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Abstract
Aging is inevitable during development, and we still lack methods to rejuvenate it due to the poor
understanding. A wealth of studies focused on the biochemical signaling pathways for inducing cell
senescence, whereas the role of mechanotransduction during the process had been ignored. Here, we
clari�ed how cell mechanosensing was involved and played functional roles in cellular senescence. The
intracellular traction force and mechanotransduction could reduce in response to mesenchymal
stem/stromal cell aging. Compensating the cell traction force via physical or chemical stimulation seems
an attractive strategy for temporarily reversing aging markers, however, mechanical overstimulation
triggers accelerated cellular senescence shortly afterwards. We further clari�ed that DNA damage results
in the reduction of cellular mechanotransduction, which is a self-protective mechanism as it endows cells
with resistance to further DNA damage, although it inhibits cell proliferation and many other functions.
Taken together, we have disclosed the interplay between DNA damage, cellular mechanics, and
senescence, con�rming the two-side effects of the mechanical cues in the aging process.

Introduction
Age-related bone loss is a complicated event resulting from the decline in bone formation and the
increase in bone resorption1,2, accompanied by the deterioration of bone microstructure and the
occurrence of several diseases like osteoarthritis, osteoporosis, and even bone fracture3–5. Numerous
studies have found that with aging, multiple cell types including bone marrow mesenchymal
stem/stromal cells (BMSCs) in the bone microenvironment become senescent and exhibit reduced
osteogenic and self-renewal capacity, which would dampen bone remodeling, induce tissue dysfunction,
and trigger skeleton aging6–8. Although delay or prevention of aging has recently gained momentum,
discovering the mechanism to drive BMSC senescence is needed for �nding effective strategies to
ameliorate aging and these age-related skeleton diseases.

Although several hallmarks of aging act in concert to exacerbate the aging process, the generation of
DNA damage plays a central role because it could precipitate the appearance of other aging-associated
features at the molecular, cellular and physiological level9. Despite accumulating DNA damage is
responsible for provoking cellular senescence10 and stem cell exhaustion11, the mechanisms have not
been fully elucidated. Thus, a deeper understanding of the underlying mechanism via which DNA damage
induces cellular senescence is critical for developing more effective interventions to delay BMSC aging
and overcome senescence barriers.

BMSCs reside in their own microenvironment, where they sense, react to, and convert countless
biochemical as well as mechanical signals12. Upon aging, alterations in stem cell mechanics13 and bone
microenvironment where they dwell in have been observed14. Moreover, stem cells have the potential for
adapting to the environment through mechanosensing15, so we hypothesized that cells might have
variation in cellular mechanotransduction upon senescence. Although some studies have elaborated that
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inhibition of cellular mechanotransduction pathways has many implications for cell behaviors16, like cell
mechanics17, differentiation18, and migration19, relatively little is known about whether there is the
engagement of the mechanotransduction in aging.

Recent research demonstrated that aged cells are accompanied by a universal decline in the openness of
chromatin landscape, resulting in the alteration of transcriptional output and gene expression20–22.
Coincidentally some studies have revealed that microenvironments have effects on chromatin
remodeling in human MSCs, leading to widespread changes in gene expression23,24. Therefore, it is
reasonable to hypothesize that chromatin accessibility might act as a bridge to connect
mechanotransduction activity with cellular senescence. Understanding the interplay between DNA
damage, mechanical characteristics and cellular senescence is quite vital and it might enable new
approaches to intervene aging process.

In this study, we have revealed that cellular mechanotransduction diminishes with aging, but reacts to the
regulation of senescence with two-side effects. It sheds light on the complex role of mechanical stimuli in
the aging process.

Results
The cells in the bone tissue of aged mice lack mechanotransduction activity.

As shown in Fig. 1A-1C, the 20-month mice had signi�cantly less trabecular numbers, greater trabecular
spacing as well as lower levels of collagen I, comparing with 6-week mice. Deterioration in bone micro-
architecture with age in�uenced the niche where BMSCs are located in, so it was worth investigating the
mechanotransduction pathways of the cells in the tissue. The phosphorylation of focal adhesion kinase
(p-FAK) at Tyr39725 and the YAP expression26 are well-known mechanotransduction markers and are
sensitive to intracellular traction force. The immunohistochemistry results displayed that p-FAK, and YAP
are signi�cantly downregulated in the bone marrow-derived tissue from aged mice (20-month) compared
with the tissue derived from young ones (6-week) (Fig. 1D,1E). The discrepancy in aging marker p16INK4a

and phosphorylation of the Ser139 residue of the histone variant H2AX (γH2AX) between different ages
were also obvious and old tissue had a higher degree of them than young tissue, indicating the
senescence at the cellular level (Supplementary Fig. 1). These results revealed that bone marrow exists
an age-related general decline in the activity of cellular mechanotransduction.

Cellular mechanotransduction decreases in senescent stem cells.

To understand the relationship between cell senescence and mechanotransduction in detail, human
BMSCs were isolated and studied in vitro. The BMSCs from old (60 ~ 80 years old) and young (18 ~ 30
years old) donors were cultured and characterized by �ow cytometry, proliferation assay, multilineage
differentiation assays, and senescence-associated biomarkers (Supplementary Fig. 2) (Fig. 2A). The
BMSCs from old patients exhibited impaired proliferative and osteogenic capacities as well as high
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expressions of senescence-associated biomarkers compared to their counterparts isolated from young
patients, suggesting that aging potentially changed the function of the stem cells. Thus, they were
regarded as senescent and young cells, respectively, in the following experiments. In case of the
variability between individual donors, we pooled cells obtained from three different donors together in
each biological replicate.

To investigate the alteration of cellular mechanotransduction at the protein level, we performed
immuno�uorescence studies using a series of markers which are the essential factors in cellular
mechanotransduction. The results revealed that senescent BMSCs from elderly patients have a global
decline in total Myosin IIa (traction force generator), phosphorylated myosin IIa at Ser1943 (P-myosin IIa,
activated Myosin IIa), Lamin A/C (nucleoskeleton that receives and transmits mechanic cue into the
nucleus), as well as nucleus localization of YAP (transcriptional regulator that responding to mechanical
cues), compared with cells from young donors, sharply contrasting with increased aging marker p16INK4a

during aging (Fig. 2A, 2B). Upon further western-blot assays, a signi�cant reduction of these proteins was
observed in senescent cells, and it was basically in line with the results of immuno�uorescence (Fig. 2C).
The alteration of the mechanotransduction factors affected cell mechanics and traction force.
Nanoindentation showed that Young's modulus of aged cells was around 470 Pa and Young's modulus
of young cells was about 790 Pa (Fig. 2D). According to the results of traction force microscopy, marked
differences in traction force also existed between aged cells and young cells. The average force was
about 122 Pa and 227 Pa, respectively (Fig. 2E, 2G). Moreover, the orientation and anisotropy of actin
stress �bers, which mirrored intracellular traction force27, was randomly distributed in the senescent cells
but well aligned in the young cells (Fig. 2F, 2G). These data veri�ed that there is a strong correlation
between cellular senescence and the loss of mechanotransduction and mechanotransmission.

Finally, we considered whether the decreased cellular mechanotransduction is a common hallmark for
BMSCs’ aging in different species. To this end, the levels of Myosin IIa, P-myosin IIa, as well as Lamin
A/C were examined in the bone marrow mesenchymal stromal cells (BMSCs) derived from mice
(Supplementary Fig. 3). The results also exhibited similar changes as the human BMSCs, further
validating our observation that senescent cells are accompanied by a de�ciency in cellular
mechanotransduction.

Cellular mechanotransduction regulates cell senescence.

We have veri�ed that there are marked differences in mechanical characteristics between young and
senescent cells. According to this, we hypothesized that the decline in cellular mechanotransduction
could trigger young cell dysfunction and senescence. To mimic the depletion of mechanical stimuli,
BMSCs were treated with blebbistatin, a myosin inhibitor mostly speci�c for myosin II that could
e�ciently erase the intracellular traction. The other effective model was soft hydrogels with a shear
modulus of 1.5 kPa, which could modulate the force balance at the cell adhesive interface to decrease
the intracellular traction force. After validating the success of the mechanotransduction depletion
(Supplementary Fig. 4), the level of cyclin-dependent kinase inhibitors including p16INK4a, p53, and p21
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WAF1/Cip1 was examined, as they are well-known signs of cell senescence. Attenuation of cellular
mechanotransduction, either through pharmacological or mechanical treatment, could induce age-related
phenotypes and trigger stem cell senescence. (Fig. 3A and Supplementary Fig. 6A, 6C). The tendency was
further validated through senescence-associated beta-galactosidase (SA-β-gal) staining (Fig. 3B), thereby
proving that the decreased cellular mechanotransduction was the driver of senescence.

The decreased mechanotransduction of senescent cells was then restored by means of calyculin A, the
myosin light chain phosphatase inhibitor to promote the myosin II activity and cell traction force28.
(Supplementary Fig. 5A, 5B) After 24 h treatment, the magnitude of force could apparently attenuate
senescence-associated biomarkers including p16INK4a, p53, and p21 WAF1/Cip1 (Fig. 3C and
Supplementary Fig. 6B, 6D). The SA-β-gal staining coincided with the changes in these biomarkers,
con�rming the truth of enhancing mechanotransduction of aged cells might rejuvenate senescence to a
certain extent (Fig. 3D).

One important hallmark of aging is replicative exhaustion of stem cell pools, thus the in�uence of
mechanotransduction on cell proliferation was investigated via implementing ki67 staining and CCK8
assays. The results indicated that reducing cellular mechanotransduction of model cells could lower
proliferative capacity and result in poor survival. Meanwhile, senescent cells had completely different
performances, restoring cellular force with calyculin A promoted cell proliferation to great extent. (Fig. 3E,
3F). These data suggest that cellular mechanotransduction participates in the aging process, which not
only in�uenced senescence-related biomarkers, but also affected the proliferative capacity of BMSCs.

To improve the reliability of this part, the experiment was also carried out with the bone marrow
mesenchymal stromal cells from mice, and the data was consistent with the results in human stem cells.
The decline in cellular force of young stem cells urged aging process, whereas upregulating the
mechanotransduction of senescent cells resulted in partial alleviation of cellular senescence phenotypes.
(Supplementary Fig. 7).

Above all, cellular mechanotransduction participates and performs as a regulator in aging process. The
recovery of lost mechanotransduction could revive senescent cells, whereas the loss of it could cause the
dysfunction of young cells.

Cellular mechanotransduction remodels chromatin accessibility.

The intracellular traction force and mechanotransduction have been reported to remodel the chromatin to
regulate its accessibility and gene expression. This process is related to almost all the cell functions29.
The chromatin accessibility in young and senescent cells was thus systematically analyzed.
Characterizing the chromatin state of cells by means of screening nucleus with confocal microscopy and
calculating chromatin condensation parameters (CCP), we found that the decline in mechanical stimuli of
young BMSCs showed overall more heterogeneous distributions of DAPI intensity, whereas elevating
force of senescent cells altered chromatin remodeling and reduced the chromatin condensation in
BMSCs (Fig. 4A, 4C).
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The epigenetic regulator HDAC2 and HDAC3, which allow the histones to wrap the DNA and are regarded
as useful negative markers of chromatin accessibility, were further investigated. The limited intracellular
force triggered high expression of HDAC2 and HDAC3 in the senescent cells or the blebbistatin-treated
young cells, while enhancing cellular force through calyculin A markedly decreased their expressions (Fig.
4B, 4D), supporting the conclusion that mechanical stimuli lead to a more open chromatin structure and
higher levels of chromatin accessibility.

To further probe the chromatin accessible after the alteration of cellular force, genome-wide transposase-
accessible chromatin sequencing (ATAC-seq) was employed in the study30. Since chromatin landscape
on gene promoters is associated with gene expression, �rstly we analyzed differences in the chromatin
accessibility over the transcription start site (TSS) and gene body (TES) as shown in Fig. 5A and 5B. We
observed that all ATAC-seq samples were enriched for reads at transcription start sites (TSSs), however,
gene promoters of senescent cells exhibited a strong decrease in chromatin accessibility, compared with
the BMSCs from young donors. The young cells treated with blebbistatin had the analogous chromatin
landscape like senescent cells. It uncovers that the decline in mechanotransduction represses the
chromatin accessibility and induces the transcriptional disorders to trigger cellular senescence, which
was in line with the CCP and HDAC analysis. Surprisingly, the senescent cells who underwent calyculin A
treatment for 72 h had the smallest chromatin accessibility, which was ostensibly contradictory to all of
the results with 24 h calyculin A treatment as shown above. The differentially accessible ATAC-seq peaks,
as well as their enrichment, were also investigated. Differential analysis of ATAC-seq peaks revealed
36749 less accessible peaks of blebbistatin treatment for young cells, and simultaneously senescent
cells treated with calyculin A also had 10338 downregulated peaks compared with the non-treated
senescent cells, which were identical to the TSS results (Fig. 5C-E). The motif enrichment and KEGG
enrichment analysis of differentially accessible ATAC-seq peaks showed that the blebbistatin treated
young cells, the senescent cells, and the calyculin A treated senescent cells exhibited similar cell
functions according to the analysis of the accessible chromatin regions (Fig. 5F, Supplementary Fig.
10A). In addition, based on the results of IGV Browser screenshot, the enrichment of ATAC-seq signals at
the genes of LMNA (mechanotransduction factor) and MKI67 (proliferation marker) diminished visibly in
senescent cells and blebbistatin-treated young cells, in contrast to the untreated cells from young donors,
whereas exaltation of mechanotransduction with calyculin A had a minor impact on senescent cells
among the signal enrichment of these genes (Fig. 5G, supplementary Fig. 10B). Therefore, the decline in
cellular mechanotransduction repressed chromatin accessibility. The continuous treatment of senescent
cells with calyculin A for 72 h closed chromatin, demonstrating the complex role of mechanical stimuli in
the cell aging process. It seems mechanical stimuli may have negative effects on open chromatin
landscape when it is beyond the endurance of senescent cells.

Mechanical overstimulation mitigates cellular mechanotransduction and accelerates cell senescence.

Whether the over-exposed mechanical stimuli accelerate cellular senescence and downregulate cell
functions is attractive to be explored. The senescent BMSCs treated with calyculin A for 72 h gave rise to
serious cellular senescence, compared with the same batch of cells without calyculin A treatment, which
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were assayed by p16INK4a expression, SA-β-gal staining, and p21WAF1/Cip1 expression (Fig. 6A-C). To
exclude the toxicity and other side effects of calyculin A treatment, the mechanical stretching with
frequencies of 0.02 Hz and 0.1 Hz (in the range to promote cell mechanotransduction)31 was performed
on the senescent BMSCs. The results indicated by p16 and p53 detection supported the calyculin A
treatment, where cells underwent reversed senescence at 0.02 Hz but accelerated senescence at 0.1 Hz
(Fig. 6E). These data suggested that cellular force acts as a double-edged sword, with both bene�cial and
detrimental effects on the aging process, depending on the duration and intensity of the mechanical
stimuli. Once the dose of force is out of range where BMSCs could sustain, it could lead to irreversible
changes in cellular senescence. Our data establish a complicated role for cellular mechanotransduction
in modulating the phenotypes of stem cell senescence.

The cellular mechanics and mechanotransduction under long-term calyculin A treatment were also
monitored. The measurement of nanoindentation showed that the cells dealt with calyculin A had an
obvious increase in Young's modulus during the �rst 24 h but a rapid decrease afterwards (Fig. 6D). The
cell mechanics mirrored cytoskeleton assembly and intracellular force. The mechanical stretching
promoted the level of P-myosin IIa at 0.02 Hz, while limited P-myosin IIa levels at 0.1 Hz (Supplementary
Fig. 5C). The reason for the decrease of mechanotransduction and the effects on cell functions under
long-term and intense mechanical stimuli must be thus explored. However, it seems the decreased
mechanotransduction and intracellular force cause chromatin close to limit cell activity for cell aging.

DNA damage crosstalk with cellular mechanotransduction.

To further explore why mechanotransduction is decreased in senescent BMSCs, we paid attention to DNA
damage, which could cause genome-wide transcriptional changes and initiate irreversible senescence
and play a critical role in regulating the process discussed above. To test our hypothesis, we induced two
DNA damage models including ultraviolet irradiation32 for 15 min and D-galactose exposure33 for 48 h,
both of which could obviously activate γH2AX foci in young BMSCs (Supplementary Fig. 8). It has been
shown that phosphorylation of H2AX is a major response to DNA damage, which localizes to damaged
DNA and recruits DNA repair effectors to these sites34. The DNA damage induced by either ultraviolet
irradiation or D-galactose regulated mechanotransduction activity, as determined by immuno�uorescence
assays and western-blot assay with myosin IIa, P-myosin IIa, and Lamin A/C (Fig. 7A, 7B).

As mentioned above, we have already found multiple lines of evidence correlating cellular
mechanotransduction with DNA damage. We then wonder whether, mechanistically, cellular force could
promote the accumulation of DNA damage. To change cellular mechanotransduction, BMSCs were
exposed to blebbistatin or calyculin A. Interestingly, the cellular force also regulates DNA damage. The
γH2AX was signi�cantly reduced in BMSCs that were de�cient in mechanotransduction due to
blebbistatin treatment, indicating that the impairment of cellular mechanotransduction curbed sustained
γH2AX foci formation. Concomitantly, γH2AX foci formation raised signi�cantly after exposure to
calyculin A for 72 h (Fig. 7C, and Supplementary Fig. 9A). The senescent cells were also cultured on the
soft hydrogels (1.5 kPa) to test the DNA damage accrual. Consistent with the results of cells dealt with
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blebbistatin, γH2AX foci formation is markedly eliminated by culturing on the soft hydrogels (Fig. 7E).
The comet assay35 was further performed to con�rm the DNA damage level. The suppression of cellular
force was accompanied by limited tail DNA percent and tail moment length in BMSCs, indicating less
DNA damage. Whereas, consistent with the increased γH2AX foci formation after exposure to calyculin A,
tail DNA percent and tail moment length was remarkably enhanced with calyculin A treatment for 72 h in
senescent cells (Fig. 7D and Supplementary Fig. 9B). It suggests that cellular mechanotransduction may
be an effective candidate for inducing DNA lesions. The mechanical overstimulation leads to more DNA
damage, which then negatively regulates cell mechanotransduction. The next question is the function of
this crosstalk for cellular senescence.

Mechanotransduction downregulation prevents DNA damage.

The evidence above suggests that the intracellular force, could open chromatin and increase DNA
damage in the senescent cells. The reasonable hypothesis is that the downregulated
mechanotransduction may close chromatin to prevent the DNA from suffering from further damage. The
senescent cells were �rstly treated with blebbistatin for 24 h to increase the chromatin condensation
level. The cells were then irradiated by ultraviolet for 5–30 min in the presence of blebbistatin followed by
DNA damage analysis after 24 h culturing without blebbistatin. We observed a statistically decline in DNA
damage following ultraviolet irradiation for different times in mechanotransduction-de�cient BMSCs, by
applying a comet assay. The compromised tail DNA percent and tail moment length upon blebbistatin
treatment occurred in each ultraviolet irradiated group, compared with in the absence of blebbistatin
treatment (Fig. 8A,8B).

The soft hydrogels were also utilized to limit cellular mechanotransduction and intracellular force. The
BMSCs were cultured on the soft hydrogels for 24 h, and then underwent ultraviolet irradiation for 15 min.
After cells were transferred to cell culture plates for regular growth for 24 h, the DNA damage marker
γH2AX, proliferation marker ki67, and the mechanotransduction marker P-myosin IIa were examined (Fig.
8D). For comparison, the cells were cultured on the rigid plate for the same time and suffered the same
ultraviolet irradiation. The data (Fig. 8E) showed that the impairment of mechanotransduction by soft
hydrogels for 24 h is su�cient to counteract the lesions induced by DNA damage, as measured by the
diminished accumulation of nuclear γH2AX foci, which coincided with the bene�t of decreasing
mechanical stimuli by means of blebbistatin. Simultaneously, these protected cells were accompanied
with higher proliferative capacity as detected by Ki67. The softening also prevented the DNA damage-
induced cell force decline as marked by P-myosin IIa. The mechanotransduction activity was recovered
after transferring the cells to the rigid plates, indicating the healthy state of the cells.

To better strengthen our conclusion, calyculin A was used to perform the opposite experiments. The
senescent BMSCs were treated with calyculin A for 24 h and then stimulated by ultraviolet for 15 min in
the presence of calyculin A. The nuclear γH2AX foci formation was markedly heightened with calyculin A
treatment (Fig. 8C), suggesting that the force-induced chromatin open caused DNA damage.
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Taken together, these results suggest that the cellular mechanotransduction responds to DNA damage to
close chromatin, which in turn prevents cells from suffering further lesions, creating protective feedback
for cells. However, the closed chromatin leads to the decrease of the transcriptional activity of the force-
downstream genes including growth, proliferation, and osteogenic differentiation36,37, resulting in cell
senescence.

Bone marrow tissue shows decreased mechanotransduction activity in response to DNA damage.

To further study whether the phenomenon we observed in vitro also existed in vivo, the DNA damage
model mice were developed through continuous injection of doxorubicin38 or D-galactose39. These drugs
could induce reactive oxygen species (ROS) accumulation and then trigger DNA damage in mice, and the
e�ciency was veri�ed via detecting the γH2AX (Fig. 9D). The DNA damage obviously diminished the level
of mechanotransduction factors P-FAK and YAP, as compared to the untreated mice (Fig. 9A, 9B), which
further induced aging as detected by P16 (Fig. 9C).

Discussion
In the present study, mechanotransduction has been proven to play an essential role during BMSC aging.
Very recently, Piccolo group recognized YAP/TAZ as the key factors in the cell senescence40.As YAP/TAZ
are the direct sensors and regulators in mechanotransduction26, their and our studies can con�rm each
other. We have further unraveled the causative event and the mechanism via which mechanotransduction
takes part in aging process and veri�ed the complexity and systematicity of the crosstalk between
mechanotransduction and aging process. The data presented here show that although the decline in
cellular mechanotransduction contributes to the impaired proliferation capacity in aged cells by acting as
a chromatin accessibility regulator, it also provides self-protection to prevent further DNA damage,
highlighting its importance in the regulation of DNA damage-chromatin remodeling-cellular senescence
axis (Fig. 10).

We veri�ed that, upon aging, there is an obvious downregulation of cellular mechanotransduction in
senescent BMSCs, and strikingly, restoring the mechanotransduction temporarily decreases senescence-
related biomarkers. Particularly, when mechanical stimuli are accumulated, it could induce cellular
senescence. The reason is that the over-opened chromatin triggers intensive DNA lesions, which in turn
reduces cellular mechanotransduction pathways.

Numerous studies have proved that force could induce nucleus deformation29,41 and modulate chromatin
landscape, thereby in�uencing epigenetic modi�cations and gene expression42,43. Therefore,
investigating the crosstalk between cellular mechanotransduction and DNA damage is of great
importance, particularly in the context of aging, in which cellular chromatin accessibility undergoes
profound alterations and gene expression pro�les are dynamic44. Our data clearly indicate that DNA
damage could lower cellular mechanotransduction to a great extent, which could explain the
phenomenon that why low-level mechanotransduction occurs upon cellular senescence. It will be
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interesting to further assess whether the decreased force in senescent cells is a universal mechanism
across cell types, identifying its utility as markers and potential therapeutic targets. This discovery might
be helpful for compensating the de�ciency in senescence targets in the �eld of aging research.

In recent years, some studies use some kinds of methods to treat age-associated diseases, of which
de�ning senescent cells and then getting rid of them is a popular therapeutic stratege7,45, however, it is
challenging to rescue the function of the senescent cells. We have attempted to rejuvenate them through
the re-establishment of the mechanical stimuli system. The low levels of the mechanical stimuli
performed on the aged BMSCs resulted in decreased senescence-related biomarkers and temporarily
restored cell proliferation capacity due to enhanced chromatin accessibility and gene transcription. It
might be considered in antiaging treatment to improve the therapeutic outcomes of age-related bone loss.

The appropriate force is critical for maintaining fundamental cellular biological function and
downregulation of mechanotransduction drives cell aging by controlling chromatin landscape.
Meanwhile, the high levels of mechanical stimuli accelerate DNA lesions and cell aging. Since the levels
of the individual cellular senescence and their tolerance are quite diverse, it is di�cult to normalize the
mechanical stimuli’s standards and the precise details should be the subject of future studies.

Above all, an important contribution of decreased cellular mechanotransduction in aged cells is starting
to emerge with a series of our results, demonstrating that this behavior acts as a good self-protection
mechanism via which senescent cells avoid further DNA damage, so it is the art of senescent cell
survival.

Our �ndings provide insights into how mechanotransduction affects aging-associated processes
including DNA damage and cellular senescence, thereby uncovering the causes, the rationality, and the
signi�cance of age-related alterations of mechanotransduction in senescent cells.

Methods
Mice. Male C57BL/6 mice aged 6 weeks were utilized as the young group and their counterparts of 20
months were accepted as the naturally aged group.

As for the induced DNA damage mouse model, both doxorubicin and D-Galactose were used respectively
in our study. Doxorubicin (Sigma, USA) or D-Galactose (Solarbio, China) was dissolved in saline at the
concentration of 100mg/ml and then sterilized using a 0.22 µm �lter. The mice (C57bl/6, male) aged 6
weeks were administered with Dox at 5 mg/kg via intraperitoneal injection once a week for 4 weeks.
Simultaneously, D-gal was injected subcutaneously daily at a dose of 500 mg/kg body weight for 3
months and the control group was injected with saline at an equivalent dose. All animal experiments were
performed approved by the Ethics Committee at West China Hospital of Stomatology, Sichuan University.

Micro CT tomography evaluation. The femurs from aged and young mice were measured using micro-CT.
SkyScan 1176 desktop X-ray Micro-CT system (Skyscan, Bruker) (0.5 mm Al �lter, image pixel size: 17.75



Page 11/30

µm, voltage: 60 kV, electrical current:400 µA) was used to scan the target regions. The exposure time was
1080 ms.

Histological analyses. Histological analyses were used to detect the differences between the tissue from
aged and young mice via immunohistochemistry and Masson staining according to the protocol. The
dissected femurs were �xed in 4% paraformaldehyde for 2 days and then decalci�ed in 12% EDTA for 1
week. Slides were subjected to sodium citrate buffer at 99°C for 20min for antigen retrieval and then
incubated with rabbit polyclonal anti-collagen I (1:800, Servicebio, Cat No: GB11022-3), rabbit anti-
phospho-FAK (1:50, Thermo Fisher Scienti�c, Cat No:700255), rabbit polyclonal anti-YAP (1:100,
Genxspan, Cat No: GXP539020), rabbit polyclonal anti-P16 (1:100, Invitrogen, Cat No: PA1-30670) and
rabbit polyclonal anti-phospho-Histone H2A.X (ser139) (1:100, Cell Signaling Technology, Cat No: 9718).
Then anti-rabbit IgG antibody was used as secondary antibodies (1:200). For Masson staining, the tissue
was stained by Masson (Solarbio, China) staining solution according to the instruction. Images were
captured using a microscope (Olympus, Japan).

Cell culture. Bone marrow aspirates from old (60 ~ 80 years old) and young (18 ~ 30 years old) were
obtained from healthy patients who were �rstly suspected of having hematological diseases at West
China Hospital of Sichuan University. After that, per milliliter of bone marrow was plated on T-75 �asks
using a medium supplemented with 10% fetal bovine serum (Gibco) and 0.01% penicillin/streptomycin.
Medium renewal was implemented every 3 days. We performed cell sorting using �ow cytometry at day
12 and passages between 3 to 5 were accepted for subsequent experiments. BMSCs from three
independent donors among each age group (aged vs. young) were mixed and utilized together in the
study. The experiment was approved by the Ethics Committee of West China Hospital of Stomatology,
Sichuan University.

For BMSCs derived from mice, 20-month mice and their counterpart aged 6-week-old were used in our
experiments and we �nished this part according to our previous protocol46. Firstly, we dislocated the
femur and cut off both ends under aseptic conditions. Then intact bone marrow was isolated, blown into
pieces, and seeded in 100 mm diameter Petri dishes. The cells were cultured in the same condition as
BMSCs derived from humans. Cells at the passage between 2 to 4 were adopted for subsequent
experiments.

Clonal expansion. The colony formation assay was employed to assess self-renewal ability of BMSCs
from different ages. Senescent and young cells at the density of 1 × 103 cells/well were inoculated in 6-
well plates for 12 days. The colony formation was detected by crystal violet (Solarbio, China) staining
according to the manufacturer’s instructions.

Alizarin red staining and Oil Red O staining. For osteogenic differentiation, BMSC were cultured on 24-well
plates and underwent osteogenic induction for 14 days, after that, alizarin red staining was performed
with Alizarin red solution (Sigma). For evaluating the lipid droplet formation, Oil Red O staining was
performed with a kit from Diagnostic Biosystems (Cat No: KT025) after 14 days of adipogenic induction.
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Nanoindentation. Nano-indentation was used to measure young’s modulus of young and senescent
BMSCs, which was determined by �tting force-indentation curves to known models according to the
manufacturer’s instructions. The diameter of the nano-indentation indenter is 10.5 µm, the stiffness of the
indenter is 0.05 N/m, and the indentation depth is 3 µm in our research.

Traction force microscopy (TFM). Traction force microscopy was used to detect cellular
mechanotransduction according to our previous protocol47. Firstly, PEG hydrogels containing 0.5µm
�uorescent carboxylated polystyrene beads (Sigma) were fabricated and the micro-beads existed at the
surface of the hydrogels. After hydrogels were soaked for 48 h, seeding young and senescent MSCs on
the PEG hydrogels. A confocal microscope was exploited to take images of beads and the spreading area
of cells, regarding as the shifted position of beads induced by cell migration. Finally, both young and
senescent cells were cleared up by dealing with 1% SDS and taken photos afterwards.

Quanti�cation of �ber’s anisotropy. FibrilTool, a plugin of ImageJ, was introduced to quantify the
orientation of �brillar structures in the studies according to the protocol. After capturing the pictures of β-
actin, we calculated the anisotropy of young and senescent cells respectively, in order to compare the
differences in cellular mechanical characteristics. Regarding the anisotropy score, the following
convention: 0 for no order (purely isotropic arrays) and 1 for perfectly ordered (purely anisotropic arrays)
were used. Another plugin of ImageJ named Orientation J was also used to measure the orientation of
the �ber where the color representation re�ects the different orientations.

Immuno�uorescence and confocal microscopy. Cells were �xed for 15 min at 37°C with 4%
paraformaldehyde, permeabilized with 1% Triton-X100 (Sigma) for 15 min and blocked with 5% BSA
diluted in PBS for 15 min at RT. BMSCs were then incubated, overnight at 4°C with the indicated primary
antibodies in 1% BSA. The following antibodies were used: Myosin IIa (1:100, Cell Signaling Technology,
Cat No:3403), phospho-Myosin IIa (1:200, Cell Signaling Technology, Cat No:14611), Lamin A/C (1:200,
Cell Signaling Technology, Cat No:4777), YAP (1:100, Cell Signaling Technology, Cat No:14074), phospho-
Histone H2A.X (ser139) (1:200, Cell Signaling Technology, Cat No: 9718), P16 (1:200, Invitrogen, Cat No:
PA1-30670), p21(1:200, Cell Signaling Technology, Cat No:2947), P53 (1:100, Cell Signaling Technology,
Cat No:2524), HDAC2 (1:200, Santa Cruz Biotechnology, Cat SC-9959), HDAC3(1:200, Cell Signaling
Technology, Cat No:3949) and ki67(1:200, Abcam, ab15580). Following this, cells were incubated for 2h
at 4°C with the appropriate secondary �uorescent antibodies diluted in 1% BSA, protected from light. At
last, nuclei were stained with DAPI (1:1000, Solarbio, China). Images were collected under a confocal
laser scanning microscope (CLSM, Olympus, Japan).

Western blot experiments. BMSCs were seeded in six-well plates and treated with different conditions for
different time. Then the experiment was �nished according to our reported protocol48. Protein
concentration was determined using the BCA Protein Assay Kit (Bio-Rad, U.S.), and then 30 µg of total
protein was run on 8%-12% SDS-PAGE gel (Beyotime, Shanghai, China), and electro-transferred to
polyvinylidene di�uoride (PVDF) membranes (Millipore) for 2h-3h at 120 mA in transfer buffer. The
following antibodies were used: Myosin II a, phospho-Myosin IIa, Lamin A/C, p21, and β-actin. The
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concentration of these antibodies in this experiment was 1:1000. After three 10-min washes with TBST,
membranes were incubated with the appropriate secondary antibody (1:5000) for 1 h at room
temperature. Immunoreactive bands were visualized by a western lightning chemiluminescence detection
kit (Zen Bioscience, China).

Senescence-Associated β-Galactosidase (SA-β-Gal) Staining. Senescent cells were measured by use of
the SA-β-gal staining kit (Solarbio, China) according to previous reported46. After incubated with the
reagent about 8 h-12 h, senescent cells would be stained with aquamarine blue, whereas young cells were
not able to be colored.

Cell proliferation assay. To investigate the effect of cellular mechanotransduction on BMSC proliferation,
CCK-8 (Solarbio, China) was implemented in the study. Brie�y, BMSCs were seeded into 96-well plates
and cultured overnight. After that, young and senescent cells were treated with blebbistatin and calyculin
A for 24 h respectively, and then incubated with CCK-8 reagent for analysis as previous reported46.

ATAC-seq and analyses. ATAC-seq were prepared according to the protocol of Novogene (Beijing, China).
The details were showed in the supplementary information.

Comet assay. Comet assay was performed by use of the Cell Biolabs kit (San Diego, USA, Cat No: STA-
350,). Brie�y, cells were dealt with blebbistatin or calyculin A for 72 h and resuspended at a concentration
of 1 × 105 cells/ml. Cell suspensions were mixed with low melting agarose, and then were transferred to
the supplied glass slides at 4°C for 15 min. After that, cell lysis was carried out and electrophoresis was
employed in a tank containing the alkaline running buffer at electric current of 300 mA for 30 min. The
slides were stained with SYBR Gold Nucleic Acid Gel Stain (Invitrogen, Cat No: S11494) for 10 min.
Images were acquired using a confocal laser scanning microscope. To compare DNA damage in different
groups, tail moment length, and tail DNA percent were quanti�ed using an open comet software plugin in
FIJI.

Statistical analysis. All data were presented as mean ± SD. Prism 8.0.1 (GraphPad Software) was used
for the two-tailed Student’s t-test. *, P < 0.05, **, P < 0.01, ***, P < 0.001 were considered statistically
signi�cant.
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Figure 1

Bone marrow tissue of aged mice had variation in microarchitecture and mechanotransduction activity.

(A) Micro-CT showed that the 20-month mice had less trabecular numbers and greater trabecular spacing
than 6-week mice. (Scale bar, 50 μ m) (B) Representative Masson staining of femurs from aged mice and
young mice respectively. (C) Immunostaining showed downregulation of collagen I in aged mice than in
young mice. (D) Immunostaining showed that p-FAK and (E) YAP was absent in old mice aged 20-month
compared to in young mice aged 6-week. Right panel represents the magni�ed area of the red frame in
the left panel (B-E, Scale bar, 100 μm. n = 5)
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Figure 2

Cellular mechanotransduction decreases in senescent stem cells.

(A) Representative immuno�uorescence staining and the (B) related quanti�cation of the aging marker
p16INK4a and the mechanotransduction markers Myosin IIa, P-myosin IIa, Lamin A/C, and YAP nucleus
localization. (C) Western blot analysis of mechanotransduction markers. (D) Nanoindentation results of
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senescent and young BMSCs. (E) Representative �gure of traction force microscopy measurement. (F)
The anisotropy of actin stress �bers and the color representation re�ect the different orientations. (G) The
analysis of Fig E and Fig F. (Scale bar, 50 μm)

Figure 3

Cellular mechanotransduction regulates cell senescence and cell proliferation.
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(A) Immuno�uorescence analysis of p16 and p53 as well as (B) SA-β-gal staining after decreasing
intracellular force of young BMSCs via blebbistatin or soft hydrogels for 24 h. (C) Immuno�uorescence
analysis of p16 and p53 as well as (D) SA-β-gal staining after increasing intracellular force of senescent
BMSCs by calyculin A for 24 h. (E) Immuno�uorescence staining of ki67 after young and senescent
BMSCs treated with blebbistatin or calyculin A for 24 h respectively. (F) CCK-8 assays after cells were
induced by different drugs. (Scale bar, 50 μm)
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Figure 4

Cellular mechanotransduction remodels chromatin accessibility.

(A) Representative heatmaps of the DAPI �uorescence images and the chromatin condensation
parameter (CCP) maps estimated by corresponding edge detection method for the cells treated with
different drugs. (B) Immuno�uorescence staining of HDAC2 and HDAC3 after young and senescent
BMSCs were treated with blebbistatin or calyculin A, respectively. (C) Quanti�cation of the average
chromatin condensation parameters of the related cells. (D) Quanti�cation of the immuno�uorescence
results of HDAC2 and HDAC3 from the related images. (Scale bar, 50 μm)
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Figure 5

ATAC-seq results after altering cellular mechanotransduction by blebbistatin or calyculin A. (A) Metaplot
of ATAC-seq reads over the TSS (transcription start Sites) and (B) TES (gene body). (C) Heat map of
differentially accessible ATAC-seq peaks. Note the widespread reduction in chromatin accessibility in
senescent cells, blebbistatin treated young cells, and calyculin A treated senescent BMSCs. (D) The
enrichment of differentially accessible ATAC-seq peaks. (E) Differential ATAC-seq peaks among different
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groups. (F) Motif enrichment of ATAC–seq peaks in each of the groups. (G) IGV browser views showing
LMNA read density in young, senescent, blebbistatin treated young cells, and calyculin A treated
senescent BMSCs.

Figure 6

Mechanical overstimulation mitigates cellular mechanotransduction and accelerates cell senescence.
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(A) Immuno�uorescence staining of p16INK4a after senescent BMSCs were treated by calyculin A for 24 h
or 72 h. (B) SA-β-gal staining after calyculin A treatment for 24 h or 72 h. (C). Western blot analysis of
P21 after calyculin A treatment for 24 h or 72 h. (D) The measurement of nanoindentation when cells
were dealt with calyculin A for different times. (E) The expression of P16 and P53 after cells were treated
with mechanical stretching at different frequencies. (Scale bar, 50 μm)

Figure 7
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DNA damage crosstalk with cellular mechanotransduction.

(A) The DNA damage induced by either ultraviolet irradiation for 15 min or D-galactose for 48 h decreased
the level of P-myosin IIa and Lamin A/C, as detected by immuno�uorescence staining. (B) Western blot
analysis of mechanotransduction markers of young BMSCs treated by ultraviolet irradiation for 15 min or
D-galactose for 48 h. (C) The γH2AX foci formation of senescent cells after exposure to blebbistatin or
calyculin A for 72 h. (D) The measurement of tail DNA percent and tail moment length when senescent
BMSCs were treated by blebbistatin or calyculin A for 72 h. (E) The γH2AX foci formation is eliminated
when culturing on the soft hydrogels. (Scale bar, 50 μm)
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Figure 8

Mechanotransduction downregulation prevents DNA damage.

(A) Schematic of the treatment for the cells. The senescent cells were treated with blebbistatin for 24 h
and then irradiated by ultraviolet for different time, followed by DNA damage analysis after 24 h culturing
without drug. (B) The compromised tail DNA percent and tail moment length upon blebbistatin treatment
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occurred in ultraviolet irradiated induction for different time, compared with in the absence of blebbistatin
treatment. (C) The γH2AX foci formation after being treated with calyculin A during and before ultraviolet
irradiation, compared with in the absence of calyculin A. (D) Schematic of the treatment for the cells.
Cells were cultured on plates or soft hydrogels for 24 h and then irradiated by ultraviolet for 15 min,
followed by a series of analyses after transferring cells to culture plates. (E) The effects of soft hydrogels
on γH2AX foci formation, ki67, and P-myosin IIa levels during cells underwent ultraviolet irradiation and,
the quanti�cation of the related images. (Scale bar, 50 μ m)
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Figure 9

Bone marrow tissue shows decreased mechanotransduction activity in induced DNA damage model
mice.

(A) DNA damage model mice induced by doxorubicin or D-galactose inhibited the level of P-FAK and (B)
downregulated the level of YAP. (C) P16 expression and (D) the level of γH2AX foci in different groups.
(Scale bar, 100 μm n=6)

Figure 10
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Working model depicting the relationships between DNA damage, cellular mechanotransduction, and
cellular senescence. Upon aging, the DNA damage reduces cellular mechanotransduction activity and
limits chromatin accessibility afterwards, which endows senescent BMSCs with resistance to further DNA
damage.
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