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Abstract: To explore whether polycomb repressor Bmi1 plays an important role in dentin and mandible development 
homeostasis by maintaining redox balance, 3-week-old Bmi1 gene knockout (Bmi1-/-) mice were treated with the 
antioxidant N-acetylcysteine (NAC) for 2 weeks in their drinking water and phenotypes of the tooth and mandibles 
were compared with vehicle-treated Bmi1-/- mice and wild-type mice by radiograph, histochemistry and immunohis-
tochemistry. Alterations of oxidative stress, DNA damage, cell proliferation and cell cycle-related parameters were 
also examined in mandibles. Results showed that the tooth volume and the dentin sialoprotein immunopositive 
areas, the cortical thickness, alveolar bone volume, osteoblast number and activity, and mRNA expression levels of 
Runx2, alkaline phosphatase and type I collagen were all reduced significantly in Bmi1-/- mice compared with their 
wild-type littermates, whereas these parameters were increased significantly in NAC-treated Bmi1-/- mice compared 
with vehicle-Bmi1-/- mice, although they were not normalized. The activities of superoxide dismutase (SOD) and 
glutathione peroxidase (GSH-Px) were reduced, DNA damage markers including γ-H2AX and 8-oxoguanine levels 
were increased, the number of Ki67 positive cells was decreased, whereas protein expression levels of p16, p19, 
p21, p27 and p53 were up-regulated in mandibles from Bmi1-/- mice compared with those from wild-type mice; 
alterations of these antioxidative enzyme activities, DNA damage markers, cell proliferation and cell cycle-related 
parameters were all partially rescued by the treatment with antioxidant NAC in Bmi1 deficient mice. These results 
demonstrated that Bmi1 deficiency resulted in defects in dentin and alveolar bone formation, while the treatment 
with antioxidant could improve these defects obviously. Therefore, our results indicate that Bmi1 plays an important 
role in stimulating dentin formation and alveolar bone formation by maintaining redox homeostasis, preventing DNA 
damage and inhibiting cyclin-dependent kinase inhibitors.
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Introduction

The development of teeth is characterized by a 
series of reiterative molecular interactions 
accompany with the growth of jawbones. The 
mouse has been used very successfully to 
identify many of the molecular signaling inter-
actions during the early stage of development 
of mandibles. Numerous studies have been 
performed to investigate canonical signaling 
pathways of bone morphogenetic proteins 
(BMPs), Wnt signaling, Notch signaling, fibro-
blast growth factors (FGFs) and Sonic hedge-
hog (Shh), which can function synergistically or 
antagonistically during tooth development and 

intramembranous ossification in embryonic 
period [1-3]. However, the molecular basis of 
mandible growth is poorly understood in post-
natal mice.

Bmi1 (B lymphoma Mo-MLV insertion region 1) 
is a member of the polycomb family of tran-
scriptional repressors. It is reported that Bmi1 
is expressed by incisor stem cells and that dele-
tion of Bmi1 resulted in fewer stem cells, per-
turbed gene expression and defective enamel 
production [4]. Previous study showed that neo-
natal Bmi1 mice exhibited skeletal growth retar-
dation, with reduced chondrocyte proliferation 
and increased apoptosis. Bmi1 maintains self-
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renewal of bone marrow mesenchymal stem 
cells (BM-MSCs) and alters the cell fate of 
BM-MSCs by enhancing osteoblast differentia-
tion and inhibiting adipocyte differentiation [5]. 
Furthermore, Bmi1 is involved in mitochondrial 
function maintenance and DNA protection from 
damage. Increased and persistent high levels 
of ROS caused by impaired mitochondrial func-
tion are sufficient to induce organism senes-
cence via DNA damage in Bmi1 null mice. The 
thymocyte and kidney maturation defect char-
acteristic of Bmi1-deficient mice is largely res-
cued by treatment with antioxidants [6, 7]. 
However, in view of the difference between 
dentin formation and enamel production, intra-
membranous ossification and cartilaginous 
ossification, it is unclear whether Bmi1 defi-
ciency could lead to dentin and alveolar bone 
defects in development by disturbing redox 
homeostasis and inducing DNA damage in 
mandible.

To answer this question, Bmi1-/- mice were 
treated with the antioxidant N-acetylcysteine 
(NAC, 1 mg mL-1) in their drinking water. Their 
mandible phenotype was then compared with 
that of vehicle-treated Bmi1-/- and wild-type 
mice.

Materials and methods

Mice and genotyping

The Bmi1 heterozygote (Bmi1+/-) mice (129Ola/
FVB/N hybrid background) provided in this 
study had been backcrossed 10-12 times in 
the C57BL/6J background and mated to gener-
ate Bmi1 homozygote (Bmi1-/-) and their wild-
type (WT) littermates genotyped by PCR, as 
described previously [5, 7, 8]. This study was 
approved by the Institutional Animal Care and 
Use Committee. Age- and sex-matched Bmi1-/- 
and wild-type littermates were used in this 
study. 

Administration of N-acetylcysteine 

In vivo, 3-week-old Bmi1-/- mice were random-
ized to the drinking water with or without 
N-acetylcysteine (NAC, 1 mg ml-1) for 2 weeks, 
as previously described [6]. The phenotypes 
were analyzed at 5 weeks of age.

Radiography

Mandibles were removed and dissected free of 
soft tissue. Contact radiographs were taken 
using a Faxitron model 805 radiographic 

inspection system (Faxitron, München, Ger- 
many), at 22 kV voltage and with a 4-minute 
exposure time. X-Omat TL film (Eastman Kodak, 
Rochester, NY, USA) was used and processed 
routinely.

Micro-computed tomography (micro-CT)

Mandibles were fixed overnight in 70% ethanol 
and analyzed by micro-CT with a SkyScan 1072 
scanner and associated analysis software 
(SkyScan, Antwerp, Belgium) as described [9]. 
Briefly, image acquisition was performed at 
100 kV and 98 mA with a 0.98 degree rotation 
between frames. During scanning, the samples 
were enclosed in tightly fitting plastic wrap to 
prevent movement and dehydration. Thresho- 
lding was applied to the images to segment the 
bone from the background. 2D images were 
used to generate 3D renderings using the 3D 
Creator software supplied with the instrument. 
The resolution of the micro-CT images is 18.2 
μm.

Histology

Mandibles were removed, fixed in PLP fixative 
(2% paraformaldehyde containing 0.075 M 
lysine and 0.01 M sodium periodate) overnight 
at 4°C and processed histologically as des- 
cribed [9]. Mandibles were decalcified in EDTA-
glycerol solution for 5-7 days at 4°C. Decalcified 
right mandibles were dehydrated and embed-
ded in paraffin, and 5 μm sections cut on a 
rotary microtome. The sections were stained 
with Hematoxylin and Eosin (HE), or histochemi-
cally for total collagen, alkaline phosphatase 
(ALP) activity, or immunohistochemically as 
described below. 

Immunohistochemical staining

Immunohistochemical staining was carried out 
for biglycan, dentin sialoprotein (DSP), γ-H2AX, 
8-hydroxydeoxyguanosine (8-OHdG) and 53Bp1 
using the avidin-biotin-peroxidase complex 
technique with affinity-purified rabbit anti-
mouse biglycan antibody (Abcam, Cambridge, 
UK), dentin sialoprotein (Santa Cruz, CA, USA), 
γ-H2AX (Cell Signaling Technology, MA, USA), 
8-OHdG (Abcam, Cambridge, UK), and 53Bp1 
(Novus Biological, USA) following previously 
described methods [9].

Quantitative real-time PCR

RNA isolated from mandible bodies via Trizol 
reagent (Invitrogen) was synthesized single 



Role of Bmi1 in maintaining dentin and mandible homeostasis

4718 Am J Transl Res 2016;8(11):4716-4725

stranded cDNA. Sample mRNA levels were 
semiquantified by RT-PCR or quantified by real-
time RT-PCR as previously described [9]. 

Western blot analysis

Proteins were extracted from mandibular bones 
and quantitated using a protein assay kit (Bio-
Rad, Mississauga, Ontario, Canada). Protein 
samples (30 μg) were fractionated by SDS-
PAGE and transferred to nitrocellulose mem-
branes. Immunoblotting was carried out as 
described [9] using antibodies against SOD1 
(Abcam), Prdx4 (BD), γ-H2AX (Ser139) (Cell 
Signaling Technology), CHK2 (Novus Biological), 
p16 (Santa Cruz), p19 (Santa Cruz), p21 (Santa 
Cruz), p27 (Santa Cruz), p53 (Santa Cruz) and 
β-actin (Bioworld Technology). 

Statistical analysis

Five mice per group were averaged to provide a 
mean value. Data from image analysis are pre-
sented as mean ± s.e.m. Statistical compari-
sons were made using a two-way ANOVA, with 
P<0.05 considered significant.

Results

Bmi1 regulates development and redox bal-
ance of the teeth and mandibles

Bmi1-/- teeth and mandibles were smaller than 
wild-type teeth and mandibles. Radiolucency 
was increased in all teeth, including molars and 
incisors, and in the mandibles of Bmi1-/- mice 
compared with those of their wild-type litter-
mates (Figure 1A). Histology showed that the 

Figure 1. Bmi1 regulates development and redox balance of the teeth and 
mandibles. A: Radiographs of the mandibles from 5-week-old wild-type (WT) 
and Bmi1-/- mice. B: Representative micrographs of decalcified paraffin-
embedded sections through the first molars from 5-week-old wild-type and 
Bmi1-/- mice stained with serious red for total collagen as described in Ma-
terials and Methods. Scale bars represent 400 μm. C: Quantitative RT-PCR 
expression analysis of gene products involved in redox homeostasis in ei-
ther WT or Bmi1-/- teeth and mandibles. D: Quantitative RT-PCR expression 
analysis of antioxidative enzymes in WT and Bmi1-/- teeth and mandibles. 
Results are normalized to Gapdh expression. Each value is the mean ± 
s.e.m. of determinations in five animals of each group. *P<0.05; **P<0.01; 
***P<0.001 relative to the wild-type mice.

Biochemical measurements

Mandible tissues from 5-week-
old mice were homogenized in 
cold saline. Homogenate (10%) 
was centrifuged at 4000 rpm 
at 4°C for 10 min. Supernatant 
was used for measurements  
of total superoxide dismutase 
(T-SOD) (A001-1 SOD detection 
kit) and glutathione peroxidase 
(GSH-PX) (A005 GSH-PX detec-
tion kit). Detection kits were 
from Nanjing Jiancheng Bioen- 
gineering Institute in China. All 
examinations were performed 
according to the manufactur-
er’s instructions.

Computer-assisted image 
analysis

After H&E staining or histo-
chemical or immunohistoche- 
mical staining of sections from 
five mice of each genotype, 
images of fields were photo-
graphed with a Sony digital 
camera. Images of microgra- 
phs from single sections were 
digitally recorded using a rect-
angular template, and record-
ings were processed and ana-
lyzed using Northern Eclipse 
image analysis software as 
described [9].
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root wall thickness of the first molars was 
reduced and dental alveolar bone volume was 
reduced at 5-week-old Bmi1-/- mice compared 
to their wild-type littermates (Figure 1B). These 
results demonstrate that Bmi1 deficiency led to 
tooth and mandible growth retardation.

In an effort to explain these observed defects 
of tooth and mandible development in Bmi1-/- 

mice, we made use of several previous gene 
expression studies that have identified a multi-
tude of polycomb target genes [6]. Our results 
confirmed that Bmi1-/- mandible de-repressed a 
number of previously identified polycomb-regu-
lated gene products that can regulate intracel-
lular redox homeostasis (Figure 1C). However, 
gene expression levels of antioxidative enzymes 
including SOD1, glutathione reductase and 

Figure 2. NAC supplementation improves mineralization defects in Bmi1-/- teeth and mandibles. A: Radiographs of 
the mandibles from 5-week-old vehicle-treated wild-type (WT) and Bmi1-/- mice and NAC-treated Bmi1-/- mice. B: 
Micro-CT scanned sections through the incisor before the first molar (In), and through the first (1st), second (2nd) 
and third (3rd) molars from vehicle-treated wild-type (WT) and Bmi1-/- mice and NAC-treated Bmi1-/- mice.
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thioredoxin1 in mandibles were down-regulated 
in Bmi1-/- mice demonstrated by real-time RT- 
PCR (Figure 1D). These results therefore indi-
cate that Bmi1 may stimulate tooth and man-
dible development by regulating redox home- 
ostasis. 

NAC supplementation improves mineralization 
defects in Bmi1-/- teeth and mandibles

Bone mineral density was lower in Bmi1-/- mice 
relative to wild-type mice (Figure 2A). Compa- 
rison between wild-type and Bmi1-/- littermates 
of micro-CT scanned sections through the inci-
sor before the first molar, and through the first, 
second, and third molars showed that the min-
eralized tooth volume in incisor and molars and 
the mineralized cortical and alveolar bone vol-
ume in mandibles were decreased in Bmi1-/- 
mice (Figure 2B). These mineralization defects 
in teeth and alveolar bone were almost com-
pletely rescued by the NAC supplementation 
(Figure 2). 

As seen in sections stained with H&E, the ratio 
of the areas of predentin to dentin was incre- 
ased in the first molars (Figure 4A and 4D) in 
Bmi1-/- mice compared with their wild-type lit-
termates. Positive immunoreactivity for bigly-
can was detected in the region of the predentin 
(Figure 4B). The ratio of biglycan positive area 
to dentin was increased in the first molars 
(Figure 4E) in Bmi1-/- mice compared with their 
wild-type littermates. Positive immunoreactivi-
ty for DSP was detected in the predentin and 
dentin in the molars (Figure 4C). The DSP-
positive area was decreased dramatically in 
the first molars in Bmi1-/- mice compared with 
their wild-type littermates (Figure 4F). Decre- 
ased dentin maturation and formation in Bmi1 
deficient teeth were significantly rescued by the 
NAC supplementation (Figure 4).

NAC supplementation improves impaired osteo-
blastic alveolar bone formation in Bmi1-/- mice

To clarify whether cortical and alveolar bone 
growth defect was associated with altered 

Figure 3. NAC supplementation improves decreased tooth volume and 
cortical and alveolar bone volume in Bmi1-/- mandibles. Representative 
micrographs of decalcified paraffin-embedded sections through the first 
molars from 5-week-old vehicle-treated wild-type (WT) and Bmi1-/- mice 
and NAC-treated Bmi1-/- mice stained with (A) HE, and with (B) serious red 
for total collagen as described in Materials and Methods. Scale bars rep-
resent 400 μm. (C) Dentin thickness of the first molars, (D) alveolar bone 
volume of the mandibles, (E) the cortical thickness was measured. Each 
value is the mean ± s.e.m. of determinations in five animals of each group. 
**P<0.01; ***P<0.001 relative to the wild-type mice. #P<0.05; ##P<0.01; 
###P<0.001 compared with Bmi1-/- mice.

NAC supplementation 
improves decreased tooth vol-
ume and cortical and alveolar 
bone volume in Bmi1-/- man-
dibles

Total (mineralized and unmin-
eralized) dentin thickness and 
the alveolar bone volumes we- 
re decreased in Bmi1-/- mice 
compared with their wild-type 
littermates (Figure 3A and 
3B). Quantitative data showed 
that the dentin thickness of 
the first molars (Figure 3C), 
the alveolar bone volume (Fi- 
gure 3D) and cortical thick-
ness (Figure 3E) were all re- 
duced significantly in Bmi1-/- 
mice compared with their wild-
type littermates. Decreased 
dentin and cortical thickness 
and alveolar bone volume in 
Bmi1 deficient mandibles we- 
re largely rescued by the NAC 
supplementation (Figure 3).

NAC supplementation im-
proves abnormal predentin 
maturation and dentin forma-
tion in Bmi1-/- mice
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Figure 4. NAC supplementation improves abnormal predentin maturation 
and dentin formation in Bmi1-/- mice. Paraffin embedded sections through 
the first molars from 5-week-old vehicle-treated wild-type (WT) and Bmi1-/- 
mice and NAC-treated Bmi1-/- mice stained with (A) HE, immunohistochemi-
cally for (B) biglycan and (C) dentin sialoprotein (DSP) and photographed. 
Scale bars represent 50 μm. (A) Representative HE staining of micrographs 
of the root walls of the first molars. (D) Quantitative thickness of preden-
tin in the root walls of the first molars. (B) Representative micrographs of 
the root wall of the first molars stained immunohistochemically for biglycan, 
and (C) the root wall of the first molars stained immunohistochemically for 
DSP. (E) Quantitative biglycan immunopositive areas in the first molars. (F) 
Quantitative DSP immunopositive areas in the first molars. Each value is 
the mean ± s.e.m. of determinations in 5 animals of each group. **P<0.01; 
***P<0.001 relative to the wild-type mice. #P<0.05; ###P<0.001 com-
pared with Bmi1-/- mice.

osteoblastic bone formation, paraffin-embed-
ded sections were stained with H&E and histo-
chemically for ALP. The osteoblast number and 
surface were decreased in the Bmi1-/- alveolar 
bone (Figure 5A, 5C and 5D). The ALP-positive 
area was also reduced in Bmi1-/- mice (Figure 
5B and 5E). Meanwhile, we examined the 
expression of genes involved in bone forma-
tion. RNA was isolated from the mandibles and 
real-time RT-PCR was performed. Expression 
levels of the osteoblastic genes including 
Runx2, ALP and osteocalcin were down-regulat-

ed in Bmi1-/- mice compared to 
wild-type mice (Figure 5F-H). 
However, reduced osteoblast 
number and surface and 
osteoblastic gene expression 
levels in Bmi1 deficient man-
dibles were largely restored by 
NAC supplementation (Figure 
5).

NAC supplementation im-
proves redox imbalance in 
Bmi1-/- mandibles

The activities of total superox-
ide dismutase (T-SOD) and 
glutathione peroxidase (GSH-
PX) (Figure 6A and 6B), the 
mRNA levels of glutathione 
peroxidase (Gpx4), glutathione 
reductase (GSR) (Figure 6C), 
and the protein levels of SOD1 
and peroxiredoxin4 (Prdx4) 
(Figure 6D) were reduced sig-
nificantly in Bmi1-/- mice com-
pared with wild-type mice, 
however, these parameters 
were increased significantly in 
NAC-treated Bmi1-/- mice com-
pared with vehicle-treated 
Bmi1-/- mice.

NAC supplementation im-
proves DNA damage in Bmi1-/- 
mandible

The percentages of γ-H2AX, 
8-hydroxydeoxyguanosine (8- 
OHdG) and 53Bp1-positive ce- 
lls, and protein expression le- 
vels of γ-H2AX, checkpoint 
kinase 2 (CHK2), p16, p19, 
p21, p27 and p53 in mandi-

bles were up-regulated significantly in Bmi1-/- 
mice compared with wild-type mice，whereas 
these parameters were down-regulated dra-
matically in NAC-treated Bmi1-/- mice compared 
with vehicle-treated Bmi1-/- mice, although they 
were not normalized (Figure 7A-E). 

Discussion

In this study, we demonstrated that Bmi1 defi-
ciency resulted in dentin and mandible devel-
opment defects with decreased dentin forma-
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tion and osteoblastic alveolar bone formation. 
Our results also demonstrated that dentin and 
alveolar bone development defects caused by 
Bmi1 deficiency could be largely rescued by 
antioxidant NAC supplementation. These find-
ings indicate that Bmi1 plays a critical role in 
the protection from dentin and alveolar bone 
development defects by maintaining redox 
balance.

Previous studies suggest that deletion of Bmi1 
perturbed defective enamel production [4]. The 

creased in Bmi1-/- mice [5]. In the current study, 
we analyzed the phenotype of mandibles from 
the Bmi1 deficient mice and found that the 
bone mineral density, the mineralized cortical 
and alveolar bone volume, osteoblast numbers, 
ALP activity in osteoblasts and expression of 
the osteoblastic genes in mandibles were all 
decreased. These results suggest that deletion 
of Bmi1 disturbs osteoblastic bone formation in 
both long bones and mandibles. The mandibu-
lar body develops by intramembranous bone 
formation. These results therefore suggest that 

Figure 5. NAC supplementation improves impaired osteoblastic alveolar 
bone formation in Bmi1-/- mice. Representative micrographs of paraffin-
embedded sections of mandibles from 5-week-old vehicle-treated wild-type 
(WT) and Bmi1-/- mice and NAC-treated Bmi1-/- mice stained with (A) H&E and 
histochemically for (B) ALP. Scale bars represent 50 μm. (C) Number of os-
teoblasts per mm bone parameter (N.Ob/B.Pm, #/mm) and (D) the surface 
of osteoblasts relative to the bone surface (Ob.S/B.S, %) were determined 
in the dental alveolar bone of H&E-stained mandibles respectively. (E) ALP-
positive area as a percentage of the tissue area in the dental alveolar bone. 
Expression of (F) Runx2, (G) ALP and (H) OCN was assessed by real-time RT-
PCR of mandibular extracts. mRNA expression normalized to Gapdh is shown 
relative to levels in wild-type mice as the mean ± s.e.m. of determinations 
in 5 animals of the same genotype. *P<0.05; **P<0.01 relative to the wild-
type mice. #P<0.05; ##P<0.01 compared with Bmi1-/- mice.

enamel-producing ameloblas- 
ts are generated from epithe-
lial cells adjacent to the den-
tal papilla called the inner 
enamel epithelium (IEE), while 
dentin-producing odontoblas- 
ts differentiate from the outer-
most layer of the dental papil-
la and gradually migrate to 
the center of the dental papil-
la as they secrete dentin ma- 
trix [2]. In this study, we there-
fore examined whether dele-
tion of Bmi1 perturbed dentin 
formation. Results from the 
present study revealed that 
the ratio of predentin to den-
tin and that of biglycan posi-
tive area to the molar area 
were increased severely in 
Bmi1-/- mice compared with 
their wild-type littermates. 
Dentin sialophosphoprotein 
(DSP) distribution in collagen 
matrix of the forming dentin 
suggests this protein plays  
an important role in the regu-
lation of mineral deposition. 
Our results showed a de- 
creased DSP immunopositive 
area in Bmi1-/- mice consis- 
tent with a reduced dentin 
thickness. Our results there-
fore demonstrated that Bmi1 
deficiency impaired dentin  
formation and mineralization.

In previous study, the pheno-
type of long bones from Bmi1 
deficient mice has been sh- 
own that the bone mineral 
density was reduced and  
trabecular bone volume and 
osteoblast number were de- 
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Bmi1 plays an important role not only in endo-
chondral ossification, but also in intramembra-
nous ossification.

Previous studies suggest imbalances between 
the oxidant-antioxidant statuses have been 
affected in health status and the pathogenesis 
of oral tissues, including saliva, periodontitis, 
oral leukoplakia and oral cancer [10-13]. This 
study therefore examined whether perturbed 
dentin production and intramembranous bone 
formation caused by Bmi1 deficiency was asso-
ciated with increased oxidative stress. It was 
shown from previous results that Bmi1 defi-
ciency leads to an increased p53 accumulation 
at promoters and gene repression of antioxi-
dant genes through recruitment of corepres-
sors [14]. Our results also revealed that 
decreased levels of endogenous antioxidants, 
including significantly reducing activities of 
T-SOD and GSH-PX, down-regulating mRNA lev-

position of peroxides, attenuates oxidative 
stress by replenishing intracellular glutathione 
stores [17]. NAC treatment reduced conjuncti-
val epithelial cell dysfunction by inhibit reactive 
oxygen species [18]. NAC treatment amelio-
rates the skeletal phenotype of diastrophic dys-
plasia and kidney injury [19, 20]. In clinical tri-
als, NAC improves lung function in patients with 
chronic obstructive pulmonary disease, high-
lighting the potential benefit of ROS-directed 
therapy [21, 22]. The current study demonstrat-
ed that dentin and alveolar bone development 
defects caused by Bmi1 deficiency could be 
largely rescued by antioxidant supplementation 
by reducing oxidative stress and DNA damage. 
Consequently, our results support the hypoth-
esis that the action of Bmi1 in maintaining 
redox balance is critical for the protection from 
abnormal tooth and mandible development.

Bmi1 is not only involved in redox maintenance 
and DNA protection from damage, it is also 

Figure 6. NAC supplementation improves redox imbalance in Bmi1-/- man-
dibles. Concentrations of (A) total superoxide dismutase (T-SOD), and (B) 
glutathione peroxidase (GSH-PX) determined by spectrophotometry. (C) Glu-
tathione peroxidase (Gpx4) and glutathione reductase (GSR) mRNA relative 
levels in mandibles demonstrated by real-time RT-PCR. mRNA expression nor-
malized to Gapdh is shown relative to levels in wild-type mice as the mean 
± s.e.m. of determinations in 5 animals of the same genotype. (D) Western 
blots of mandible extracts for expression of SOD1 and peroxiredoxin4 (Prdx4). 
*P<0.05; **P<0.01 relative to the wild-type mice. #P<0.05 compared with 
Bmi1-/- mice.

els of Gpx4, and the protein 
levels of SOD1 and Prdx4. 
Consequently, increased oxi-
dative stress induced by 
Bmi-1 deficiency may contrib-
ute to the defects of dentin 
and alveolar bone develop- 
ment. 

It is reported that oxidative 
stress can trigger activation 
of the DNA damage response 
(DDR) pathway [15]. The cur-
rent study further demon-
strated the DDR pathway 
occurred in Bmi1-deficient 
dentin and mandibles, includ-
ing significant increases in 
γ-H2AX, 8-OHdG and 53Bp1-
positive cells, the up-regu- 
lation of protein expression 
levels of γ-H2AX, CHK2, p16, 
p19, p21, p27 and p53. Our 
results were similar to those 
induced by redox imbalance 
[6, 16], suggesting that in- 
creased oxidative stress ca- 
used by Bmi1 deficiency can 
activate DDR in dentin and 
mandibles.

NAC, an essential precursor 
to many endogenous antioxi-
dants involved in the decom-
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involved in cell cycle regulation by inhibiting 
p16INK4a/Rb and p19AFR/p53 pathways [5]. Our 
results demonstrated that the expression lev-
els of p16, p19, p53, p21 and p27 proteins 
were up-regulated significantly in Bmi1 defi-
cient tooth and mandibles. We also found that 
these protein expression levels were down-reg-
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Miao, The Research Center for Aging Research, 
Friendship Affiliated Hospital of Nanjing Medical 
University, Nanjing, Jiangsu, People’s Republic of 

Figure 7. NAC supplementation improves DNA damage in Bmi1-/- mandible. 
Sections through the first molars and incisors from 5-week-old vehicle-treat-
ed wild-type (WT) and Bmi1-/- mice and NAC-treated Bmi1-/- mice stained im-
munohistochemically for (A) γ-H2AX, (B) 8-hydroxydeoxyguanosine (8-OHdG) 
and (C) 53Bp1-positive cells. Scale bars represent 50 μm. (D) Numbers 
of γ-H2AX-positive cells, 8-OHdG-positive cells and 53Bp1-positive cells in 
Hertwig’s epithelial root sheath (HERs) were determined by image analysis, 
and the percentages of immunopositive cells relative to total cells were pre-
sented as the mean ± s.e.m. of determinations in 5 animals of each group. 
(E) Western blots of mandibular extracts were carried out for expression 
of γ-H2AX, checkpoint kinase 2 (CHK2), p16, p19, p21, p27 and p53, with 
β-actin as a loading control. *P<0.05; **P<0.01; ***P<0.001 relative to 
the wild-type mice. #P<0.05 compared with Bmi1-/- mice. 

ulated significantly by the anti-
oxidant NAC supplementation. 
These results suggest that 
p16 and p19 signal pathways 
are also regulated by antioxi-
dants. However, the exact reg-
ulating mechanism of antioxi-
dants on these molecules 
remains to be investigated.

In conclusion, this study dem-
onstrated that dentin and 
alveolar bone development 
defects caused by Bmi1 defi-
ciency was associated with 
increased oxidative stress and 
DNA damage, whereas these 
alterations were largely res-
cued by antioxidant NAC sup-
plementation. Results from 
this study indicate that Bmi1 
plays an important role in 
stimulating dentin formation 
and alveolar bone formation 
by maintaining redox homeo-
stasis, preventing DNA dam-
age and inhibiting cyclin-de- 
pendent kinase inhibitors.
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