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ABSTRACT

We previously demonstrated that Bmi1 deficiency leads to osteoporosis phenotype by inhibiting
the proliferation and osteogenic differentiation of bone marrow mesenchymal stem cells (MSCs),
but it is unclear whether overexpression of Bmi1 in MSCs stimulates skeletal development and
rescues Bmi1 deficiency-induced osteoporosis. To answer this question, we constructed trans-
genic mice (Bmi1Tg) that overexpressed Bmi1 driven by the Prx1 gene and analyzed their skeletal
phenotype differences with that of wild-type littermates. We then hybridized Bmi1Tg to Bmi1−/−

mice to generate Bmi1−/− mice overexpressing Bmi1 in MSCs and compared their skeletal phe-
notypes with those of Bmi1−/− and wild-type mice using imaging, histopathological, immunohis-
tochemical, histomorphometric, cellular, and molecular methods. Bmi1Tg mice exhibited enhanced
bone growth and osteoblast formation, including the augmentation of bone size, cortical and tra-
becular volume, number of osteoblasts, alkaline phosphatase (ALP)-positive and type I collagen-
positive areas, number of total colony forming unit fibroblasts (CFU-f) and ALP+ CFU-f, and osteo-
genic gene expression levels. Consistently, MSC overexpressing Bmi1 in the Bmi1−/− background
not only largely reversed Bmi1 systemic deficiency-induced skeletal growth retardation and osteo-
porosis, but also partially reversed Bmi1 deficiency-induced systemic growth retardation and pre-
mature aging. To further explore the mechanism of action of MSCs overexpressing Bmi1 in
antiosteoporosis and antiaging, we examined changes in oxidative stress and expression levels of
p16 and p19. Our results showed that overexpression of Bmi1 in MSCs inhibited oxidative stress
and downregulated p16 and p19. Taken together, the results of this study indicate that over-
expression of Bmi1 in MSCs exerts antiaging and antiosteoporosis effects by inactivating p16/p19
signaling and inhibiting oxidative stress. STEM CELLS 2019;37:1200–1211

SIGNIFICANCE STATEMENT

This study demonstrates that mesenchymal stem cell (MSC) overexpressing Bmi1 exerts anti-
aging and antiosteoporosis effects. These findings might provide a strategy to enhance the func-
tionality of MSCs for use in therapeutic applications. The results suggest a clinical relevance of
Bmi1 in MSCs, for example, upregulation of BMI1 expression in human MSCs by hypoxic-cultures
or treatment with sonic hedgehog activators, then using them for bone marrow concentrate
therapy to enhance MSC potency in antiaging and antiosteoporosis.

INTRODUCTION

In the Eμ-myc transgenic mice, Bmi1 (B-cell-
specific Moloney murine leukemia virus integra-
tion site 1) was found to be a common target
for Moloney insertion, resulting in virally accel-
erated B-lymphoid tumors, hence its name [1].
It was found that Bmi1 has been identified as a
member of the polycomb repressor complex
1, which mediates gene silencing by regulating
chromatin structure and is for normal and can-
cer stem cell self-renewal. Although 30 years

of research have elucidated the transcriptional
regulation, post-translational modifications, and
Bmi1 function in development, cell cycle, DNA
damage response, senescence, stem cell self-
renewal and cancer, the overall potential of a
protein with such varied functions remains to
be studied [2].

Adult stem cell types that depend on Bmi1
include hematopoietic, neural, intestinal, mam-
mary stem cells, and mesenchymal stem cells
(MSCs) [3–7]. Murine and human Bmi1 showed
high similarity in cDNA (92.4%) and protein
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levels (98%), making mice a major model organism of Bmi1
[8]. Bmi1 knockout (Bmi1−/−) mouse model established by
homologous gene recombination technology found that Bmi1−/−

mice showed a premature aging phenotype, which was associ-
ated with decreased self-renewal ability of neural stem cells and
hematopoietic stem cells [9–11]. Our study found that Bmi1−/−

mice exhibited premature osteoporosis associated with reduced
MSC self-renewal and decreased the ability to differentiate into
osteoblasts [12]. Recently, study showed that the upregulation of
BMI1 induced by hypoxic-cultures stimulated the proliferation of
human umbilical cord blood-MSCs, whereas knockdown of BMI1
in hypoxic cells inhibited their proliferation [13]. in vitro study
also showed that overexpression of BMI1 resulted in osteogenic
priming of human adipose tissue-derived MSCs under non-
differentiating conditions and enhanced osteogenesis upon
differentiation, whereas knockdown of BMI1 reduced their
osteogenic differentiation [14]. However, it is unknown whether
overexpression of Bmi1 in MSCs in vivo affects the proliferation
and differentiation of MSCs.

Overexpression of BMI1 in human myoblasts increases
mitochondrial activity, leading to increased energy status, while
increasing ATP production and protecting against DNA damage
in a severe malnutrition mouse model in vitro and xenografts
[15]. Transgenic mice that specifically overexpress Bmi1 in lym-
phocytes, neurons or glial cells exhibit susceptibility to develop-
ment of B-cell and T-cell lymphomas, mid lobe and anterior
lobe pituitary tumors or medulloblastomas [16, 17]. A previous
study has shown that overexpression of Bmi1 in lymphocytes
results in axial bone transformation along the entire anterior–
posterior axis [18], but there is change in the number of verte-
brae. Recently, we examined the skeletal phenotype of EμBmi1
transgenic mice with overexpressing Bmi1 in lymphocytes [19].
Our results suggest that overexpression of Bmi1 in lymphocytes
can stimulate skeletogenesis by improving the osteogenic micro-
environment [19]. We wonder to know whether overexpression
of Bmi1 in MSCs can stimulate skeletogenesis and rescue pre-
mature osteoporosis caused by Bmi1 global deficiency.

To answer above questions, we generated Bmi1 transgenic
mice (Bmi1Tg), with Bmi1 gene expression driven by the Prx1
gene, which represents the mesenchymal lineage, their skeletal
phenotypes were compared with their wild-type (WT) litter-
mates. Then we crossed Bmi1Tg with Bmi1−/− mice to generate a
Bmi1−/− mouse overexpressing Bmi1 in MSCs and their skeletal
phenotypes were comparedwith those of Bmi1−/− andWTmice.

MATERIALS AND METHODS

Animals

The generation of Prx1-Bmi1 transgenic (Bmi1Tg) mice: first, a
2,476 bp fragment corresponding to the Prx1 transcript was
amplified, digested with Hind III/Bam HI enzymes (Fig. 1A, 1I),
and ligated to the PMD18-T plasmid fragment, which yielded a
PMD18-T-Prx1 recombinant. PMD18-T-Prx1 plasmids were identi-
fied by polymerase chain reaction (PCR) (Fig. 1Aii), and confirmed
by restriction enzyme digestion (Fig. 1Aiii) and sequencing. Sec-
ond, an 1,852 bp fragment corresponding to IRES-eGFP-polyA
was amplified, digested with Sal I/EcoR I enzymes (Fig. 1B, 1I),
and ligated to the PMD18-T-Prx1 plasmid fragment, which yielded
a PMD18-T-Prx1-IRES-eGFP-polyA recombinant. PMD18-T-Prx1-
IRES- eGFP-polyA plasmids were identified by PCR (Fig. 1Bii), and

confirmed by restriction enzyme digestion (Fig. 1Biii) and sequenc-
ing. At last, an 1,001 bp fragment corresponding to the Bmi1 tran-
script was amplified, digested with Sal I/Not I enzymes (Fig. 1C, 1I),
and ligated to the PMD18-T-Prx1-IRES-eGFP-polyA plasmid frag-
ment, which yielded a PMD18-T-Prx1-Bmi1-IRES-eGFP-polyA
recombinant. PMD18-T-Prx1-Bmi1-IRES-eGFP-polyA plasmids were
identified by PCR (Fig. 1Cii), and confirmed by restriction enzyme
digestion (Fig. 1Ciii) and sequencing. The map of PMD18-T-
Prx1-Bmi1-IRES-eGFP-polyA plasmid vector was shown (Fig. 1D).
Next, the PMD18-T-Prx1-Bmi1-IRES-eGFP-polyA plasmid was linear-
ized andmicroinjected into the pronucleus of the fertilized egg. The
injected embryos were then transferred to the fallopian tube of the
pseudopregnant mother. The founder mouse carries the inserted
foreign gene in its genome at birth.

Bmi1−/− mice generously provided by Dr. Anton Berns, were
genotyped as described previously [12]. Bmi1Tg mice and Bmi1
heterozygous (Bmi1+/−) mice were mated to generate Bmi1Tg

Bmi1−/− pups. Lines were maintained by mating Bmi1Tg Bmi-1+/−

(or Bmi1WTBmi1+/−) males and females on a C57BL/6J genetic
background. All mice were incubated and maintained at the
specific pathogen free (SPF) Experimental Animal Center of Nan-
jing Medical University. The use of animals in this study was
approved by the Institutional Animal Care and Use Committee
of Nanjing Medical University.

Radiographs and Microcomputed Tomography

Femora were removed and all soft tissues were dissected for
contact radiography or microcomputed tomography as described
[20]. A volume of interest for bone mineral density (BMD) quanti-
tative analysis of trabecular bone was defined that extends from
the proximal end to the distal end of the tibia. Three-dimensional
images were generated using a constant threshold of 275 for all
samples. For each sample, measurements of BMD, trabecular
number, and volume were measured as previously described [21].

Histology, Histochemistry, and Immunohistochemistry

Tibiae were removed and histologically processed as described
previously [12]. The paraffin sections were stained with hema-
toxylin and eosin, histochemically for total collagen and ALP activ-
ity, immunohistochemically for type I collagen as described [22].

Bone Marrow MSC Cultures

Bone marrow (BM) cells were flushed out from tibiae and femurs
of 6-week-old or 8-week-old mice with phosphate buffered saline
(PBS). Red blood cells were lysed using lysis buffer (ThermoFisher
Scientific A1049201, Waltham, MA USA). (a) For CFU-f and ALP
positive CFU-f (CFU-fAP) colony formation assays, BM cells were
cultured in 60 mm dishes at 4 × 106 cells per dish in α-minimum
Eagle’s medium (MEM) containing 10% fetal calf serum (FCS)
(Hyclone Laboratories, South Logan, UT, USA) with or without
50 μg/ml ascorbic acid and 10 mM β-glycerophosphate for
12 days. At the end of the culture period, cells were stained for
CFU-f or CFU-fAP. (b) For BM-MSCs cultures, BM-MSCs are a
heterogeneous population of postnatal precursor cells with the
ability to adhere to culture dishes, producing CFU-f [23]. BM
cells were cultured at 4 × 106 cells per dish in 60 mm dishes
with α-MEM containing 10% FCS for 7 days. All the cells were
digested, collected, and transferred into a Petri dish as the first
passage and continually cultured for another 7 days to allow
cell growth to confluence. The third generation BM-MSCs were
analyzed by Western blot for Bmi1 expression.
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Real-Time RT-PCR

For analysis of gene expression, total RNA was isolated from
fresh tissue using TRIzol reagent (Invitrogen, Carlsbad, CA)
according to the manufacturer’s standard protocol. Reverse

transcription reactions were performed using PrimeScript First
Strand cDNA Synthesis Kit (Takara Bio, Shiga, Japan). The primer
sequences for the real-time (RT) PCR were shown in Table 1,
and RT-PCR was performed as described previously [24].

Figure 1. Generation and characteristics of a transgenic mouse model of Bmi1 overexpression in mesenchymal stem cells (MSCs).
(A): A 2,476 bp fragment corresponding to the Prx1 transcript was amplified and cloned into PMD18-T vector, which yielded a PMD18-T-
Prx1 recombinant. (B): An 1,852 bp fragment corresponding to the IRES-eGFP-polyA was amplified and cloned into PMD18-T-Prx1 vector,
which produced a PMD18-T-Prx1-IRES-eGFP-polyA recombinant. (C): An 1,001 bp fragment corresponding to the Bmi1 transcript was
amplified and cloned into PMD18-T-Prx1-IRES-eGFP-polyA vector, which generated a PMD18-T-Prx1-Bmi1-IRES-eGFP-polyA recombinant.
(i): The fragment purified by agarose gel. (ii): Determination of the insert by PCR assay. (iii): Determination of the insert by enzyme diges-
tion as indicated in the figures. (D): Map of PMD18-T-Prx1-Bmi1-IRES-eGFP-polyA plasmid vector, which was used to generate Bmi1TG
mice. Bmi1 gene expression is driven by the Prx1 gene, which represents a mesenchymal lineage. (E): Real-time (RT)-PCR of bone marrow
(BM) MSCs, long bone and spleen extracts from 8-week-old wild-type (WT), and Bmi1Tg mice for expression of Bmi1 mRNA. Messenger
RNA expression assessed by RT-PCR is calculated as a ratio relative to GAPDH, and expressed relative to WT mice. (F): Western blots of
BM-MSCs, long bone and spleen extracts from 8-week-old WT and Bmi1Tg mice for expression of Bmi1. β-Actin was used as loading con-
trol for Western blots. Each value is the mean � SEM of determinations in five mice of each group. ***, p < .001 compared with
WT mice.
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Intracellular Reactive Oxygen Species Analysis

To measure the levels of intracellular reactive oxygen species
(ROS), 5 mM diacetyldichloro fluoresce (DCFDA, Invitrogen) was
used to incubate BM-MSCs and placed in a shaker for 30 minutes
at 37�C and analyzed in a fluorescence-activated cell sorter (FACS)
Calibur flow cytometer (Becton Dickinson, Heidelberg, Germany).

Western Blot Analysis

For the examination of protein expression level, proteins were
extracted from mouse tibiae. They were separated on SDS-
PAGE and transferred to polyvinylidene fluoride membranes.
Membrane was blotted with primary antibodies against SOD1
(Abcam, MA), p16 (Santa Cruz, MA), p19 (Cell Signaling Technol-
ogy, Danvers, MA), and β-actin (Bioworld Technology, St. Louis
Park, MN) were used as loading control. Immunoblotting was
carried out as we described previously [22].

Statistical Analysis

All the described data represent at least three separate experi-
ments (n > 5 per group) and are expressed as the mean
� SEM. Comparisons between the two groups were analyzed
using a two-tailed unpaired Student’s t test. Comparisons between
three or more groups were performed using one-way analysis of
variance followed by Bonferroni post hoc multiple comparisons.
Significant level was p < .05.

RESULTS

The Characteristics of the Mouse Model with Bmi1
Overexpression in MSCs

In order to clarify the expression of Bmi1 gene and protein in
BM-MSCs, bone tissue and spleen of Bmi1Tg mice, we exam-
ined the alterations of Bmi1 expression levels using RT-PCR
and Western blots. Results showed that the expression levels
of Bmi1 gene and protein were obvious higher in Bmi1Tg BM-
MSCs and long bone, but not significantly in Bmi1Tg spleen

relative to them of WT mice (Fig. 1E, 1F). These results con-
firmed that we had established a mouse model with Bmi1
overexpression in MSCs successfully.

Effect of Bmi1 Overexpression in MSCs on the Mouse
and Skeletal Growth and Bone Mass

To determine whether Bmi1 overexpression in MSCs affected
mouse growth including skeletal growth and bone mass, the
body size and weight, length, and mass of long bones were com-
pared between Bmi1Tg mice and WT mice at 8 weeks of aging.
Results showed that the body size and weight (Fig. 2A, 2C), the
length of long bones and the width of cartilaginous growth plates
(Fig. 2B, 2D, 2F), BMD, epiphyseal, cortical, and trabecular bone
volume (Fig. 2G, 2L) were increased significantly in Bmi1Tg mice
compared with WT mice. These results demonstrated that Bmi1
overexpression in MSCs could stimulate mouse growth including
skeletal growth and increased bone mass.

Effect of Bmi1 Overexpression in MSCs on Osteoblastic
Bone Formation and Osteogenesis

To determine whether increased bone mass caused by Bmi1
overexpression in MSCs was associated with enhancing osteo-
blastic bone formation and osteogenesis, we examined alter-
ations of osteoblastic bone formation and osteogenesis in
Bmi1Tg mice in vivo and ex vivo BM-MSC cultures. Results rev-
ealed that osteoblast number, ALP-positive and type I collagen
(Col-I)-positive bone areas (Fig. 3A, 3F), total numbers of CFU-
f, and ALP+ CFU-f (Fig. 3G, 3J) were all significantly increased
in the Bmi1Tg mice compared with WT mice. The expression of
genes involved in osteogenesis was examined using RT-PCR.
Expression levels of the osteogenic genes, including Runx2,
ALP, Col-I, and osteocalcin, were upregulated significantly in
Bmi1Tg mice compared with WT mice (Fig. 3K). These results
indicate that Bmi1 overexpression in MSCs could stimulate the
proliferation of BM-MSCs and accelerate their osteogenic differ-
entiation, subsequently, increase osteoblastic bone formation.

Effect of Bmi1 Overexpression in MSCs on Lifespan and
Skeletal Growth in Bmi-1−/− Mice

To further assess whether the Bmi1 overexpression in MSCs
might rescue the premature aging and skeletal growth defect
caused by Bmi1 global deficiency [19], we first examined the
effect of Bmi1 overexpression on lifespan and body weight of
Bmi1−/− mice. Results showed that the mean survival time
was only 6 weeks (2–9 weeks) in Bmi-1−/− mice, whereas it
prolonged to 17 weeks (8–23 weeks) in Bmi1Tg Bmi1−/− mice
(Fig. 4A). Body size and weight (Fig. 4B, 4C), the length of tib-
iae and the width of the cartilaginous growth plate (Fig. 4D,
4G) were significantly increased in Bmi1TgBmi1−/− mice com-
pared with Bmi1−/− mice, however, these parameters did not
reach the levels of WT mice. These results demonstrated that
Bmi1 overexpression in MSCs could improve the premature aging
and skeletal growth defect caused by Bmi1 global deficiency.

Effect of Bmi1 Overexpression in MSCs on Osteoblastic
Bone Formation in Bmi1−/− Mice

To investigate whether the Bmi1 overexpression in MSCs could
rescue defective osteoblastic bone formation caused by Bmi1
global deficiency, the alterations of osteoblastic bone forma-
tion parameters were examined in vivo. Results showed that
the BMD, cortical and trabecular bone volume, osteoblast

Table 1. Sequences of primers used for RT-PCR

Name S/AS Sequence
Tm
(�C) bp

Runx2 Forward GTGACACCGTGTCAGCAAAG 55 356

Reverse GGAGCACAGGAAGTTGGGAC

ALP Forward CTTGCTGGTGGAAGGAGGCAGG 55 393

Reverse GGAGCACAGGAAGTTGGGAC

COL-I Forward TCTCCACTCTTCTAGTTCCT 55 269

Reverse TTGGGTCATTTCCACATGC

OCN Forward CAAGTCCCACACAGCAGCTT 55 370

Reverse AAAGCCGAGCTGCCAGAGTT

SOD1 Forward GGTGAACCAGTTGTGTTGTC 56 203

Reverse CCGTCCTTTCCAGCAGTC

GPX1 Forward AGTCCACCGTGTATGCCTTCT 56 105

Reverse GAGACGCGACATTCTCAATGA

GAPDH Forward TGGATTTGGACGCATTGGTC 55 211

Reverse TTTGCACTGGTACGTGTTGAT

RT-PCR primers used with their name, orientation (S, sense; AS, antisense),
sequence, annealing temperature (Tm), and length of amplicon (bp).
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Figure 2. Effect of Bmi1 overexpression in mesenchymal stem cells (MSCs) on the mouse and skeletal growth and bone mass.
(A): Photographs of representative mice at 8 weeks of age are shown. (B): Representative contact radiographs of the femora. (C): Body
weight of 8-week-old mice. (D): The length of femora. (E): Representative micrographs of paraffin-embedded sections of tibiae stained
with hematoxylin and eosin. Scale bars represent 200 μm. (F): Width of growth plates and (G) representative longitudinal and cross-
sectional images of three-dimensional reconstructed distal ends of femora and diaphyses utilizing microcomputed tomography. (H):
Representative micrographs of paraffin-embedded sections of tibiae stained histochemically for total collagen. Scale bars represent
400 μm. (I): Bone mineral density measurements, (J) epiphyseal volume, (K) cortical volume, and (L) trabecular bone volume/total
volume. Each value is the mean � SEM of determinations in five mice of each group. *, p < .05; **, p < .01; ***, p < .001 compared
with WT mice.
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Figure 3. Effect of Bmi1 overexpression in MSCs on osteoblastic bone formation and osteogenesis.
Representative micrographs of paraffin sections of tibial metaphyseal regions stained (A) with hematoxylin and eosin, (C) histochemically
for alkaline phosphatase (ALP), and (E) immunohistochemically for type I collagen (col-I). Scale bars represent 50 μm in (A), (C), and (E).
(B): Osteoblast number relative to tissue area (N.Ob/t.Ar, #/mm2), (D) ALP-positive areas, and (F) col-I immunopositive areas were mea-
sured by computer-assisted image analysis. Primary bone marrow (BM) cells from 8-week-old WT and Bmi1Tg mice were cultured ex vivo
in osteogenic differentiation medium for 18 days and resulting cultures were stained with (G) methylene blue for the total number of
colonies (colony forming unit fibroblasts [CFU-F]) and (I) cytochemically for ALP to show CFU-Fap. (H): Total CFU-f-positive areas and (J)
ALP-positive areas relative to culture dish area. (K): Real-time (RT)-PCR analysis of BM-MSC extracts for the expression of Runx2, ALP, Col-I
and OCN. Messenger RNA expression assessed by RT-PCR is expressed as a ratio to Gapdh expression. Each value is the mean � SEM of
determinations in five mice of each group. *, p < .05; **, p < .01; ***, p < .001 compared with WT mice.
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Figure 4. Effect of Bmi1 overexpression in MSCs on lifespan and skeletal growth in Bmi-1−/− mice.
(A): Survival curves of wild-type (WT), Bmi1Tg, Bmi1−/−, and Bmi1TgBmi1−/− mice. (B): Photographs of representative mice at 6 weeks of
age. (C): Body weight of 6-week-old mice. (D): Representative radiographs of the femora from 6-week-old mice. (E): Representative micro-
graphs from paraffin-embedded sections of tibias stained with hematoxylin and eosin. Scale bars represent 200 μm. (F): The length of
femora. (G): The width of the cartilaginous growth plate. Each value is the mean � SEM of determinations in five mice of each group.
*, p < .05; **, p < .01; ***, p < .001 compared with WT mice; #, p < .05; ###, p < .001 compared with Bmi1−/− mice.
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numbers, ALP-positive, and col-I-positive bone areas were all
significantly increased in Bmi1TgBmi1−/− mice compared with
Bmi1−/− mice, however, these parameters did not reach the
levels of WT mice (Fig. 5A, 5K). Thus, Bmi1 overexpression in
MSCs could partially reverse osteoporotic phenotype in Bmi1−/−

mice by stimulating osteoblastic bone formation.

Effect of Bmi1 Overexpression in MSCs on
Osteogenesis of BM-MSCs in Bmi1−/− Mice

To further investigate whether Bmi1 overexpression in MSCs
could improve osteogenesis of BM-MSCs in Bmi1−/− mice,
CFU-f assays were performed by ex vivo BM cell cultures.
Results revealed that CFU-f and CFU-fap areas were increased
significantly in Bmi1TgBmi1−/− mice compared with Bmi1−/−

mice, however, these parameters did not reach the levels of
WT mice (Fig. 6A, 6D). We also examined the expression of
genes involved in osteogenesis using RT-PCR. Expression levels
of the osteogenic genes, including Runx2, ALP, type I collagen,
and osteocalcin, were upregulated significantly in Bmi1TgBmi1−/−

mice compared with Bmi1−/− mice, however, these parameters
did not reach the levels of WT mice (Fig. 6E). These results
supported that Bmi1 overexpression in MSCs could improve
osteoblastic bone formation in Bmi1−/− mice by enhancing oste-
ogenesis of BM-MSCs.

Effect of Bmi1 Overexpression in MSCs on Redox
Balance and p16/p19 Signaling Molecules in
Bmi1−/− Mice

To explain how Bmi1 overexpression in MSCs can stimulate prolif-
eration of BM-MSCs and their differentiation into osteoblasts in
Bmi1 deficient mice, we examined ROS levels and expression
levels of antioxidative enzymes in BM-MSCs. ROS level in BM-
MSCs was reduced obviously in Bmi1Tg mice but was increased
dramatically in Bmi1−/− mice compared with WT mice; however,
this parameter was reduced in Bmi1TgBmi1−/− mice compared
with Bmi1−/− mice (Fig. 6F, 6G). Expression levels of antioxidative
enzymes including SOD1 and GPX1 mRNA (Fig. 6H) and SOD1 pro-
tein (Fig. 6I, 6J) were upregulated dramatically in Bmi1Tg mice, but
downregulated significantly in Bmi1−/− mice compared with WT
mice, however, these parameters were upregulated significantly in
Bmi1TgBmi1−/− mice in comparison with Bmi1−/− mice. In con-
trast, the p16 and p19 protein expression levels were down-
regulated in Bmi1Tg mice but upregulated in Bmi1−/− mice
compared with WT mice, however, they were downregulated in
Bmi1TgBmi1−/− mice compared with Bmi1−/− mice (Fig. 6J, 6K).
These resulted suggest that Bmi1 overexpression in MSCs could
stimulate proliferation of BM-MSCs and their differentiation into
osteoblasts by inhibiting oxidative stress and inactivating p16/p19
signaling pathway.

DISCUSSION

In this study, we for the first time generated a transgenic mouse
model with Bmi1 overexpression in MSCs driven by the Prx1
gene. We demonstrated that the expression levels of Bmi1 at
both mRNA and protein levels were upregulated threefold to
fourfold in skeletal tissue and BM-MSCs from Bmi1Tg mice rela-
tive to those from WT mice. By phenotypic analyses, we dem-
onstrated that Bmi1 overexpression in MSCs not only
accelerated skeletal growth and osteoblastic bone formation

through stimulating osteogenesis of BM-MSCs, but also acceler-
ated whole body growth. Furthermore, we crossed Bmi1Tg mice
with Bmi1−/− mice to generate Bmi1TgBmi1−/− mice, and com-
pared their phenotypes with those of Bmi1−/− and WT mice.
Our results showed that the Bmi1 overexpression in MSCs not
only largely reversed Bmi1 global deficiency-induced skeletal
growth retardation and osteoporosis, but also partially
reversed Bmi1 global deficiency-induced premature aging by
inhibiting oxidative stress and inactivating p16/p19 signaling.

It has been shown in a previous study that the upregulation
of BMI1 induced by hypoxic-cultures stimulated the proliferation
of human umbilical cord blood-MSCs, whereas knockdown of
BMI1 in hypoxic cells inhibited their proliferation in vitro [13].
Our previous study revealed that deletion of Bmi1 in mice leads
to osteopenia caused by an exhaustion of the MSC pool in the
bone due to impaired the proliferation of BM-MSCs, a conse-
quence of upregulated p16Ink4a/p19Arf expression [12]. In the
present study, our results demonstrated that overexpression of
Bmi1 in MSCs accelerates skeletal growth and increases bone
mass by stimulating the osteogenesis of BM-MSCs, a conse-
quence of downregulated p16Ink4a/p19Arf expression. Consis-
tently, Bmi1 overexpression in MSCs in the Bmi1−/− background
largely rescued the osteoporotic phenotype of Bmi1−/− mice by
partially reversing deregulated p16Ink4a/p19Arf expression and
defective proliferation and osteogenic differentiation of BM-
MSCs. Previous studies have shown that Bmi1 is essential for
efficient self-renewal of adult hematopoietic stem cells as well
as adult neural stem cells [9, 10]. Bmi1 target, the Ink4a locus
[25], uses different promoters to encode the forced expression
of p16Ink4a and p19Arf [26]. High expression of p16Ink4a and
p19Arf in HSCs led to senescence and apoptosis, respectively
[10]. In neural stem cells, p16Ink4a deficiency partially restored
the self-renewal ability of Bmi1-deficient stem cells [9]. We
recently showed that p16 deletion largely rescued Bmi1
deficiency-induced renal aging phenotypes by promoting prolif-
eration and inhibiting senescence of renal interstitial fibroblasts
[27]. Therefore, results from this study indicate clearly that
Bmi1 is required for the maintenance of MSC self-renewal by
inactivating p16Ink4a and p19Arf signaling to accelerate skeletal
growth and prevent osteoporosis.

It has recently been shown that in vitro overexpression of
BMI1 enhanced osteogenesis of human adipose tissue-derived
MSCs, whereas knockdown of BMI1 reduced their osteogenic
differentiation [14]. Our previous study showed that Bmi1 defi-
ciency reduced osteogenesis of BM-MSCs with downregulation
of osteogenic gene expression [12]. In this study, we found
that overexpression of Bmi1 in MSCs stimulated the osteogen-
esis of BM-MSCs in both WT mice and Bmi1 deficient mice
with upregulation of osteogenic gene expression. Our results
revealed that overexpression of Bmi1 in MSCs not only leads
to increased ALP-positive CFU-f significantly in ex vivo CFU-f
assay, but also clearly increased ALP positive osteoblasts and
type I collagen deposition in bone matrix in vivo in both WT
and Bmi1 deficient mice. These results indicate that over-
expression of Bmi1 in MSCs can stimulate the osteogenesis of
MSCs, consequently promote skeletal growth and osteoblastic
bone formation.

In this study, we noted that Bmi1 overexpression in MSCs
could not rescue completely Bmi1 global deficiency-induced
skeletal growth retardation and osteoporotic phenotypes,
although it can accelerate skeletal growth and osteoblastic
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Figure 5. Effect of Bmi1 overexpression in mesenchymal stem cells (MSCs) on osteoblastic bone formation in Bmi1−/− mice.
(A): Representative longitudinal and cross-sectional images of three-dimensional reconstructed distal ends of femurs and mid shaft diaph-
yses utilizing microcomputed tomography. (B): Representative micrographs of paraffin-embedded sections of tibias stained histochemi-
cally for total collagen. Scale bars represent 400 μm. (C): Bone mineral density measurements, (D) epiphyseal volume, and (E) trabecular
bone volume/tissue volume. Representative micrographs of paraffin sections of tibial metaphyseal regions stained (F) with hematoxylin
and eosin, (G) histochemically for alkaline phosphatase (ALP), and (H) immunohistochemically for type I collagen (col-I). Scale bars repre-
sent 50 μm in (F), (G), and (H). (I): Osteoblast number relative to tissue area (N.Ob/t.Ar, #/mm2), (J) ALP-positive areas, and (K) col-I-
immunopositive areas were measured by computer-assisted image analysis. Each value is the mean � SEM of determinations in five mice
of each group. *, p < .05; **, p < .01; ***, p < .001 compared with WT mice. ##, p < .01; ###, p < .001 compared with Bmi1−/− mice.
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Figure 6. Effect of Bmi1 overexpression in mesenchymal stem cells (MSCs) on the proliferation and differentiation of bone marrow
(BM) MSCs in Bmi1−/− mice.
Primary BM cells from 6-week-old WT, Bmi1Tg, Bmi1−/−, and Bmi1TgBmi1−/− mice were cultured ex vivo in osteogenic differentiation medium
for 18 days and resulting cultures were stained with (A) methylene blue for total number of colonies (colony forming unit fibroblasts [CFU-F])
and (B) cytochemically for alkaline phosphatase (ALP) to show CFU-Fap. (C): Total CFU-f-positive areas and (D) ALP-positive areas relative to cul-
ture dish area. (E): Real-time (RT)-PCR analysis of BM-MSC extracts for the expression of Runx2, ALP, Col-I and OCN. Messenger RNA expression
assessed by RT-PCR is expressed as a ratio to Gapdh expression. (F): Reactive oxygen species (ROS) levels in BM-MSCs were determined by flow
cytometric analysis. (G): Representative graphs of flow cytometry analysis for ROS levels in BM-MSCs. (H): Gene expression levels of
antioxidative enzymes. (J): Western blots of BM-MSC extracts for expression of SOD1, p16, and p19. β-Actin was used as loading control for
Western blots. (I): SOD1 and (K) p16 and p19 protein levels relative to β-actin protein level were assessed by densitometric analysis and
expressed relative to levels of WT BM-MSCs. Each value is the mean � SEM of determinations in five mice of each group. *, p < .05; **,
p < .01; ***, p < .001 compared with WT mice. #, p < .05; ##, p < .01; ###, p < .001 compared with Bmi1−/− mice.
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bone formation through stimulating the osteogenesis of BM-
MSCs in WT mice. It may be related to Bmi1 gene widely
expression in embryonic stem cells, placenta, thymus, heart,
testicles, and brain [9, 10, 28], especially, not only in MSCs
[13], but also in lymphocytes [29]. Our previous findings dem-
onstrate that overexpression of Bmi1 only in lymphocytes
stimulates osteogenesis of BM-MSCs by releasing osteogenic
factors and lowering ROS levels, thereby accelerating osteo-
genic bone formation [19], suggesting that overexpression of
Bmi1 in lymphocytes can improve the osteogenic microenvi-
ronment and stimulate osteogenesis. Therefore, our results
suggest that cooperation between osteogenic cells and osteo-
genic microenvironmental cells are required for maintaining of
skeletal homeostasis. Regular Bmi1 expression in both os-
teogenic cells and osteogenic microenvironmental cells are
required for skeletal growth and osteoblastic bone formation.

Many abnormalities have occurred in Bmi1 global deficient
mice including a severe defect in stem cell self-renewal and a
shortened lifespan [9–12] [25]. Bmi1 deficiency leads to ele-
vated ROS levels, and acetylcysteine (NAC) supplementation
can partially correct the premature aging phenotype caused by
Bmi1 deletion Bmi1 [30]. Our recent study demonstrated that
the treatment with antioxidant NAC could improve Bmi1 global
deficiency induced defects in dentin and alveolar bone forma-
tion [31]. Therefore, Bmi1 exerts its physiological function not
only by inactivating p16 and p19 signaling pathways, but also
through inhibiting oxidative stress [30]. In the current study,
we also found that Bmi1 overexpression in MSCs not only
largely reversed Bmi1 global deficiency-induced skeletal growth
retardation and osteoporosis, but also partially reversed Bmi1
global deficiency-induced whole-body growth retardation and
premature aging. Our results revealed that overexpression of
Bmi1 in MSCs inhibited Bmi1 global deficiency-induced oxidative
stress by upregulation of antioxidant enzyme gene expression.

MSC treatment is entering a challenging phase after com-
pletion of many preclinical and clinical trials. The main obsta-
cles encountered in the treatment of MSC are inconsistent
stem cell efficacy, poor cell transplantation and survival, and
age/disease-associated host tissue damage, indicating an urgent
need to optimize therapeutic platforms and enhance stem cell
efficacy [32]. A previous study has demonstrated that hypoxic-
cultures can upregulate BMI1 expression levels in human umbili-
cal cord blood-MSCs [13]. Sonic hedgehog signals to the down-
stream transcription factor GLI through its receptor, patched
and smoothened, to control Bmi1 protein levels [33]. Our
results from this study indicate that Bmi1 overexpression in
MSCs can stimulate the osteogenesis of BM-MSCs by
inactivating p16/p19 signaling and inhibiting oxidative stress.
Our results suggest a clinical relevance of Bmi1 in MSCs, for

example, upregulation of BMI1 expression in human MSCs by
hypoxic-cultures or treatment with sonic hedgehog activators,
then using then for MSC therapy to enhance MSC potency in
antiaging and antiosteoporosis.

CONCLUSION

Taken together, results from this study indicate that over-
expression of Bmi1 in MSCs exerts antiaging and anti-
osteoporosis actions by inactivating p16/p19 signaling and
inhibiting oxidative stress, suggesting that these findings might
provide a strategy to enhance the functionality of MSCs for
use in therapeutic applications.
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