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Abstract: Objective: To compare Osterix and Nestin-Cre/Loxp system in studying the biological functions of mu-
rine osteoblastic cells including primary osteoblasts (OBs) and osteolineage mesenchymal progenitor cells (MPCs). 
Methods: We isolated primary osteoblasts (OBs) from neonatal Nestin-cre-R26-loxP-YFP (Nes-OBs) and Osterix-
cre-R26-loxP-YFP (Osx-OBs) mice and bone marrow mesenchymal stromal cells (BMMSCs) from the adults (termed 
as Nes-BMMSCs and Osx-BMMSCs). Then we detected the percentage of YFP+ subpopulation in Nes/Osx-OBs and 
the percentage of CD45-YFP+ progenitor population in Nes/Osx-BMMSCs and sorted them out (termed as Nes/Osx-
YFP+ OBs and Nes/Osx-CD45-YFP+ MPCs) by using the sorting machine. We also analyzed the expression of surface 
antigens on Nes/Osx-YFP+ OBs and Nes/Osx-CD45-YFP+ MPCs by Flow cytometry. PDGF-BB induced proliferation of 
Nes/Osx-YFP+ OBs and Nes/Osx-CD45-YFP+ MPCs was measured by H3-Thymidine incorporation assay. We then did 
OB maturation and mineralization assays of Nes/Osx-YFP+ OBs and CFU and multi-lineage differentiation assays 
of Nes/Osx-CD45-YFP+ MPCs. Results: YFP+% in Nes-OBs and Osx-OBs and CD45-YFP+% in Nes-BMMSCs and Osx-
BMMSCs was respectively 5.56%±3.56% (n=5), 10.12%±2.7% (n=4), 1.29%±0.98% (n=13) and 16.38%±6.98% 
(n=17). Both Nes-YFP+ OBs and Osx-YFP+ OBs were positive for CD51. Nes/Osx-CD45-YFP+ MPCs were positive for 
CD51, CD105 and Sca1, and negative for CD31 and CD45. PDGFR expression in Osx-YFP+ OBs was a bit higher than 
that in Nes-YFP+ OBs, and slightly higher in Osx-CD45-YFP+ MPCs than in Nes-CD45-YFP+ MPCs. Proliferation ability 
of Nes/Osx-YFP+ OBs increased dramatically after stimulated with PDGF-BB for 48 h, while it was not statistically 
significant that PDGF-BB induced the increase of proliferation ability in either Nes-CD45-YFP+ MPCs or Osx-CD45-

YFP+ MPCs. We observed that no significant difference of OB maturation and mineralization ability existed between 
Nes-YFP+ OBs and Osx-YFP+ OBs, and there was little difference of self-renewal and multi-lineage differentiation po-
tential between Nes-CD45-YFP+ MPCs and Osx-CD45-YFP+ MPCs, either. Conclusion: Both Nestin and Osterix could 
be selected as useful markers for the osteoblastic cells, while Osterix was a prior choice due to larger number of 
Osterix-expressing cells than Nestin-expressing cells in distinct subpopulations of bone-forming cells.
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Introduction

Bone marrow mesenchymal stromal cells (BM- 
MSCs) derived osteoblastic cells (OBCs), includ-
ing osteoblast-lineage progenitors and mature 
osteoblasts, play a major role in the formation 
and homeostasis of skeleton system [1]. With 
the induction of microenvironmental factors 

such as mechanical stress [2], oxygen content 
[3] and various cytokines [4, 5], osteoblastic 
progenitor cells can migrate to the bone-form-
ing areas and differentiate into functional os- 
teoblasts. Apart from their critical effect on the 
maintenance of bone homeostasis, increasing 
evidences demonstrate that osteoblastic ce- 
lls can organize a hematopoietic microenviron-
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ment and support the hematopoietic develop-
ment [6-9]. Schepers et al. [10] show that func-
tionally altered OBCs exhibit effectively leu- 
kemic stem cell (LSC)-supporting ability instead 
of the ability to maintain normal hematopoietic 
stem cells (HSCs). Other studies reveal that 
osteoblasts are an important component of the 
B lymphocyte niche, which can regulate bone 
marrow B lymphopoiesis extrinsically [11].

Being essential in maintaining normal hemato-
poiesis and bone homeostasis, osteoblastic 
cells together with other multi-lineage progeni-
tor populations and their progenies constitute 
the cellular component of BM mesenchymal 
stroma [12]. Thus BMMSCs are highly hetero-
geneous cell populations. Researchers are try-
ing to identify and isolate a pure population of 
multipotent MSCs by using various surface 
marker combinations. However, the results are 
unclear or conflicting. For instance, platelet-
derived growth factor receptor a (PDGFR-a) and 
stem cell antigen 1 (Sca-1) have recently been 
identified as selective markers of murine MSCs 
[13]. Nonetheless, Li et al. [14] suggest that 
low/negative expression of PDGFR-a on Lin-/
CD45- BM cells can identify a cell population 
with very high MSC activities including fibro-
blastic colony-forming unit frequency and typi-
cal in vitro differentiation capacities. Recently, 
emerging genetic driver/reporter-murine lines 
have been used to trace specific stromal popu-
lations [6, 15-17]. By using Nestin-GFP trans-
genic mice Mendez-Ferrer et al. [6] verify that 
CD45-Nes-GFP+ cells are MSCs, which can form 
multipotent and self-renewing mesenspheres, 
contribute to osteochondral lineages and main-
tain HSCs in the BM. Another study with genetic 
drivers demonstrates that Osterix, a marker  
for committed osteo-lineage progenitors, can 
trace distinct populations of primitive and de- 
finitive stromal progenitors during BM develop-
ment [16].

Nestin, first identified as a marker of neural 
stem cells [18], has now become the best kn- 
own marker for the multi-potential MSC popula-
tion [6, 19]. Co-expression of nestin with lin-
eage-specific marker proteins is defined as the 
onset of cell lineage specification before termi-
nal differentiation [19]. Studies suggest that 
Nestin+ MSCs, localized near mature osteo-
blasts, can differentiate into bone-forming cells 
and contribute to skeletal remodeling [6]. Os- 
terix, a zinc-finger-containing transcription fac-

tor essential for osteoblast differentiation and 
bone formation, is specifically expressed in 
osteoblast lineage cells [20]. However, recent 
studies show that Osterix could trace multiple 
cell types besides osteoblast lineage [21]. By 
using Osx-Cre mouse, Liu et al. [22] demon-
strate that Osx-Cre labeled embryonic progeni-
tors could give rise to adult BM progenitors 
which contribute to the formation and mainte-
nance of the BM stroma. Osx-Cre has been 
observed to target mainly osteoblast lineage 
cells during embryogenesis, while at the adult 
age it targets not only osteoblastic cells, but 
also stromal cells, adipocytes and perivascular 
cells in the BM [21]. On the other side, it is also 
reported that Osterix-expressing cells, perina-
tally contribute to osteolineage and BM stroma 
with characteristics of Nestin+ MSCs, while 
osteolineage-restricted and devoid of stromal 
contribution in the adult marrow [16].

Site-specific Cre/loxp recombination system is 
universally used in specific cell-targeting stud-
ies [21, 23]. In the present study, we used two 
kinds of mouse strains to target osteoblastic 
cells by using Cre/loxp technology. One of the 
strains was Nestin-Cre-R26-loxP-YFP (Nes-YFP) 
mice and the other was Osterix-Cre-R26-loxP-
YFP (Osx-YFP) mice. For the mouse strain of 
Nes-YFP, Cre locates downstream of Nestin 
promoter. Only the cells expressing Nestin are 
able to activate the expression of Cre recombi-
nase. As a reporter of the expression of Cre 
recombinase, YFP could only be expressed in 
the cell population that is positive for Cre 
recombinase. Therefore, only the YFP+ cell pop-
ulation can be regarded as the Nestin-ex- 
pressing cells [15, 23, 24]. Osterix-expressing 
cells can be identified in the counterpart of Osx-
YFP mouse strain.

We observed that there was no significant dif-
ference of biological functions between osteo-
blastic cells derived from these two mouse 
strains. However, percentage of YFP positive 
cell population was much higher in osteoblastic 
cells isolated from Osx-YFP mice than those iso-
lated from Nes-YFP mice. We concluded that 
both Nestin and Osterix could be used as cell-
type specific markers in studying biological 
functions of osteoblastic cells, while Osterix 
was a prior choice due to higher percentage of 
Osterix-expressing cells than Nestin-expressing 
cells in distinct subpopulations of bone-forming 
cells.
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Materials and methods

Mice

Nestin-Cre-R26-loxP-YFP (Nes-YFP) and Osterix-
Cre-R26-loxP-YFP (Osx-YFP) mice were derived 
and maintained in the Biological Resource 
Center at the Medical College of Wisconsin. 
Animal protocols were approved by the Medical 
College of Wisconsin Institutional Animal Care 
and Use Committee.

Genotyping

We did genotyping to detect the expression of 
Cre and YFP in neonatal and adult mice from 
both Nes-YFP and Osx-YFP mouse breeders. 
Primers of Cre and YFP were as follows:

3’Cre770: 5’-GCATT GCTGT CACTT GGT CGT-3’; 
5’Cre483: 5’-CGATG CAACG AGTGA TGAGG-3’; 
YFPRosa26R P1: 5’-AAAGTC GCTCTG AGTTGT 
ATA-3’; YFPRosa26R P2: 5’-GCGAAG AGTTTG 
TCCTCA ACC-3’; YFPRosa26R P3: 5’-GGAGCG 
GGAGAA ATGGAT ATG-3’; Mice expressing both 
Cre and YFP were used for isolating primary 
OBs and MPCs.

Isolation of primary OBs

New born mice (P2-P4) positive for both Cre 
and YFP were sacrificed for the isolation of pri-
mary OBs. Briefly, We dissected calvarias from 
euthanized pups, discarded the covered soft 
tissues, cut them into little pieces and digest- 
ed with trypsin (0.05%, Corning) for 20 minutes 
and continually type I collagenase (1 mg/ml, 
Sigma) for 1 hour. The product of digestion was 
centrifuged (400 g, 5 min), seeded in 60 mm 
culture dishes and cultured in α-MEM (Corning) 
supplemented with 10% FBS (Hyclone), 0.2 mM 
glutamine, 0.1 mM pyruvate, 100 units/ml pen-
icillin/streptomycin (Corning). After 3 days we 
observed that fusiform primary OBs grew out of 
bone chips. We passaged OBs 1 week later 
when they became confluent.

Flow cytometry analysis (FACS) and cell sorting 
of primary OBs

1×105 primary OBs at P1 were harvested and 
incubated for 30 min with CD51-Phycoerythrin 
(PE) (BD pharmingen) and PDGFR-Allophyco- 
cyanin (APC) (eBioscience) at 4°C. After wash- 
ed with PBS supplemented with 2% FBS, the 
cell samples were analysed by LSRII (BD, USA). 

By using FlowJo 7.6 we compared the percent-
age of YFP+ cell population in Nes-OBs (n=5) 
and Osx-OBs (n=4). Expression of CD51 and 
PDGFR was then compared between Nes-YFP+ 
OBs and Osx-YFP+ OBs. Rest of Nes/Osx-OBs 
were expanded and processed for the sorting 
of YFP+ population at passage 2 by using the 
sorting machine (BD, USA).

OB functional assays

2×105 Nes/Osx-YFP+ OBs were seeded into 
each well of 6-well plates for OB functional 
study. After 5 days-cultured in OB differentia-
tion-inducted medium (α-MEM, 10% FBS, 5 
mM glycerophosphate, and 10 mg/ml ascorbic 
acid), we did Alkaline Phosphatase (ALP, Sigma, 
St Louis, MO) staining for both cell populations. 
In addition, calcium nodules were observed 
and counted after another 1 week culture.

RT-PCR

Total mRNA was purified from Nes/Osx-YFP+ 
OBs before and after 12 days of OB differentia-
tion, processed for reverse transcription and 
real-time PCR respectively by using the RNea- 
sy Plus Universal Mini Kit, miScript Reverse 
Transcription kit and miScript SYBR Green PCR 
kit (QIAGEN) according to the manufacturer’s 
instructions. Primers used for the PCR amplifi-
cations were as follows: actin F: 5’-CCACAGCT- 
GAGAGGGAAATC-3’, actin R: 5’-CTTCTCCAGG- 
GAGGAAGAGG)-3’, osteoprotegerin F: 5’-CTCC- 
TTGCGCCACAGAATG-3’, osteoprotegerin R: 5’- 
TGGGCAACAGGGATGACA-3’, collagenI F: 5’-CA- 
CCCTCAAGAGCCTGAGTC-3’, collagenI R: 5’-GT- 
TCGGGCTGATGTACCAGT-3’. Products of the re- 
al-time PCR were then processed for 1.5% aga-
rose gel running.

Isolation of BMMSCs

To isolate MPCs, as Mendez-Ferrer [6] desc- 
ribed, BM from femora, tibia and humeri of 10 
weeks-old Osx/Nes-YFP mice were flushed into 
sterile PBS with 2% FBS. After lysed with Red 
cell lysis buffer (RCL), 1×106 bone marrow 
mononuclear cells (BMMNCs) were used for in 
vivo Flow Cytometry analysis, others were cul-
tured in Complete MesenCult® Medium (Stem 
Cell Technology Inc.). After 24 hours, non-ad- 
herent BMMNCs were removed by washing with 
PBS and adherent cells (BMMSCs) were pro-
cessed for medium change every 3 days.
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FACS and cell sorting of BMMSCs

For in vivo flow cytometry analysis, according  
to Winkler [25], 1×106 BMMNCs were incubat- 
ed with Lin (CD4, CD8, NK1.1, B220, Ter119, 
Mac1, Gr-1)-APC, CD45-Allophycocyanin/Cy7 
(APC/Cy7), CD31-PE, Sca1-Phycoerythrin/Cy7 
(PE/Cy7), CD51-biotin-PE-Texas Red/Cy5 (PE-
TR/Cy5) (All these antibodies were from eBio-
science) and then processed as mentioned 
above. When analysed with LSRII, Mesenchym- 
al stem cell (MSC) subset was gated as Lin-

CD45-CD31-Sca1+CD51+, osteoblastic-lineage 
cell (OBC) subset was gated as Lin-CD45-CD31-

Sca1-CD51+, hematopoietic cell (HPC) subset 
was gated as Lin-CD45+ and endothelial cell 
(EC) subset was gated as Lin-CD45-CD31+. 
Percentage of YFP+ subpopulations in these 
four subsets was respectively detected in both 
Nes-BMMNCs and Osx-BMMNCs.

For in vitro flow cytometry analysis, Nes/Osx-
BMMSCs (P1) were digested and respective- 
ly stained with CD31-PE/CD45-APC, CD51-PE/
CD45-APC, CD105-PE/CD45-APC, Sca1-PE/
CD45-APC and PDGFR-APC/CD45-PE. Percen- 
tage of CD45-YFP+ subpopulations was first 
compared between Nes-BMMSCs (n=13) and 
Osx-BMMSCs (n=17). Then we analysed the 
expression of CD31, CD51, CD105, Sca1 and 
PDGFR in both Nes-CD45-YFP+ MPCs and Osx-
CD45-YFP+ MPCs.

Remaining Nes/Osx-BMMSCs were passaged 
and processed for the sorting of CD45-YFP+ 
subpopulations. Sorted Nes/Osx-CD45-YFP+ 
MPCs were expanded and used for the CFU, 
proliferation and multi-lineage differentiation 
assays.

Colony forming unit (CFU) assay

100 Nes/Osx-CD45-YFP+ MPCs were seeded 
into each well of 6-well plates at a concentra-
tion of 3 cells/cm2. Each cell population was 
processed for duplicate. After two weeks of cul-
ture, colonies formed from single cell were fixed 
in 4% paraformaldehyde. Then we performed 
Giemsa staining after washing with PBS for 
three times.

Multi-lineage differentiation assay

For osteogenesis and adipogenesis, Nes/Osx-
CD45-YFP+ MPCs were seeded into 24-well 
plate with a density of 2×104 per well. When 
became 80% confluence, 4 wells of each cell 
population was respectively changed with os- 
teogenic differentiation medium (α-MEM sup-
plemented with 10% FBS, 100 nM Dexame- 
thasone, 50 µg/mL Ascorbic acid and 10 mM 
β-glycerophosphate) and adipogenic differenti-
ation medium (α-MEM supplemented with 10% 
FBS, 10-6 M dexamethasone, 0.5 µM IBMX, 10 
ng/ml (wt/vol) insulin). Another 4 wells of Nes/

Figure 1. Morphology of OBs and BMMSCs isolated from Cretg/+YFPtg/+ neonatal and adult mice. (A) Genotyping 
result of 9 mice from the same litter. It showed the expression of Cre in mice of NO. 1, 2, 4, 9 and the expression of 
YFP in mice of NO. 1, 2, 3, 5, 8, 9, thus we used mice of NO. 1, 2, 9, which were positive for both Cre and YFP, for 
experiments. (B) Morphology of primary OBs (a) and BMMSCs (c) before sorting and the sorted YFP+ OBs (b) and 
CD45-YFP+ MPCs (d) (×100).
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Osx-CD45-YFP+ MPCs were still cultured in 
Complete MesenCult® Medium as control gr- 
oups. After 3 weeks of osteogenic differentia-

tion and 2 weeks of adipogenic differentiation, 
both differentiation-inducted groups and con-
trol groups of these two cell populations were 

Figure 2. In vivo analysis of the percentage of YFP+ cell population in MSC, OBC, HPC and EC subsets from the BMMNCs 
of Nes-YFP and Osx-YFP adult mice by Flow cytometry. (A) Gating of MSC (S5: Lin-CD45-CD31-Sca1+CD51+), OBC 
(S6: Lin-CD45-CD31-Sca1-CD51+), HPC (S2: Lin-CD45+) and EC (S3: Lin-CD45-CD31+) subpopulations in BMMNCs 
derived from Nes-YFP (n=30) and Osx-YFP (n=17) adult mice. (B) FACS analysis of percentage of YFP+ cell popula-
tion in MSC (a, e), OBC (b, f), HPC (c, g) and EC (d, h) subsets from Nes-BMMNCs (a-d) and Osx-BMMNCs (e-h). (C) 
Comparison of YFP+% among MSC, OBC, HPC and EC subpopulations in Nes-BMMNCs (i) and Osx-BMMNCs (j). “*”: 
p<0.05, “**”: p<0.01. (D) Comparison of YFP+% in cell populations of MSC (k), OBC (l) and HPC (m) between Nes-
BMMNCs and Osx-BMMNCs.
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respectively fixed for ALP staining, Alizarin Red 
staining and Oil Red O staining (Sigma). For 
chondrogenesis, 1×106 Nes/Osx-CD45-YFP+ 
MPCs were placed as cell pellets in a 15-ml 
polypropylene tube and cultured in the chon-
drogenic medium (high-glucose DMEM supple-
mented with 10% FBS, 10-7 M dexamethasone, 
1% ITS, 50 µM ascorbate acid, 1 mM sodium 
pyruvate, 50 µg/ml proline and 20 ng/ml TGF-
β3) for 4 weeks. The medium was also changed 
every 3 days. Chondrogenic differentiation was 
finally assessed by toluidine blue staining (Si- 
gma).

Thymidine incorporation assay

Nes/Osx-YFP+ OBs and Nes/Osx-CD45-YFP+ 
MPCs were respectively seeded into 96-well 
plates with a density of 5000/well. 24 hours 
later, these cells were washed with PBS for 3 
times and respectively cultured for 2 days with 
α-MEM (2% FBS) alone, α-MEM (2% FBS) with 
PDGF-BB (10 ng/ml, Peprotech.) and α-MEM 
(2% FBS) with PDGF-BB (50 ng/ml). Each group 
was processed for triplicate. Then 20 ul of 0.05 
ui/ul 3H-Thymidine in complete α-MEM was 
added to each well. After incubated at 37°C, 
5% CO2 for 16 hours, the cells were digested 
with 50 ul 0.05% Trypsine (Perkin Elmer) and 
harvested by harvester (Molecular devices). 

Radioactivity of each well was at last counted 
with 1450 microbeta-counter (Perkin Elmer).

Statistics

Data were evaluated by unpaired Student’s t 
test. Statistical analyses were performed with 
Graph Pad Prism 5. P < 0.05 was considered 
statistically significant.

Results

YFP+ cell populations present uniform mor-
phology

Mice genotyped as positive for both YFP and 
Cre (NO. 1, 2 and 9 in Figure 1A) were sacri-
ficed for the isolation of primary OBs and 
BMMSCs. Morphology of 7-day cultured OBs 
was shown in Figure 1Ba. We could observe 
that most of the cells were fusiform with quite 
large size. Cells in Figure 1Bb were the YFP+ 
subpopulation sorted from primary OBs at pas-
sage 2. Figure 1Bc showed the morphology of 
BMMSCs before sorting, in which we could 
observe different cell populations with oval, 
polygonand fusiform shapes. CD45-YFP+ MPCs 
sorted from BMMSCs exhibited fibroblast-like 
and radial arrangement in Figure 1Bd. Acco- 
rding to the morphology characteristics of 

Figure 3. Percentage of YFP+ subpopulations in Nes/Osx-OBs and YFP+CD45-% in Nes/Osx-BMMSCs. (A) Gating of 
YFP+ cell population in Nes-OBs and Osx-OBs and (B) comparison of YFP+% between them. (C) Gating of CD45-YFP+ 
cell population in Nes-BMMSCs and Osx-BMMSCs and (D) comparison of CD45-YFP+% between them.
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these cells we cultured and sorted, they might 
be the OB and MPC populations we needed for 
the following assays.

Percentage of YFP+ subpopulation in Nestin-
tracing osteoblastic cells was lower than that 
in Osxterix-tracing osteoblastic cells

Nes/Osx-BMMNCs derived MSC (S5), OBC (S6), 
HPC (S2) and EC (S3) subsets, as shown in 
Figure 2A, were respectively gated as Lin-

CD45-CD31-Sca1+CD51+, Lin-CD45-CD31-Sca1-

CD51+, Lin-CD45+ and Lin-CD45-CD31+ in the in 
vivo FACS analysis. Results of FACS analysis 
showed that percentage of YFP+ subpopulation 
in MSC (Figure 2Ba) subset from Nes-BMMNCs 
(Figure 2Ba-d) was a bit higher than that in OBC 
(Figure 2Bb) and HPC (Figure 2Bc) subsets. 

However, the difference was not statistically 
significant (Figure 2Ci). For the subsets from 
Osx-BMMNCs (Figure 2Be-h), YFP+% in OBC 
(Figure 2Bf) subset was much higher than that 
in MSC (Figure 2Be) and HPC (Figure 2Bg) sub-
sets (p<0.05 and p<0.01 respectively, Figure 
2Cj). In addition, there was no YFP expression 
in EC (Figure 2Bd, 2Bh) subsets from both Nes-
BMMNCs (Figure 2Bd) and Osx-BMMNCs (Fig- 
ure 2Bh). We then compared YFP+% in MSC 
(Figure 2Dk), OBC (Figure 2Dl) and HPC (Figure 
2Dm) subsets between Nes-BMMNCs and  
Osx-BMMNCs. The results revealed that per-
centage of YFP+ cell population in both MSC 
and OBC subpopulations from Osx-BMMNCs 
were notably higher than those from Nes-
BMMNCs (p<0.05 for MSC subset and p<0.01 
for OBC subset), while YFP+% in HPC subsets 

Figure 4. Expression of cell surface antigens in Nes/Osx-YFP+ OBs and Nes/ Osx-CD45-YFP+ MPCs. (A) Gating of YFP+ 
subpopulation (b) in primary OBs (a) and CD45-YFP+ subpopulation (d) in BMMSCs (c). (B) Expression of CD51 (e, g) 
and PDGFR (f, h) in Nes-YFP+ OBs (e, f) and Osx-YFP+ OBs (g, h); expression of CD31 (i, n), CD51 (j, o), CD105 (k, p), 
PDGFR (l, q) and Sca1 (m, r) in Nes-CD45-YFP+ MPCs (i-m) and Osx-CD45-YFP+ MPCs (n-r).
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from Nes-BMMNCs and Osx-BMMNCs was sim-
ilar and low. We also measured the percentage 
of YFP+ subpopulations in Nes/Osx-OBs, and 
that of CD45-YFP+ subsets in Nes/Osx-BM- 
MSCs. The results showed that percentage  
of YFP+ cell populations in Nes-OBs and Osx-
OBs was respectively 5.57%±3.55% (n=5) and 
10.12%±2.7% (n=4) (P=0.042, Figure 3A, 3B), 
whereas CD45-YFP+ subpopulations respecti- 
vely accounted for 1.66%±1.63% (n=13) and 
16.39%±6.99% (n=17) in Nes-BMMSCs and 
Osx-BMMSCs (P<0.01, Figure 3C, 3D).

Expression of cell surface antigens was alike 
in Nes-YFP+ OBs and Osx-YFP+ OBs, and in Nes-
CD45-YFP+ MPCs and Osx-CD45-YFP+ MPCs

By using flow cytometry we detected the expres-
sion of CD51 and PDGFR in Nes/Osx-YFP+ OBs, 
and the expression of CD31, CD51, CD105, 
PDGFR and Sca1 in Nes/Osx-CD45-YFP+ MPCs. 
As shown in Figure 4, both Nes-YFP+ OBs and 
Osx-YFP+ OBs were positive for CD51 (Figure 
4Be, 4Bg), while PDGFR expression in Osx-YFP+ 
OBs (Figure 4Bh) was a little higher than that in 

Figure 5. Maturation of Nes/Osx-YFP+ OBs, CFU and multi-lineage differentiation of Nes/Osx-CD45-YFP+ MPCs. (A) 
Formation of calcium nodules (a, b) and ALP staining (c, d) in Nes-YFP+ OBs (a, c) and Osx-YFP+ OBs (b, d). Black 
arrow: calcium nodules. (B) RT-PCR result of actin (NO. 1-4), OPN (NO. 5-12) and Cllagen I (NO. 13-20) expression 
in Nes-YFP+ OBs (N) and Osx-YFP+ OBs (O) before (d0) and after 12 days (d12) of osteoblast differentiation. (NO. 
1: N-d0, 2: O-d0, 3: N-d12, 4: O-d12, 5-6: N-d0, 7-8: O-d0, 9-10: N-d12, 11-12: O-d12, 13-14: N-d0, 15-16: O-d0, 
17-18: N-d12, 19-20: O-d12). (C) CFU frequency of Nes-CD45-YFP+ MPCs (a, b) and Osx-CD45-YFP+ MPCs (c, d). (D) 
Alizarin Red staining (left 4 wells of a-d) and ALP staining (right 4 wells of a-d) of osteogenic differentiation groups 
(a, c) and control groups (b, d) in Nes-CD45-YFP+ MPCs (a, b) and Osx-CD45-YFP+ MPCs (c, d). (E) Oil Red O staining 
of adipogenic differentiation groups (a, b) and control groups (c, d) in Nes-CD45-YFP+ MPCs (a, c) and Osx-CD45-YFP+ 
MPCs (b, d). Black arrow: lipid droplets. (F) Toluidine blue staining of chondrogenic differentiation in Nes-CD45-YFP+ 
MPCs (e) and Osx-CD45-YFP+ MPCs (f).
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Nes-YFP+ OBs (Figure 4Bf). Both Nes-CD45-

YFP+ MPCs and Osx-CD45-YFP+ MPCs were 
positive for CD51, CD105 and Sca1, negative 
for CD31 and partly positive for PDGFR (Figure 
4Ci-r). Compared to the expression of PDGFR  
in Nes-CD45-YFP+ MPCs, its expression was 
slightly higher in Osx-CD45-YFP+ MPCs. These 
results demonstrated that Nes/Osx-YFP+ OBs 
had an immunophenotype character of mature 
OBs, and surface antigens expression of Nes/
Osx-CD45-YFP+ MPCs met the immunopheno-
type profile of MPCs.

No significant difference of biological functions 
existed between Nes-YFP+ OBs and Osx-YFP+ 
OBs, and between Nes-CD45-YFP+ MPCs and 
Osx-CD45-YFP+ MPCs

Formation of calcium nodules could reflect the 
mineralization of primary OBs. OB maturation 
ability could be detected by ALP staining and 
expression of functional proteins including os- 
teoprotegerin (OPG) and collagen I (ColI). We 
observed that high frequency of calcium nod-
ules formed in both Nes-YFP+ OBs (Figure 5Aa) 
and Osx-YFP+ OBs (Figure 5Ab), and there was 
no obvious difference of calcium nodule fre-
quency between these two populations. For 
ALP staining, both Nes-YFP+ OBs (Figure 5Ac) 
and Osx-YFP+ OBs (Figure 5Ad) were highly pos-
itive, and no significant difference was observed 
between them, either. RT-PCR results showed 

MPCs (Figure 5Dc) were positive for Alizarin 
Red (left 4 wells of Figure 5D) and ALP (right 4 
wells of Figure 5D) staining, which exhibited 
negative in the corresponding control groups 
(Figure 5Db, 5Dd). And no obvious difference of 
osteogenesis was observed between the two 
inducted groups. For adipogenesis, we could 
observe the formation of lipid droplets by Oil 
Red O staining in both Nes-CD45-YFP+ MPCs 
(Figure 5Ea) and Osx-CD45-YFP+ MPCs (Figure 
5Eb) after 2 weeks of induction and the droplet 
frequency was similar in these two inducted 
groups, whereas no lipid droplets displayed in 
the control groups (Figure 5Ec, 5Ed). After 4 
weeks of chondrogenic differentiation, either 
Nes-CD45-YFP+ MPCs (Figure 5Fe) or Osx-
CD45-YFP+ MPCs (Figure 5Ff) were positive for 
Toluidine blue staining.

PDGF-BB could stimulate the proliferation of 
Nes/Osx-YFP+ OBs and Nes/Osx -CD45-YFP+ 
MPCs

Compared to the control groups of Nes-YFP+ 
OBs and Osx-YFP+ OBs without stimulation of 
PDGF-BB, proliferation potential of them had 
dramatically increased after stimulated with 
PDGF-BB for 48 hours (p<0.05, Figure 6A). 
However, there was no significant difference of 
proliferation ability between groups stimulated 
with PDGF-BB at 10 ng/ml and at 50 ng/ml in 
either Nes-YFP+ OBs or Osx-YFP+ OBs. For Nes/
Osx-CD45-YFP+ MPCs, proliferation capacity of 

Figure 6. Proliferation ability of Nes/Osx-YFP+ OBs and Nes/Osx-CD45-YFP+ 
MPCs with or without PDGF-BB stimulation. A. Proliferation ability of Nes/
Osx-YFP+ OBs with or without the stimulation of PDGF-BB. “*”: p<0.05. B. 
Proliferation ability of Nes/Osx-CD45-YFP+ MPCs with or without PDGF-BB 
stimulation.

that neither OPG nor ColI was 
expressed in Nes-YFP+ OBs or 
Osx-YFP+ OBs before OB diff- 
erentiation induction. How- 
ever, after 12 days of induc-
tion expression of both OPG 
and ColI was observed and the 
expression level was similar in 
these two populations (Figure 
5B).

Result of CFU assay show- 
ed that colony frequency was 
markedly high (about 60 colo-
nies per well) in both Nes-
CD45-YFP+ MPCs (Figure 5Ca, 
5Cb) and Osx-CD45-YFP+ MP- 
Cs (Figure 5Cc, 5Cd), and th- 
ere was no significant differ-
ence between these two po- 
pulations. After 3 weeks of 
osteogenic differentiation, bo- 
th Nes-CD45-YFP+ MPCs (Fi- 
gure 5Da) and Osx-CD45-YFP+ 
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which had also increased with the stimulation 
of PDGF-BB (10 ng/ml, 50 ng/ml), but it was 
not statistically significant (Figure 6B).

Discussion

By using Cre/loxp technology we successfully 
isolated Nestin-expressing OBs (Nes-YFP+ OBs) 
and BMMSCs (Nes-CD45-YFP+ MPCs) from Ne- 
stin-Cre-R26-loxP-YFP mice and Osxterix-ex- 
pressing OBs (Osx-YFP+ OBs) and BMMSCs 
(Osx-CD45-YFP+ MPCs) from Osterix-Cre-R26-
loxP-YFP mice. Both Nes-YFP+ OBs and Osx-
YFP+ OBs were highly positive for CD51, also 
known as integrin αV, which plays a critical role 
in the differentiation and mineralization of os- 
teoblastic cells by acting as a bridge between 
extracellular matrix and the cytoskeleton [26-
28]. CD45, a typical molecule ubiquitously ex- 
pressed in hematopoietic cells instead of stro-
mal cells [10], was used as a negative marker 
for MPCs in the present study. Mendez-Ferrer 
et al. [6] also demonstrated that Nestin-GFP+ 
subpopulation in the CD45- stromal cells pos-
sessed the features of MSCs. We sorted CD45-

YFP+ subpopulation from Nes/Osx-BMMSCs 
and discovered that Nes/Osx-CD45-YFP+ MPCs 
were positive for CD51, CD105 and Sca1 and 
negative for CD31. This surface antigens-ex- 
pressing trait met the immunophenotype char-
acteristics of MSCs insofar as was consistent 
with most analogous studies [6, 10, 25, 29]. 
Though low-level expression of PDGFR was 
observed in all the populations of Nes/Osx-YFP+ 
OBs and Nes/Osx-CD45-YFP+ MPCs, PDGFR 
expression in Osx-YFP+ OBs and Osx-CD45-YFP+ 
MPCs was correspondingly slightly higher th- 
an that in Nes-YFP+ OBs and Nes-CD45-YFP+ 
MPCs. This result in some sense suggested 
that Nestin-expressing osteoblastic cells were 
similar to Osterix-expressing osteoblastic cells, 
but they might have some different biological 
functions.

We detected YFP+% in different subpopulati- 
ons of Nes/Osx-BMMNCs and observed that 
percentage of YFP positive cell population in 
HPC subpopulations of Nes-BMMNCs and Osx-
BMMNCs were similarly low, and no YFP+ cells 
exhibited in EC subpopulations of either Nes-
BMMNCs or Osx-BMMNCs. YFP+% in MSC and 
OBC subpopulations of Osx-BMMNCs were cor-
respondingly higher than those of Nes-BM- 
MNCs. Though there was no significant differ-
ence of YFP+% among MSC, OBC and HPC sub-
populations from Nes-BMMNCs, YFP+% in OBC 

subpopulation from Osx-BMMNCs was dramati-
cally higher than in both MSC and HPC subpop-
ulations. This result demonstrated that the- 
re were more Osterix-expressing osteolineage 
multipotent progenitor cells than Nestin-expre- 
ssing ones in BM. In addition, it revealed that 
CD45-YFP+% was still significantly higher in Osx-
BMMSCs than in Nes-BMMSCs after adherent 
culture. Mendez-Ferrer et al. [6] also reported 
that there were significantly more abundant of 
Osterix-expressing osteoprogenitors than Nes-
GFP+ MSCs in the trabecular bone. Furthermore, 
we observed that there was also higher per-
centage of YFP+ cells in primary Osx-OBs than 
in Nes-OBs. Thus we suggested that there were 
more Osterix-expressing osteoblastic cells than 
Nestin-expressing ones in the skeleton system. 
However, we were not sure whether they were 
completely different cell populations or not. 
Actually, some studies assumed that Nes-ex- 
pressing osteoblastic cells were more relevant 
to the endochondral ossification during devel-
opment rather than the skeletal remodeling 
process in adult, while Osx-expressing osteo-
blastic cells were critical for the whole process 
of bone growth [30].

Though Nestin has long been regarded as a 
marker of multi-lineage progenitor cells [6, 19] 
and Osterix was well known to be a symbol of 
osteoblastic cells [20, 22, 31], results of CFU 
and multi-lineage differentiation assays reve- 
aled that there was no notable difference of 
self-renewal ability and multi-potential betwe- 
en Nes-YFP+CD45- MPCs and Osx-YFP+CD45- 
MPCs. Based on OB functional assays, matura-
tion and mineralization capacity of Nes-YFP+ 
OBs and Osx-YFP+ OBs exhibited little differ-
ence, either. Thus we concluded that both 
Nestin and Osterix could be used as important 
markers targeting osteoblastic cells in future 
studies. Wong et al. [32] verified that there was 
no big change of nestin expression in MSCs 
during osteogenensis, while Nestin+ cells were 
on the other hand demonstrated to be hetero-
geneous cell populations in BM development 
and displayed different potential in different 
developmental stage [30, 33]. For osterix, re- 
cent studies confirmed that it marked distinct 
types of cells during BM development except 
for osteoblastic cells [16, 21]. Mizoguchi et al. 
[16] validated that osterix-expressing cells peri-
natally had characteristics of Nestin-expressing 
MPCs while in the adult marrow was osteolin-
eage-restricted. However, Chen et al. [21] veri-
fied that osterix targeted multiple cell types 
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besides osteoblast lineage in the BM of postna-
tal mice. Therefore, combining nestin or osterix 
with other cell type-specific surface proteins 
seems promising to identify osteoblastic cells, 
as Pinho et al. [34] suggested.

Plenty of researches demonstrated that PDGF 
could stimulate the growth of osteoblastic cells 
[4, 35, 36]. We observed in this study that pro-
liferation capacity of both Nes-YFP+ OBs and 
Osx-YFP+ OBs apparently increased after stimu-
lated with PDGF-BB for 48 hours. Proliferation 
potential of each group of Osx-YFP+ OBs (with-
out PDGF-BB stimulation, stimulated with PD- 
GF-BB at 10 ng/ml and 50 ng/ml) was corre-
spondingly a little higher than that of each 
group of Nes-YFP+ OBs. This result was in coin-
cidence with the expression of PDGFR in Nes-
YFP+ OBs and Osx -YFP+ OBs, as shown previ-
ously. It indicated that PDGF-PDGFR signaling 
played a critical role in the growth of both popu-
lations of Nes/Osx-YFP+ OBs, albeit the unclear 
downstream molecular mechanism in this sig-
naling pathway. However, increase of prolifera-
tion ability of Nes/Osx-YFP+CD45- MPCs was 
not statistically significant with the stimulation 
of PDGF-BB despite their weak expression of 
PDGFR. Thus we assumed that PDGF-PDGFR 
signaling pathway in YFP+CD45- MPCs mig- 
ht participate in other biological mechanisms 
apart from the proliferation process. For exam-
ple, PDGF-BB could stimulate the migration 
and osteogenesis of MSCs during bone remold-
ing, as Xie et al. [37] demonstrated. Hence, 
PDGF-BB had an essential effect on osteoblas-
tic cells, but the effect varied in different cell 
populations or under different circumstances. 
Molecular mechanisms involved in the role of 
PDGF signaling in osteoblastic cells need to be 
further investigated.

So far, knowledge on the amount, location and 
relationship of different progenitor populations 
in BM is limited due to lack of unique markers 
for identification. In this study, we efficiently 
detected the biological characteristics of Nes- 
tin-expressing and Osterix-expressing osteo-
blastic cells by using genetic-driver/reporter 
mouse model. In the future, by combining the 
genetic-driver/reporter animal model with cell 
type specific proteins we will focus on more 
comprehensive analysis of the relationship of 
different progenitor populations and further 
investigate the interactions of microenviron-

ment factors and the differentiation, prolifera-
tion and migration of osteoblastic cells.

Conclusion

Both Nestin and Osterix could be selected as 
useful markers for the osteoblastic cells since 
little difference of biological functions was ob- 
served between Nestin-expressing and Osterix-
expressing osteoblastic cells. However, Osterix 
was a prior choice due to larger number of the 
latter than that of the former in distinct subpop-
ulations of bone-forming cells.
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