applied
Biosystems 7500 Fast PCR Systems. Data were
analyzed by SDS Software, version 2.3 (Applied
Biosystems). Total RNA was reverse-transcripted at
48uC for 30 minutes. RT-qPCR was performed with
DNA polymerase, including an activation step at 95uC
for 10 minutes, followed by 40 cycles of denaturation
and annealing/extension (95uC for 10 seconds and
60uC for 1 minute). A melt curve (denaturation 95uC for
15 seconds, annealing 65uC for 15 seconds, and
denaturation 95uC for 15 seconds) was performed for
specific amplification analysis. Data were read by SDS
2.3 software from Applied Biosystems. Glyceraldehyde
3-phosphate dehydrogenase (GAPDH) was used as
the reference gene.

OPG and Alkaline Phosphate ELISA

Secreted OPG protein was measured by an OPG
ELISA kit. Briefly, the cells were seeded at a density of
5 3 10 E5 cells per well in a 12-well plate and were
cultured for 24 hours. Cells were starved in DMEM
without FBS for another 24 hours. Then 200 mL DMEM
with 10% FBS was added to the culture for 48 hours.
The supernatant was collected for ELISA testing, and
cell numbers were counted. Secreted OPG protein
concentration per 10 E5 cells was calculated from the
standard curve.

Alkaline phosphate (ALP) protein was measured by
an ELISA kit. Briefly, 96-well plates were coated with
coating protein overnight; then 200 mL blocking buffer
was added, and the plates were incubated for
30 minutes; 100 mL samples were added and
incubated for 1 hour with a plate shaker after washing
with the washing buffer. Enzyme-conjugated second-

ary antibody was added to the wells and was incubated
for 1 hour before substrate was added, and reading
was done with an absorbance ELISA reader with
405 nm wavelength. All procedures were performed at
room temperature.

Western Blot

Cells were lysed by RIPA lysis buffer (Thermo
Fisher Scientific, Rockford, Ill). A total of 30 micro-
grams lysate was subjected to denatured 10% sodium
dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and was transferred to a nitrocellulose
membrane. The membrane was incubated with OPG
or b-actin antibodies.16

Statistical Analysis

Expression of ALP and the gene of interest in OPG-
expressing cells and control cells were calculated by
paired Student’s t-test. P # .05 was considered
statistically significant.

RESULTS

Recombinant OPG DNA Construction and
Cell Transfection

pIRES2-EGFP permits both the gene of interest and
the EGFP gene to be translated from a single
bicistronic mRNA. FACS analysis showed that the
cells shifted to the right with EGFP expression
compared with the control group, indicating that the
plasmids had been successfully introduced into
MC3T3-E1 cells (Figure 1).

OPG Expression

Both cytoplasmic OPG and secreted OPG were
upregulated in pOPG groups compared with the
control group (P , .05). Supernatants were collected
at 24 hours and were tested by ELISA. OPG protein
concentration secreted by transfected cells (pOPG)
was almost two-fold higher than in the control (pEGFP,
Figure 2A). Western blot showed that OPG protein in
cytoplasm increased compared with control cells
(Figure 2B).

Expression of Transcriptional Factors

Transcriptional factors were differently expressed in
pOPG and pEGFP cells. Runx2, a transcription factor
blocking osteoblast differentiation, was suppressed to
half that of the control group (pEGFP) (P , .01).
Expressions of Smad1 and Akt1 were almost two
times higher in the pOPG group than in the control
group (Figure 3). RANKL mRNA expression was not
significantly different between groups.

102 YU, DE VOS, REN

Angle Orthodontist, Vol 81, No 1, 2011

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-05-15 via free access



Alkaline Phosphate Expression

ALP was intensively expressed in pOPG cells
compared with pEGFP cells. ELISA results showed
that ALP activity was significantly higher in OPG-
expressing cells (pOPG) (P , .001) (Figure 4). When
the preosteoblasts differentiated to mature osteo-
blasts, ALP expression was upregulated. These data
support that OPG promotes ALP expression.

Cell Proliferation

The proliferation of OPG-expressing (pOPG) and
control cells (pEGFP) was assessed by MTT assay.
The growth rate of OPG-expressing cells was slower
than in the control group (Figure 5). Cell proliferation
was significantly inhibited in OPG-expressing cells
after 3 days of culturing.

DISCUSSION

In the present study, we showed that OPG plays an
important role in both osteoblastogenesis and osteo-
clastogenesis by controlling the differentiation and
maturation of osteoclast and osteoblast. In osteoclas-
togenesis, OPG is a decoy factor competing with
RANK for RANKL, which results in osteoclastogenesis
inhibition.1 The ratio of RANKL to OPG is critical for
osteoclastogenesis. Previous studies showed that
bone mass increased significantly along with down-
regulation of Runx2 and upregulation of OPG in BMP
receptor-1a conditioned knockout mice.17 LaminA/C
knockout mice also showed decreased OPG expres-
sion and impaired osteoblast differentiation.18 Howev-
er, no studies have been performed up to now on the
direct effect of OPG expression on osteoblastogen-
esis. To our knowledge, this is the first study that

Figure 1. Fluorescence activated cell sorter (FACS) analysis of enhanced green fluorescent protein (EGFP) expression. MC3T3-E1 (A) was

transfected with empty plasmids (pEGFP) (B) or constructed osteoprotegerin (OPG) recombinant (pOPG) (C) and was selected by G418. FACS

analysis showed that most of the stable transfection cells shifted to the right with EGFP expression compared with the nontransfected cells.

Figure 2. Osteoprotegerin (OPG) expression: (A) Secreted OPG protein was measured by enzyme-linked immunosorbent assay (ELISA). Data

were the means of triplicates indicated by standard deviation (t-test; *P , .05). (B) Western blot for OPG protein in cytoplasm. OPG protein was

confirmed to overexpress in MC3T3-E1.
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addressed the effects of OPG expression on preos-
teoblast maturation. Our results show that OPG
expression promotes osteoblast differentiation accom-
panied by increased ALP expression.

Our results also indicate that OPG can promote
preosteoblast to differentiate into mature osteoblast,
which was associated with the regulation of Runx2,
Smad1, and Akt1 gene expression. When OPG was
upregulated, Runx2 was inhibited while ALP expres-
sion was upregulated, indicating that OPG promotes
the terminal differentiation of osteoblast progenitor to
mature osteoblast.

Runx2 is an essential transcription factor in osteo-
blasts and plays an important role in governing
physiologically responsive control of skeletal genes.5

Runx2 plays different roles in different stages of
osteoblast differentiation and proliferation.19 Runx2
accumulates in the immature osteoblast in the early
stage of osteoblast differentiation while blocking the
maturation of osteoblast in the later stage.20 Runx2
interacts with different proteins to control osteoblast
differentiation and proliferation.5 The effect of Runx2
function on osteoblast differentiation and OPG expres-
sion is controversial.21–23 Some studies show that Runx2
induces RANKL expression and suppresses OPG
expression,24 and osteoblast differentiation was arrested
in Runx2 overexpression cells.22 Another study shows
that Runx2 contributes to OPG activities.21 The reason is
probably that Runx2 regulates its target genes together
with other factors in different osteoblast maturation
stages and different cell lineages. Akt1 is an important
transcription gene for controlling posttranscriptional
levels of osteoblast differentiation7; it interacts with

Figure 3. Gene expression in empty plasmids (pEGFP) and

osteoprotegerin (OPG) recombinant (pOPG) cells. For gene expres-

sion analysis, DDCt was used; gene fold changes were calculated as

the difference in gene expression between control group (empty

plasmid transfected cells) and experiment group (OPG recombinant

transfected cells). Gene fold changes were considered significant

when P , .05 (**P , .01). In the control group, the gene expression

level was normalized to 1, and the experiment group results

indicated relative fold changes to the control group. Data were the

means of triplicates with standard deviation indicated. The data

showed that Runx2 was significantly suppressed, and Smad1 and

Akt1 were significantly upregulated in the experiment group, but the

RANKL expression was not significantly changed (t-test; **P , .001).

Figure 4. Alkaline phosphate (ALP) expression in osteoprotegerin

(OPG)-expressing cells (pOPG) and the control group (pEGFP).

Cells were collected and lysed to subject enzyme-linked immuno-

sorbent assay (ELISA) measurement. Data were the means of

triplicates with the standard deviation bar. ALP activity in the OPG-

expressing cells (pOPG) was significantly higher than in the control

group (pEGFP) (t-test; **P , .01).

Figure 5. MC3T3-E1 cell proliferation in the presence of empty

plasmids (pEGFP) or osteoprotegerin (OPG) recombinant (pOPG)

transfection. Data were the means of triplicates at each time point

with the standard deviation indicated. A 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide–based assay (MTT) on cell prolif-

eration showed that OPG-expressing cells (pOPG) grew slower than

the control group (pEGFP) after 3 days of culturing.
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Runx2 to regulate osteocalcin transcription.8 Smad1 is
another gene that interacts with Runx2. Runx2/Smad1
interaction is one of the physiologic pathways to transmit
bone morphogenetic protein receptor signals to target
genes for osteoblast differentiation.9 Smads may modify
the transcriptional prosperities of cell growth of Runx2 by
interacting directly with COOH terminals of Runx2.23 In
our study, when OPG was overexpressed in preosteo-
blasts, both Smad1 and Akt1 genes were upregulated,
but the Runx2 gene was downregulated, suggesting that
upregulated smad1 and Akt1 interacted with Runx2 to
promote osteoblast phenotypes by activating genes
specific for osteoblast maturation. Suppressed Runx2
expression probably promoted the preosteoblast to
move out from the cell cycle for proliferation.20,22,23 This
was supported by our results that OPG-overexpressing
osteoblasts showed a slower growth rate. It is disputable
about the Runx2 expression level in osteoblast matura-
tion stage.20,23 In our study, Runx2 mRNA suppression
probably occurred because Runx2 reduces its biological
stimulation of OPG activities to compromise the
introduction of OPG overexpression. We suggest that
OPG may play a key role in preosteoblast maturation.

Osteoblasts are originally derived from mesenchy-
mal stem cells.25,26 Different osteoblast populations
have some common features but exhibit unique
phenotype genes.11 ALP is the marker of matrix
maturation. During differentiation from mesenchymal
cells to mature osteoblasts, ALP starts to be ex-
pressed in osteoprogenitors and is highly expressed in
mature osteoblasts.2,3 It has been shown that ALP
expression is significantly reduced in Runx2 overex-
pression osteoblasts, resulting in its differentiation
inhibition.22 In the present study, ALP expression was
significantly higher in OPG-expressing cells, indicating
that OPG promotes matrix maturation in preosteoblast.

CONCLUSIONS

N The present study provides for the first time evidence
that OPG expression is associated with preosteo-
blast maturation and promotes matrix maturation.

N Along with Akt1 and Smad1, Runx2 may be a crucial
factor that controls OPG expression in both osteo-
blastogenesis and osteoclastogenesis.
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