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Introduction
Over 50  billion cells undergo apoptosis each day in an 
adult human, which plays a pivotal role in the mainte-
nance of tissue homeostasis and eliminating damaged 
or unwanted cells [1, 2]. Accumulating experimental 
evidence has shown that apoptotic disorders can lead 
to a variety of anomalies, including aging, autoimmune 
diseases and cancer [3, 4]. Senescent cells are resistant 
to apoptosis, leading to the accumulation of senescent 
cells and further exacerbating the aging process. Recent 
studies show that apoptotic cells can release metabolites 
to exert certain physiological functions [5]. However, 
whether apoptotic metabolites regulate senile osteoporo-
sis remains unclear.
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Abstract
Over 50 billion cells undergo apoptosis each day in an adult human to maintain tissue homeostasis by eliminating 
damaged or unwanted cells. Apoptotic deficiency can lead to age-related diseases with reduced apoptotic 
metabolites. However, whether apoptotic metabolism regulates aging is unclear. Here, we show that aging 
mice and apoptosis-deficient MRL/lpr (B6.MRL-Faslpr/J) mice exhibit decreased apoptotic levels along with 
increased aging phenotypes in the skeletal bones, which can be rescued by the treatment with apoptosis inducer 
staurosporine (STS) and stem cell-derived apoptotic vesicles (apoVs). Moreover, embryonic stem cells (ESC)-apoVs 
can significantly reduce senescent hallmarks and mtDNA leakage to rejuvenate aging bone marrow mesenchymal 
stem cells (MSCs) and ameliorate senile osteoporosis when compared to MSC-apoVs. Mechanistically, ESC-
apoVs use TCOF1 to upregulate mitochondrial protein transcription, resulting in FLVCR1-mediated mitochondrial 
functional homeostasis. Taken together, this study reveals a previously unknown role of apoptotic metabolites 
in ameliorating bone aging phenotypes and the unique role of TCOF1/FLVCR1 in maintaining mitochondrial 
homeostasis.
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Apoptotic vesicles (apoVs) are a specific type of extra-
cellular vesicles (EVs) released during apoptosis, which 
are critical for maintaining organ and body homeostasis 
[5, 6]. Previous studies have shown that apoptotic vesicles 
can regulate immune response, promote DNA damage 
repair, enhance skin wound healing and hair regenera-
tion, and effectively treat multiple myeloma and other 
diseases [5, 7–10]. Our previous study found that mes-
enchymal stem cells (MSCs)-derived apoptotic vesicles 
can treat osteoporosis in ovariectomy-induced mice 
[5]. Compared with MSCs, embryonic stem cells (ESCs) 
are renowned for their more excellent pluripotency and 
stemness [11, 12]. Our previous studies found that the 
apoVs derived from ESCs inherit many characteristics of 
their parent cells, and ESC-apoVs demonstrate greater 
regenerative and reparative potential [7]. However, 
whether ESC-apoVs can be used as a more effective EVs 
to treat senile osteoporosis (SOP) remains unclear.

Mitochondrial dysfunction is one of the hallmarks of 
aging [13–15]. Several factors are demonstrated to trig-
ger the decline of mitochondrial function during aging, 
including elevated ROS production, mitochondrial 
DNA (mtDNA) mutations, protein oxidations, abnormal 
energy metabolism, and reduced mitochondrial biogen-
esis [16–18]. Recent studies have shown senescent cells 
release mitochondrial DNA (mtDNA) into the cyto-
plasm [19, 20], which exacerbates the senescence-asso-
ciated secretory phenotype (SASP) to promote the aging 
process [20, 21]. This suggests that maintaining mito-
chondrial homeostasis may be a potential treatment for 
age-related diseases.

This study demonstrates that apoptosis and apoptotic 
metabolites are required to maintain bone homeostasis in 
senile osteoporosis. In addition, we found that ESC-apoVs 
inherit TCOF1 from their parent cells, which upregulates 
mitochondrial protein transcription of FLVCR1 to main-
tain mitochondrial functional homeostasis.

Results
Apoptosis is required to attenuate the accumulation of 
senescent cells and ameliorate senile osteoporosis
Previous studies have shown that aging mice are resistant 
to apoptosis [22], but it is unclear whether reduced apop-
tosis levels will exacerbate osteoporosis. TUNEL staining 
and tissue immunofluorescence results showed that the 
femur of aging mice exhibited significant reduced apop-
tosis rate and apoptotic hallmarks cleaved caspase 3 com-
pared to young mice (Fig. 1A). We utilized P21 and β-Gal 
staining to assess senescent cells in tissues. Immunofluo-
rescence and SA-β-Gal staining results showed that the 
femurs of aging mice exhibited significant upregulation 
of aging hallmarks, including γH2AX, P21 and SA-β-
Gal, and downregulation of proliferation markers, such 
as PCNA, compared to young mice. (Fig.  1B). Alizarin 

red staining and Oil Red O staining results showed that 
the bone marrow mesenchymal stem cells (BMMSCs) of 
aging mice exhibited decreased osteogenic differentia-
tion ability and increased adipogenic differentiation abil-
ity (Fig. 1C and D). The results of micro-CT showed that 
aging mice exhibited the osteoporosis phenotype, as evi-
denced by decreased bone mineral density (BMD), bone 
volume/tissue volume (BV/TV) and trabecular number 
(Tb.n) (Fig. 1E and F). Therefore, we speculate that apop-
tosis resistance in the femur may be a key factor caus-
ing femoral bone aging. Abnormalities in endogenous 
and exogenous apoptosis signaling pathways can lead 
to apoptosis resistance of senescent cells in aging mice 
[22, 23]. Fas is a vital molecule in the exogenous apop-
totic pathway. Our recent study showed that six-month-
old Fasmut mice exhibited premature senescence [10]. 
To further confirm the relationship between apoptosis 
resistance and SOP, we analyzed aging and apoptosis 
levels in the bone marrow of six-month-old apoptosis-
deficient (Fasmut) mice. The results showed that apop-
tosis-deficient mice showed decreased apoptosis rate, 
accompanied by increased aging levels and adipogenic 
differentiation ability, and decreased osteogenic differen-
tiation ability, proliferation ability and bone parameters 
compared to wild-type mice (Figure S1A-E). The above 
results confirm that apoptosis resistance can cause bone 
aging phenotypes.

Next, we investigate whether increasing apoptosis level 
can rescue the osteoporosis phenotype in aging mice. We 
utilized a well-known apoptosis inducer staurosporine 
to induce apoptosis via activation of both endogenous 
and exogenous pathways [24]. STS was intraperitone-
ally administered to mice twice a week for 8 weeks. The 
results showed that STS treatment effectively increased 
trabecular BMD, BV/TV, and Tb.n of the femurs. It also 
enhanced osteogenic differentiation ability and reduced 
adipogenic differentiation ability in aging mice. This was 
accompanied by a significant upregulation of apoptosis 
level, proliferation ability, and a decrease in the level of 
aging hallmarks (Fig. 1A-F)). Our previous study showed 
that staurosporine elevated apoptosis in vivo and res-
cued impaired MSCs in Fasmut mice [5]. Similarly, STS 
treatment increased the osteogenic differentiation abil-
ity and decreased the adipogenic differentiation ability 
of Fasmut BMMSCs. This was accompanied by a signifi-
cant upregulation of apoptosis levels, proliferation ability 
and bone parameters, as well as a decrease in the level of 
aging hallmarks (Figure S1A-E). These data suggest that 
increased apoptotic level attenuates the accumulation of 
senescent cells and rescues senile osteoporosis.

ESC-apoVs significantly ameliorate bone aging phenotypes
We further examined the changes in endogenous apop-
totic vesicle levels in the femur and serum of aging mice 
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following our previously reported methods [5]. Western 
blot and nanoflow cytometry results showed that apoVs 
derived from the circulation and femur of Fasmut mice 
expressed apoV-specific markers cleaved caspase3 along 
with exosome-associated proteins CD9 and TSG101 

(Figures S1F-H). TEM and Elyra 7 Lattice SIM analy-
sis showed that apoVs derived from the circulation and 
femur of Fasmut mice were a double-layered vesicle-like 
structure (Figure S1I, S1J). NTA results showed that the 
circulation and femur in Fasmut mice exhibited reduced 

Fig. 1 Increased apoptotic metabolism rescues senile osteoporosis via attenuating senescent cell accumulation. (A) TUNEL staining (green) and immu-
nofluorescence images of cleaved caspase3 (red) showed apoptosis of bone marrow cells in aging mice. Scale bar, 10 μm. (n = 5). (B) Immunofluorescent 
images (left) and semi-quantification (right) of γH2AX foci (n = 10), P21, PCNA and β-Gal (n = 5) in aging mouse bone marrow. Scale bar, 20 μm (up) and 
10 μm (down). (C) Osteogenesis of BMMSCs in aging mice as assessed by Alizarin red staining (n = 5). (D) Adipogenesis of BMMSCs in aging mice as as-
sessed by Oil Red O staining (n = 5). E and F. MicroCT images and analysis of the distal femurs in aging mice. Scale bar, 0.5 mm (n = 5). Data were analyzed 
by one-way ANOVA with Bonferroni test for comparison of multiple groups. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001
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levels of endogenous apoptotic vesicles compared to WT 
mice, which were rescued by STS treatment (Figure S1K). 
The above results suggest that endogenous apoptotic ves-
icle levels are reduced in Fasmut mice, but this reduction 
can be reversed by STS treatment.

To further explore the potential relationship between 
the reduction of apoVs and the senescence phenotypes 
in SOP, we examined whether recipient BMMSCs engulf 
apoVs after apoV-infusion. Immunofluorescent stain-
ing showed that PKH26-labeled apoVs could be detected 
in CD90-positive BMMSCs in the bone marrow of WT 
mice after 24  h tail vein injection, as reported previ-
ously [7]. (Fig. 2A). Our previous studies confirmed that 
ESC-derived apoptotic vesicles can empower MSCs to 
improve their osteogenic function [7]. Therefore, we 
further explored whether ESC-apoVs could restore the 
osteogenic function of aging BMMSCs and treat SOP in 
vivo. We intravenously infused 1.6 × 1010 of ESC-apoVs, 
umbilical mesenchymal stem cell (UMSC)-apoVs or PBS 
per mouse twice a week for two consecutive months. 
The results of micro-CT showed that ESC-apoV treat-
ment effectively increased BV/TV, trabecular BMD and 
trabecular number (Tb.n) in the femur of aging mice 
compared to UMSC-apoVs and PBS groups (Fig.  2B). 
TRAP/ALP staining revealed that ESC-apoV treatment 
showed a significant increase in ALP-positive cells and a 
significant decrease in TRAP-positive cells compared to 
UMSC-apoVs and PBS groups (Fig.  2C). This indicates 
that ESC-apoV treatment increased the number of ALP+ 
osteoblasts and decreased the number of TRAP+ osteo-
clasts in the femur of aging mice.

Following the ESC-apoV treatment, the femur of aging 
mice showed significant upregulated apoptosis level, 
as assessed by TUNEL staining (Fig.  2D and E). In vivo 
animal imaging results showed that ESC-apoV treat-
ment effectively reduced the fluorescence levels of mice 
femurs in P16 fluorescently labeled mice compared to 
UMSC-apoVs and PBS groups (Fig. 2F). ESC-apoV treat-
ment significantly decreased aging markers, including 
the number of γH2AX foci, P21 and SA-β-Gal positivity 
rate, and increased proliferation markers, such as PCNA 
in the bone marrow compared to UMSC-apoVs and PBS 
groups (Fig. 2G). ELISA analysis revealed that ESC-apoV 
treatment significantly decreased the levels of SASP-
related factors IL-6, IL-8, MCP-1, and TNF-α, compared 
to UMSC-apoVs and PBS groups (Fig.  2H). Since mito-
chondrial DNA (mtDNA) release plays a crucial role in 
driving the senescence process [19, 20, 25], we examined 
whether apoVs could mitigate the release of mtDNA from 
myeloid cells. qPCR analysis revealed that ESC-apoV 
treatment significantly decrease mtDNA release com-
pared to UMSC-apoVs and PBS groups (Fig.  2I). This 
indicates that ESC-apoVs facilitate bone formation by 
decreasing senescence phenotypes in SOP.

Furthermore, we co-cultured aging BMMSCs with 
ESC-apoVs or UMSC-apoVs for 24  h in vitro. Immuno-
fluorescent staining showed aging BMMSCs were able 
to engulf PKH26-labeled apoVs (Fig.  3A). ESC-apoV 
treatment effectively decreased the levels of cellular 
senescence markers, including γH2AX, P16, P21 and 
SA-β-Gal, and increased the level of proliferation mark-
ers, such as PCNA, compared with UMSC-apoVs and 
PBS groups (Fig. 3B and C, Figure S2A, S2B). ESC-apoV 
treatment exhibited a potent function in promoting 
osteogenic differentiation but reduced adipogenic dif-
ferentiation ability compared to UMSC-apoVs and PBS 
groups (Fig.  3D-G). ELISA analysis revealed that ESC-
apoV-treated BMMSCs exhibited significantly decreased 
levels of SASP-related factors including IL-6, IL-8, 
MCP-1, and TNF-α, compared to UMSC-apoVs and PBS 
(Fig.  3H). qPCR analysis revealed that ESC-apoV treat-
ment significantly decrease mtDNA release from aging 
BMMSCs compared to UMSC-apoVs and PBS groups 
(Fig. 3I). These data indicate that the exogenous supple-
ment of ESC-apoVs can significantly decrease age-related 
hallmarks and alleviate senile osteoporosis in aging mice.

ESC-apoVs maintains MSC mitochondrial homeostasis by 
upregulating mitochondrial protein transcription
Since mitochondrial dysfunction is one hallmark of aging 
[26, 27], we examined mitochondrial morphological 
and functional changes to evaluate the impact of ESC-
apoVs in aging BMMSCs. TEM and immunofluorescent 
staining analysis revealed alterations in mitochondrial 
ultrastructure, including mitochondrial swelling and 
cristae disorder, along with significant depolarization 
of mitochondrial membranes in aging BMMSCs. These 
abnormalities were significantly reversed after ESC-
apoV treatment when compared with UMSC-apoVs 
and PBS groups (Fig.  4A and B). Due to the leakage of 
mtDNA into the cytoplasm, it triggers innate immunity 
and accelerates the aging process [19–21], we examined 
mtDNA leakage. Dual immunostaining of TOM20 and 
DNA revealed that aging BMMSCs contained plenty of 
DNA nucleoids in the cytosol, as evidenced by increased 
non-colocalized DNA nucleoli. ESC-apoV treatment sig-
nificantly reduced the number of DNA nucleoli in the 
cytoplasm compared with UMSC-apoVs and PBS groups 
(Fig. 4C and D). The results consistent with the changes 
in cytoplasmic mtDNA presented in Fig.  3I. These data 
indicate that ESC-apoVs decreased the release of mtDNA 
in aging BMMSCs to attenuate SOP.

To determine the mechanism by which ESC-apoVs 
affect aging BMMSCs, we conducted RNA sequenc-
ing analysis of ESC-apoV-treated aging BMMSCs. The 
results showed 176 differentially expressed genes (DEGs) 
in ESC-apoV-treated aging BMMSCs compared to con-
trol aging BMMSCs, consisting of 73 up-regulated genes 
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Fig. 2 ESC-apoVs ameliorate senile osteoporosis and reduce age-related hallmarks. (A) Representative confocal microscopy images showed the distribu-
tion of PKH26-labeled apoVs (red) in the bone marrow 24 h after infusion, DAPI (blue) and CD90 (green) are counterstained. Scale bars, 10 μm. (B) MicroCT 
images and analysis of the distal femurs in aging mice. Scale bars, 0.5 mm (n = 5). (C) ALP&TRAP double staining of mice femurs. White arrow: TRAP positive 
cells, White triangle: ALP positive cells. Scale bar: 10 μm. D and E. TUNEL staining and statistical analysis showed apoptosis of bone marrow cells. Scale bar, 
10 μm (n = 5). F. Representative images of LUC activity of P16 fluorescence in mouse femurs. Scale bar, 2 μm (n = 3). G. Semi-quantification of immunofluo-
rescence images of γH2AX foci (n = 10), P21, PCNA and β-Gal (n = 5) in mouse bone marrow. Scale bar, 20 μm (up) and 10 μm (down). H. The expression 
of SASP factors in aging mice treated with apoVs (n = 5). I. qPCR analysis of mtDNA release in bone marrow cells (n = 5). The cytosol fraction was purified 
for qPCR analysis of mtDNA and nuclear DNA (nDNA). Two qPCR primers corresponding to the D-loop and ND-1 regions of mtDNA were used. Error bars 
are mean ± SD. Data were analyzed by one-way ANOVA with Bonferroni test for comparison of multiple groups. *p < 0.05, **p < 0.01, and ***p < 0.001
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and 103 down-regulated genes (Figure S3A). GO enrich-
ment analysis of RNA-seq dataset indicated that 73 
upregulated genes in ESC-apoV-treated aging BMMSCs 
were associated with rRNA processing, mRNA process-
ing, RNA splicing, mRNA splicing, translation and trans-
lational initiation domains (Fig. 4E). The data suggested 
that ESC-apoVs may regulate mitochondrial protein 
transcription processes. Then, we analyzed mitochon-
dria-related genes and found that ESC-apoV treatment 
upregulated mitochondria-related genes in BMMSCs 
(Fig.  4F and Table  1). Then, we used qPCR to verify 
the top 10 upregulated genes and found that the high-
est expression gene was FLVCR1 (Fig.  4G, Figure S3B), 

which was related to mitochondrial structure [28]. Since 
aberrant mtDNA packaging enhances the expression of 
a subset of interferon-stimulated genes (ISGs) [21], we 
analyzed changes in ISGs in BMMSCs and found that 
with ESC-apoV treatment downregulated the major-
ity of mtDNA stress-induced ISGs in aging BMMSCs 
compared to control BMMSCs (Fig.  4H). These results 
suggest that ESC-apoVs maintained mitochondrial 
homeostasis of aging BMMSCs via upregulating mito-
chondrial protein transcription.

Fig. 3 ESC-apoVs significantly alleviates BMMSCs senescence in vitro. (A) PKH26-labeled apoVs were internalized by aging BMMSCs. Scale bar, 5 μm. (B) 
Immunofluorescent images (left) and semi-quantification (right) of γH2AX foci (n = 10), P21 and β-Gal (n = 5) of aging BMMSCs with apoVs or PBS treat-
ment. Scale bar, 10 μm. (C) Western blot showed expression of senescence marker γH2AX (n = 3). D, E. Osteogenesis of aging BMMSCs was assessed by 
western blot (n = 3) and Alizarin red staining (n = 5). F, G. Adipogenesis of aging BMMSCs was assessed by western blot (n = 3) and Oil Red O staining 
(n = 5). H. The expression of SASPs factors in aging BMMSCs cocultured with apoVs or PBS (n = 5). I. qPCR analysis of mtDNA release in aging BMMSCs 
(n = 5). The cytosol fraction was purified for qPCR analysis of mtDNA and nuclear DNA (nDNA). Two qPCR primers corresponding to the D-loop and ND-1 
regions of mtDNA were used. Error bars are mean ± SD. Data were analyzed by one-way ANOVA with Bonferroni test for comparison of multiple groups. 
*p < 0.05, **p < 0.01, and ***p < 0.001
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ESC-apoVs inherit TCOF1 to rejuvenate aging BMMSCs
To identify the functional protein present in ESC-apoVs, 
we analyzed the protein profiles by DIA protein pro-
file analysis [7]. The results showed 3421 differentially 
expressed genes (DEGs) in ESC-apoVs compared to 
UMSC-apoVs, consisting of 2425 up-regulated genes 
and 996 down-regulated genes (Figure S4A). GO enrich-
ment analysis revealed that upregulated proteins in ESC-
apoVs were predominantly associated with RNA binding, 
mRNA binding and translation initiation factor activity, 
which are closely related to RNA metabolism and tran-
scription (Figure S4B). We used qPCR to verify the top 10 
expressed proteins in RNA binding, mRNA binding and 
translation initiation factor activity domains and found 

that TCOF1 had the highest expression level (Figure S4C, 
S4D).

TCOF1 is crucial for the fate of ESCs, and its muta-
tional deficiency can cause Treacher Collins syndrome 
exhibiting craniofacial malformations [29, 30]. As a tran-
scription factor, TCOF1 is closely related to the tran-
scriptional regulation of multiple proteins, so we further 
explored whether TCOF1 can repair mitochondrial func-
tion in aging BMMSCs by regulating the transcriptional 
expression of FLVCR1. Western blot analysis revealed 
that ESC-apoVs contained higher levels of TCOF1 than 
UMSC-apoVs (Fig.  5A). Additionally, ESC-apoV treat-
ment significantly increased the expression of TCOF1 
and FLVCR1 in aging BMMSCs compared to UMSC-
apoVs and PBS groups (Fig.  5B). We next used siRNA 

Fig. 4 ESC-apoVs maintains BMMSCs mitochondrial homeostasis by reprogramming mitochondrial transcriptome. (A) Representative electron micro-
graphs of the mitochondria from aging BMMSCs cultured with apoVs or PBS. Scale bar, 500 nm (n = 50). (B) Detection of JC-1 signals in aging BMMSCs by 
fluorescence confocal microscopy. The double staining of cells by JC-1 is visible either as green for J-monomers or red for J-aggregates. Scale bar, 10 μm 
(n = 5). C and D. Representative immunofluorescence images and statistical analysis of TOM20 (red) and DNA (green) in control and apoV-treated aging 
BMMSCs. Scale bar, 5 μm (left) and 0.5 μm (right) (n = 25). E. GO enrichment analysis of biological process of upregulated mRNA in ESC-apoVs treated 
aging BMMSCs. F. Heatmap of 40 up-regulated mitochondrial genes in aging BMMSCs treated with ESC-apoVs. G. qPCR was performed to determine 
the relative expression profiles of the top 10 up-regulated genes in aging BMMSCs after treated with ESC-apoVs (n = 5). H. Heat map revealed that the 
mtDNA stress signature identified previously [21]. Error bars are mean ± SD. Data were analyzed by one-way ANOVA with Bonferroni test for comparison 
of multiple groups. *p < 0.05, **p < 0.01, and ***p < 0.001
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to knock down TCOF1 expression in ESCs and subse-
quently generated apoVs. Western blot analysis con-
firmed that TCOF1 expression was significantly reduced 
in siTCOF1-ESC-apoVs (Fig. 5C). We demonstrated that 
siTCOF1-ESC-apoV treatment failed to upregulate the 
expression of TCOF1 and FLVCR1 in aging BMMSCs 
(Fig.  5D). Additionally, siTCOF1-ESC-apoV treatment 
exhibited diminished abilities to restore mitochondrial 
ultrastructure, specifically mitochondrial swelling and 

cristae disorder (Fig.  5E). siTCOF1-ESC-apoV treat-
ment also failed to rescue the depolarization of mito-
chondrial membranes in aging BMMSCs and decrease 
mtDNA leakage (Fig. 5F-I). Furthermore, we used siRNA 
to knock down FLVCR1 expression in BMMSCs. West-
ern blot analysis confirmed that FLVCR1 expression was 
significantly reduced in siFLVCR1-BMMSCs (Figure 
S6A). qPCR analysis revealed that ESC-apoV treatment 
failed to decrease mtDNA release in siFLVCR1-BMMSCs 
(Figure S6C). The data confirm that ESC-apoVs inherit 
TCOF1 to upregulate FLVCR1, contributing to BMMSC 
mitochondrial functional homeostasis.

We further verified the effect of siTCOF1-ESC-apoVs 
on the aging phenotype and function of BMMSCs. 
Immunofluorescence, qPCR and western blot analy-
sis showed that siTCOF1-ESC-apoV treatment failed to 
downregulate the expression of γH2AX, P16, P21, and 
SA-β-Gal. Additionally, it failed to upregulate the expres-
sion of PCNA (Fig. 6A and B, Figure S5A and B). In vitro 
osteogenic and adipogenic differentiation experiments 
showed that siTCOF1-ESC-apoV treatment failed to 
rescue the osteogenic and adipogenic differentiation of 
aging BMMSCs when compared with the control groups 
(Fig. 6C-F). ELISA analysis revealed that siTCOF1-ESC-
apoV treatment failed to rescue the levels of SASP-related 
factors including IL-6, IL-8, MCP-1, and TNF-α (Fig. 6G). 
Immunofluorescent staining revealed that ESC-apoVs 
had a diminished ability to rescue senescent levels and 
proliferation levels in aging siFLVCR1-BMMSCs (Fig-
ure S6B). These data indicate that ESC-apoVs inherited 
TCOF1 to rescue the function of aging BMMSCs. Then, 
we examined whether blocking TCOF1 could abolish 
the ESC-apoV-induced therapeutic effect in vivo. After 8 
weeks of systemic infusion, TCOF1-deficient ESC-apoVs 
failed to rescue osteogenic ability in vivo, downregulate 
the expression of γH2AX, P21 and SA-β-Gal, rescue 
the levels of proliferation and SASP-related factors, and 
decrease mtDNA leakage (Fig. 7A-D). Collectively, these 
data suggest that ESC-apoVs inherit TCOF1 to rejuve-
nate aging BMMSCs and rescue senile osteoporosis via 
FLVCR1-mediated mitochondrial functional homeosta-
sis (Fig. 8).

Discussion
Aging is characterized by the gradual loss of physiologi-
cal integrity, organs dysfunction, tissue loss of homeo-
stasis and reduced regenerative capacity [31, 32]. Aging 
is associated with the increased of genomic instability, 
epigenetic changes, mitochondrial dysfunction, stem 
cell depletion and cellular senescence, which further 
accelerate aging [33–35]. Senescent cells, accumulated 
in aging tissues, exhibit a permanent state of cell cycle 
arrest, SASP and resistance to apoptosis [22, 26, 33, 36–
39]. Apoptosis plays a crucial role in maintaining tissue 

Table 1 ESC-apoV treatment upregulated mitochondria-related 
genes in BMMSCs
Gene ID Gene Symbol log2 (ESC-apoV / 

control)
Pvalue(ESC-
apoV / 
control)

226844 Flvcr1’ 1.835009126 1.02E-05
66271 Tmem126a’ 1.319689314 8.93E-04
22273 ’Uqcrc1’ 1.271857687 3.18E-05
12858 ’Cox5a’ 1.261292404 5.47E-04
26926 ’Aifm1’ 1.252757677 0.006707846
75406 ’Ndufs7’ 1.239528287 0.006334547
229211 ’Acad9’ 1.224747207 0.030802282
11947 ’Atp5b’ 1.213752443 2.20E-04
67530 ’Uqcrb’ 1.201678476 0.01943986
68197 ’Ndufc2’ 1.19689622 0.038596857
66694 ’Uqcrfs1’ 1.186733193 0.016145095
11946 ’Atp5a1’ 1.177057889 0.001640591
11949 ’Atp5c1’ 1.176934928 0.009050318
52469 ’Coa3’ 1.165191209 0.100599711
227197 ’Ndufs1’ 1.158907228 0.051334995
66445 ’Cyc1’ 1.157771846 0.026065994
67003 ’Uqcrc2’ 1.15184783 0.017431725
12866 ’Cox7a2’ 1.139927516 0.096253476
110323 ’Cox6b1’ 1.139706679 0.055494049
68375 ’Ndufa8’ 1.137780479 0.120204132
11957 ’Atp5j’ 1.133268818 0.090242994
67264 ’Ndufb8’ 1.132568882 0.075567611
67273 ’Ndufa10’ 1.125594109 0.096793043
66495 ’Ndufb3’ 1.125038055 0.201786057
225887 ’Ndufs8’ 1.113387248 0.194615139
66945 ’Sdha’ 1.110099757 0.079253218
12864 ’Cox6c’ 1.108985726 0.169397879
66043 ’Atp5d’ 1.104583758 0.100422949
68202 ’Ndufa5’ 1.097942299 0.344143057
66091 ’Ndufa3’ 1.094631402 0.255856901
68194 ’Ndufb4’ 1.091301151 0.311513587
17993 ’Ndufs4’ 1.079232642 0.426141455
27425 ’Atp5l’ 1.069076478 0.420072231
17992 ’Ndufa4’ 1.062731641 0.366110188
12857 ’Cox4i1’ 1.06184274 0.350651236
28080 ’Atp5o’ 1.048131022 0.507831236
22272 ’Uqcrq’ 1.041720096 0.591191268
57423 ’Atp5j2’ 1.040106052 0.613868541
66218 ’Ndufb9’ 1.027895597 0.699869859
66916 ’Ndufb7’ 1.006043813 0.944205525
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homeostasis and eliminating potentially harmful cells 
[4, 40]. The increased age-related resistance to apoptosis 
could accelerate the aging process [36]. Current research 
suggests that bone aging is accompanied by an increase 
in osteoblast apoptosis and a decrease in osteoclast apop-
tosis [41]. However, lack of studies on the overall apop-
tosis alteration in bone tissue and its impact on bone 
aging. Current anti-aging research mainly focuses on 
senolytics to treat senescent osteoporosis by targeting 
anti-apoptotic pathways to increase the level of apopto-
sis of senescent cells [42, 43]. However, it is still elusive 
whether apoptotic metabolites can alleviate aging. In 
this study, we demonstrated that apoptosis resistance 
in aging mice compromised their osteogenic capacity. 
Systemic infusion of exogenous ESC-apoVs dramati-
cally rescued impaired BMMSCs and SOP via reusing 

ESC-apoV-derived TCOF1 to maintain mitochondrial 
homeostasis.

Billions of cells undergo apoptosis every day in the 
human body to generate significant amounts of apoVs 
[44]. ApoVs, a specific type of EVs, contain a variety of 
DNAs, RNAs, proteins, lipids, and nuclear components 
[45–48]. We identified that apoVs express specific mark-
ers such as cleaved caspase 3, calnexin, and calreticulin 
when compared with exosomes [6, 7, 48]. In addition, 
our previous study firstly demonstrated that apoVs are 
required to maintain mesenchymal stem cell homeosta-
sis and rescue the osteoporosis phenotype by transferring 
miRNA [5]. ApoVs are capable of promoting wound heal-
ing and hair regeneration via activation of Wnt/b-catenin 
pathway in skin and hair follicle MSCs [9]. Embryonic 
stem cells are pluripotent stem cells that can self-renew 

Fig. 5 TCOF1 rescues mitochondrial dysfunction of aging BMMSCs by upregulating mitochondrial protein FLVCR1. (A) Western blot analysis showed 
the expression of TCOF1 in ESC-apoVs and UMSC-apoVs (n = 3). (B) Western blot analysis revealed the expression of TCOF1 and FLVCR1 in aging BMMSCs 
cocultured with apoVs or PBS (n = 3). (C) Western blot analysis showed the expression of TCOF1 in siNC-ESC-apoVs and siTCOF1-ESC-apoVs (n = 3). (D) 
Western blot analysis revealed the expression of TCOF1 and FLVCR1 in aging BMMSCs cocultured with siNC-ESC-apoVs and siTCOF1-ESC-apoVs (n = 3). (E) 
Representative electron microscope images of mitochondria from aging BMMSCs cultured with siNC-ESC-apoVs, siTCOF1-ESC-apoVs or PBS. Scale bar, 
500 nm (n = 50). (F) Detection of JC-1 signals in aging BMMSCs by fluorescence confocal microscopy. The double staining of cells by JC-1 is visible either 
as green for J-monomers or red for J-aggregates. Scale bar, 10 μm (n = 5). (G) qPCR analysis of mtDNA release in aging BMMSCs (n = 5). H and I. Represen-
tative immunofluorescent images and statistical analysis of TOM20 (red) and DNA (green) in control and aging BMMSCs treated with siNC-ESC-apoVs or 
siTCOF1-ESC-apoVs. Scale bar, 5 μm (left) and 0.5 μm (right) (n = 25). Error bars are mean ± SD. Data were analyzed by one-way ANOVA with Bonferroni test 
for comparison of multiple groups. **p < 0.01, and ***p < 0.001
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indefinitely and differentiate into any tissue cell in the 
body [49, 50], providing them potential for regenerative 
applications [11, 51]. Our previous study demonstrated 
that apoVs derived from ESCs play a significant role 
in maintaining the stemness of MSCs via activation of 
hippo pathway [7]. Here, we demonstrate that ESC-apoVs 
inherit TCOF1 from their parent cells to rejuvenate aging 
BMMSCs and ameliorate senile osteoporosis.

Culture-expanded MSCs typically express low levels 
of MHC class I and do not express MHC class II or co-
stimulatory molecules (such as B7-1, B7-2, or CD40) [22, 
52, 53], making MSCs and ESCs low immunogenic or 
“immune privileged”. This property is thought to enable 

MSCs and ESCs transplantation across major histocom-
patibility barriers. Apoptotic vesicles have the immu-
nogenic MHC molecules similar to their parental cells, 
there is not report to show apoVs cause any immune 
rejection response.

Mitochondrial dysfunction, as well as its morphol-
ogy, has been associated with aging and many aging-
associated pathological conditions, including cancer, 
neurodegenerative diseases, metabolic diseases and oth-
ers [15, 54]. Mitochondrial dysfunction has also been 
found in stress-induced senescence [55, 56], replicative 
senescence [57], oncogene-induced senescence [58], and 
senescence triggered by genetic telomere uncapping [56]. 

Fig. 6 TCOF1 ameliorates impaired BMMSCs and age-related hallmarks. (A) Immunofluorescent images and semi-quantification of γH2AX foci (n = 10), 
P21, PCNA and β-Gal (n = 5) in siTCOF1-ESC-apoV-treated BMMSCs. Scale bar, 10 μm. (B) Western blot showed expression of senescence marker γH2AX in 
aging BMMSCs cocultured with siTCOF1-ESC-apoVs (n = 3). C and D. Osteogenesis of aging BMMSCs cocultured with siTCOF1-ESC-apoVs as assessed by 
Alizarin red staining (n = 5) and Western blot (n = 3). E and F. Adipogenesis of aging BMMSCs cocultured with siTCOF1-ESC-apoVs as assessed by Oil Red 
O staining (n = 5) and Western blot (n = 3). G. The expression of SASPs factors in aging BMMSCs cocultured with siTCOF1-ESC-apoVs (n = 5). Error bars are 
mean ± SD. Data were analyzed by one-way ANOVA with Bonferroni test for comparison of multiple groups. *p < 0.05, **p < 0.01, and ***p < 0.001
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Fig. 8 Schematic drawing of ESC-apoVs inheriting TCOF1 to maintain mitochondrial homeostasis in aging BMMSCs via upregulation of FLVCR1

 

Fig. 7 ESC-apoVs contained TCOF1 ameliorate bone phenotypes in aging mice. A. MicroCT images and analysis of the distal femurs in aging mice with 
siTCOF1-ESC-apoV treatment (n = 5). Scale bar, 0.5 mm. B. Immunofluorescent images and quantification of γH2AX foci (n = 10), P21, PCNA and β-Gal 
(n = 5) in mouse bone marrow after siTCOF1-ESC-apoV treatment. Scale bar, 10 μm. (C) Expression of SASPs in the serum of mice with siTCOF1-ESC-apoV 
treatment (n = 5). (D) Quantification of cmtDNA and total mtDNA in bone marrow of aging mice with siTCOF1-ESC-apoV treatment (n = 5). Error bars are 
mean ± SD. Data were analyzed by one-way ANOVA with Bonferroni test for comparison of multiple groups. *p < 0.05, **p < 0.01, and ***p < 0.001
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Importantly, specific ablation of impaired mitochondria 
from senescent cells was sufficient to reverse many fea-
tures of the senescent phenotype [59]. Therefore, thera-
pies targeting mitochondrial dysfunction in senescent 
cells are expected to offer new treatment options for 
improving aging. Recent studies have found that the 
release of mitochondrial DNA (mtDNA) into the cyto-
plasm activates the cGAS–STING pathway and acceler-
ates the aging process [19–21, 60]. It is suggested that 
reducing mtDNA leakage may be an effective strategy 
to alleviate aging. In this study, we found that increased 
levels of apoptosis and apoptotic metabolites significantly 
attenuate mtDNA release and reduce aging hallmarks of 
aging mice.

TCOF1 is a nucleolar factor that regulates transcrip-
tion in nucleolus through interacting with the upstream 
binding factor (UBF) [29]. TCOF1 was initially discov-
ered as a gene involved in Treacher Collins syndrome, a 
rare genetic disorder characterized by severe craniofa-
cial deformations [61]. From the molecular perspective, 
TCOF1 is necessary for proper rDNA transcription [62], 
as well as biogenesis and modifications of ribosomes, 
contributing to the translation patterns in the cell [30]. At 
the cellular level, TCOF1 contributes to the regulation of 
mitosis and proliferation [63, 64]. In this study, we found 
that TCOF1 can promote the transcription of mitochon-
drial functional proteins and restore mitochondrial dys-
function in aging cells. Feline leukemia virus subgroup C 
receptor (FLVCR1) is a cell surface heme exporter, essen-
tial for erythropoiesis and systemic iron homeostasis 
[65]. Recently, study showed that FLVCR1 depletion leads 
to changes in mitochondrial membrane structure [28]. 
This study found that TCOF1 significantly increased the 
expression level of FLVCR1 in mitochondria, leading to 
the restoration of mitochondrial function.

This study reveals a previously unknown role of apop-
tosis and apoptotic metabolites in maintain bone homeo-
stasis of aging. In addition, ESC-apoVs inherit TCOF1 
from their parent cells to ameliorate senile osteoporosis 
via FLVCR1-mediated mitochondrial homeostasis, offer-
ing a newly effective approach for the therapy of age-
related diseases.

Materials and methods
Animals
6-week-old and 15-month-old C57BL/6J mice were pur-
chased from Model Animal Research Center of Nanjing 
University and Gempharmatech Company, Nanjing, 
China. Cdkn2a-Luc-2  A-tdTomato-2  A-CreERT2 
mice (NM-KI-18039) were purchased from Shang-
hai Model Organisms Center. All animal experiments 
were conducted in accordance with the guidelines of 
the Institutional Animal Care and Use Committee 

under an approved protocol at Sun Yat-Sen University 
(SYSU-IACUC-2023-B1163).

Antibodies and reagents
All antibodies, cytokines, kit, and other recourse used in 
this study are listed in Table 2.

Cell culture and induction of senescent cells
Human ESCs were generously provided by the research 
group of Junjun Ding at Sun Yat-sen School of Medi-
cine. Human umbilical cord mesenchymal stem cells 
(UMSCs) and mouse bone marrow MSCs (mBMMSCs) 
were isolated and cultured as described in our previous 
studies [5, 48]. Briefly, UMSCs were obtained from full-
term cesarean section surgery with the informed consent 
of the donors and cultured in MEM alpha basic medium 
(α-MEM, Invitrogen) with 15% fetal bovine serum (FBS, 
Gibco), L-ascorbic acid phosphate (0.1 × 10 − 3 M, Wako), 
and 1% penicillin/streptomycin (Invitrogen).

mBMMSCs were isolated from the bone mar-
row of femurs and tibias of C57BL/6J mice. And then 
mBMMSCs were cultured in alpha minimum essential 
medium (α-MEM, Invitrogen) with 20% FBS (Gibco), 2 
mM L-glutamine (Invitrogen), 55 mM 2-mercaptoetha-
nol (Invitrogen), and 1% penicillin/streptomycin (Invitro-
gen). mBMMSCs were seeded into 24-well plates (3 × 104 
cells/well) and cocultured with 3.75 × 107 apoVs derived 
from ESCs or UMSCs for 24  h. All cells utilized in this 
study and relevant experiments were approved by the 
Medical Ethics Committee of the Hospital of Stomatol-
ogy, Sun Yat-Sen University (KQEC-2021-59-01).

Apoptosis modulation
For in vivo analysis of apoptotic rate, STS (120 ng/kg 
body weight) was administered intraperitoneally (i.p.). 
Administered to mice twice a week for 8 weeks, as pre-
viously reported. STS was used to induce apoptosis in 
ESCs and UMSCs. ESCs and UMSCs were treated with 
500 nM STS for 8 h at 37 °C.

Isolation of ApoVs
ApoVs were isolated using the method of differential cen-
trifugation as previously described [48]. When the cul-
tured cells reach 85% density, cells were washed twice 
with 0.1  μm-filtered PBS and the medium was substi-
tuted with α‐MEM and 250 nM staurosporine (STS, 
Enzo Life Sciences, USA). After 8  h treatment, apoVs 
were isolated from the medium of apoptotic MSCs using 
sequential centrifugation followed by sequential filtering. 
Briefly, the supernatant containing apoVs were harvested 
and centrifuged at 800 g for 10 min, followed by centrifu-
gation at 2000 g for another 10 min to remove cell debris. 
Subsequently, the supernatant containing apoVs was cen-
trifuged at 16,000  g for 30  min to collect apoVs pellets. 
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The pallets were then resuspended in PBS and diluted 
with ultrapure water.

Nanoparticle tracking analysis (NTA)
For size distribution evaluation, nanoparticle track-
ing analysis (NTA) was performed by using ZetaView® 
PMX120 (Particle Metrix, Germany). ApoVs were diluted 
in 0.1 μm-filtered PBS. The particle size distribution and 
potential were measured. Measurements were done at 
all 11 positions and the video quality was set to medium. 
Data were analyzed using the ZetaView® analysis software 
(Version 8.02.31) with a minimum size of 10, a maximum 
size of 5000, and a minimum brightness of 30.

Nano flow cytometry (nFCM)
Nano flow cytometry (NanoFCM, Xiamen, China) was 
used to analyze surface molecules of apoVs. Newly iso-
lated apoVs were treated with cleaved caspase 3 antibod-
ies for immunofluorescence analysis. nFCM equipped 
with single photon counting avalanche photodiodes was 
used for the simultaneous detection of side scatter (SSC) 
and fluorescence of individually stained apoVs. Before 
analyzing apoVs samples, the nFCM was calibrated for 
particle concentration with 200  nm AF488 fluorophore 
conjugated polystyrene beads, and then Silica Nano-
sphere Cocktail (NanoFCM Inc., S16M-Exo) was used 
to create a standard curve as a reference. After setting up 
acquisition parameters including laser power, detection 
threshold and detector gain, stained apoVs were injected 
into the nFCM and collected within 1  min to calculate 
the total number of particles and number of positive par-
ticles using NanoFCM software (NanoFCM Professional 
Suite V1.15).

TUNEL assay
Frozen sections were fixed with 4% PFA and permeabi-
lized. Samples were incubated with the TUNEL reac-
tion mix (#G3250, Promega) for 60  min at 37  °C. After 
counterstaining with DAPI, TUNEL-positive cells were 
counted using an inverted optical microscope with a 
magnification of 200× (Zeiss, Germany).

Immunofluorescence staining
Frozen sections and cell samples were fixed in 4% para-
formaldehyde (Sigma-Aldrich) for 20 min at room tem-
perature. Subsequently, the samples were stained with 
primary antibodies, followed by secondary antibody 
staining. Finally, the samples were sealed with a DAPI 
sealing agent and mounted on adhesive microscope 
slides.

Western blotting
Total protein was extracted using a protein extrac-
tion kit (Thermo, Rockford, IL, USA) according to the 

Table 2 Reagents
Reagent or Antibodies Source Identifier
Anti-Phospho-Histone H2A.X-Rabbit CST 9718S
Anti-Cleaved Caspase-3 -Rabbit CST 9664s
Anti-TSG101-Rabbit Abcam ab125011
Anti-P21-rabbit Abcam ab188224
Anti-Tom20-mouse Abcam ab283317
Anti-DNA-mouse Millipore Sigma CBL186
Anti-β-actin-mouse Sigma A5441
Anti-TCOF1- Rabbit Abcam Affinity 

Biosciences
Anti-FLVCR1- Rabbit Proteintech 

Group
26841-1-AP

Anti-Runx2- Rabbit Abcam ab236639
Anti-ALP- Rabbit invitrogen PA5106391
Anti-PPAR-γ-mouse Santa Cruz sc-7273
Anti-LPL- Rabbit invitrogen PA571881
FITC Annexin V Biolegend 640906
Alexa Fluor™ 568 goat anti-rabbit 
IgG(H + L)

Invitrogen A11036

Alexa Fluor™ 488 goat anti-rabbit 
IgG(H + L)

Invitrogen A11008

Alexa Fluor™ 568 goat anti-mouse 
IgG(H + L)

Invitrogen A11004

Alexa Fluor™ 488 goat anti-mouse 
IgG(H + L)

Invitrogen A11001

β-Galactosidase Staining Kit Solarbio G1580-100T
PKH26 Red Fluorescent Cell Linker kit Sigma-Aldrich PKH26GL-

1KT
Staurosporine Enzo Life 

Sciences
ALX-380-
014

Mounting Medium with DAPI Abcam ab104139
RIPA Lysis Buffer System Santa Cruz sc-24948
Dexamethasone Sigma-Aldrich D4902
Staurosporine Enzo Life 

Sciences
ALX-380-
014

TritonTM X-100 Sigma-Aldrich X100-100ML
α-MEM Invitrogen 12571-048
Fetal bovine serum (FBS) Gibco 10270-106
L -glutamine Invitrogen 35050-061
2-mercaptoethanol Invitrogen 21985-023
Penicillin-Streptomycin Invitrogen 15140-122
TrypLETM Express Enzyme Invitrogen 12605-010
10X Annexin V Binding Buffer BD Pharmingen 556454
NuPAGE MES SDS Running Buffer Invitrogen NP0002
NuPAGE Transfer Buffer Invitrogen NP00061
PageRuler™ Prestained Protein Ladder Invitrogen 26616
Novex™ Sharp Pre-stained Protein 
Standard

Invitrogen LC5800

NuPAGE™ LDS Sample Buffer Invitrogen NP0007
Lipofectamine™ RNAiMAX Transfection 
Reagent

Invitrogen 13778

Opti-MEM Medium Invitrogen 31985070
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manufacturer’s instructions. 20 µg protein of each sample 
was loaded onto SDS-polyacrylamide electrophoresis 
gels and transferred to PVDF membranes (Millipore). 
Subsequently, the membranes were blocked for 1 h, then 
incubated with primary antibodies at 4 °C overnight, fol-
lowed by incubation with the HRP-conjugated secondary 
antibodies for 1 h at room temperature. Finally, immuno-
reactive proteins were visualized using SuperSignal West 
Pico Chemiluminescent Substrate (Thermo Fisher) and 
detected with a gel.

ELISA
According to the manufacturer’s protocol, the levels of 
human IL-6, IL-8, TNF-α and MCP-1 concentration were 
measured using human ELISA Quantikine Immunoas-
say kit (CUSABIO, China), and the levels of mouse IL-6, 
IL-8, TNF-α and MCP-1concentration were measured 
using human ELISA Quantikine Immunoassay kit (Mai-
sha, China).

TEM
Cells were postfixed in 2.5% glutaraldehyde for 4 h at 4 °C 
(Wuhan Goodbio Technology Co., Ltd, China), then fixed 
in 1% osmium tetroxide (OsO4; Sinopharm Chemical 
Reagents Co., Ltd., China) in 0.1 M PBS for 1 h at room 
temperature. Following dehydration with ethanol (Sino-
pharm Chemical Reagent Co., Ltd., China), the cells were 
embedded in Epon resin (Sales Performance Interna-
tional Greater China Co., China), and ultrathin sections 
of the selected areas were cut using an LKB NOVA ultra-
microtome (Leica Biosystems, Germany) with a diamond 
knife (Daito Me Holdings Co., Ltd, Japan). Cells were 
then stained with a saturated solution of uranyl acetate 
in methanol (50:50) (Sinopharm Chemical Reagent Co., 
Ltd., China) for 12 min at 45 °C, followed by incubation 
in an aqueous solution of concentrated bismuth subni-
trate (Sinopharm Chemical Reagent Co., Ltd., China) 
for 10  min at 25  °C. Subsequently, all the sections were 
examined under a Hitachi TEM system (Hitachi, Ltd., 
Japan).

SA-β-galactosidase staining
The cellular senescence of frozen sections and MSCs was 
assessed according to the manufacturer’s protocol for 
β-galactosidase Staining Kit (Solarbio). The percentage 
of senescent cells was evaluated by the ratio of positive 
cells to the total number of cells obtained from five differ-
ent fields of view. The experiments were repeated at least 
three times.

Mitochondrial membrane potentials assay
JC-1 probe was employed to evaluate the mitochondrial 
depolarization in mBMSCs. Briefly, cells incubated with 
an equal volume of serum-free medium containing JC-1 

dye (5 mg/L) at 37  °C for 20 min and rinsed twice with 
PBS, then placed in fresh medium without serum. Finally, 
images were taken in the green and red fluorescence 
channel. The images were obtained at 488 nm excitation 
and 530 nm emission for green (JC-1 monomers) and at 
543 nm excitation and 590 nm emission for red fluores-
cence (JC-1 aggregates).

Micro CT and analysis
22-month-old mice were used for the experiments. We 
intravenously infused 1.6 × 1010 of ESC-apoVs, UMSC-
apoVs or PBS per mouse twice a week for two con-
secutive months as reported previously [7]. Mice were 
sacrificed at 24 months of age. Femurs were fixed in 4% 
paraformaldehyde and analyzed using a Venus Micro CT 
(PINGSENG Healthcare, China) with the scan param-
eters of tube voltage 90 KV, tube current 70 µA, and voxel 
size 13 μm. Data were visualized and analyzed using Ava-
tar software (PINGSENG Healthcare, China).

Bioluminescence Imaging
Heterozygous Cdkn2a-Luc-2  A-tdTomato-2  A-CreERT2 
mice can be stimulated to bioluminescence by injec-
tion of luciferase substrate as reported previously [66].
Cdkn2a-Luc-2  A-tdTomato-2  A-CreERT2 mice were 
injected intraperitoneally with 3 mg d-luciferin in 200 µl 
PBS. Mice were anesthetized using isoflurane and biolu-
minescence images were acquired using a Xenogen IVIS 
100 (PerkinElmer, USA) according to the manufacturer’s 
instructions. The fluorescence intensity was quantified 
with Living Image software (PerkinElmer, USA).

qPCR analysis of cytosolic DNA
The experiment was performed as previous described 
[67]. Briefly, 20,000 mBMMSCs cells were collected and 
resuspended in 250mL NaCl-HEPES buffer (150 mM 
NaCl, 20 mM HEPES pH 7.4, 25 mg/mL digitonin). After 
incubated on ice for 5 min, the homogenates were incu-
bated end over end for 23 min to allow selective plasma 
membrane permeabilization, then centrifuged at 1,000 g 
for 5 min at 4℃. The pellets were resuspended in 500 mL 
of 50 mMNaOH and boiled for 30 min at 98℃ to solubi-
lize DNA, and then add 100 mL 1 M Tris-HCl pH 8.0 to 
neutralize the pH, and these extracts served as normal-
ization controls for total nDNA. The cytosolic superna-
tants were transferred to fresh tubes and spun at 17,000 g 
for 10  min at 4℃ to remove any remaining cellular 
debris, and used directly for cytosolic mtDNA quantifi-
cation (1 mL). Quantitative PCR was performed on both 
whole-cell extracts and cytosolic fractions using nuclear 
DNA primers (Tert) and mtDNA primers (D loop and 
ND1), and the CT values obtained for nDNA abundance 
for whole-cell extracts served as normalization con-
trols for the mtDNA values obtained from the cytosolic 
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fractions. The oligonucleotides for qPCR analysis were 
listed in Table 3.

DIA analysis
Proteins were analyzed using Q-Exactive HF X (Thermo 
Fisher Scientific, San Jose, CA). Proteins were extracted 
with 1 x cocktail with the appropriate amounts of SDS 
L3 and EDTA, followed by centrifuging for 15  min at 
25,000×g at 4  °C. The supernatants were collected to 
undergo Bradford quantification and SDS-PAGE analy-
sis. The proteins were also enzymatically hydrolyzed 
using Trypsin enzyme and separated with High pH RP to 
obtain freeze-dried peptide samples. For data-dependent 
acquisition (DDA) analysis, LC-separated peptides were 
ionized by nanoESI and injected into a Q-Exactive HF 
X tandem mass spectrometer (Thermo Fisher Scientific, 
San Jose, CA) in DDA detection mode. For data-indepen-
dent acquisition (DIA) analysis, LC-separated peptides 
were ionized by nanoESI and injected into a Q-Exactive 
HF X (Thermo Fisher Scientific, San Jose, CA) tandem 
mass spectrometer in DIA detection mode. Based on the 
sample data generated from a high-resolution mass spec-
trometer, DDA data was identified by Andromeda search 
engine within MaxQuant version 1.5.3.30, and identi-
fication results were used for spectral library construc-
tion. For large-scale DIA data, mProphet algorithm was 
used to perform quality control. For MSstats differential 
analysis, differential protein screening was performed 
based on fold change > 1.5 and P < 0.05 as the criteria 
for significance. Identified proteins were annotated and 
classified into pathways using Gene Ontology (GO) and 
the Kyoto Encyclopedia of Genes and Genomes (KEGG) 
database, respectively. Based on the quantitative results, 
the differential proteins between comparison groups 
were identified for functional enrichment and subcellular 
localization analysis.

RNA sequencing (RNA-seq) analysis
RNA samples were isolated using TRIzol reagent (Invi-
trogen, USA) and quantified, followed by cDNA library 
construction and sequencing performed by Beijing 

Genomics Institute (BGI) using BGISEQ-500 platform. 
Bioinformatics workflow including data filtering, map-
ping transcript prediction, differential gene expression 
analysis as well as GO and Pathway analysis were per-
formed following procedures established at BGI. An 
average of about 6.16G Gb bases per sample were gener-
ated with an average mapping ratio of 95.20%.

siRNA transfection
For siRNA transfection, ESCs were transfected with 
TCOF1 siRNA (Ribo, China), mBMMSCs were trans-
fected with FLVCR1 siRNA (Ribo, China) using Lipo-
fectamine RNAiMAX transfection reagent (Thermo 
Fisher, USA) according to the manufacturer’s instruc-
tions. Nontargeting control siRNAs (Ribo, China) were 
used as negative controls. Transfection efficiency was 
evaluated by Western blotting.

Osteogenic differentiation assay
mBMMSCs were seeded on 6-well plate. The medium 
was replaced with osteogenic medium containing 2 mM 
β-glycerophosphate (Sigma), 100 µM Lascorbicacid 
2-phosphate (Sigma) and 10 nM dexamethasone (Sigma) 
when cells reached 100% confluence. After four weeks 
of osteogenic induction, the cultures were stained with 
1% alizarin red-S (Sigma). Alizarin red-positive area was 
analyzed using Image J software (NIH) and shown as a 
percentage of the total area.

Adipogenic differentiation
mBMMSCs were seeded on 6-well plate. The medium 
was replaced with adipogenic medium containing 
500nM isobutylmethylxanthine (Sigma-Aldrich), 60µM 
indomethacin (Sigma-Aldrich), 500nM hydrocortisone 
(Sigma-Aldrich), 10 µg/ mL insulin (Sigma-Aldrich), and 
100nM L-ascorbic acid phosphate when cells reached 
100% confluence. At four weeks post-induction, the adi-
pocytes were stained with Oil red O (Sigma-Aldrich), 
and positive cells were quantified under microscopy and 
shown as a number out of the total number of cells.

TRAP/ALP staining
Frozen sections were stained with TRAP/ALP Stain Kit 
(Wako Pure Chemical Industries Ltd., Osaka, Japan) 
in accordance with the manufacturer’s instructions. 
Red-stained multinucleated (TRAP-positive) cells were 
defined as osteoclasts. The images were examined under 
an optical microscope (Zeiss, Germany).

Statistical analysis
All experiments were performed in biological triplicate 
and data were expressed as mean ± standard deviation 
(SD). Statistical and graph analysis were performed by 
GraphPad Prism 7 (GraphPad Software, USA). Multiple 

Table 3 Oligonucleotides
mtDNA/nDNA primers
m-nDNA-Tert -qPCR-F  C T A G C T C A T G T G T C A A G A C C C T C T T
m-nDNA-Tert -qPCR-R  G C C A G C A C G T T T C T C T C G T T
mD-loop-qPCR1-F  A A T C T A C C A T C C T C C G T G A A A C C
mD-loop-qPCR1-R  T C A G T T T A G C T A C C C C C A A G T T T A A
mD-loop-qPCR3-F  T C C T C C G T G A A A C C A A C A A
mD-loop-qPCR3-R  A G C G A G A A G A G G G G C A T T
mND1-M-qPCR-F  C T A G C A G A A A C A A A C C G G G C
mND1-M-qPCR-R  C C G G C T G C G T A T T C T A C G T T
mGAPDH-qPCR-F  G A C T T C A A C A G C A A C T C C C A C
mGAPDH-qPCR-R  T C C A C C A C C C T G T T G C T G T A
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group comparisons were assessed by one-way ANOVA 
analysis with Tukey’s test. For two-group comparisons, 
significance was analyzed using independent unpaired 
two-tailed Student’s t tests. Values of P < 0.05 were con-
sidered as statistically significant.
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