
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
INTRODUCTION 
 
The adult skeleton is a high-renewal organ undergoing 
continuous bone remodeling via bone formation by 
osteoblasts and bone resorption by osteoclasts. In aging 
population, osteoporosis and associated bone fractures 
often occur when bone resorption excessively exceeds 
formation, thus leading to morbidity and heavy 
socioeconomic burden [1]. Accumulating evidence 
suggests that age-dependent decline in the quantity and 
functions of bone mesenchymal stem cells (BMSCs) are 
largely attributed to bone loss in the aged or 
postmenopausal skeleton [2]. Age-related decrease of 
BMSCs quantity is the result of their lifespan decline 
and responsible for impaired bone  regeneration  [3]. On  
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the other side, the intrinsic properties of BMSCs such as 
senescence, osteogenic/adipogenic differentiation 
potential, and osteoclastogenesis activity were markedly 
changed during aging process and also associated with 
skeletal aging and bone loss [4, 5]. These findings 
provide strong evidence that age-related changes of 
BMSCs compromise bone remodeling especially the 
bone regenerative potential, and contribute to bone loss. 
 
As a biological aging “window” of craniofacial bone, 
the alveolar bone displays key associations between 
age-related osteoporosis and tooth loss or alveolar 
atrophy [6, 7]. Mounting evidence has established that 
craniofacial bone arises from neural crest cells of 
neuroectoderm germ layer while axial and appendicular 
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ABSTRACT 
 
Bone mesenchymal stem cells (BMSCs) senescence contributes to age‐related bone  loss. The alveolar bone  in
jaws originates from neural crest cells and possesses significant site‐ and age‐related properties. However, such
intrinsic characteristics of BMSCs  from alveolar bone  (AB‐BMSCs) and  the underlying  regulatory mechanisms
still remain unknown. Here, we found that the expression of special AT‐rich binding protein 2 (SATB2) in human
AB‐BMSCs  significantly decreased with aging. SATB2 knockdown on AB‐BMSCs  from young donors displayed
these  aging‐related  phenotypes  in  vitro. Meanwhile,  enforced  SATB2  overexpression  could  rejuvenate  AB‐
BMSCs from older donors. Importantly, satb2 gene‐ modified BMSCs therapy could prevent the alveolar bone
loss  during  the  aging  of  rats. Mechanistically,  the  stemness  regulator  Nanog  was  identified  as  the  direct
transcriptional target of SATB2 in BMSCs and functioned as a downstream mediator of SATB2. Collectively, our
data  reveal  that  SATB2  in  AB‐BMSCs  associates with  their  age‐related  properties,  and  prevents  AB‐BMSCs
senescence  via  maintaining  Nanog  expression.  These  findings  highlight  the  translational  potential  of
transcriptional factor‐based cellular reprogramming for anti‐aging therapy.  
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bone is from mesoderm [8]. Our previous findings and 
others have revealed that BMSCs from craniofacial 
bone exhibit some unique site-specific properties such 
as enhanced osteogenic differentiation, stemness, and 
anti-senescence properties compared to BMSCs from 
appendicular bone [9-11]. Although the roles of BMSCs 
underlying the age-related bone changes have been well 
characterized in axial and appendicular bones, however, 
the age-related properties of BMSCs from craniofacial 
bone and the associated mechanisms are still undefined. 
 
Special AT-rich binding protein 2 (SATB2) is a nuclear 
matrix protein that functions as a key regulator of gene 
expression and chromatin remolding. Defects or 
haploinsufficiency of SATB2 in humans is a clinically 
recognizable syndrome characterized by intellectual 
disability, craniofacial abnormalities, dysmorphic 
features, cleft palate, micrognathia, and osteoporosis 
[12, 13]. SATB2 knockout mice exhibit craniofacial 
abnormalities that resemble those observed in humans 
carrying SATB2 gene mutations. These data strongly 
suggest that SATB2 is a multifunctional determinant of 
craniofacial patterning and osteoblast differentiation 
[14]. Our previous studies have revealed that SATB2 is 
critically involved in site-specific characteristics, such 
as osteogenesis, stemness and senescence of BMSCs 
from rat jaws [15]. Importantly, the induced pluripotent 
stem cells with SATB2 overexpression significantly 
enhanced bone regeneration and repair both in vitro and 
in vivo, underscoring its therapeutic potential for 
craniofacial bone regeneration [16]. However, the 
detailed molecular mechanisms underlying SATB2-
mediated craniofacial regeneration are still in infancy. 
Savarese F and his colleague reported that forced 
SATB2 expression in embryonic stem cells antagonized 
differentiation-associated silencing of Nanog and 
enhanced the induction of Nanog [17]. Interestingly, 
Nanog plays a key role not only in the maintaining of 
ES cell pluripotency, but also reversing the proliferation 
and differentiation potential of older BMSCs [15, 17, 
18]. Collectively, these findings prompted us to further 
investigate age-related properties of BMSCs from 
craniofacial bone and the roles of SATB2 underlying 
these properties. 
 
Here, our data showed SATB2 diminished during age-
related changes with the osteogenic, adipogenic, 
osteoclasts-activating potential, stemness, and 
senescence of human alveolar bone-derived BMSCs 
(AB-BMSCs). We further unraveled the pivotal roles of 
SATB2 in maintaining aforementioned biological 
characteristics by promoting Nanog transcription. Our 
study suggests the SATB2-Nanog axis is critically 
involved in age-related properties of BMSCs from 
craniofacial bone. 

RESULTS 
 
SATB2 expression in AB-BMSCs declines with age  
 
To determine the change of SATB2 expression in AB-
BMSCs with increased ages, AB-BMSCs from 30 
healthy donors (19-84 years, mean age 43 ± 20 years) 
were utilized and subjected to real-time PCR assay. An 
inverse correlation between SATB2 abundance and age 
was found (R2 = 0.611; P = -0.013x + 1.352; Figure 
1A). SATB2 mRNA levels in BMSC from older donors 
(O) were significantly lower as compared to middle (M) 
and young counterparts (Y) (Figure 1B). To further 
confirm this expression pattern of SATB2 with aging, 
three samples were randomly selected in Y, M and O 
groups and underwent western blot and 
immunofluorescence for SATB2 protein assessment. 
The results revealed a significant lower expression of 
SATB2 protein in M and O groups than Y group 
(Figure 1C and D). Taken together, these results 
indicate that SATB2 expression in AB-BMSCs is 
decreased with aging, thus suggesting potential roles of 
SATB2 underlying aging-related properties of alveolar 
bone and BMSCs. 
 
Age-related properties of AB-BMSCs  
 
As anticipated, the proliferation rates, osteogenic 
potential of AB-BMSCs gradually decreased with aging 
(Figure 2A, B and C), while adipogenic potential 
enhanced with aging as indicated by increased lipid 
droplet formation and adipogenic markers expression 
(Figure 2D and E), generally in line with human 
femoral-derived BMSCs as previously reported [4]. 
Given that aging is not only associated with 
compromised osteogenesis, but also facilitates BMSCs-
induced osteoclastogenesis through triggering 
expression of RANKL, macrophage-colony stimulation 
factor (M-CSF), and osteoprotegerin (OPG) [19]. Next, 
we examined the expression levels of these factors and 
found that both BMSCs from M and O groups exhibited 
higher M-CSF and lower OPG compared to Y group 
(Figure 2F). The RANKL expression and the ratios of 
RANKL/RANK, RANKL/OPG were increased in M 
group compared to Y group, but then decreased in O 
group (Figure 2F, G and H). These results implied that 
BMSCs from M group could be relatively easier to 
osteoclastogenesis induction, but this property tends to 
decrease with aging. 
 
To understand these age-related properties in AB-
BMSCs, we next compared the pluripotency and 
senescence properties of AB-BMSCs from young, 
middle, and older subjects. As shown in Fig. 2I, colony-
forming units of AB-BMSCs significantly reduced with 
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aging. In parallel with SATB2 decline, the expression of 
three master stemness factors Nanog, SOX2 and OCT4 
was remarkably reduced with aging (Figure 2J and K). 
To explore the basal reactive oxygen species (ROS)-
stressed senescence related to aging, we exposed AB-
BMSCs to 60 μM hydrogen peroxide (H2O2) for 6 hours 
and then determine the cell senescence. As expected, 
more SA-β-Gal positive cells were observed in M and O 
groups than Y group (Figure 2L and M). Senescence-
related factors P16, P21 and P53 showed markedly 
higher expression in M and O groups compared to Y 
group (Figure 2N). Together, these data indicate that 
declined pluripotency and increased senescence 
occurred in AB-BMSCs with aging. 
 
Gain and loss of function in SATB2 related to the 
properties of AB-BMSCs  
 
To investigate whether SATB2 was involved in the age-
related properties of AB-BMSCs, we employed the 
gain-of-function approach by introducing exogenous 
SATB2 into cells. AB-BMSCs from older subjects were  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

transfected by exogenous SATB2 by lentiviral vector and 
followed by phenotypical change evaluation. Although 
cellular proliferation remained largely unaltered (Figure 
3A), enforced SATB2 overexpression significantly 
enhanced pluripotency markers expression (Figure 3B), 
whereas reduced cellular senescence as reflected by 
reduced SA-β-Gal-positive cells and senescence marker 
expression (Figure 3C and D). Notably, ectopic SATB2 
overexpression significantly promoted osteogenic 
differentiation of older AB-BMSCs and inhibited their 
adipogenic differentiation (Figure 3E, F and G). Taken 
together, these results suggest that SATB2 has the 
capability to reverse, at least partly, some aging-related 
phenotypes of older AB-BMSCs. 
 
To verify the roles of SATB2 in governing the age-
related properties of AB-BMSCs, endogenous SATB2 
in AB-BMSCs from young donors was silenced by 
shRNA-mediated gene knockdown. The cellular 
proliferation rate significantly decreased after SATB2 
knockdown (Figure 3H). In addition, SATB2 knock-
down   reduced  the   expression   abundance  of  Nanog,  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1．SATB2 expression in AB‐BMSCs declines with age. (A) Correlogram showed inverse correlation between
SATB2 expression and age. SATB2 mRNA (B) and protein (C)  levels decreased with age. (D)  Immunofluorescence of AB‐
BMSCs in different ages demonstrated decreased SATB2 expression with aging. *p < 0.05, **p< 0.01. Scale bar=100μm. 
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SOX2 and OCT4 (Figure 3I), and increased cell 
senescence as shown by induced SA-β-Gal-positive 
cells and enhanced senescence markers expression 
(Figure 3J and K). Furthermore, SATB2 silencing 
remarkably inhibited osteogenic  differentiation  (Figure  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3L and M) and promoted adipogenic differentiation of 
BMSCs (Figure 3N). Collectively, our results from both  
gain and loss of function experiments strongly support 
the idea that SATB2 is a critical regulator responsible 
for age-associated properties of AB-BMSCs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Age‐related properties of AB‐BMSCs. (A) Decreased proliferation rates of BMSCs in group O as compared with Y, M groups
was detected using CCK8 assay.  (B, C) Decreased osteogenic differentiation of AB‐BMSCs  in M and O group  in relative to Y group was
observed by Alizarin red staining and osteogenic markers expression at day 14 after induction. (D, E) Enhanced adipogentic ability of AB‐
BMSCs associated with age as detected by oil red staining and higher mRNA levels of adipogenic markers at day 14 after induction. (F, G,
H) The expression of RANK, RANKL, M‐CSF and OPG, and the ratios of RANKL/RANK and RANKL/OPG were measured in different groups of
AB‐BMSCs as indicated. (I) More colony‐forming units were observed in BMSCs from Y group than M and O group. (J, K) Western blot and
immunofluorescence  assays  revealed  decreased  SATB2, Nanog,  SOX2  and OCT4  protein  expression  associated with  ages  in  different
groups  of  AB‐BMSCs  as  indicated.  (L, M)  SA‐β‐Gal  staining  revealed more  senescent  AB‐BMSCs  and  the  cells were  easier  to  induce
senescence under oxidative stress in M and O groups. (N) Western blot results showed higher P16, P21 and P53 expression in M and O
groups compared to Y group. #p> 0.05, *p< 0.05, **p< 0.01, ***p< 0.001. Scale bar = 100 μm in K and Scale bar = 50 μm in D and L. 
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Figure 3. Gain and loss of function in SATB2 related to the properties of AB‐BMSCs. (A) Ectopic SATB2 overexpression in AB‐
BMSCs from O group had no significant influence on cell proliferation. (B) Upregulated SATB2, Nanog, SOX2 and OCT4 expression was
observed in BMSCs transfected with SABT2 overexpression lentivirus. (C) SATB2 overexpression on AB‐BMSCs from O group decreased
the number of SA‐β‐Gal positive cells and downregulated P16, P21 and P53 expression as compared with cells  infected with empty
vector. (D, E, F) SATB2 overexpression on AB‐BMSCs from O group enhanced osteogenic differentiation as demonstrated by stronger
Alizarin  red  staining and higher SATB2, RUNX2, OSX and OPN expression as  compared with  control cells at day 14 after osteogenic
induction.  (G) The mRNA  levels of adipogenic markers  Leptin, PPAR‐γ and C/EBP‐α were decreased  in SATB2 overexpression  in AB‐
BMSCs from O group as compared with control cells at day 14 after adipogenic induction. (H) SATB2 knockdown  in AB‐BMSCs from Y
group inhibited cell proliferation. (I) Downregulated SATB2, Nanog, SOX2 and OCT4 expression was detected upon endogenous SATB2
silencing. (J, K) Increased SA‐β‐Gal positive cell and upregulated P16, P21 and P53 expression were observed in SATB2 knockdown cells.
(L, M) SATB2 knockdown in AB‐BMSCs from Y group exhibited lower osteogenic differentiation as shown by weaker Alizarin red staining
and lower SATB2, RUNX2, OSX and OPN expression as compared with control cells at day 14 after osteogenic induction. (N) The mRNA
levels of adipogenic markers Leptin, PPAR‐γ and C/EBP‐α were increased in SATB2 knockdown in AB‐BMSCs from Y group as compared
with control cells at day 14 after adipogenic induction. *p< 0.05, **p < 0.01, ***p < 0.001. Scale bar = 100 μm. 
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SATB2-modified BMSCs prevent alveolar bone loss 
during the aging of rats 
 
To further understand the age-related properties of AB-
BMSCs, we assessed the stemness and senescence of 
BMSCs and its potential correlation with the alveolar 
bone mass of rats at ages of  3, 12,  and 18  months.  We  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

found that the alveolar bone mass in these rats 
decreased with aging (Figure 4A). Bone histomorpho-
metric parameters revealed a decrease in BV/TV, Tb.N., 
Tb.Th. and an increase in Tb.Sp (Figure 4B, C, D and 
E). BMSCs from rats mandibular not only showed a 
declined colony-forming units with aging (Figure 4F), 
but  also a reduced  expression  of  stemness  factors 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure  4.  SATB2‐modified  BMSCs  prevent  alveolar  bone  loss  of  aging  rats.  (A)  The  region  of molar  furcation  in  rats
mandible demonstrated a significantly reduced bone mass with aging. (B) Bone histomorphometric parameters revealed a decrease
in BV/TV,  (C) Tb.N., (D) Tb.Th. and (E) an increase in Tb.Sp. (F) BMSCs from rats mandible showed a declined colony‐forming units
with aging. (G) Western blots showed the decrease of SATB2, Nanog, SOX2 and OCT4 expression with aging. (H) SA‐β‐Gal positive
cells and senescence‐related factors P16, P21 and P53 (I)  increased with aging. (J) HE staining demonstrated abundant trabecular
bone in Lev‐satb2 group compared with Lev‐GFP group (alveolar bone showed in yellow line). (K‐O) Histomorphometric analysis of
alveolar  trabecular bone after  treatment with BMSCs,  representative micro‐CT  images  (K), BV/TV  (L), Tb.N.  (M), Tb.Sp  (O), and
Tb.Th(N) between Lev‐GFP group and Lev‐satb2 group. #p> 0.05, *p< 0.05, **p< 0.01, ***p< 0.001. Scale bar = 100 μm. 
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SATB2, Nanog, SOX2 and OCT4 (figure 4G). More 
SA-β-Gal positive cells were observed with aging 
(Figure 4H), and senescence-related factors P16, P21 
and P53 increased steadily in the aging of rats (Figure 
4I). Of note, in rats, SATB2 expression in BMSCs also 
decreased with aging (Figure 4G). 
 
To explore whether BMSCs rejuvenated by SATB2 
could prevent alveolar bone loss during the aging, 
satb2-modified BMSCs therapy was implemented in 
rats at ages of 15 months. 3 months later, more 
abundant trabecular bone in Lev-satb2 group was 
demonstrated than in Lev-GFP group (Figure 4J). The 
results of three-dimensional micro-CT were consistent 
with histological staining, showing an increased bone 
mass (Figure 4K). Bone histomorphometric parameters 
demonstrated an increase in BV/TV, Tb.N., while a 
decrease in Tb.Sp (Figure 4L, M and O). There is no 
significant difference in Tb.Th between Lev-GFP group 
and Lev-satb2 group (Figure 4N). Together, these data 
suggest that AB-BMSCs derived from rats also 
demonstrate   a  declined   pluripotency   and   increased  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

senescence with aging, and transplantation of satb2- 
modified BMSCs could rejuvenate the alveolar bone 
during the aging of rats. 
 
SATB2 regulates age-related properties of AB-
BMSCs by Nanog pathway  
 
Considering that SATB2 was intricately linked to 
senescence and pluripotency of AB-BMSCs, and the 
well-established regulatory role of Nanog in BMSCs 
stemness and senescence [18], so we next asked 
whether such effects of SATB2 on age-related 
properties of AB-BMSCs were mediated by Nanog and 
its associated downstream pathway. To address this, we 
knocked down Nanog in SATB2 stable overexpressing 
older AB-BMSCs and assessed the following 
phenotypic changes. Both mRNA and protein levels of 
Nanog, SOX2 and OCT4 were markedly decreased 
following Nanog knockdown in SATB2 overexpressing 
cells (Figure 5A, B and C). The number of SA-β-Gal 
positive cells significantly increased in parallel with 
P16, P21 and P53 upregulation (Figure 5D and E).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. SATB2 regulated age‐related properties of AB‐BMSCs by Nanog pathway. (A, B) Real‐time PCR and western
blot  results  showed  the  decrease  of  Nanog,  SOX2  and  OCT4  expressions  after  Nanog  knockdown  in  AB‐BMSCs with  SATB2
overexpression (Lev‐Satb2/Si‐Nanog) in relative to control (Lev‐Satb2/Scramble). (C) Immunofluorescence staining verified Nanog
reduction upon Nanog knockdown mediated by siRNA. (D, E) Nanog knockdown increased the number of SA‐β‐Gal positive cells
and P16, P21 and P53 abundance in AB‐BMSCs with SATB2 overexpression. (F, G) Nanog knockdown largely abrogated the effects
of SATB2 overexpression  in AB‐BMSCs from older donors as demonstrated by weaker Alizarin red staining and reduced RUNX2,
OSX and OPN expression. *p< 0.05, ***p< 0.001. Scale bar = 100 μm. 
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Importantly, Nanog knockdown inhibited osteogenic 
differentiation in AB-BMSCs with SATB2 over-
expression (Figure 5F and G). Therefore, our results 
suggest that these age-related properties of AB-BMSCs 
might be associated with reduced expression of core 
pluripotency factors mediated by SATB2.  
 
SATB2 binds with nanog promoter and promotes its 
transcription in BMSCs  
 
To investigate whether these core pluripotency factors 
were under direct or indirect regulation of SATB2 in 
AB-BMSCs, we performed the literature review and 
found that SATB2 binds the Nanog locus in vivo and 
contributes to the plasticity of Nanog expression and 
embryonic stem cell pluripotency [17]. No evidence has 
been found in direct binding between SATB2  and SOX2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

or OCT4. However, the detailed molecular mechanisms 
underlying SATB2 regulatory roles on Nanog remain 
largely unexplored yet. Therefore, our following studies 
focused on SATB2 on Nanog transcription in BMSCs. 
Our data reveal that the level of Nanog transcript was 
induced upon SATB2 overexpression, and reduced 
following SATB2 knockdown (Figure 6A and B). These 
data suggest that Nanog expression might be regulated 
by SATB2 in a transcriptional manner. We reasoned 
that SATB2 could physically bind with the promoter of 
Nanog and promote its transcription in AB-BMSC. To 
address this, we performed the chromatin immuno-
precipitation (ChIP) assays with specific antibody 
against human SATB2 and 12 primers covering the 
upstream -1850~+350 of SATB2 (detailed sequences in 
Supplementary Table S3). Significant enrichment of 
SATB2 was identified in  four  putative binding  sites  in 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. SATB2 binds to human Nanog promoter and promotes its transcription in AB‐BMSCs. The mRNA levels
of Nanog were determined by real‐time PCR upon SATB2 overexpression (A) and knockdown (B) in AB‐BMSCS. (C) Twelve
primers were designed  to cover  the human Nanog promoter  region and used  to  identify binding  sites of SATB2 by ChIP
assay. Four putative SATB2‐binding sites  in Nanog promoter region were  identified. The relative enrichment of these four
putative binding sites of SATB2 in AB‐BMSCs from young (D) and older donors (E). (F) Luciferase reporter assays indicated
that  the  luciferase activity was  significantly  increased  in  reporter  containing  the binding  site 10.  (G)  Schematic diagram
illustrating the roles of SATB2‐Nanog axis in aging‐related properties of AB‐BMSCs. #p> 0.05, *p< 0.05, **p< 0.01. 
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Nanog promoter region (Figure 6C, Supplementary 
Figure S2A and B). We next wonder whether such 
enrichments of SATB2 binding exist in AB-BMSCs 
from young and old subjects. Indeed, significant 
enrichments were found in all four binding sites in 
young AB-BMSCs and 2 sites in old AB-BMSCs, 
respectively (Figure 6D and E). The binding enrichment 
in site 4 and site 10 was significantly lower in old AB-
BMSCs as compared to young counterparts. To further 
verify the regulatory function of SATB2 binding in 
Nanog transcription, we constructed the Nanog 
luciferase reporters which contained the four binding 
sites (each vector with one site) respectively. These 
reporters were co-transfected with human Satb2 plasmid 
into 293T cells. Results from luciferase reporter assays 
indicated that the luciferase activity was significantly 
increased in reporter containing the binding site 10, 
although the luciferase activates in the others were 
comparable with control (Figure 6F). Collectively, these 
findings support that SATB2 promotes Nanog 
transcription by directly binding to its promoter region 
in AB-BMSCs. Reduced SATB2 and its downstream 
mediator Nanog might be responsible for the aging-
related properties in older AB-BMSC.  
 
Taken together, based on our abovementioned data and 
previous literature, we propose that reduced SATB2 in 
aged AB-BMSCs was partially responsible for these 
age-related properties of AB-BMSCs. Nanog might be 
one of downstream effectors of SATB2 via direct 
transcriptional region underlying this biological process 
(Figure 6G).  
 
DISCUSSION 
 
In this report, we firstly characterized age-related 
properties of BMSCs from human jaws, and found 
diminished SATB2 in AB-BMSCs with aging. Reduced 
SATB2 was critically involved in the age-related 
properties of BMSCs and Nanog was identified as a 
downstream effector of SATB2. Furthermore, our data 
revealed that SATB2 directly binding to Nanog 
promoter and in turn promoted its transcription in AB-
BMSCs. Our findings extend the current understanding 
of the molecular mechanisms underlying the age-related 
properties of human craniofacial BMSCs.  
 
Tissue or organ aging is a complex process 
characterized by the functional impairment of tissue 
maintenance, repair and regeneration [20]. This process 
might be caused by the age-associated decline in adult 
stem cell numbers and functions [21, 22], which leading 
to age-related bone loss throughout the body [3, 23, 24]. 
However, the intrinsic age-related changes of BMSCs 
from human craniofacial bone remains incompletely 

characterized. In this study, we characterized the 
alveolar-derived BMSCs from healthy subjects with 
different ages to reveal the phenotypic changes with 
aging. Consistent with previous reports about human 
femoral-derived BMSCs [4, 23], the proliferation and 
osteogenic differentiation potential of AB-BMSCs 
decreased with aging, whereas the senescence and 
adipogenic differentiation of AB-BMSCs increased. 
Interestingly, we also found that the osteoclast-
inductive capacities of AB-BMSCs peaked in AB-
BMSCs from middle aged donors but ultimately 
decreased with aging. This implied that AB-BMSCs-
mediated bone remodeling may be the most active in 
early of elderly. 
 
The core pluripotency transcription factors such as 
OCT4, SOX2 and Nanog play a pivotal role in self-
renewal and properties maintenance of embryonic/adult 
stem cells [25, 26]. A line of evidence has indicated that 
these factors can reverse the age-related senescence of 
BMSCs and promote their differentiation potentials [18, 
25, 27, 28]. Pluripotency decline may be the main 
intrinsic cause of stem cell aging and associated 
phenotypes such as reduced self-renewal and impaired 
differentiation potentials. Our findings showed protein 
levels of Nanog, OCT4, and SOX2 in AB-BMSCs 
decreased with aging, although it has been reported that 
Nanog, OCT4 mRNA expression in femoral-derived 
BMSCs is not affected by aging [23]. This discrepancy 
may be explained by phenotypical differences in site-
specific BMSCs. Our studies and others have revealed 
that craniofacial BMSCs possess stronger stemness and 
anti-senescence properties compared to BMSCs from 
appendicular bone [9-11]. So, we reason that these core 
pluripotency transcription factors are critically involved 
in senescence-associated intrinsic mechanisms of 
craniofacial BMSCs. It may be a promising strategy by 
utilizing these pluripotency factors to reverse the aging, 
maintain stemness as well as block pre-mature 
senescence of BMSCs [15, 18, 29]. 
 
It is well established that SATB2 is a fundamental 
regulator underlying osteoblastogenesis and craniofacial 
bone formation  [14, 30-32]. Our previous work showed 
that SATB2 could improve the stemness properties and 
anti-senescence capacity of BMSCs [15]. Moreover, 
induced pluripotent stem cells with SATB2 over-
expression displayed enhanced osteogenic differen-
tiation and bone formation both in vitro and in vivo 
[16]. As a transcription factor, SATB2 binds to specific 
DNA sequence, contributing to chromatin-remodeling, 
subnuclear DNA localization, and gene transcription 
[33-35]. In this study, by gain- and loss-of function 
experiments, we verified that SATB2 levels are closely 
associated with the age-related properties of AB-
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BMSCs, including declined stemness and osteogenic 
potential, and enhanced senescence and adipogenic 
differentiation potential. Enforced SATB2 can 
rejuvenate the older AB-BMSCs, while SATB2 
knockdown promote senescence phenotype of young 
AB-BMSCs. These results highlight that SATB2 is 
critically involved in age-related property changes of 
AB-BMSCs. More importantly, we further identified 
Nanog as the downstream effector of SATB2 in AB-
BMSCs based on the following findings. First, we 
found that Nanog expression was induced following 
SATB2 overexpression, while reduced upon SATB2 
silencing in vitro. Then, endogenous Nanog knockdown 
largely abrogated the effects induced by SATB2 
transduction in AB-BMSCs. These are also supported 
by the previous report in which they found that SATB2 
binds the Nanog locus in vivo, and contribute to the 
plasticity of Nanog expression and mouse ES cell 
pluripotency. However, the detailed binding between 
SATB2 and Nanog locus has not been identified and 
functionally characterized thus far [17]. To resolve this, 
we analyzed the promoter region of human Nanog and 
identified four putative bind sites of SATB2. Moreover, 
different enrichment of SATB2 in Nanog promoter 
region in young and old AB-BMSCs might be 
responsible for reduced Nanog expression and age-
related properties in old AB-BMSCs. Given the 
complex roles of SATB2 in diverse settings [14, 35, 
36], here we can’t rule out the possibility that other 
downstream mediators of SATB2 besides Nanog are 
involved in these age-related properties of AB-BMSC. 
It remains an open and interesting question to further 
explore the detailed mechanisms of SATB2 in 
mediating BMSCs aging.  
 
How to efficiently reverse the aging process remain an 
unrealized challenge and a hot subject of intensive 
investigation [37]. Cell reprogramming by specific 
transcriptional factors is a novel therapeutic strategy 
with promising translational values as evidenced that 
iPS cells or stem/progenitor cells are successfully 
generated from differentiated cells by defined factors 
both in vitro and in vivo [38-40]. Recent evidence 
indicates that very small embryonic-like stem cells 
(VSELs) residing in adult tissues, which are a 
population of developmentally early stem cells, play a 
potential role in aging and organ rejuvenation [41]. Our 
findings that older BMSCs modified by exogenous 
SATB2 overexpression efficiently reverse the age-
related properties suggest that therapeutic modification 
of SATB2 might be an alternative anti-aging approach 
to rejuvenate the aged BMSCs. However, more studies 
are needed to verify the translational values of SATB2 
as a novel anti-aging target.  

In conclusion, our data characterized the age-related 
properties of craniofacial BMSCs and revealed that 
decreased SATB2 expression of AB-BMSCs may be 
responsible for the age-related changes. Enforced 
SATB2 was able to rejuvenate the age-related 
properties of aged BMSCs. Mechanistically, SATB2 
directly bind and transcriptionally activate Nanog gene 
expression in BMSCs. Further investigations into the 
mechanisms of SATB2 loss with aging in bone are 
warranted to expand our knowledge on BMSCs 
senescence as well as osteoporosis. 
 
MATERIALS AND METHODS 
 
Ethics statement 
 
Investigation has been conducted in accordance with the 
ethical standards and according to the Declaration of 
Helsinki and according to national and international 
guidelines and has been approved by the Ethics and 
Research Committee of Nanjing Medical University. 
 
Cell culture 
 
Trabecular bone of mandible was obtained from 
volunteer donors when they received impacted tooth 
extraction or dental implantation at our hospital. All 
volunteers were categorized into young group (Y, 19-27 
years old), middle-aged group (M, 32-47 years old) and 
old group (O, 60-84 years old) according to age. 
Informed consent was obtained before volunteers 
enrolled in this study. Human BMSCs from mandibular 
bones were obtained according to previous methods [10, 
42]. BMSCs were cultured in 25cm2 cell culture flasks 
with medium consisting of Dulbecco’s modified Eagle’s 
medium (DMEM) (Gibco Life Technologies, NY, 
USA), 100 U/ml penicillin and 100 μg/ml streptomycin, 
10% fetal bovine serum (FBS) (Hyclone, Logan, UT, 
USA) at 37°C maintained in 5% CO2. BMSCs were 
confirmed by positive expression of MSC markers 
CD29, CD 90, CD105 and negative expression of 
hematopoietic markers CD34, CD45 (Supplementary 
Figure S1). 
 
Western blots and real-time PCR 
 
Western blots and real-time PCR analysis were 
performed as our previous reports [43]. The primary 
antibodies used for western blots are listed in 
Supplementary Table S2. Western blots results were 
quantified with Quantity One software (Bio-Rad 
Laboratories, Calif., USA). The primer sequences used 
for Real-time PCR are listed in Supplementary Table 
S2. The expression levels of each mRNA were 
normalized to GAPDH. 
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Immunofluorescence 
 
Cells were firstly permeabilized with 0.2% Triton X-
100 (Sigma, St. Louis, Mo., USA) for 10 min and 
followed by incubation with primary antibodies at 4°C 
overnight. Cells and tissues were then incubated with 
FITC-tagged or TRITC-tagged secondary antibodies for 
60 min. The nuclei were stained with DAPI (Beyotime 
Institute of Biotechnology, Haimen, China) and 
immunofluorescent images were captured with Leica 
DM4000 (Leica Microsystems, Mannheim, Germany). 
Cell Proliferation and Colony-forming Assays. Cell 
proliferation ability was measured with CCK8 kit 
(Dojindo, Kamimashiki-gun, Kumamoto, Japan) assay. 
Briefly, cells were prepared into 96-well plates at a 
cellular density of 1 × 103 cells/well. A 1:10 diluted 
CCK8 solution in DMEM was added to the cells. After 
2 hours incubation at 37°C, the results were measured 
by automatic enzyme-linked immunosorbent assay 
reader (BioTek Instruments Ins., USA) at 450 nm. Cell 
colony-forming assay were performed as we described 
previously [44].  
 
Osteogenic induction and Alizarin Red staining 
 
Osteogenic differentiation of BMSCs was induced using 
osteogenic media containing supplements of 10-7 M 
dexamethasone (Sigma), 10 mM β-glycerophosphate 
(Sigma) and 50 μg/ml ascorbic acid (Sigma). Following 
14 days of osteogenic induction, cells were fixed in 
anhydrous alcohol for 30 min followed by staining with 
2% Alizarin Red S (PH 4.2) (Sigma). The calcium 
accumulations were quantified with cetylpyridinium 
chloride (CPC) and measured by automatic enzyme-
linked immunosorbent assay reader (BioTek 
instruments Tnc., USA) at 510 nm. 
 
Adipogenic induction and Oil Red staining 
 
Adipogenic differentiation of BMSCs was induced 
adipogenic media containing supplements of 10-6 M 
dexamethasone (Sigma), 10 μg/ml insulins (Sigma), 0.5 
mM 3-isobutyl-1-methylxanthine (Sigma) and 0.2 mM 
indomethacin (Sigma). Following adipogenic induction 
for 14 days, the cells were fixed with 4% paraformal-
dehyde for 10 min and stained with Oil Red O. The 
images were captured by Leica DMI3000B (Leica). 
Lipid droplet areas were analyzed by Image J software 
(National Institutes of Health, USA). 
 
Cell senescence-associated β-galactosidase staining 
 
Senescent cells were determined by senescence-
associated-β-galactosidase (SA-β-Gal) activity, which 
was identified by β-Gal Staining Kit (GenMed, USA) 

according to the manufacturer’s instructions. The images 
were captured by Leica DMI3000B (Leica) and senescent 
cells were also quantified by Image J software. 
 
Animal experiments 
 
All procedures were carried out according to the 
guidelines of the Animal Care Committee of Nanjing 
Medical University. As we described previously [43], 
BMSCs derived from mandibular were isolated from 
young group (3 months old), middle-aged group (12 
months old) and old group (18 months old) male 
Sprague-Dawley (SD) rats. 15 months old SD rats were 
transplanted with green fluorescent protein (GFP) 
modified or SATB2 enforced BMSCs (1 × 107) by tail 
vein at week 2, 6, and 12 after micro-CT scan. Rats 
were killed at week 14 (n=5 per group).  
 
Micro-CT measurement 
 
The micro-structure of the first molar furcation in 
mandible was evaluated using a micro-CT system 
(Skyscan 1176, Kontich, Belgium). The trabecular bone 
was scanned at high resolution (18 µm) and energy of 
50 kV and 456 µA. NRecon v1.6 and CTAn v1.13.8.1 
software were used to reconstruct and analyze the 3D 
images. To analyze the bone microarchitecture, 4 
parameters were calculated: bone volume ratio (BV/TV, 
%), trabecular thickness (Tb.Th.), trabecular number 
(Tb.N.), and trabecular separation (Tb.Sp.) 
 
Histological observation 
 
Mandibular bone specimens were fixed with 4% 
paraformaldehyde for 24 hours and decalcified in a 
solution of 10% EDTA (pH7.4). Then, bone specimens 
embedded in paraffin wax, sectioned into 4 μm-thick 
slices, and placed on adhesion microscope slides. The 
trabecular bone of the furcation area was observed by 
hematoxylin and eosin (HE) staining. 
 
Chromatin immunoprecipitation (ChIP) 
 
For ChIP assays, different primers were synthetized and 
covered -1850 to +350 of Nanog promoter. BMSCs 
were cross-linked with 1% formaldehyde at 37°C for 20 
min. The cells were then lysed in SDS buffer and 
sonicated to shear DNA. ChIP analysis was carried out 
using EZ-ChIP (Millipore Corporation, Billerica, Mass., 
USA) according to the manufacturer’s protocol. Lysates 
diluted with ChIP dilution buffer were immuno-
precipitated with anti-SATB2 (Proteintech, Chicago, 
USA) or rabbit IgG as an internal control. The 
precipitated DNA was analyzed by real-time PCR and 
semi-quantitative PCR. 
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Dual luciferase reporter assay 
 
The putative binding region of SATB2 in human Nanog 
promoter were cloned downstream of the firefly 
luciferase gene (FL) in pGL3-basic luciferase reporter 
vector (Promega, USA). For luciferase reporter assays, 
293T cells were co-transfected with individual pGL3-
Nanog reporter and Lev-Satb2 plasmids. After 48 hours 
transfection, cells lysates were collected and assayed 
with the Dual-Luciferase Assay (Promega) following 
the manufacturer’s instructions. The pRL Renilla 
luciferase (RL) reporter was used for data 
normalization. The results were displayed as the ratio of 
FL/RL activity. 
 
Statistical analysis 
 
All in vitro experiments were repeated independently at 
least three times. Results were presented as mean ± 
standard deviation (SD). The statistical significance 
between groups was calculated using Student’s t-test or 
ANOVA analysis as indicated. P-value < 0.05 (two 
sides) was considered significant. 
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Supplementary Figure S1. BMSCs were confirmed by flow cytometry. 

Supplementary Figure S2. (A) ChIP assays showed four putative binding sites among 12 primers
covering  the upstream  ‐1850~+350 of SATB2  in human Nanog promoter region  in BMSCs.  (B) The
four positive binding sites were further proved in 293T cells by real‐time PCR. *p < 0.05, **p < 0.01. 
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Table S1. Antibodies used in Western blot 
 

Antibody Dilution Source Code number 

SATB2 1:800 Abcam Ab69995 

NANOG 1:400 Santa Cruz SC-33760 

SOX2 1:400 Santa Cruz SC-17320 

OCT4 1:400 Santa Cruz SC-5279 

RUNX2 1:1000 Cell Signaling Technology #12556 

OSX 1:800 Abcam Ab22552 

OPN 1:800 Bioworld BS1264 

P16 1:800 Abcam Ab51243 

P21 1:500 Proteintech 10355-1-AP 

P53 1:500 Proteintech 10442-1-AP 

β-actin 1:800 Boisynthesis Biotechnology Bs-oo61R 

Table S2. Sequence information on specific primers used in this study 
 

Gene Primer Sequence (5’ - 3’) Product size 

(bp) 

Tm (˚C) 

Satb2 F: 5’- CCAGGAGTTTGGGAGATGGTAT - 3’ 101 60.0 

R: 5’- GTGAGGAGACTGTTCGTTGGTT - 3’ 

Nanog F: 5’- AAGGTCCCGGTCAAGAAACAG - 3’ 126 59.7 

R: 5’- CTTCTGCGTCACACCATTGC - 3’ 

Sox2 F: 5’- GGCAGAGAAGAGAGTGTTTGC - 3’ 120 59.8 

R: 5’- GCCGCCGATGATTGTTATT - 3’ 

Oct4 F: 5’- TGAGAGGCAACCTGGAGAAT - 3’ 115 60.0 

R: 5’- AACCACACTCGGACCACATC - 3’ 

OPG F: 5’- GCGCTCGTGTTTCTGGACATC-3’ 149 61.9 

R: 5’- CCAGGAGGACATTTGTCACACAAC - 3’ 

RANK F: 5’- GAGGCACCAGAGTTAGTCTGC - 3’ 101 61.9 

R: 5’- GGAGGTGTTCACGTTGAGAATC - 3’ 

RANKL F: 5’- TGCCAGTGGGAGATGTTAGAC - 3’ 119 60.0 

R: 5’- CCTTCAATTGCGCTAGATGAC - 3’ 

M-CSF F: 5’- TAGCCACATGATTGGGAGTGGA - 3’ 122 60.0 

R: 5’- CTCAAATGTAATTTGGCACGAGGTC - 3’ 

Leptin F: 5’- AGTTGTACTTCCAGTGCGTCTC - 3’ 130 59.8 

R: 5’- TACTTTCACAGTCGGGTT - 3’ 
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PPAR-γ F: 5’- AGCTGAACCACCCTGAGTCC - 3’ 125 59.9 

R: 5’- TCATGTCTGTCTCCGTCTTCTTG - 3’ 

C/EBP-α F: 5’- CACGAAGCACGATCAGTCCAT - 3’ 124 59.8 

R: 5’- CGCACATTCACATTGCACAAG - 3’ 

GAPDH F: 5’- GGAGATTACTGCCCTGGCTCCTA - 3 178 60.0 

R: 5’- GACTCATCGTACTCCTGCTTGCTG - 3’ 

Table S3. Sequence of the 12 ChIP primers. Red represents four positive binding sites 
 

Number   Primers Sites 

Nanog1 F CATTTTAACACATCCTTAGTCCAGC `-1850～-1663 

  R GCTCCCTGTCCCATTGTGT   

Nanog2 F AATGGGACAGGGAGCGG `-1677～-1453 

  R GAAATAGGATGATTTCTTTAAAAGAAGG   

Nanog3 F AAGAAATCATCCTATTTCCTACGAGA `-1470～-1301 

  R TATTGCTTGATGTGAAACAAGGA   

Nanog4 F AGGAGCAGAGTGCAGAGGAG `-1226～-1076 

  R CTTCCTATTCCCAAACCCAAC   

Nanog5 F GGGTTTGGGAATAGGAAGGA `-1093～-965 

  R GTGGGTGTGTGTGTTTCTGG   

Nanog6 F CCATAAATGTTAGTGCTGGAACC `-1050～-838 

  R AGTTTGGTTTCTTGTCTATCCCTC   

Nanog7 F AAAGGAAACTAAGGTAGGTGCTGA `-836～-601 

  R CATGCACCTTAAATTCCTGAGG   

Nanog8 F CAGGAATTTAAGGTGCATGC `-619～-366 

  R GAGTTTGAAACCAGCCTGGC   

Nanog9 F TGGCCAGGCTGGTTTC `-387～-186 

  R CCAGCAACAAATACTTCTAGGTTC   

Nanog10 F GCTGGGTTTGTCTTCAGGTT `-190～-79 

  R TCCCGTCTACCAGTCTCACC   

Nanog11 F AAATCTTTGTTAAATTTTTGGTTGG `+1～+200 

  R AAGCTGGAGTGCAGTGGTGT   

Nanog12 F GGTAGGTGGAGGTTGTAGTGAG `+151～+350 

  R TGCACATGTACAATGCACGT   
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