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Abstract
To determine whether the deletion of p16 can correct tooth and mandible growth 
retardation caused by Bmi1 deficiency, we compared the tooth and mandible phe-
notypes of homozygous p16- deficient (p16−/−) mice, homozygous Bmi1- deficient 
(Bmi1−/−) mice, double homozygous Bmi1 and p16- deficient (Bmi1−/−p16−/−) mice to 
those of their wild- type littermates at 4 weeks of age by radiograph, histochemistry 
and immunohistochemistry. Results showed that compared to Bmi1−/− mice, the den-
tal mineral density, dental volume and dentin sialoprotein immunopositive areas were 
increased, whereas the ratio of the predentin area to total dentin area and that of 
biglycan immunopositive area to dentin area were decreased in Bmi1−/−p16−/− mice. 
These results indicate that the deletion of p16 can improve tooth development in 
Bmi1 knockout mice. Compared to Bmi1−/− mice, the mandible mineral density, corti-
cal thickness, alveolar bone volume, osteoblast number and activity, alkaline phos-
phatase positive area were all increased significantly in Bmi1−/−p16−/− mice. These 
results indicate that the deletion of p16 can improve mandible growth in Bmi1 knock-
out mice. Furthermore, the protein expression levels of cyclin D, CDK4 and p53 were 
increased significantly in p16−/− mice compared with those from wild- type mice; the 
protein expression levels of cyclin D and CDK4 were decreased significantly, whereas 
those of p27 and p53 were increased significantly in Bmi1−/− mice; these parameters 
were partly rescued in Bmi1−/−p16−/− mice compared with those from Bmi1−/− mice. 
Therefore, our results indicate that Bmi1 plays roles in regulating tooth and mandible 
development by inhibiting p16 signal pathway which initiated entry into cell cycle.
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1  | INTRODUC TION

Bmi1 is a member of the family of polycomb (PcG) proteins. The 
PcG proteins are a group of transcriptional inhibitors that regu-
late the target gene by chromatin modification, which are closely 
related to the determinants of stem cell fate, X chromosome inac-
tivation, cell differentiation and cell carcinogenesis. PcG proteins 
can be divided into two core protein complexes: the first is the 
multi- comb inhibitory complex 2 (PRC2), which plays a role in the 
initial stage of transcription inhibition; the second is the multi- 
comb inhibitory complex 1 (PRC1), which maintains the stability of 
inhibitory state chromatin.1,2 Bmi1 is one of the PRC1 constituents 
and plays an important regulatory role in the self- renewal of stem 
cells. Hosen et al3 reported that Bmi1 was highly expressed in he-
matopoietic stem cells and was downregulated upon commitment 
to differentiation. Bmi1 plays an important role in the proliferation 
of normal stem cells and precursor cells in the liver of the foe-
tus.4 In addition, Bmi1 plays an important role in activating telo-
merase activity, thus preventing cell ageing and maintaining cell 
immortalization.5 In order to realize the in vivo function of Bmi1 
gene, Nathalie et al established Bmi1 knockout (Bmi1−/−) mouse 
model by homologous recombination technique. The Bmi1−/− mice 
displayed defects in haematopoiesis and development of the cen-
tral and peripheral nervous systems. Bmi1−/− mice were normal in 
size and appearance at birth; however, they exhibited progressive 
post- natal growth retardation and died by early adulthood with 
signs of hematopoietic failure and neurological abnormalities.6,7,9 
It was reported that Bmi1−/− mice had abnormal axial bone mor-
phogenesis and increased bone marrow adipocytes.8,10

Bmi1 maintains cell self- renewal and cell cycle progression 
to prevent cell senescence by inhibiting the transcription of the 
ink4a- arf gene encoding the cell cycle- dependent kinase inhibi-
tory factor (CDKI).11 A recent study has demonstrated that Bmi1 
can bind directly to the Bmi1- responding element of the p16 pro-
moter to repress its expression.12 The ink4a- arf gene overlaps two 
antitumor proteins: p16ink4a (p16) and p19arf (p19). p16 selectively 
inhibits cyclin- dependent kinase 4/6 (CDK4/CDK6), thereby in-
hibiting phosphorylation of retinoblastoma protein (Rb). Rb in-
hibits downstream gene expression required for translation from 
the G1 phase into the S phase by binding to the cell cycle- related 
gene transcription factor E2F, resulting in cell growth arrest.13,14 
Studies showed that p16- positive cell deletion could significantly 
increase the weight of mice, muscle fibre diameter and fat layer 
thickness, thus delaying the ageing process.15 As one of the down-
stream targets of Bmi1, knockout of p16 gene partially corrected 
the ability of neural stem cells and hematopoietic stem cells to 
self- renew.13,16,17

It was reported that knockout of p16 and p19 genes in Bmi1−/− 
mice improved the number, proliferation and activity of stem cells 
in Bmi1- deficient incisors, indicating that knockout of p16 and p19 
partially rescued Bmi1- deficient incisor stem cell dysfunction.18 
We previously reported that Bmi1 deficiency resulted in defects 
in dentin and alveolar bone formation, and p16 was increased in 

Bmi1- deficient mandible.19,20 However, the role of p16 in dentin 
development and mandibular osteogenesis in Bmi1−/− mouse was 
unclear.

In this study, we showed that Bmi1 gene expression was down-
regulated with age, while p16 gene only expressed in the old stage. 
To investigate whether the function of Bmi1 was mediated through 
p16 in regulating tooth and mandible development, compound 
mutant mice with homozygous deletion of both Bmi1 and p16 
(Bmi1−/−p16−/−) were generated. Their mandible phenotype was then 
compared with p16−/−, Bmi1−/− and wild- type mice at 4 weeks of age.

2  | MATERIAL S AND METHODS

2.1 | Mice and genotyping

p16Ink4a+/− mice of the FVB N2 background were crossed to Bmi1+/− 
(129Ola/FVB/N hybrid background) mice to generate WT, Bmi1−/−, 
p16−/− and double- knockout Bmi1−/−p16−/− mice and genotyped as 
described previously.21 Wild- type Bmi1 and p16 allele were amplified 
with Bmi1 forward primer (5′- CAGTTAGGCAGTATGTAGTTTTC- 3′) 
and p16 forward primer (5′- GGCAAATAGCGCCACCTAT- 3′); Bmi1 
reverse primer (5′- GTTGTGGTGGAGTGTAAGAGTGT- 3′) and p16 
reverse primer (5′- GACTCCATGCTGCTCCAGAT- 3′). To detect the 
presence of the null Bmi1 and p16 allele, the neomycin gene was 
detected with the primers neo- F (5′- AAGATGTTGGCGACCTCGTAT
TGG- 3′) and neo- R (5′- GCAAGACCTGCCTGAAACCGAACT- 3′) for 
Bmi1, while neo- F (5′- GCCGCTGGACCTAATAACTTC- 3′) and neo- R 
(5′- GACTCCATGCTGCTCCAGAT- 3′) for p16. Four- week- old WT, 
Bmi1−/−, p16−/− and Bmi1−/− p16−/− mice used in the present study. Each 
group contained five animals. This study was carried out in accordance 
with the guidelines of the Institute for Laboratory Animal Research 
of Nanjing Medical University in Nanjing of China. The protocol was 
approved by the Committee on the Ethics of Animal Experiments of 
Nanjing Medical University (Permit Number: IACUC- 1706001).

2.2 | Radiography

Mandibles were fixed in PLP fixative (2% paraformaldehyde contain-
ing 0.075 mol/L lysine and 0.01 mol/L sodium periodate) overnight at 
4°C. A Faxitron model 805 radiographic inspection system (Faxitron, 
München, Germany) took using contact radiographs, at 22 kV volt-
age and with a 4- minute exposure time. X- Omat TL film (Eastman 
Kodak, Rochester, NY, USA) was used and processed routinely.

2.3 | Micro- computed tomography (micro- CT)

Mandibles were fixed in PLP fixative (2% paraformaldehyde contain-
ing 0.075 mol/L lysine and 0.01 mol/L sodium periodate) overnight 
at 4°C. Then the samples were analysed by micro- CT with a SkyScan 
1072 scanner and associated analysis software (SkyScan, Antwerp, 
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Belgium) as described.19 Briefly, the samples were enclosed in 
tightly fitting plastic wrap to prevent movement and dehydration. 
Thresholding was applied to the images to segment the bone from 
the background. Two- dimensional images were used to generate 
three- dimensional renderings using the 3D Creator software sup-
plied with the instrument. The resolution of the micro- CT images is 
18.2 μm.

2.4 | Histology

Mandibles were fixed in PLP fixative overnight at 4°C and processed 
histologically as described.19 Mandibles were decalcified in EDTA- 
glycerol solution for 7- 10 days at 4°C. Decalcified right mandibles 
were dehydrated and embedded in paraffin, and 5 μm sections were 
cut on a rotary microtome. The sections were stained with haema-
toxylin and eosin (HE), or histochemically for total collagen and ALP, 
or immunohistochemically as described below.

2.5 | Immunohistochemical staining

Immunohistochemical staining was carried out for biglycan and 
dentin sialoprotein (DSP), using the avidin- biotin- peroxidase com-
plex technique with affinity- purified rabbit anti- mouse biglycan 
antibody (1:400, ab58562, Abcam, Cambridge, UK) and dentin 
sialoprotein (1:200, sc- 33587, Santa Cruz, CA, USA) following 
previously described methods.19 Briefly, deparaffinized and re-
hydrated sections were brought to a biol in 10 mmol/L sodium 
citrate buffer pH6.0 for antigen retrieval. And then the sections 
were incubated with 3% hydrogen peroxide to block endogenous 
peroxidase activity and then washed in Tris- buffered saline (pH 
7.6). The slides were incubated with the primary antibodies over-
night at 4°C. After rinsing with Tris- buffered saline for 5 minutes 
for 3 times, slides were incubated with secondary antibody. Then 
Vectastain Elite ABC reagent (Vector Laboratories, Burlingame, 
CA, USA) was used to incubated for 45 minutes. Staining was 
developed using 3, 3- diaminobenzidine (2.5 mg/mL) followed by 
counterstaining with Mayer's haematoxylin.

2.6 | Western blot analysis

Proteins were extracted from mandibles and quantitated using a 
protein assay kit (Bio- Rad, Mississauga, Ontario, Canada). Protein 
samples (20 μg) were fractionated by SDS- PAGE and transferred to 
nitrocellulose membranes. Immunoblotting was carried out as de-
scribed19 using antibodies against Cyclin D (1:300, sc- 8396, Santa 
Cruz), CDK4 (1:300, sc- 23896, Santa Cruz), p27 (1:500, sc- 1641, 
Santa Cruz), p53 (1:500, sc- 126, Santa Cruz) and β- actin (1:1000, 
AP0714, Bioworld Technology). Bands were visualized using ECL 
chemiluminescence (Amersham) and quantitated by Scion Image 
Beta 4.02 (Scion Corporation, NIH).

2.7 | Computer- assisted image analysis

After HE staining or histochemical or immunohistochemical staining 
of sections from five mice of each genotype, images of fields were 
photographed with a Sony digital camera. Images of micrographs 
from single sections were digitally recorded using a rectangular tem-
plate, and recordings were processed and analysed using Northern 
Eclipse image analysis software as described.19

2.8 | Statistical analysis

Data from image analysis are presented as mean ± SEM. Statistical 
comparisons were made using a two- way ANOVA, with P < .05 con-
sidered significant.

3  | RESULTS

3.1 | p16 knockout improved teeth and mandible 
growth and mineralization of Bmi1- deficient mice

To clarify the effect of p16 knockout on the growth and minerali-
zation of Bmi1−/− mice, differences in mandible general morphology 
and bone mineral density among 4- week- old WT, p16−/−, Bmi1−/− 
and Bmi1−/−p16−/− mice were compared by X- ray and micro com-
puted tomography (micro- CT). Bone mineral density was increased 
in p16−/− mice compared to the 4- week- old WT littermates, while 
it was decreased in the Bmi1−/− and Bmi1−/−p16−/− mice. Compared 
with Bmi1−/− mice, bone mineral density of Bmi1−/−p16−/− mice was 
significantly increased (Figure 1A).

Mandible specimens of the 4- week- old mice were compared by mi-
cro- CT through the incisor before the first molar and the first and sec-
ond molars. The results showed: the cortical bone and trabecular bone 
volume, the volume of the incisors, the first and the second molars and 
the thickness of the root canal wall were slightly increased in p16−/− mice 
compared to the 4- week- old WT littermates, while they were all de-
creased in the Bmi1−/− and Bmi1−/−p16−/− mice; while compared with the 
Bmi1−/− mice, the cortical bone and trabecular bone volume, the volume 
of the incisors, the first and the second molars and the thickness of the 
root canal wall were all increased in the Bmi1−/−p16−/− mice (Figure 1B).

These results suggested that p16 gene knockout can partially correct 
the growth and mineralization of dental and mandible of Bmi1−/− mice.

3.2 | p16 knockout increased the tooth volume and 
alveolar bone volume in Bmi1- deficient mice

In order to clarify the effect of p16 knockout on the tooth volume 
and alveolar bone volume in Bmi1−/− mice, HE and total collagen his-
tochemical staining was performed on the paraffin section of the first 
molars. HE and total collagen histochemical staining analysis showed 
that compared with 4- week- old WT mice, the dental volume of the 
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incisors and first molars, alveolar bone volume and cortical bone 
thickness were reduced in Bmi1−/− and Bmi1−/−p16−/− mice. These pa-
rameters in Bmi1−/−p16−/− mice were significantly increased compared 
with those in the Bmi1−/− mice (Figure 2). These results suggested that 
p16 gene deletion partially corrected the developmental defect of 
tooth volume and alveolar bone volume in Bmi1- deficient mice.

3.3 | p16 knockout promoted dentin maturation and 
formation in Bmi1- deficient mice

In order to clarify the effect of p16 knockout on dentin matura-
tion and formation in Bmi1−/− mice, HE staining was performed on 

the paraffin section of the first molar. The ratio of predentin to 
total dentin was significantly increased in the Bmi1−/− mice com-
pared with the WT mice, while it was significantly decreased in 
the Bmi1−/−p16−/− mice compared with that of the Bmi1−/− mice 
(Figure 3A,D). Biglycan positive area was increased in the Bmi1−/− 
and Bmi1−/−p16−/− mice compared with that of WT littermates, 
whereas it was significantly reduced in the Bmi1−/−p16−/− mice 
compared with that of Bmi1−/− mice (Figure 3B,E). DSP posi-
tive area ratio in the first molar in Bmi1−/− and Bmi1−/−p16−/− 
mice was significantly decreased compared with that of the 
4- week- old WT littermates, whereas it was significantly increased 
in the Bmi1−/−p16−/− mice compared with that of Bmi1−/− mice 
(Figure 3C,F). These results indicated that the deletion of p16 gene 

F I G U R E  1   p16 knockout improved teeth and mandible growth and mineralization of Bmi1- deficient mice. (A) Representative contact 
radiographs of the mandibles from 4- wk- old wild- type (WT), p16−/−, Bmi1−/− and Bmi1−/−p16−/− mice. (B) Micro- CT scanned sections through 
the incisor before the first molar (In), and through the first (1st) and second (2nd) molars from WT, p16−/−, Bmi1−/− and Bmi1−/−p16−/− mice
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partially corrected the dentin maturation and formation disorder 
in Bmi1 gene- deficient mice.

3.4 | p16 knockout accelerated formation of 
alveolar bone in Bmi1- deficient mice

In order to clarify whether the effect of p16 gene knockout on osteo-
blastic alveolar bone formation in Bmi1−/− mice, HE and ALP histochemi-
cal staining was performed on the paraffin section. The results showed 
that alveolar osteoblast cells and osteoblast surface were significantly 
decreased in the Bmi1−/− and Bmi1−/−p16−/− mice compared with those 
of WT mice, whereas they were significantly increased in the Bmi1−/− 
p16−/− mice compared with those of the Bmi1−/− mice (Figure 4A,C,D). 
ALP positive area of trabecular bone in alveolar bone in the Bmi1−/− mice 
was decreased in the Bmi1−/− and Bmi1−/−p16−/− mice compared with 

that of WT mice; however, ALP positive area in the Bmi1−/−p16−/− mice 
was significantly increased compared with that of the Bmi1−/− mice 
(Figure 4B,E). These results indicated that p16 gene deletion partially 
corrected the osteoblastic bone formation caused by deletion of Bmi1 
gene, thus promoting the increase in alveolar bone volume.

3.5 | p16 knockout regulated cell cycle- related 
factor protein expression in Bmi1- deficient mandible

To clarify whether p16 gene knockout was associated with changes 
in cell cycle- related factors, the expression of cell cycle- related fac-
tors of dental and mandible proteins were analysed by Western blot. 
Protein expressions of the Cyclin D and CDK4 in the Bmi1−/− mice 
were significantly downregulated, while p27 and p53 were upregu-
lated compared with that of WT mice; these four indicators in the 

F I G U R E  2   p16 knockout increased the tooth volume and alveolar bone volume in Bmi1- deficient mice. Paraffin- embedded sections 
through the first molars from 4- wk- old wild- type (WT), p16−/−, Bmi1−/− and Bmi1−/−p16−/− mice stained with (A) HE, and with (B) serious red 
for total collagen. Scale bars represent 400 μm. (C) Dental volume of incisors (mm2), (D) dental volume of the first molars (mm2), (E) dental 
alveolar bone volume (mm2) and (F) cortical thickness (μm) were measured. Each value is the mean ± SEM of determinations in five animals 
of each group. *P < .05 relative to the wild- type mice
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Bmi1−/−p16−/− mice were rescued in a certain degree; however, ex-
pressions of them did not reach the level of WT mice (Figure 5).

4  | DISCUSSION

In this study, p16 was a cell cycle- dependent kinase inhibitor, knock-
out of p16 gene could partially correct the abnormal expression of 

cell cycle- related factors caused by Bmi1 deletion, thereby promot-
ing the cell cycle process and playing a role in correcting teeth and 
mandibular dysplasia caused by Bmi1 deletion.

p16 is an important downstream target of Bmi1, which is sig-
nificantly upregulated in Bmi1- deficient teeth and Bmi1- deficient 
mandible.12,19,20 Bmi1 may regulate the development of teeth and 
mandible by inhibiting the expression of p16. In order to clarify the 
role and mechanism of p16 on teeth and mandible in Bmi1- deficient 

F I G U R E  3   p16 knockout promoted dentin maturation and formation in Bmi1- deficient mice. Paraffin- embedded sections 
through the first molars and the incisors from 4- wk- old wild- type (WT), p16−/−, Bmi1−/− and Bmi1−/−p16−/− mice stained with (A) HE, 
immunohistochemically 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 predentin 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 ± SEM of determinations in five animals of each group. **P < .01; 
***P < .001 relative to the wild- type mice. #P < .05 compared with Bmi1−/− mice
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mice, phenotypes of the teeth and mandible in 4- week- old WT mice, 
p16−/− mice, Bmi1−/− mice, Bmi1−/−p16−/− mice were examined.

We first analysed the effect of p16 on tooth developmental dis-
order in Bmi1−/− mice by imaging and histochemical staining. Results 
showed that knockout of p16 gene could increase the mandible vol-
ume, the degree of mineralization, the incisor and the first molar vol-
ume in Bmi1−/− mice. Dentin is the main component of tooth. Analysis 
of dentin formation revealed that knockout of the p16 gene reduced 
the ratio of predentin and the ratio of Biglycan- positive area, but 
it increased the positive area of DSP in Bmi1- deficient mice. These 
results suggested that knockout of p16 gene was able to improve 
the dentin mineralization maturation disorder due to Bmi1 deletion. 
Previous studies have shown that the number of Bmi1- deficient 
apical stem cells was reduced, the ability of the lingual cervical ring 
cells to enamel differentiation was weakened, and the deposition of 

enamel was reduced. Ink4a/Arf deletion can restore the capacity and 
the number of lumbar neck rings, but was unable to improve enamel 
developmental barrier.18 It has been reported that the expression 
level of p16 gene was increased by 5 to 21 times in the central ner-
vous system and peripheral nervous system of Bmi1 deficiency in 
all ages, and the gene expression level of p19 was only increased by 
1.4- 3 times.22 Therefore, we believed that p16 played an important 
role in the nervous system development and maintenance with Bmi1 
deletion. Teeth are derived from the differentiation of neural crest 
cells. p16 deletion can significantly improve by dentin development 
disorders caused by Bmi1 deficiency, which may be related to the 
ability that p16 deletion can restore the expression of DSP. DSP is 
a specific protein produced by odontoblast cells during odontoblast 
differentiation.23 The expression of DSP in Bmi1−/− teeth was sig-
nificantly reduced, indicating that the function of odontoblast cells 

F I G U R E  4   p16 knockout accelerated formation of alveolar bone in Bmi1- deficient mice. Paraffin- embedded sections through the first 
molars and the incisors from 4- wk- old wild- type (WT), p16−/−, Bmi1−/− and Bmi1−/−p16−/− mice stained with (A) HE and histochemically 
for (B) ALP. Scale bars represent 50 μm. (C) Number of osteoblasts 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 HE- stained mandibles, respectively. 
(E) ALP positive area as a percentage of the tissue area in the dental alveolar bone. *P < .05; **P < .01 relative to the wild- type mice. #P < .05 
compared with Bmi1−/− mice
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was impaired. The recovery of DSP expression after p16 knockout 
suggested that the function of odontoblast cells was corrected.

Previous studies have shown that the deficiency of Ink4a/Arf 
failed to correct the phenotype of osteoblast formation and prolif-
eration caused by deletion of Bmi1.16 However, the lack of Ink4a/
Arf was able to partially correct the neurological developmental 
disorder resulted from Bmi1 deletion.13,17 We doubted whether p16 
gene knockout can improve the neural crest cells developed from 
the mandible phenotype in Bmi1- deficient mice. Our results showed 
that knockout p16 can increase the ratio of alveolar bone, osteoblast 
number, osteoblast surface and ALP activity in Bmi1−/− mice, and 
suggested that p16 gene knockout can increase the ability to bone 
formation in Bmi1- deficient osteoblasts.

p16 is one of the cell cycle- dependent kinase inhibitory factors 
and plays an important role in the regulation of cell cycle. p16 can 
selectively inhibit cyclin- dependent kinase 4/6 (CDK4/CDK6), thus 
inhibiting the phosphorylation of retinoblastoma protein (Rb). Rb 
in the non- phosphorylation of the state shields the transcriptional 
activation domain by binding the cell cycle- related gene transcrip-
tion factor E2F, thus inhibiting downstream gene expression from 
the G1 phase to the S phase, resulting in cell growth stagnation.14 
p27 as one of cyclin- dependent kinase inhibitors is a negative reg-
ulatory factor to mandible formation.24 The activation of p53 leads 
to the regulation of cell fate outcomes, such as growth arrest and 
apoptosis, by controlling the expression of target genes.25 Detection 
of cell cycle- related factors found that protein expressions of the 
Cyclin D and CDK4 in the Bmi1−/− mice were significantly downreg-
ulated, while p27 and p53 were up- regulated. These four indicators 
in the Bmi1−/−p16−/− mice were rescued in a certain degree; however, 
expressions of them were still not as the same as in the WT mice. 

The above results showed that knockout of p16 gene can partially 
correct Bmi1 deletion caused by the abnormal expression of cell 
cycle- related factors, thereby promoting the cell cycle process and 
playing a role in correcting teeth and mandible dysplasia caused by 
Bmi1 deletion.

In summary, results of this study showed that Bmi1 can inhibit 
p16 and promote cell cycle progression, thus playing a role in pro-
moting the growth of teeth and mandible.
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