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Overexpression of RBP4 promotes proliferation,  
differentiation and mineralization of MC3T3-E1
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Abstract: Craniosynostosis is one of the most common congenital craniofacial deformities and could cause a series 
of diseases or defects. But the molecular mechanism underlying craniosynostosis is rarely reported. Retinal-binding 
protein 4 (RBP4) was shown to be involved in osteogenesis and decreased dramatically in prematurely fused su-
ture. To investigate the role of RBP4 in osteogenesis, a cell line stably expressing RBP4 was constructed based 
on MC3T3-E1 cells and RBP4 overexpression was confirmed at both mRNA level and protein level. Then we found 
that RBP4 upregulation promoted proliferation of MC3T3-E1 cell and significantly increased alkaline phosphatase 
activity from day 7 to day 14 in MC3T3-E1 cells. Further, in alizarin red staining assay, RBP4 was shown to increase 
the deposit of calcium phosphate remarkably from day 14 to day 21 in MC3T3-E1 cells cultured in differentiated 
medium. This indicated that RBP4 prompted the mineralization of MC3T3-E1 cells. In accordance with this pheno-
type, we detected the typical osteo-differentiation markers by RT-qPCR and demonstrated that RUNX2, OC, OPN and 
COLL1 were greatly increased in RBP4-overexpressed MC3T3-E1 cells compared to the control. Therefore, our data 
suggest that RBP4 plays a positive role during osteogenesis and may be favorable for bone formation. This study 
provides us a new opinion about the role of RBP4 in craniosynostosis and RBP4 is worth of further study about its 
application on bone regeneration or bone development.
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Introduction

Human brain with intricate neural networks is 
known as the most complicated and sophisti-
cated organ. Any disturbance during embryo-
genesis would cause malformation, severe dis-
ease, even death. Craniosynostosis, a birth 
defect that causes one or more sutures on an 
infant’s skull to close earlier than usual, is one 
of the most common congenital craniofacial 
deformities [1]. It was reported to affect 1 in 
2,500 live births and lead to abnormalities in 
skull shape and a series of neurological prob-
lems such as cognitive impairment, ophthalmic 
anomaly and mental impairment combined 
with a significant reduction in IQ [2, 3].

Retinoid signaling is vital to skeletal develop-
ment and excessive exposure of non-human 
primates to retinoic acid could cause cranio-
synostosis [4]. Retinoic acid was the metabo-
lites of retinoid. Retinal-binding protein 4 
(RBP4) was reported to be a molecular chaper-

one of retinol and carried retinol from liver 
stores to target tissues [5]. It was a 21 kDa pro-
tein mainly synthesized in the liver and secreted 
into the bloodstream [6]. The expression pat-
tern of RBP4 in chondrocytes of developing 
mouse long bones indicated its important role 
in formation of secondary ossification center 
[6]. Coussens et al found that RBP4 was local-
ized to mesenchymal cells in human suture at 
the osteogenic front and to cells at the bone 
surface, which suggest novel roles of RBP4 in 
the maintenance of suture patency or in control 
of early osteoblast differentiation [7]. But unex-
pectedly, RBP4 was shown to be downregula- 
ted about 37 folds in pathological fused sutu- 
re compared to normal unfused suture [7]. 
Further, RBP4 was demonstrated to be decre- 
ased during in vitro mineralization of human 
suture mesenchymal cells, which is critical for 
osteogenesis [8]. In all, RBP4 played important 
role in craniosynostosis and showed decreased 
expression in prematurely fused suture. But the 
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molecular mechanism underlying craniosynos-
tosis and how RBP4 affect osteogenesis is rare-
ly reported. 

To investigate the role of RBP4 in osteogenesis, 
we forced expression of RBP4 in MC3T3-E1  
cell which was derived from calvaria bone of 
mice and extensively studied for bone develop-
ment [9]. Then we explored the effects of RBP4 
overexpression on MC3T3-E1 cell proliferation, 
alkaline phosphatase activity, in vitro mineral-
ization of MC3T3-E1 cells and expression pat-
tern of differentiation markers. Our study would 
enlarge our knowledge about the function of 
RBP4 in osteogenesis and provide valuable 
information for clinical therapy of bone-devel-
opment malformations.

Materials and methods

Cell culture

New born mouse calvaria-derived MC3T3-E1 
cells were obtained from Riken Cell Bank 
(Tokyo, Japan). The cells were maintained in 
a-minimum essential medium (HyClone, Bei- 
jing, China) supplemented with 10% fetal 
bovine serum (Gibco, Australia), 100 U/ml peni-
cillin and 100 mg/ml streptomycin (HyClone) in 
a humidified 5% CO2 balanced-air incubator at 
37°C, the media being changed every 3 days.

To induce differentiation and mineral deposi-
tion of MC3T3-E1, differentiation medium was 
prepared by the addition of 50 mg/ml ascorbic 
acid, 10 mM β-glycerophosphate and 50 nM 
dexamethasone to the growth medium men-
tioned above.

Lentivirus infection and cells group

To produce lentivirus, 293T cells were co-trans-
fected with pLenO-GTP-3XFLAG-RBP4 (Biolink, 

to determine the titer. The cell line was divided 
into the following three experimental groups: 
control group (non-infected cells), negative  
control group (pLenO-GTP-infected cells), and 
RBP4 group (LENTI-RBP4-infected cells). Real-
time PCR and Western blot was used to con- 
firm the efficiency of RBP4 expression in 
MC3T3-E1 cells.

CCK8 assay

MC3T3-E1 cells were cultured at 5×103 cells/
well in a 96-well plate in triplicate. Subsequently, 
the cells were cultured for 1, 3, 5 and 7 days. 
WST-8 solution (Dojindo, Japan) was added (1 
part to 10 parts medium) to each well and the 
plate was incubated at 37°C for 2 h. Then, the 
OD value at 450 nm wavelength was quantified 
using Thermo Scientific Multiskan GO Micro- 
plate Spectrophotometer (Thermo Fisher, Ame- 
rica).

Alkaline phosphatase activity assay

The cells were plated at a density of 2.0×104 
cells/well in 48-well tissue culture plates in the 
growth medium. At full confluence, the medium 
was changed to the differentiation medium 
(regarded as day 0) and the incubation was 
continued to 7, 14 and 21 days. Then the medi-
um was removed and the tissue was washed 
twice with PBS. The cells were detached from 
the culture dish after the addition of PBS and 
Triton X. Alkaline phosphatase (ALP) activity 
was then assayed using a commercial kit 
(Alkaline Phosphate Assay Kit, Beyotime, 
Nanjing, China). Alp activity was determined 
according to the manufacturer’s protocol. The 
optical density at 405 nm was measured and 
compared with the value of a series of p-nitro-
phenol standards.

Table 1. Gene-specific primers used in PCR 
amplification
Runx2 Forward 5’-GCCGGGAATGATGAGAACTA-3’

Reverse 5’-GGACCGTCCACTGTCACTTT-3’
OC Forward 5’-CTGGCCCTGGCTGCGCTCTGT-3’

Reverse 5’-GGTCCTAAATAGTGATACCGTAGATGCG-3’
OPN Forward 5’-CTGCTAGTACACAAGCAGACA-3’

Reverse 5’-CATGAGAAATTCGGAATTTCAG-3’
COLL1 Forward 5’-GAGGCATAAAGGGTCATCGTGG-3’

Reverse 5’-CATTAGGCGCAGGAAGGTCAGC-3’

Shanghai, China), which were amplified in E. 
coli DH5a, purified using a Plasmid Maxi Kit 
(Qiagen, Valencia, CA), and transfected into 
70% confluent 293T cells using lipofectam- 
ine 2000 (Invitrogen). Lentiviral particles 
were harvested from the supernatant 72 
hours after transfection and purified by ultra-
centrifugation. These particles were hereaf-
ter referred to as pLenO-GTP-3XFLAG-RBP4, 
and pLenO-GTP. Forty-eight hours after infec-
tion, the number of GFP positive MC3T3-E1 
cells was scored by fluorescence-activated 
cell sorting (FACS) (Olympus, Japan) analysis 
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Mineralized bone-like tissue observation

After the cell culture (which was plated at 
2.0×105 cells/well in the growth medium in 
6-well tissue culture plates) reached conflu-
ence, incubation was continued in the differen-
tiation medium (regarded as day 0). On day 7, 
14 and 21, cells were fixed with 70% ethanol, 
and rinsed three times with ddH2O to remove 
ethanol completely. The cells were then stained 
with 40 mM alizarin red stain (AR-S) solution 
(Sigma-Aldrich, China) for 15 minutes to label 
the calcium deposits. After that, cells were 
rinsed with ddH2O five times to remove unbound 
AR-S. The stained cultures were observed 
under a dissecting microscope and the repre-
sentative pictures were photographed. It was 
preliminarily confirmed that the well incubated 
without cells and subjected to a similar proce-
dure of media changes did not show positive 
staining for calcium by Alizarin red S.

Quantitative real-time RT-PCR analysis

Expression of osteoblastic markers, Runt-
related transcription factor2 (Runx2), osteocal-
cin (OC), osteopontin (OPN) and type I collagen 
(COLL1), were detected using RT-PCR analysis. 
The cells plated at 1.0×106 cells/dish in the 
growth medium in 100 mm cell culture dishes 
were cultured to confluence and was changed 
to the differentiation medium. On day 14, Total 
RNA was extracted from cells using TRIZOL 
reagent (Ambion; Carlsbad, CA) according to 
the manufacturer’s instructions. Total RNA was 
reversely transcribed into cDNA by using 
PrimeScript™ 1st strand cDNA Synthesis Kit 
(TaKaRa). The cDNA samples were subjected to 
PCR analysis using SYBR® Premix Ex TaqTM II 
(TaKaRa). PCR amplification of Runx2, OC, OPN 
and COLL1 cDNA was conducted using specific 
primers (Table 1). Amplifications were per-
formed on an ABI7500 Real-time PCR system 
(USA). The optimal conditions were defined as 

Figure 1. Overexpression of RBP4 in MC3T3-E1 cells. A. 
The plasmid pLenO-GTP-3XFLAG for RBP4 expression. 
B. GFP expression in MC3T3-E1 cells 3 days after infec-
tion. C. QRT-PCR analysis of RBP4 in MC3T3-E1 cells. D. 
Western blot analysis of RBP4 in MC3T3-E1 cells.
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follows: 95°C for 10 min, followed by 40 cycles 
at 95°C for 15 s and at 60°C for 1 min, and 
melting curve analysis at 95°C for 15 s, at 60°C 
for 1 min, at 95°C for 15 s, and at 60°C for 15 
s. The relative mRNA expression of the marker 
genes of osteoblastic differentiation was 
adjusted according to the expression of GAPDH.

Statistical analysis

Statistical analysis was performed using 
SPSS17.0 software (SPSS company, IN). 
Differences were evaluated using two-ways 
Anova/t-test. Data were presented as mean ± 
standard error and a minimum of three inde-
pendent experiments were performed for each 
assay. *P<0.05 or **P<0.01 was considered 
as significant difference.

Results

RBP4 was successfully overexpressed in 
MC3T3-E1 cells

To investigate the function of RBP4 in MC3T3- 
E1 cells, RBP4 was overexpressed in MC3T3- 

MC3T3-E1 proliferation but promoted cell dif-
ferentiation [10]. Elevated retinoic acid inhibit-
ed calvarial osteoblast proliferation but im- 
proved differentiation [8]. We explored the 
effect of RBP4 on MC3T3-E1 cell proliferation 
from day 1 to day 7. As shown in Figure 2, 
MC3T3-E1 cells grew gradually from day 1 to 
day 7 in all three groups cultured in undifferen-
tiated medium. There were no significant differ-
ence between control group and negative con-
trol group (P>0.05). On contrary, RBP4 overex-
pression significantly improved cell prolifera-
tion compared to other two groups (P<0.05). 
Conclusively, our data suggest that RBP4 did 
promote the growth of MC3T3-E1 cells. 

RBP4 affected the ALP activity in MC3T3-E1 
cells

ALP activation is one of markers in osteoblast 
phenotype and increased ALP activity often 
reflects a shift of bone cells to a more differen-
tiated state [11]. TetCP was reported to induce 
MC3T3-E1 cell differentiation and increased 

Figure 2. RBP4 promo- 
ted MC3T3-E1 cell pro-
liferation. Cell prolifera-
tion was measured at 1, 
3, 5, and 7 days using 
a Cell Counting Kit-8. 
*P<0.05 and **P<0.01 
indicate significant dif-
ference.

Figure 3. The effect of RBP4 on ALP activity in MC3T3-E1 cells. Cells were cul-
tured under differentiated conditions up to 21 d. ALP activity was detected. 
Statistical significance was determined using t test. *P<0.05 and **P<0.01 
indicate significant difference.

E1 cells by lentivirus vect- 
or pLenO-GTP-3XFlag (Figure 
1A). As shown in Figure 1B,  
at day 3 post-infection, high 
level of green fluorescence in 
a large number of cells was 
observed. And the mRNA lev- 
el of RBP4 was greatly upr- 
egulated in RBP4-overexpre- 
ssed MC3T3-E1 cells (MC3- 
T3-E1-RBP4) compared to the 
group infected with empty 
lentivirus vector (MC3T3-E1-
NC) or without any vector 
(MC3T3-E1) (Figure 1C). Fur- 
ther, by western blot analysis, 
RBP4 was shown to be signi- 
ficantly increased at protein 
level in MC3T3-E1-RBP4 cells 
(Figure 1D). Therefore, RBP4 
was successfully introduced 
into MC3T3-E1 cells. 

RBP4 promoted proliferation 
of MC3T3-E1 cells

Cell proliferation and differen-
tiation are two different pro-
cesses. Calcium phosphates 
such as α-TCP and TetCP were 
shown to have no effect on 
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ALP activity [10]. In this study, the effect of 
RBP4 on ALP activity in MC3T3-E1 was deter-
mined from day 7 to day 21 under differentiat-
ed condition. From the data in Figure 3, ALP 
activity increased during the first 14 days for all 
three groups, but decreased greatly at the 21st 
day. There was no difference in ALP activity 
between MC3T3-E1 and MC3T3-E1-NC group 
during the whole 21 days. But the ALP activity 
in MC3T3-E1-RBP4 group was much higher 
than that in the other two groups at day 7 and 
day 14 (P<0.05). Moreover, the ALP activity 
increased greatly from day 7 to day 14 in 
MC3T3-E1-RBP4 group. However, no significant 
difference was seen after 21 d of incubation 
between the three groups. 

RBP4 promoted mineralization of MC3T3-E1 
cells

To examine the effect of RBP4 on mineraliza-
tion of MC3T3-E1 cells, Alizarin red staining 
assay was used to observe calcium phosphate 
deposits in day 7 to day 21 cultures. In Figure 
4, we demonstrated that very little positive sta- 
ining of mineralized tissue could be observed at 
day 7 and day 14 in MC3T3-E1 or MC3T3-E1-
NC group. Even at day 21, very weak positive 
staining was observed. On the contrary, obvi-
ous mineralized tissue was formed at day 14 in 
MC3T3-E1-RBP4 group. But the amount of min-

eralization showed little further increase at day 
21. The above data support the conclusion that 
RBP4 could promote the mineralization of 
MC3T3-E1 cells. 

RBP4 enhanced expression of differentiation-
related genes

There were three stages during osteoblast 
development including: cell proliferation, extra-
cellular matrix production and mineralization 
[12]. Differentiation of osteo-progenitor cells 
relied on formation of extracellular matrix [13]. 
In one word, extracellular matrix formation was 
usually ahead of or accompanied by mineraliza-
tion. In the study by Coussens, four genes 
including RUNX2, OC, OPN and COLL1 were 
selected as marker genes for osteoblastic dif-
ferentiation [12]. In another study by Ehara A et 
al, COLL1 gene expression was markedly upreg-
ulated in mineralized MC3T3-E1 cells. Also, OC 
and OPN were increased at late stage of miner-
alization. Here as shown in Figure 5, these four 
genes were all dramatically upregulated when 
RBP4 was overexpressed in MC3T3-E1 cells at 
day 14 under differentiated culture condition. 
The mRNA level of RUNX2 and OPN was more 
than three folds inMC3T3-E1-RBP4 group com-
pared to MC3T3-E1 group while the OC or 
COLL1 expression was upregulated about two 
folds in MC3T3-E1-RBP4 group, respectively.

Figure 4. The effect of RBP4 on calcium phosphate deposit in MC3T3-E1 cells. Alizarin Red S staining was used to 
observe calcium phosphate deposit at 7, 14 and 21 days. The mineralized nodules in MC3T3-E1-RBP4 group were 
much more than that in the other two control groups.
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Discussion 

Craniosynostosis was a development defect of 
skull bone and caused severe malformation [1]. 
But no confirmed molecular mechanism under-
pinning this process was reported to date. 
Here, we employed an in vitro cell culture sys-
tem based on MC3T3-E1 cell to explore the 
effects of RBP4 overexpression on prolifera-
tion, differentiation and mineralization of osteo-
blast, which was representative of the three 
stages of osteogenesis. MC3T3-E1 cell was 
extensively used as a model of osteogenesis in 
previous studies. 

RBP4 gene is located on chromosome 10 
(10q23-q24) [14, 15], which encodes a protein 
of 201 amino acids and has a molecular mass 
of 21 kDa [16]. It is mainly produced by hepato-
cytes but also expressed in several extrahepat-
ic tissues [17]. RBP4 protein belongs to the 

lipocalin family and was known as a transporter 
of retinol from liver store pool. 

RBP4 was shown to express in human cranial 
suture tissue but was downregulated during 
suture fusion in craniosynostosis [7, 18]. In 
accordance, we determined low expression of 
RBP4 in MC3T3-E1 cells. So a cell line stably 
expressing RBP4 was constructed and we 
found that RBP4 had a significant effect on 
MC3T3-E1 proliferation. Simultaneously, the 
ALP activity was enhanced and osteo-differen-
tiation markers including RUNX2, OC, OPN and 
COLL1 were greatly increased by RBP4. ALP 
activity is one of the indicators of the osteo-
blast phenotype and usually reflects a shift to a 
more differentiated state [11].

Runx2 was required for osteoblast formation 
and chondrocyte differentiation, so it was an 
essential regulator of intramembranous and 

Figure 5. Effect of RBP4 on osteoblast-related gene markers in MC3T3-E1 cells after 2 weeks of mineralization 
culture. Runx2 (A), OC (B), OPN (C) and COLL1 (D) level were increased markedly in RBP4 overexpressed MC3T3-E1 
cells. *P<0.05 and **P<0.01 indicate significant difference.
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endochondral bone formation [19]. OC was the 
most abundant noncollagenous protein in bone 
and was expressed by osteoblasts during min-
eralization [20]. It was a late-stage marker of 
osteoblastic differentiation and was detected 
in fully developed mineralized matrix [21]. OPN 
was a major hydroxyapatite-binding protein syn-
thesized by osteoblasts. OPN acted not only as 
a trigger for osteoblast early differentiation but 
activated osteoclast resorption. Collagen 
(COLL1), synthesized and secreted by osteo-
blasts, was the most abundant extracellular 
matrix protein in bone tissue and formed the 
structural support for osteoblast differentiation 
in bone formation.

The above data suggest that RBP4 pushed 
MC3T3-E1 into a more differentiated pheno-
type in differentiation condition. This was not 
expected and was contrary to previous studies 
in which RBP4 was examined to be markedly 
downregulated in fused suture compared to 
unfused suture. This was surprising and unbe-
lievable. But in Alizarin red staining assay 
observing the calcium deposit, RBP4 overex-
pression were found to enhance the formation 
of mineral nodules and increase bone-like tis-
sue formation in MC3T3-E1 in vitro. This may 
be partially due to the increased production of 
extracellular matrix by upregulation of OPN and 
OC. This data further support the deduction 
that RBP4 contributes to osteogenesis. 

In conclusion, our data demonstrate that RBP4 
overexpression has significant effect on the 
proliferation of MC3T3-E1 cells as well as it 
obviously promotes the differentiation of 
MC3T3E-1 into osteoblasts and accelerates 
extracellular matrix mineralization. This is an 
exited finding for both lab and clinical research-
ers and will do a great help for patients with 
various bone developmental formations.
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