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Abstract 

Background: Osteoporosis is a major public health concern worldwide. As the predominant and long-lived bone cells, osteocytes 
serve as key regulators of bone remodeling and mechanotransduction. However, the molecular mechanisms underlying their 
regulatory roles remain poorly understood. The roles of talin1, a key focal adhesion protein linking integrins to the cytoskeleton, 
in regulation of osteocyte function and skeletal homeostasis remain unclear. 
Methods: Osteocyte-specific talin1 conditional knockout (cKO) mice were established, and their skeletal phenotypes were 
assessed through micro-CT, histomorphometry, and biomechanical analyses. Osteocyte senescence and molecular signaling were 
assessed by RNA sequencing analysis, immunostaining, and biochemical assays. Talin1–p53 interactions were characterized by 
co-immunoprecipitation and pull-down assay. Rescue experiments were performed using talin1 and p53 double KO mice. 
Results: Talin1 expression in osteocytes was markedly reduced during skeletal aging in mice and humans. Osteocyte-specific 
deletion of talin1 disrupted FA integrity and dendritic networks, leading to severe osteopenia in weight-bearing bones and impaired 
bone mechanical properties. Talin1 deficiency altered the bone marrow microenvironment, suppressing osteoblast differentiation 
while enhancing adipogenesis. Mechanistically, talin1 bound and sequestered p53 in the cytoplasm for proteasomal degradation. 
Thus, talin1 loss enhanced p53 nucleotranslocation, inducing upregulation of p16 and p21 and osteocyte senescence. Importantly, 
genetic ablation of p53 in osteocytes rescued the low bone mass phenotype, defective bone formation, and excessive senescence 
caused by talin1 loss. 
Conclusions: This study identifies talin1 as a key factor governing osteocyte senescence and bone mass. We define a novel talin1–
p53 axis that links impaired focal adhesion signaling to osteocyte senescence and bone loss, highlighting potential therapeutic 
targets for aging-related osteoporosis. 
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Introduction 
Cells rely on their ability to perceive and adapt 

to external stimuli, a process central to physiological 
activities and pathological conditions like migration, 

polarization, differentiation, and cancer 
dissemination (1-3). This process largely relies on 
focal adhesions (FAs), which are large 
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macromolecular complexes linking the extracellular 
matrix (ECM) to the cytoskeleton. These complexes 
are formed by transmembrane integrins, the 
intracellular cytoskeleton, and other FA-associated 
proteins (4, 5). Talin has emerged as a key 
FA-associated protein that activates integrins and 
mediates force transmission between cytoskeleton 
and cell adhesions (6, 7). Talin also serves as an 
adaptor protein, recruiting numerous FA proteins and 
signaling molecules to adhesion sites and 
coordinating the stabilization of actin and 
microtubules during the adhesion process (3, 5). 
Previous studies have highlighted the critical roles of 
talin in tumor development and metastasis (8, 9) .  

In vertebrates, talin exists as two isoforms, talin1 
and talin2, which share 76% sequence identity and 
88% similarity, yet display distinct tissue-specific 
expression patterns and functional roles during 
development (5, 10). Mice with global talin1 knockout 
are embryonically lethal (11), whereas mice with 
talin2 deletion are viable and fertile, presenting a 
mildly dystrophic muscle phenotype (12). Talin1 is 
ubiquitously expressed in nearly all cell types and 
tissues, while talin2 expression varies in different 
tissues with the high protein levels found in the 
cerebral cortex, heart, muscle and kidneys (13). Thus, 
large attention has been put to decipher the specific 
functions of talin1 in different tissue background. 
Recent studies have implicated that talin1 is involved 
in pathogenesis of human diseases, such as systemic 
capillary leak syndrome (14) and coronary artery 
dissection (15). Clinical evidence suggest a potential 
contribution of talin1 during the progress of skin 
fibrosis (16), coronary artery disease (17) and 
neurodegenerative disease (18). Mouse genetic 
studies have demonstrated the important roles of 
talin1 in regulating the formation and function of 
organs, including kidney, pancreas and heart (19-21). 
However, the function and importance of talin1 in 
skeletal homeostasis and function are largely 
unknown.  

Vertebrates undergo constant bone remodeling 
by tightly controlled coupling of the 
osteoclast-mediated bone absorption with the 
osteoblast-mediated bone formation (22, 23). 
Osteocytes, the most abundant and long-lived bone 
cells, act as central regulators of bone remodeling, 
coordinating its initiation, modulation, and 
termination through direct and indirect interactions 
with osteoblasts and osteoclasts (24, 25). 
Accumulating evidence from our group and others 
indicates that several focal adhesion–associated 
proteins in osteocytes, including kindlin-2 (26, 27), 
pinch1/2 (28), integrin β1/3 (29, 30) and FAK (31), are 
essential for proper bone remodeling. Genetic 

ablation of genes encoding these proteins in 
osteocytes led to cell dysfunction, abnormal bone 
remodeling, low bone mass, and defective force 
adaptation. However, molecular mechanisms 
whereby FA proteins regulate osteocyte function and 
bone remodeling are still largely unknown.  

In this study, we demonstrate that talin1 is 
highly expressed in osteocytes in young and adult 
mice and humans and down-regulated during 
skeletal aging. The loss of talin1 in osteocytes causes a 
striking bone loss in both young adult and aged mice 
via up-regulation of transcription factor p53 and 
promotion of osteocyte senescence. Talin1 loss largely 
impairs mechanical stimulation responses in 
osteocytes and in bone. Talin1 ablation causes 
abnormal bone remodeling and alters MSC 
differentiation fate favoring adipogenesis versus 
osteogenesis in the bone microenvironment. p53 
ablation in osteocytes prevents the bone loss in 
talin1-deficeint mice. We demonstrate a critical role of 
the talin1-p53 axis in osteocytes in modulation of bone 
mass and skeletal anabolic response to mechanical 
stimulation.  

Materials and Methods 
Ethics statement 

All experimental related to animals were 
authorized by the IACUC of the Southern University 
of Science and Technology 
(SUSTech-JY202202068-202503A1). Human bone 
samples (Additional case details are provided in Table 
S1) were collected after surgery from the Shenzhen 
Nanshan People’s Hospital. The study has been 
approved by the medical ethics regulations of 
Shenzhen Nanshan People’s Hospital, China (No. 
KY-2021-053-01). Written consent was secured from 
each patient, and specimens were either directly used 
for protein extraction or fixed in 4% formaldehyde for 
IHC/IF staining. 

Animal studies  
Dmp1-Cre mice were described previously (26), 

and talin1fl/fl and p53fl/fl mice were obtained from 
Shanghai Model Organisms. Experimental mice were 
generated using a two-step breeding strategy. 
Homozygous talin1fl/fl mice were initially crossed with 
Dmp1-Cre transgenic mice to generate Dmp1-Cre; 
talin1fl/+ offspring. These heterozygous mice were then 
intercrossed with talin1fl/fl mice to obtain Dmp1-Cre; 
talin1fl/fl mice. To generate Dmp1-Cre; talin1fl/fl; p53fl/fl 
mice, Dmp1-Cre; talin1fl/fl mice were first crossed with 
p53fl/fl mice to produce Dmp1-Cre; talin1fl/+; p53fl/+ 

offspring, which were then intercrossed with talin1fl/fl; 
p53fl/fl mice to produce the Dmp1-Cre; talin1fl/fl; p53fl/fl 
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mice and other desired genotypes. In vivo tibial 
loading was applied to the mice according to the 
established method (27, 32) to assess bone adaptation. 
Primer sequences for related genotyping are listed in 
Table S2. 

Micro-computerized tomography (µCT) 
analysis 

Fixed, non-demineralized specimens of the 
femur, spine, tibia and skull were analyzed using 
micro-computed tomography (μCT) at the 
Experimental Animal Center of Southern University 
of Science and Technology. Scanning was performed 
using a Bruker μCT system (SkyScan 1176, Bruker 
MicroCT, Kontich, Belgium). All μCT acquisitions and 
subsequent image analyses were conducted in 
accordance with the standardized techniques, 
terminology, and reporting guidelines recommended 
by the American Society for Bone and Mineral 
Research (ASBMR) to ensure reproducibility and 
comparability of bone structural measurements (33).  

Histological evaluation and bone 
histomorphometry 

Bone tissues were fixed in 4% paraformaldehyde 
(PFA) at 4 °C overnight and subsequently decalcified 
in 12% EDTA for 3 weeks. After sequential 
dehydration, bone tissues were embedded in paraffin 
and sectioned at the thickness of 5-μm used for 
hematoxylin and eosin (H&E) and tartrate-resistant 
acid phosphatase (TRAP) staining following the 
standard protocols as described previously (28, 34).  

Immunohistochemistry (IHC) and 
immunofluorescence (IF) staining  

For IHC, 5-μm-thick bone sections were 
incubated with primary antibodies or control IgG and 
visualized using the EnVision+ System-HRP (DAB) 
kit (Dako North America Inc., Carpinteria, CA, USA) 
following previously established protocols (26, 35). 
For IF staining, both bone sections and MLO-Y4 cells 
were processed and labeled with specific antibodies 
according to methods described previously (36). 
Fluorescent signals were detected using a confocal 
microscope, and images were analyzed to evaluate 
protein localization and expression patterns. 

BMSC culture 
Primary BMSCs were isolated from the femurs 

and tibiae of 6-month-old male mice following 
previously established protocols (26). Cells were 
cultured in 10-cm dishes containing α-MEM 
(Hyclone, USA) supplemented with 15% FBS at 37 °C 
in a 5% CO₂ incubator. After 24 h, non-adherent cells 
were collected by centrifugation (1500 rpm, 5 min), 

resuspended in 100 μl proliferation medium (base 
medium supplemented with 10 μg/ml M-CSF), and 
seeded into 96-well plates at a density of 2 × 10⁵ cells 
per well for BMM induction assays, as previously 
described (37). Adherent BMSCs were maintained for 
one to two weeks for downstream experiments. 
Colony-forming unit assays, including 
CFU-osteoblast (CFU-OB) and CFU-fibroblast 
(CFU-F), were performed according to established 
methods (38). 

Fluid shear stress (FSS) experiments 
Fluid shear stress experiments were ere 

performed using the Streamer System STR-4000 
(Flexcell International Corporation, Burlington, NC, 
USA) as previously described (27). MLO-Y4 cells were 
seeded on collagen-I–coated glass culture slips and 
allowed to adhere for 24–36 h prior to FSS treatment. 
The slips were then placed in a parallel-plate flow 
chamber, and cells were subjected to fluid flow at 1, 2, 
5, or 10 dyne/cm² for 2 h. Static control cells were 
maintained under standard culture conditions in the 
incubator. Immediately following FSS exposure, cells 
were washed twice with 1×PBS, and protein and RNA 
samples were collected for subsequent analyses. 

ELISA assays 
Serum levels of the bone formation marker P1NP 

were measured using the RatLaps EIA Kit 
(Immunodiagnostic Systems Limited, cat# AC-33F1) 
according to the manufacturer’s protocol. Likewise, 
the bone resorption marker CTX-1 was quantified 
using the RatLaps EIA Kit (cat# AC-06F1). Briefly, 
serum samples were collected, diluted as required, 
and incubated in antibody-coated microplates. After 
washing to remove unbound components, 
enzyme-linked detection reagents were added, 
followed by substrate reaction and absorbance 
measurement using a microplate reader. 
Concentrations were calculated from standard curves 
generated with known concentrations provided in the 
kits. 

Bone tissue protein and RNA extraction 
Mouse tibiae and femurs were carefully 

dissected to remove surrounding muscles. Both ends 
of each bone were opened, and bone marrow cells 
were flushed out by centrifugation at 12,000 × g. After 
rinsing with PBS and air-drying, bones were 
snap-frozen in liquid nitrogen and pulverized into a 
fine powder using a DEPC-treated mortar and pestle. 
The powdered tissue was transferred to 1.5 mL tubes, 
resuspended in RIPA lysis buffer (Sigma, Cat# 
R0278), and incubated on ice for 15 min, with gentle 
mixing every 5 min to ensure thorough lysis. Lysates 
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were clarified by centrifugation at 12,000 × g for 
10 min at 4 °C, and supernatants were collected for 
protein analysis. Protein concentrations were 
determined using a BCA assay. Aliquots were mixed 
with 6× protein loading buffer (TransGen, Cat# 
DL101-2), denatured at 100 °C for 10 min, and stored 
at −20 °C until further use. 

For RNA extraction, 350 µL Buffer RLT (Qiagen 
RNeasy Mini Kit, Cat# 74104) was added to the bone 
powder, followed by an equal volume of 70% ethanol 
prepared with RNase-free water. The mixture was 
applied to RNeasy Mini spin columns and centrifuged 
at 12,000 g for 30–60 s. Columns were washed 
sequentially with Buffer RW1 and Buffer RPE (two 
washes), with each wash followed by centrifugation at 
12,000 g. A final spin for 2 min at 12,000 g ensured 
complete removal of residual wash solution. RNA 
was eluted in 30–50 µL RNase-free water, quantified, 
and immediately stored at −80 °C. 

In vivo tibial loading  
Mechanical loading of mouse tibiae was 

performed as previously described (27) using a Bose 
ElectroForce 3200 electroactuator (EndureTEC, 
Minnetonka, MN, USA). Mice were anesthetized via 
intraperitoneal injection of 2.5% Avertin (100 μL per 
10 g body weight), and the right tibia was subjected to 
cyclic compressive loading at 4 Hz in a triangular 
waveform, with a peak force of 9.0 N for 1,200 cycles 
per session. The contralateral left tibia served as an 
internal unloaded control. Loading sessions were 
performed every other day over a two-week period. 
Micro-computed tomography (μCT) scans were 
acquired on Day 1 (baseline, prior to loading) and Day 
15 (after the final loading session) to assess structural 
changes. Following the final scan, mice were 
euthanized, and tibiae were collected for detailed 
bone histomorphometric analyses, including 
assessment of trabecular and cortical bone 
parameters. This approach enables evaluation of the 
effects of controlled mechanical stimulation on bone 
remodeling in vivo. 

RNA extraction and qRT-PCR analysis 
Total RNA was extracted from cells or tissues, 

reverse-transcribed into cDNA, and analyzed by 
quantitative real-time PCR (qRT-PCR) as previously 
described (39). Gene-specific primer sequences for 
mouse targets are listed in Table S3. Relative 
expression levels were calculated using standard 
methods, and all reactions were performed in 
technical triplicates to ensure reproducibility. 

siRNA and plasmid  
The negative control and mouse-specific talin1 

siRNAs used in this study were synthesized by 
Suzhou GenePharma Co., Ltd (Suzhuo, China). 
Mouse negative control siRNA sequence: 
5’-UUCUCCGAACGUGUCACGUTT-3’; mouse 
talin1#1 siRNA sequence: 5’-GCUCCCAUCCU 
GUCUCCUUTT-3; mouse talin1#2 siRNA sequence: 
5’-GCUCAUUGCUGGCUACAUATT -3’. 

Western blot analysis 
Cells were lysed in RIPA buffer (Sigma, USA), 

and 15 μg of protein per sample was separated by 
SDS-PAGE and transferred onto polyvinylidene 
fluoride (PVDF) membranes (Millipore, MA, USA). 
Membranes were blocked at room temperature for 
30 min using QuickBlock™ Western (Beyotime) and 
then incubated overnight at 4 °C with primary 
antibodies. Following incubation with appropriate 
HRP-conjugated secondary antibodies (ZSGB-Bio), 
signals were detected using an enhanced 
chemiluminescence kit (ECL, Bio-Rad) and imaged 
with the ChemiDoc XRS system. Detailed information 
on the antibodies used is provided in Table S4. 

Co-immunoprecipitation (Co-IP) assay 
Co-IP experiments were carried out as 

previously described (40). Briefly, cells were lysed in 
RIPA buffer (Sigma, USA) on ice for 10 min and 
centrifuged at 12,000 × g for 10 min at 4 °C to remove 
debris. The clarified lysates were incubated overnight 
with the specific primary antibody, followed by 
incubation with Protein A/G magnetic beads at room 
temperature for 1 h. Bead–antigen–antibody 
complexes were collected using a DynaMag™-2 
magnet (Thermo Fisher), washed three times with IP 
buffer to remove non-specifically bound proteins, and 
resuspended in 60 μL of 1× loading buffer. Samples 
were then denatured at 95 °C for 5 min and analyzed 
by SDS-PAGE and Western blotting. This protocol 
allows specific isolation and detection of protein–
protein interactions under native conditions. 

In vitro pull-down assays  
HEK-293F cells were transiently transfected with 

talin1-Flag and p53-His plasmids for 60 h. Cells were 
lysed in 25 mM HEPES (pH 7.5), 150 mM NaCl, and 
protease inhibitors, and lysates were clarified by 
centrifugation at 14,000 × g for 30 min at 4 °C. Purified 
proteins were obtained via Flag and Ni-NTA affinity 
chromatography. For pull-down, purified talin1-Flag 
and p53-His were incubated at 4 °C for 2 h, followed 
by capture with Flag beads, extensive washing, and 
elution with Flag peptide. Samples were analyzed by 
12.5% SDS-PAGE and Coomassie Brilliant Blue 
staining. 
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Statistical analyses 
Mice were randomly assigned to experimental 

groups. Sample sizes were determined based on prior 
experience with similar studies. IF, IHC, and 
histological analyses were performed and evaluated 
under double-blind conditions. Statistical analyses 
were conducted using GraphPad Prism 9. Two-way 
ANOVA or unpaired two-tailed Student’s t-tests were 
applied as appropriate, with P < 0.05 considered 
statistically significant. 

Results 
Talin1 is critically required for FA and dendrite 
formation in osteocytes and down-regulated 
during skeletal aging in mice and humans  

To explore mechanisms underlying age-related 
bone loss, we first analyzed RNA expression profiles 
from femurs of young (2-month-old) and aged 
(22-month-old) mice (Dataset: GSE220679). KEGG 
pathway enrichment identified the top 15 pathways 
differing between young and aged cortical bone, 
highlighting ECM–receptor interaction, cell adhesion, 
PI3K-Akt signaling, and focal adhesion (FA) 
pathways (Figure S1A). Immunofluorescence (IF) 
staining of tibial sections from young (3 m) and aged 
(20 m) mice revealed a notable reduction of talin1 in 
osteocytes from aged bones (Figure 1A, B). 
Consistently, Western blot analyses of cortical bone 
(femurs and tibiae) confirmed significantly lower 
talin1 levels in aged versus young bones (Figure 1C, 
D). Examination of human trabecular bone from joint 
replacement surgeries, comparing young (29-35 yrs) 
and elderly (75-80 yrs) donors, showed a similar 
decline in TALIN1 expression in osteocytes within 
mineralized trabecular bone by IF and Western blot 
analyses (Figure 1E-I). 

To determine whether talin1 directly influences 
osteocyte function, we performed siRNA-mediated 
knockdown in MLO-Y4 cells, a murine osteocyte-like 
line. Forty-eight hours after talin1 knockdown (KD), 
talin1 expression was substantially reduced, 
accompanied by decreased phosphorylation of focal 
adhesion kinase (p-FAK) (Figure 1J, K). Importantly, 
total FAK levels, as well as other FA-related proteins 
including integrins β1 and β3 and the 
mechanosensitive protein Piezo1, were largely 
unchanged (Figure 1J, K; Figure S1B). Results from IF 
experiments showed reductions in FA sites and cell 
spreading area following talin1 KD (Figure 1L-N). 
SEM images further confirmed defective cell 
spreading and changed morphology after talin1 KD 
(Figure 1O). Functionally, cell attachment assays 
revealed the impaired cellular attachment and 
spreading on both non-coated glass surfaces and 

collagen-I-coated glass surfaces (Figure S2A-F).  
To examine the role of talin1 in osteocyte 

function in vivo, its expression was deleted in dentin 
matrix protein 1 (Dmp1)-expressing cells through the 
breeding of floxed talin1 mice (talin1fl/fl) with 10-kb 
Dmp1-Cre transgenic mice (Dmp1-Cre). This approach 
generated mice lacking talin1 in osteocytes 
(Dmp1-Cre; talin1fl/fl), which are referred to as cKO. 
The results from qRT-PCR and western blotting 
analyses confirmed that talin1 mRNA and protein 
expression was dramatically reduced in cKO cortical 
bone samples, which contain abundant osteocytes, 
but not in other soft tissues including heart, liver, 
spleen, lung and kidney (Figure S3A-C). Consistent 
with in vitro findings, dendrite formation in cortical 
osteocytes was impaired in cKO mice compared to 
age- and sex-matched controls (Figure 1P). 
Quantitative analysis over osteocyte dendrites 
confirmed the reduction of dendritic number and 
dendritic length per osteocyte of cKO mice (Figure 
1Q, R).  

Talin1 ablation in osteocytes leads to 
osteopenia in weight-bearing bones but not in 
skull  

To investigate the role of osteocyte talin1 in bone 
mass regulation, we conducted μCT analyses of distal 
femurs from 3- and 14-month-old male control and 
cKO mice. cKO mice displayed pronounced 
osteopenia at both ages, characterized by significant 
reductions in bone mineral density (BMD) and bone 
volume fraction (BV/TV), while cortical thickness 
(Ct.Th) remained unchanged (Figure 2A-C; Figure 
S3D). Similar declines in BMD and BV/TV were 
observed in distal femurs of 6- and 14-month-old 
female cKO mice (Figure S3E-G). Histological H&E 
staining confirmed markedly reduced trabecular bone 
in tibiae of cKO mice (Figure S3H). Furthermore, 
BMD and BV/TV were significantly decreased in the 
L4–L5 spine and alveolar bone of 3-month-old male 
cKO mice (Figure 2D-I). In contrast, 
non-weight-bearing skull bones were unaffected by 
talin1 deletion (Figure 2J, K; Figure S3I, J). 

Talin1 loss impairs the mechanical properties 
of bones and responses to mechanical stimuli 
in osteocytes and in bone 

Three-point bending tests on fresh femurs from 
3-month-old male mice revealed impaired mechanical 
properties in cKO mice, with reduced ultimate force 
and whole bone toughness compared to controls 
(Figure 2L–N). To assess whether osteocyte talin1 
mediates force adaptation, we performed both in vitro 
and in vivo experiments. MLO-Y4 osteocyte-like cells 
were exposed to varying levels of fluid shear stress 
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(FSS). Using kindlin-2 as a positive control for FSS 
responsiveness (27),, Western blotting showed that 
FSS (2–10 dynes/cm²) dose-dependently upregulated 
talin1 and kindlin-2 expression in MLO-Y4 cells 

(Figure 2O, P). Talin1 knockdown (KD) completely 
abolished FSS-induced talin1 upregulation (Figure 
2Q, R).  

 

 
Figure 1. Osteocyte talin1 regulates FA and dendrite formation and is down-regulated during skeletal aging in mice and humans. (A) Immunofluorescence 
(IF) staining for talin1 expression on tibial sections fr om young (3-mo-old) and aged (20-mo-old) male mice. Scale bars, 30 µm. (B) Quantification data of A, N = 3, biological 
replicates. (C) Western blotting (WB). Protein extracts from cortical bone samples of young (3-mo-old male mice) and aged (20-mo-old mice) mice were subjected to western 
blotting for talin1 expression. (D) Quantification data of C, N = 3, biological replicates. (E, F) Hematoxylin and eosin (H/E) staining and IF staining for TALIN1 expression of 
young (29 years old) and aged (75 years old) human bone samples. Scale bars, 100 µm. (G) Quantification data of F. N = 3, biological replicates. (H) WB analyses for TALIN1 
expression of young and aged human bone samples. (I) Quantification data of G, N = 3, biological replicates. (J) Talin1 KD. MLO-Y4 cells were treated with si-NC (negative 
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control) or si-talin1#1/#2. After 48h, cells were subjected to WB analyses for expression of the indicated proteins. (K) Quantification data of J. N = 3, biological replicates. (L) 
Representative IF images of si-NC- and si-talin1-treated MLO-Y4 cells with anti-p-FAK and anti-talin1 antibodies. Scale bars: 20 µm. (M, N) Quantification of L. (O) SEM images 
of si-NC and si-talin1 MLO-Y4 cells cultured on non-coated flasks. (P) Representative Rhodamine-stained F-actin images in tibial sections from control and cKO mice. Scale bars, 
30 μm. (Q, R) Quantification of P. Data are presented as mean ± s.d.; n per group indicated. Statistical significance: n.s., P > 0.05; **P < 0.01; ***P < 0.001 versus controls 
(unpaired two-tailed Student’s t test). 

 
Figure 2. Talin1 loss in osteocytes causes a dramatic bone loss and impairs mechanical stimulation responses in osteocytes and in bone. (A) 3D μCT 
reconstruction of distal femurs from male control and cKO mice at the indicated ages. Scale bars, 500 μm. (B, C) Quantification of BMD and BV/TV in (A). N = 7 (3-mo males), 
N = 9 (14-mo control), N = 10 (14-mo cKO). (D) 3D μCT reconstruction of L4–L5 spines from 3-mo-old male control and cKO mice. Scale bars, 1 mm. (E, F) Quantitative 
analyses of spine BMD and BV/TV. N = 6 per group. (G) 3D μCT reconstruction of alveolar bone from 3-mo-old male control and cKO mice. Scale bars, 20 μm. (H, I) 
Quantification of alveolar bone parameters. N = 8 per group. (J) 33D μCT reconstruction of skull from male control and cKO mice. Scale bars, 2 mm. (K) Quantitative analysis 
of skull BMD and BV/TV. N = 6 per group, biological replicates. (L) Representative force-displacement curve for femur three point bending experiments of 3-mo-old male 
control and cKO mice. (M-N) Quantification data of maximum load and stiffness for the femurs from male control and cKO mice. N = 6 for each group, biological replicates. (O) 
WB analysis of talin1, kindlin-2 and Gapdh protein levels in MLO-Y4 cells under 0, 2, 5, and 10 dyns/cm2 FSS treatment. (P) Quantification of O. N = 3, biological replicates. (Q) 
WB analysis of talin1 expression in si-NC and talin1 siRNA KD MLO-Y4 cells with 10 dyns/cm2 FSS treatment. (R) Quantification of Q. N = 3, biological replicates. (S) 3D μCT 
reconstruction of tibiae from 4-mo-old male control and cKO mice, with or without mechanical loading. Scale bars, 250 μm. (T, U) Quantitative analyses of BMD and BV/TV of 
in vivo loading experiments. N = 6 per group, biological replicates. (V) Calcein double labeling images of control and cKO loading and sham tibia sections. Scale bar, 200 µm. (W, 
X) Quantitative measurements of MAR and BFR for metaphyseal trabecular bones in the loading and sham tibial sections from control and cKO mice. N = 6 per group, biological 
replicates, two-way ANOVA. All results were expressed as mean ± s.d., n. s. Statistical significance: n.s., P > 0.05; **P < 0.01; ***P < 0.001 versus controls (unpaired two-tailed 
Student’s t test). 
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In vivo, 4-month-old control and cKO mice 

underwent two weeks of cyclic loading on the right 
tibiae, with the contralateral left tibiae serving as 
unloaded controls. μCT analysis demonstrated that 
mechanical loading significantly increased BMD and 
BV/TV in control tibiae, whereas these effects were 
absent in cKO mice (Figure 2S–U). Consistently, 
calcein double labeling confirmed that loading 
enhanced mineral apposition rate (MAR) and bone 
formation rate (BFR) in control tibiae, but not in cKO 
tibiae (Figure 2V–X). These findings indicate that 
talin1 is essential for osteocyte-mediated 
mechanotransduction and bone adaptation to 
mechanical forces. 

Talin1 ablation causes abnormal bone 
remodeling and alters MSC differentiation fate 
from osteogenesis to adipogenesis in bone 
microenvironment 

To explore the mechanisms underlying bone loss 
in cKO mice, we evaluated osteoblast and osteoclast 
formation and function. Talin1 deletion markedly 
impaired bone formation, as evidenced by significant 
reductions in mineral apposition rate (MAR) and bone 
formation rate (BFR) in the femoral metaphyseal 
cancellous bones of both 3- and 14-month-old male 
cKO mice (Figure 3A-C). Serum levels of procollagen 
type 1 amino-terminal propeptide (P1NP), an in vivo 
marker of bone formation, were also decreased in cKO 
mice (Figure 3D). Von Kossa staining revealed a 
notable reduction in osteoid volume/tissue volume 
(OV/TV) in cKO bones, indicating defective 
mineralization (Figure 3E, F). Immunofluorescence 
staining for osteoblast markers, including osterix 
(Osx) and osteocalcin (Ocn), showed fewer osteoblasts 
and progenitors on bone surfaces in cKO mice 
compared to controls (Figure 3G, H; Figure S4A, B). 

Conversely, osteoclast formation and resorptive 
activity were elevated in cKO mice. Serum collagen 
type I cross-linked C-telopeptide (CTX) levels were 
significantly higher than controls (Figure 3I). TRAP 
staining revealed increases in osteoclast surface/bone 
surface (Oc.S/BS) and osteoclast number/bone 
perimeter (Oc.Nb/BPm) in primary cancellous bones 
of cKO mice (Figure 3J-L). In vitro assays using 
primary bone marrow monocytes (BMMs) confirmed 
enhanced osteoclastogenesis in cKO cultures, with 
~50% more TRAP-positive multinucleated cells (≥3 
nuclei per cell) than controls (Figure S4C, D). 

Bone marrow colony-forming assays showed 
that talin1 loss reduced colony-forming 
unit-osteoblasts (CFU-OB) without affecting 

colony-forming unit-fibroblasts (CFU-F) (Figure 3M, 
N; Figure S4E, F). In vitro differentiation of primary 
bone marrow stromal cells (BMSCs) further 
demonstrated impaired osteoblast differentiation in 
cKO mice, as indicated by reduced ALP activity 
(Figure S4G, H) and downregulation of 
osteoblast-specific genes (Figure 3O-Q). In contrast, 
adipogenic differentiation was enhanced in cKO 
BMSCs, with increased oil red O staining and elevated 
expression of adipogenic markers, including Ap2, 
Cebp, and Ppar-γ (Figure 3R, S). Collectively, these 
findings indicate that talin1 deficiency in osteocytes 
disrupts bone remodeling by suppressing bone 
formation while promoting bone resorption and 
adipogenesis. 

Talin1 loss greatly accelerates cellular 
senescence in MLO-Y4 osteocyte-like cell line, 
primary osteocytes, and osteocytes in bone  

Osteocyte senescence is considered a key 
contributor to age-related bone loss (41, 42). To 
evaluate this, we examined p53, a well-established 
marker of cellular senescence, in human trabecular 
bone samples from young (29-35 years) and elderly 
(75-80 years) donors. Immunofluorescence and 
Western blot analyses revealed a marked increase in 
p53 expression in osteocytes within the mineralized 
trabecular bone of aged individuals compared to 
young donors (Figure S5A-C). 

 To determine whether talin1 loss promotes 
osteocyte senescence in bone, we performed IHC and 
IF staining of bone sections of the two genotypes and 
found that the numbers of osteocytes expressing 
cellular senescence markers, including p53, p21 and 
p16, were all dramatically increased in cKO relative to 
those in control bones (Figure 4A-D). Results from 
western blotting confirmed increases in expression of 
p53, p21 and p16 proteins in cKO versus control 
cortical bones (Figure 4E, F). Results from both 
western blotting and IF staining revealed that talin1 
KD up-regulated p53 and p21, but not p16, in 
MLO-Y4 cells (Figure 4G-J). We further isolated 
primary osteocytes from cortical bones of 
6-month-old control and cKO mice using a sequential 
digestion method (43). We performed the 
β-galactosidase staining of different passages of 
primary osteocyte cultures from both control and cKO 
mice and found that talin1 loss greatly increased the 
percentages of osteocytes expressing high level of 
β-galactosidase (Figure 3K, L).  
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Figure 3. Talin1 loss in osteocytes causes abnormal bone remodeling and switches MSC fate from osteoblastic to adipogenic differentiation in the bone 
microenvironment. (A) Representative images of calcein double labeling from male control and cKO femur sections with the indicated ages. Scale bar, 200 µm. (B, C) 
Quantitative measurements of the mineral apposition rate (MAR) and bone formation rate (BFR) from calcein double labeling experiments. N = 6 per group, biological replicates. 
(D) Serum level of procollagen type 1 amino-terminal propeptide (P1NP) from 3-mo-old male control and cKO mice. N = 6 per group, biological replicates. (E) Representative 
von Kossa staining images of femoral sections from 3-mo-old male control and cKO mice. Black: Calcium in mass deposits; Red: Nuclei; Light red: Cytoplasm. Scale bar, 500 µm. 
(F) Quantification of osteoid volume/total volume (OV/TV) from von Kossa staining. N = 6 per group, biological replicates. (G) IF staining of osterix (Osx) in tibial sections from 
3-mo-old male control and cKO mice. Scale bar, 50 μm. (H) Quantification of Osx-positive cells in tibiae. N = 6 per group, biological replicates. (I) Serum levels of collagen type 
I cross-linked C-telopeptide (CTX) in 3-mo-old male control and cKO mice. N = 6 per group, biological replicates. (J) TRAP staining of tibial sections from male control and cKO 
mice. Scale bar, 100 μm. (K) Osteoclast surface/bone surface (Oc.S/BS) and (L) osteoclast number/bone perimeter (Oc.N/BPm) of primary cancellous bones in the tibial sections 
of male control and cKO mice. Results were expressed as mean ± s.d., N = 6 per group, biological replicates. **P < 0.01 versus controls, two-way ANOVA. (M) Colony-forming 
unit-osteoblast (CFU-OB) assay from bone marrow nucleated cells of 6-mo-old male mice. (N) Quantitative data of M. N = 3, biological replicates. (O) RT-qPCR analyses of 
osteoblastic genes expression from 6-mo-old male control and cKO primary BMSCs after 1 week osteogenesis in vitro. N = 3 per group, biological replicates. (P) WB analyses 
of osteoblastic genes expression from 6-mo-old male control and cKO primary BMSCs after 1 week osteogenesis in vitro. N = 3 per group, biological replicates. (Q) 
Quantification of P. N = 3 per group, biological replicates. (R) Oil red O staining of in vitro adipogenic differentiation of primary BMSCs isolated from 6-mo-old male control and 
cKO mice. Scale bar, 100 µm. (S) RT-qPCR analyses of adipogenesis genes expression from 6-mo-old male control and cKO primary BMSCs 1 week after adipogenesis induction 
in vitro. N = 3 per group, biological replicates. All results were expressed as mean ± s.d., n. s. Statistical significance: n.s., P > 0.05; **P < 0.01; ***P < 0.001 versus controls 
(unpaired two-tailed Student’s t test). 
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Figure 4. Talin1 loss greatly accelerates cellular senescence in MLO-Y4 osteocyte-like cell line, primary osteocytes, and osteocytes in bone. (A-C) IF and 
immunohistochemical (IHC) staining for p53, p21 and p16 expression on 6-mo-old male control and cKO tibial sections. Scale bar, 50 µm. (D) Quantification of A-C. N = 6 per 
group, biological replicates. (E) Western blotting for talin1, p53, p21 and p16 proteins extracted from cortical bones of 3-mo-old male control and cKO mice. (F) Quantification 
of E. N = 3 per group. (G) Western blotting analyses of talin1, p53, p21 and p16 proteins in MLO-Y4 cells transfected with control or si-talin1 siRNA. (H) Quantification of G. 
N = 3 per group, biological replicates. (I) IF staining for p53, p21 and p16 expression in MLO-Y4 cells with and without talin1 KD. Scale bar, 50 µm. (J) Quantification of I. N = 
3 per group, biological replicates. (K) Representative images of SA-β-Gal staining with primary osteocytes derived from control and cKO mice. Scale bar, 50 µm. (L) 
Quantification of K. N = 3 per group, biological replicates. All results were expressed as mean ± s.d., n. s. Statistical significance: n.s., P > 0.05; **P < 0.01; ***P < 0.001 versus 
controls (unpaired two-tailed Student’s t test). 
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Talin1 directly binds to and retains p53 in 
cytoplasm for ubiquitin-proteasomal 
degradation and talin1 loss greatly elevates the 
level of nuclear p53 

Because the p53 transcription factor is known to 
play a critical role in the regulation of cellular 
senescence, we next focus our studies on determining 
how talin1 loss up-regulates p53 in osteocytes. Results 
from IF staining showed that both talin1 and p53 
proteins were partially co-expressed in the cytoplasm 
of osteocytes from cortical bones (Figure 5A). To 
determine if talin1 interacts with p53, we performed 
immunoprecipitation assays using protein extracts 
from MLO-Y4 cells with an anti-talin1 antibody and 
detected a clear enhancement of p53 protein in the 
immunoprecipitates (Figure 5B). To determine 
whether talin1 can directly interact with p53, we 
purified talin1-Flag and p53-His proteins from 
HEK-293F cells overexpressing both proteins. Results 
from the pull-down assay revealed that talin1-Flag 
could directly interact with p53-His (Figure 5C). 
Moreover, we found that talin1 KD did not affect the 
level of p53 mRNA (Figure 5D), suggesting that a 
post-transcriptional mechanism is involved in this 
regulation. To determine if this was the case, we tried 
to decipher whether the ubiquitin-proteasome 
pathway or autophagosome protein degradation 
participates in this talin1-p53 regulation in osteocytes. 
We utilized proteasome inhibitor MG132 and 
autophagy inhibitor chloroquine (CQ) to treat 
MLO-Y4 cells with and without talin1 KD. Results 
showed that MG132, but not CQ, dramatically 
increased the basal level of p53 protein in MLO-Y4 
cells (Figure 5E, F). Furthermore, MG132, but not CQ, 
essentially abolished the talin1 KD-induced increase 
of p53 protein (Figure 5E, F). Collectively, these 
results suggest that it is the ubiquitin-proteasome 
pathway rather than the autophagosome protein 
degradation pathway that controls both basal and 
talin1-mediated regulation of p53 protein levels in 
these cells. We further conducted cycloheximide 
(CHX) chase assay to visualize p53 protein 
degradation kinetics over different timepoints in 
MLO-Y4 cells with or without talin1 KD. Results 
showed that talin1 KD up-regulated the expression of 
p53 protein and reduced its degradation in MLO-Y4 
cells (Figure 5G, H). These data together suggest that 
talin1 enhances p53 ubiquitination and degradation. 
Since p53, as a transcription factor, exerts its function 
mainly in the nuclei, we next determined its protein 
levels in the cytosol and nuclear extracts from 
MLO-Y4 cells with and without talin1 KD in the 
presence and absence of MG132 treatment. Results 
showed that the level of p53 was extremely low in the 

cytoplasm in MLO-Y4 cells with or without MG132 
treatment. Talin1 KD markedly elevated the level of 
nuclear p53, which was further increased by MG132 
treatment (Figure 5I). As expected, talin1 was detected 
in cytosol but not in nuclei. IF staining of cultured 
MLO-Y4 cells confirmed that talin1 KD increased the 
expression of p53 in nuclei, which was further 
increased by MG132 treatment (Figure 5J). 
Collectively, our results support the notion that talin1 
down-regulates p53 by directly binding to and 
retaining p53 in the cytoplasm for subsequent 
ubiquitin-proteasomal degradation. 

Genetically deleting p53 expression in 
osteocytes restores the low bone mass 
phenotype, impaired bone-forming activity, 
and enhanced cellular senescence caused by 
talin1 loss in mice  

We next tested our hypothesis that talin1 loss 
reduces bone mass by up-regulating p53 in osteocytes. 
To this end, we determined the effects of p53 deletion 
in osteocytes on the osteopenic phenotype in talin1 
cKO mice. We generated the Dmp1-Cre; talin1fl/fl; p53fl/fl 
mice in which both talin1 and p53 expression was 
deleted in osteocytes and other genotypes, including 
Dmp1-Cre (as control), Dmp1-Cre; talin1fl/fl, and 
Dmp1-Cre; p53fl/fl mice. Results from μCT analyses of 
the femur samples of 3-mo-old mice of the four 
groups showed that mice with single p53 loss in 
osteocytes had the comparable BMD and BV/TV as 
control mice (Figure 6A-C). Importantly, p53 deletion 
largely reversed the osteopenia of talin1 cKO mice in 
the double knock out mice (Figure 6A-C). Histological 
analysis using H&E staining of tibial sections 
confirmed that p53 ablation reversed the low bone 
mass in talin1-deficient mice (Figure S6A). 
Consistently, p53 inactivation also reversed the 
osteopenic phenotype in the spine (L4-L5) of talin1 
cKO mice (Figure 6D-G).  

Next, we wondered whether the bone-forming 
capacity could be revised by p53 deletion in talin1 cKO 
mice with double calcein labeling experiments. As 
expected, p53 inactivation led to significant increases 
in the MAR and BFR in double knockout mice (Figure 
6H-J), suggesting that p53 deletion restored the 
impairment in bone formation in talin1 cKO mice. 
Since loss of talin1 in osteocytes results in 
morphological defects, we next investigated whether 
deletion of p53 could rescue these abnormalities in 
conditional knockout (cKO) mice. To this end, we 
performed double staining of tibial cortical bone 
sections from 3-month-old control mice, two single 
knockout models, and double knockout mice, using 
DAPI to label nuclei and Rhodamine to visualize the 
actin cytoskeleton.  
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Figure 5. Talin1 directly interacts with p53 and retains p53 in cytoplasm to promote its ubiquitin-proteasomal degradation. (A) IF staining for talin1 and p53 
expression on 6-mo-old male control and cKO mice tibial sections. Scale bar, 30 µm. (B) In vivo co-immunoprecipitation (co-IP) assay. (C) In vitro pull-down assay of talin1-Flag 
and p53-His proteins. (D) RT-qPCR analyses of talin1 and p53 mRNA levels with and without si-talin1 KD in MLO-Y4 cells. N = 3 per group, biological replicates. (E) WB analysis 
of talin1 and p53 expression with and without si-talin1 KD under the treatment of DMSO, MG132 or CQ. (F) Quantification of E. N = 3 per group, biological replicates. (G) WB 
analysis of CHX treated MLO-Y4 cells with si-NC and si-talin1 KD at indicated time. (H) Quantification of the remaining p53 protein level in G. (I) WB analysis of talin1 and p53 
in cytoplasmic and nuclear fractions with or without si-talin1 KD and MG132 treatment. Gapdh and histone were used as markers for the cytoplasmic and nuclear proteins, 
respectively. (J) IF staining for talin1 and p53 in MLO-Y4 cells with or without si-talin1 KD and MG132 treatment. Scale bar, 5 µm. All results were expressed as mean ± s.d., n. 
s. Statistical significance: n.s., P > 0.05; **P < 0.01; ***P < 0.001 versus controls (unpaired two-tailed Student’s t test). 



Theranostics 2026, Vol. 16, Issue 1 
 

 
https://www.thno.org 

477 

 
Figure 6. Deleting p53 in osteocytes restores the low bone mass phenotype, impaired bone-forming activity, and enhanced cellular senescence caused by 
talin1 loss in mice. (A) 3D μCT reconstruction of tibiae from 3-mo-old male mice of indicated genotypes. Scale bar, 500 μm. (B, C) Quantification of tibial BMD and BV/TV. 
N = 6–9 per group; ordinary one-way ANOVA. (D) 3D μCT reconstruction of L4–L5 spines from 3-mo-old male mice. Scale bar, 1 mm. (E-G) Quantitative analyses of spinal 
BMD, BV/TV, and thickness. N = 6 per group; ordinary one-way ANOVA. (H) Representative images of femur sections of calcein double labeling in four groups. Scale bars, 200 
µm. (I) Quantitative measurements of mineral apposition rate (MAR) and (J) bone formation rate (BFR) of double calcein labeling experiments. (K) IF staining for osterix (Osx), 
p53 and p21 expression of the tibial sections from3-mo-old male mice with indicated genotype. Scale bar, 50 µm. (L) Quantification analysis of osterix-positive, p53 positive and 
p21 positive cells in tibial sections from 3-mo-old male mice with indicated genotype. N = 6 per group, biological replicates. All results were expressed as mean ± s.d., n. s. P > 
0.05, *P < 0.05, **P < 0.01, ***P < 0.001 versus controls, ordinary one-way ANOVA. (M) Working model. 
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As shown in Figure S 6B, osteocytes from p53 
single knockout mice exhibited cellular morphology 
comparable to that of control mice, whereas 
osteocytes from double knockout mice displayed 
reduced dendrite number and length, similar to those 
observed in talin1 single knockout osteocytes. 
Quantitative analyses further confirmed that loss of 
p53 neither promoted dendritic formation nor rescued 
the morphological defects caused by talin1 deletion 
(Figure S6C, D). Interestingly, however, p53 
deficiency in osteocytes reduced the elevated 
osteocyte number observed in cortical bone sections 
of talin1-deficient mice (Figure S6E). Moreover, we 
applied IF staining against osterix (Osx) for osteoblast 
cells on the tibial cortical bone sections from 
3-month-old control mice, two single knockout mice 
and double knockout mice. As presented in Figure. 
6K, osteocytes with single p53 deletion displayed 
similar Osx-positive cells as control mice, and the 
double knockout osteocytes displayed comparable 
numbers of Osx-positive cells as control mice. 
Quantitative data further confirmed that loss of p53 in 
osteocytes rescued the impaired bone formation 
caused by talin1 deletion (Figure 6K). In addition, we 
also detected the p53 and p21 protein expression with 
IF experiments on the tibial sections from four groups 
of genotypes. IF images and quantitative analysis 
further showed that p53 deletion in osteocytes 
reduced the elevated markers of cell senescence genes 
caused by talin1 knock-out in osteocytes (Figure 
6K-L). 

Discussion 
FAs serve as critical signaling hubs that regulate 

mechanotransduction and cellular responses to 
external forces, playing a vital role in maintaining 
bone homeostasis. Talin1, a key FA adaptor protein, 
has been extensively studied in tumor cell 
proliferation, migration, metastasis and relapse (44, 
45). It has been recognized as a potential biomarker 
for multiple types of cancers, including melanoma 
skin cancer (8) and high-grade ovarian cancer (46). 
Beside cancer cells, talin1 has been widely accepted as 
an important mechanotransductive proteins in 
different types of cells in diverse tissues, such as 
podocytes in the kidney (19) and cardiomyocytes in 
the muscle (20). Considering the ubiquitous 
expression of talin1 in various tissues, its 
physiological functions in mammals are incompletely 
understood. In bone environment, talin1 has been 
reported with crucial functions in osteoclast 
differentiation (47) and osteoclast-mediated bone 
resorption (48). In this study, we reveal a previously 
unknown role of talin1, via its expression in 
osteocytes, in modulation of bone mass and 

mechanotransduction. 
Our findings in this study demonstrate that 

deletion of talin1 in osteocytes leads to a dramatic 
bone loss and impairs bone mechanical properties, 
suggesting its crucial functions in maintaining skeletal 
homeostasis. Besides the abnormal osteocyte 
phenotype in cKO mice, the bone microenvironment 
was largely altered including reduced bone-formation 
of osteoblasts, enhanced bone-resorption of 
osteoclasts and preferred adipogenesis over 
osteogenesis of BMSCs (Figure 3. M-S). All of these 
changes in cKO bone may contribute to diverse 
paracrine factors released by all cell types mentioned 
above which together generate a complex and 
dynamic bone microenvironment. The difference 
between in vivo bone microenvironment and in vitro 
cell culture system may explain the different 
activation of p16 in vivo and in vitro results. 

Given that osteocytes are the primary 
mechanosensors in bone, the disruption of 
FA-mediated mechanotransduction due to talin1 
depletion may compromise the ability of bone cells to 
respond to mechanical stimuli, ultimately leading to 
bone loss. This aligns with previous studies 
highlighting the roles of several FA-related proteins, 
including integrin β1, kindlin-2 and pinch1/2, in 
control of bone mass, reinforcing the importance of 
FA integrity in regulation of the skeletal formation 
and homeostasis (27-30, 49, 50). Published data 
demonstrate that talin1 activation is tightly associated 
with integrin and kindlin proteins through FA 
signaling (51). In current study, we showed that talin1 
is indispensable in osteocytes for the 
mechanotransduction of force-induced bone 
formation. Published data from our and other groups 
suggest that the potential upstream signaling behind 
talin1 activation and function during 
mechanotransduction and aging could be FA 
pathway. The external force could stimulate integrins 
β1 and β3 on the osteocyte membrane, which further 
leads to a conformational change of integrin subunits 
and actively recruits talin1, kindlin-2 and other 
responsive proteins for sequential signaling cascades. 
In current study, we extended this idea further and 
indicated that the downstream of talin1 signal is p53 
in osteocytes. Our in vitro FSS data showed that talin1 
was up-regulated by FSS stimulation, which may 
further down-regulate p53 in osteocytes. Once the 
talin1 expression was knocked down, its suppression 
of p53 upon FSS was released. Together, these data 
suggest that mechanical force contributes to osteocyte 
survival by suppressing p53 expression through 
talin1. 

Since FA is a large macromolecular complex 
formed by more than 100 proteins, talin-p53 
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interaction may involve in other protein players. 
During cell migration, the FA plaques undergo a 
dynamic transition from nascent adhesion into 
mature adhesion, and finally disassembly process. 
The FA components included structural proteins 
(integrin, talin, vinculin etc.), signaling proteins (FAK, 
Src), adaptor (paxillin) and cytoskeletal components 
(G-actin, F-actin) also undergo robust interaction, 
assembly and disassembly processes (52). Published 
data demonstrate that FAK recruits talin through a 
direct binding interaction at nascent adhesions (53), 
which is independently of direct talin binding to β1 
integrin (54). Moreover, talin localizes to more mature 
adhesions later on, even in the absence of FAK (55). 
These data suggest that FAK is upstream of talin 
during nascent adhesion formation, but independent 
of talin signaling at mature adhesion stage (56). 
Recent studies have demonstrated that disrupting the 
interactions between talin and either vinculin or FAK 
impairs YAP nuclear translocation and transcriptional 
activity in fibroblasts and human mesenchymal stem 
cells (hMSCs) (57). However, vinculin-talin binding, 
but not FAK-talin binding, is essential for nuclear size 
control in these cells (57). In the current study, we 
notice that transient knockdown of talin1 in 
osteocytes results in reduced FAK and p-FAK 
expression, which may explain the reduced FA site, 
cell spreading and attachment in siTalin1 cells. 

In addition to its structural role in FA assembly, 
talin1 has emerged as a key regulator of cellular 
signaling pathways, including those governing cell 
survival and senescence. In bone, osteocyte 
morphology and viability controlled by cell apoptosis 
and senescence are tightly linked with its bone 
remodeling ability (58). p53, a well-established 
regulator of cellular senescence, has been reported 
with anti-osteogenic functions in bone mesenchymal 
progenitor cells by suppressing OPG (59). 
Furthermore, Wnt/ß-catenin-mediated p53 
suppression was reported to be essential for 
osteogenesis of mesenchymal progenitor cells (60). 
Here, in this study, we identify a direct interaction 
between talin1 and p53 that controls p53 degradation 
and nuclear translocation. Protein p53 has been 
referred to as the “Guardian of the Genome” 
considering its essential roles in response to stresses 
that can disrupt the fidelity of DNA replication and 
cell division (61). This important transcription factor 
regulates the cellular program of cell cycle arrest, 
cellular senescence and apoptosis in various tissue 
backgrounds. Since osteocyte apoptosis is tightly 
linked to aging and sex steroid deficiency-related 
bone loss (62), p53 is widely recognized as a 
pro-apoptotic biomaker in aging- (63) and 
estrogen-deficiency-related (64) osteocyte apoptosis 

and bone loss. It would be interesting to further 
investigate the potential downstream players of 
talin1-p53 axis in osteocyte senescence (including 
CDK4/6, Cyclin D) and/or osteocyte apoptosis 
(including Bcl2, BAX, Puma) in further research.  

Previous reports showed the protein-protein 
interaction between the N-terminal fragment of FAK 
and p53 during cancer cell tumorigenesis (65). 
Moreover, p53 also binds to the FAK promoter to 
inhibit FAK transcription in vitro (66-68) and in vivo 
(69). Animal studies further showed that FAK 
inactivation results in p53- and p21-dependent 
mesodermal cell growth arrest during mouse 
development (70). This binding between FAK and p53 
facilitates p53 ubiquitination in both nuclear region 
and potential cytoplasmic region in cancer cells (70). 
In current study, we find that talin1 loss leads to 
increased p53 expression in osteocytes, accelerating 
cellular senescence and impairing bone formation. 
This suggests that talin1 exerts a protective effect 
against osteocyte senescence. The fact that genetic 
deletion of p53 in osteocytes rescued the osteopenic 
phenotype caused by talin1 loss further supports the 
functional link between FA disruption, p53 activation, 
and bone deterioration. Our data showed that in 
osteocytes, talin1 directly interacts with p53 protein in 
the cytoplasm and enhances p53 degradation in the 
cytoplasm, which prevents its nuclear translocation 
and downstream signaling. Moreover, our in vitro 
data showed that transient knockdown of talin1 
through siRNA in MLOY4 cells caused no changes in 
total FAK expression, but a reductions of p-FAK in 
these cells. It would be interesting to further decipher 
the tissue specific regulation in talin, FAK and p53 
interaction. 

In this study, we identify talin1 as a potential 
suppressor of age-related osteoporosis and a mediator 
of force-induced bone remodeling by inhibiting 
p53-mediated cellular senescence, although the 
downstream effectors of p53 require further 
investigation. Cellular senescence is primarily 
regulated by the p53/p21 and p16/Rb tumor 
suppressor pathways (71). Specifically, p21 mediates 
p53-induced cell cycle arrest at the G1/S or G2/M 
checkpoints by interacting with various 
apoptosis-related proteins, including caspases, 
thereby promoting senescence through apoptosis 
inhibition (72). In contrast, p16 and the retinoblastoma 
(Rb) protein family play a central role in senescence 
maintenance (72). Thus, senescence can be prevented 
by p53 inactivation prior to p16 upregulation, but 
once p16 is highly expressed, p53 downregulation 
cannot reverse cell cycle arrest. Consistent with this, 
cortical bone from cKO mice exhibited elevated levels 
of p53, p21, and p16 compared to controls. In MLO-Y4 
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cells, siRNA-mediated talin1 knockdown increased 
p53 and p21 expression without affecting p16. These 
findings suggest that both senescence initiation and 
maintenance are enhanced in cKO mice, whereas 
transient siTalin1 treatment primarily influences the 
initiation phase of cellular senescence. Further studies 
are needed to delineate the downstream signaling of 
the talin1–p53 axis. 

The identification of talin1 as a critical regulator 
of bone remodeling and osteocyte senescence 
provides a promising avenue for therapeutic 
intervention in microgravity-induced bone loss, 
disused osteoporosis, and age-related bone loss. 
Given that p53 up-regulation contributes to bone 
deterioration caused by the absence of talin1 in 
osteocytes, targeting the talin1-p53 axis may offer new 
strategies to mitigate osteocyte senescence and bone 
loss. Small molecules or peptides that stabilize talin1 
integrity or modulate p53 expression level and/or 
nuclear translocation could serve as potential 
therapeutic candidates for osteoporosis treatment. 
Moreover, future studies should explore whether 
enhancing talin1 expression or function in osteocytes 
can prevent or reverse age-associated bone 
degeneration. 

Based on findings from this and other studies, 
we propose a working model in which talin1 
functions as a mechanotransduction mediator as well 
as a cell senescence suppressor in osteocytes (Figure 
6M). In healthy young and adult skeleton, talin1 is 
highly expressed in osteocytes where it facilitates FA 
formation and stability and promotes integrin 
signaling, which contributes to osteocyte 
mechanosensing and bone remodeling. In addition, 
talin1 directly and potently binds to p53 protein in 
cytoplasm, which prevents p53 nuclear translocation 
of and facilitates its ubiquitination and degradation in 
cytoplasm. Together, talin1 inhibits osteocyte 
senescence and maintains normal bone remodeling. In 
contrast, in aged or unloaded skeleton, talin1 
expression in osteocytes is largely down-regulated, 
which impairs FA assembly and mechanosensing and 
causes p53 up-regulation and accumulation in nuclei, 
ultimately resulting in osteocyte senescence, 
abnormal bone remodeling and bone loss, and 
compromised mechanotransduction in bone. This 
model integrates FA dynamics, osteocyte senescence, 
and bone remodeling into a unified framework, 
offering a novel perspective on age- and 
microgravity-related bone loss. 

Taken together, our study establishes talin1 as a 
crucial regulator of osteocyte function, linking FA 
integrity with p53-mediated cellular senescence in 
bone remodeling. The findings provide valuable 
insights into the molecular mechanisms of age- and 

unloading-related bone loss and lay the foundation 
for potential therapeutic strategies targeting the 
talin1-p53 axis to improve bone health in aging 
populations. 

Supplementary Material  
Supplementary figures and tables. 
https://www.thno.org/v16p0465s1.pdf  

Acknowledgments  
The authors acknowledge the assistance of Core 

Research Facilities of Southern University of Science 
and Technology. This work was supported, in part, by 
the Shenzhen Medical Research Funds (B2504003, 
B2402033, C2301004), the Shenzhen Fundamental 
Research Program (JCYJ20220818100617036), the 
National Natural Science Foundation of China Grants 
(82430078, 82261160395, 82230081, 82302748, 
82250710175, 82402788), the Guangdong Provincial 
Science and Technology Innovation Council Grant 
(2017B030301018), the Shenzhen Key Laboratory of 
Cell Microenvironment Grant (ZDSYS2014050 
9142721429), the Shenzhen key Laboratory of Kidney 
Diseases (ZDSYS201504301616234), the Shenzhen 
Fund for Guangdong Provincial High-level Clinical 
Key Specialties (SZGSP001), and the Sanming Project 
of Medicine in Shenzhen Nanshan People’s Hospital. 

Author contributions 
Research design: Guozhi Xiao, Xinzhou Zhang, 

Jianmei Huang, Lei Qin and Yishu Wang. Conducting 
study, data collection and analyses: Jianmei Huang, 
Lei Qin, Yishu Wang, Qinnan Yan, Haonan Yang, 
Haojin Chen, Mingyue Wu, Jiaming Yang, Sixiong 
Lin, Weiyuan Gong, Peijun Zhang and Shuangshuang 
He. Data interpretation: Guozhi Xiao, Xinzhou Zhang, 
Weihong Yi, Jianmei Huang, Lei Qin and Yishu 
Wang. Drafting the manuscript: Guozhi Xiao, Jianmei 
Huang, Lei Qin and Yishu Wang. Jianmei Huang, Lei 
Qin and Yishu Wang take the responsibility for the 
integrity of the data analysis. 

Data sharing statement 
All data presented in this study are available 

from the corresponding author upon reasonable 
request. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Geiger B, Spatz JP, Bershadsky AD. Environmental sensing through focal 

adhesions. Nat Rev Mol Cell Biol. 2009;10(1):21-33. Epub 2009/02/07. doi: 
10.1038/nrm2593. PubMed PMID: 19197329. 



Theranostics 2026, Vol. 16, Issue 1 
 

 
https://www.thno.org 

481 

2. Calderwood DA, Campbell ID, Critchley DR. Talins and kindlins: partners in 
integrin-mediated adhesion. Nat Rev Mol Cell Biol. 2013;14(8):503-17. Epub 
2013/07/19. doi: 10.1038/nrm3624. PubMed PMID: 23860236; PubMed 
Central PMCID: PMCPMC4116690. 

3. Haining AW, Lieberthal TJ, Del Río Hernández A. Talin: a mechanosensitive 
molecule in health and disease. Faseb j. 2016;30(6):2073-85. Epub 2016/06/03. 
doi: 10.1096/fj.201500080R. PubMed PMID: 27252130. 

4. Zaidel-Bar R, Itzkovitz S, Ma'ayan A, Iyengar R, Geiger B. Functional atlas of 
the integrin adhesome. Nat Cell Biol. 2007;9(8):858-67. Epub 2007/08/03. doi: 
10.1038/ncb0807-858. PubMed PMID: 17671451; PubMed Central PMCID: 
PMCPMC2735470. 

5. Gough RE, Goult BT. The tale of two talins - two isoforms to fine-tune integrin 
signalling. FEBS Lett. 2018;592(12):2108-25. Epub 2018/05/04. doi: 
10.1002/1873-3468.13081. PubMed PMID: 29723415; PubMed Central PMCID: 
PMCPMC6032930. 

6. Yao M, Goult BT, Klapholz B, Hu X, Toseland CP, Guo Y, et al. The mechanical 
response of talin. Nat Commun. 2016;7:11966. Epub 2016/07/08. doi: 
10.1038/ncomms11966. PubMed PMID: 27384267; PubMed Central PMCID: 
PMCPMC4941051. 

7. Klapholz B, Brown NH. Talin – the master of integrin adhesions. Journal of 
Cell Science. 2017;130(15):2435-46. doi: 10.1242/jcs.190991. 

8. Rezaie Y, Fattahi F, Mashinchi B, Kamyab Hesari K, Montazeri S, Kalantari E, 
et al. High expression of Talin-1 is associated with tumor progression and 
recurrence in melanoma skin cancer patients. BMC Cancer. 2023;23(1):302. 
Epub 2023/04/05. doi: 10.1186/s12885-023-10771-z. PubMed PMID: 37013489; 
PubMed Central PMCID: PMCPMC10069040. 

9. Li L, Li X, Qi L, Rychahou P, Jafari N, Huang C. The role of talin2 in breast 
cancer tumorigenesis and metastasis. Oncotarget. 2017;8(63):106876-87. Epub 
2018/01/02. doi: 10.18632/oncotarget.22449. PubMed PMID: 29290996; 
PubMed Central PMCID: PMCPMC5739781. 

10. Malla RR, Vempati RK. Talin: A Potential Drug Target for Cancer Therapy. 
Curr Drug Metab. 2020;21(1):25-32. Epub 2020/02/15. doi: 
10.2174/1389200221666200214114018. PubMed PMID: 32056520. 

11. Monkley SJ, Zhou XH, Kinston SJ, Giblett SM, Hemmings L, Priddle H, et al. 
Disruption of the talin gene arrests mouse development at the gastrulation 
stage. Dev Dyn. 2000;219(4):560-74. Epub 2000/11/21. doi: 
10.1002/1097-0177(2000)9999:9999<::AID-DVDY1079>3.0.CO;2-Y. PubMed 
PMID: 11084655. 

12. Debrand E, Conti FJ, Bate N, Spence L, Mazzeo D, Pritchard CA, et al. Mice 
carrying a complete deletion of the talin2 coding sequence are viable and 
fertile. Biochem Biophys Res Commun. 2012;426(2):190-5. Epub 2012/08/29. 
doi: 10.1016/j.bbrc.2012.08.061. PubMed PMID: 22925892; PubMed Central 
PMCID: PMCPMC3485561. 

13. Thul PJ, Åkesson L, Wiking M, Mahdessian D, Geladaki A, Ait Blal H, et al. A 
subcellular map of the human proteome. Science. 2017;356(6340). Epub 
2017/05/13. doi: 10.1126/science.aal3321. PubMed PMID: 28495876. 

14. Elefant N, Rouni G, Arapatzi C, Oz-Levi D, Sion-Sarid R, Edwards WJ, et al. 
Talin1 dysfunction is genetically linked to systemic capillary leak syndrome. 
JCI Insight. 2024;9(24). Epub 2024/12/20. doi: 10.1172/jci.insight.173664. 
PubMed PMID: 39704176; PubMed Central PMCID: PMCPMC11665552. 

15. Azizi L, Otani Y, Mykuliak VV, Goult BT, Hytönen VP, Turkki P. Talin-1 
variants associated with spontaneous coronary artery dissection (SCAD) 
highlight how even subtle changes in multi-functional scaffold proteins can 
manifest in disease. Hum Mol Genet. 2024;33(21):1846-57. Epub 2024/08/20. 
doi: 10.1093/hmg/ddae120. PubMed PMID: 39163585; PubMed Central 
PMCID: PMCPMC11540920. 

16. Xu D, Yuan X, Li Z, Mu R. Integrin activating molecule-talin1 promotes skin 
fibrosis in systemic sclerosis. Front Immunol. 2024;15:1400819. Epub 
2024/06/12. doi: 10.3389/fimmu.2024.1400819. PubMed PMID: 38863696; 
PubMed Central PMCID: PMCPMC11165211. 

17. Wang X, Mao W, Ma X. TLN1 synergizes with ITGA5 to ameliorate cardiac 
microvascular endothelial cell dysfunction. Folia Morphol (Warsz). 
2024;83(1):92-101. Epub 2023/05/05. doi: 10.5603/FM.a2023.0031. PubMed 
PMID: 37144848. 

18. Ellis C, Ward NL, Rice M, Ball NJ, Walle P, Najdek C, et al. The structure of an 
amyloid precursor protein/talin complex indicates a mechanical basis of 
Alzheimer's disease. Open Biol. 2024;14(11):240185. Epub 2024/11/27. doi: 
10.1098/rsob.240185. PubMed PMID: 39591990; PubMed Central PMCID: 
PMCPMC11597407. 

19. Tian X, Kim JJ, Monkley SM, Gotoh N, Nandez R, Soda K, et al. 
Podocyte-associated talin1 is critical for glomerular filtration barrier 
maintenance. J Clin Invest. 2014;124(3):1098-113. Epub 2014/02/18. doi: 
10.1172/jci69778. PubMed PMID: 24531545; PubMed Central PMCID: 
PMCPMC3934159. 

20. Manso AM, Okada H, Sakamoto FM, Moreno E, Monkley SJ, Li R, et al. Loss of 
mouse cardiomyocyte talin-1 and talin-2 leads to β-1 integrin reduction, 
costameric instability, and dilated cardiomyopathy. Proc Natl Acad Sci U S A. 
2017;114(30):E6250-e9. Epub 2017/07/13. doi: 10.1073/pnas.1701416114. 
PubMed PMID: 28698364; PubMed Central PMCID: PMCPMC5544289. 

21. Hou X, Chen Y, Zhou B, Tang W, Ding Z, Chen L, et al. Talin-1 inhibits 
Smurf1-mediated Stat3 degradation to modulate β-cell proliferation and mass 
in mice. Cell Death Dis. 2023;14(10):709. Epub 2023/10/31. doi: 
10.1038/s41419-023-06235-8. PubMed PMID: 37903776; PubMed Central 
PMCID: PMCPMC10616178. 

22. Compston JE, McClung MR, Leslie WD. Osteoporosis. Lancet. 
2019;393(10169):364-76. Epub 2019/01/31. doi: 10.1016/s0140-6736(18)32112-3. 
PubMed PMID: 30696576. 

23. Bolamperti S, Villa I, Rubinacci A. Bone remodeling: an operational process 
ensuring survival and bone mechanical competence. Bone Res. 2022;10(1):48. 
Epub 2022/07/20. doi: 10.1038/s41413-022-00219-8. PubMed PMID: 35851054; 
PubMed Central PMCID: PMCPMC9293977. 

24. Qin L, Liu W, Cao H, Xiao G. Molecular mechanosensors in osteocytes. Bone 
Res. 2020;8:23. Epub 2020/06/19. doi: 10.1038/s41413-020-0099-y. PubMed 
PMID: 32550039; PubMed Central PMCID: PMCPMC7280204. 

25. Delgado-Calle J, Bellido T. The osteocyte as a signaling cell. Physiol Rev. 
2022;102(1):379-410. Epub 2021/08/03. doi: 10.1152/physrev.00043.2020. 
PubMed PMID: 34337974; PubMed Central PMCID: PMCPMC8858675. 

26. Cao H, Yan Q, Wang D, Lai Y, Zhou B, Zhang Q, et al. Focal adhesion protein 
Kindlin-2 regulates bone homeostasis in mice. Bone Res. 2020;8:2. Epub 
2020/01/15. doi: 10.1038/s41413-019-0073-8. PubMed PMID: 31934494; 
PubMed Central PMCID: PMCPMC6946678. 

27. Qin L, Fu X, Ma J, Lin M, Zhang P, Wang Y, et al. Kindlin-2 mediates 
mechanotransduction in bone by regulating expression of Sclerostin in 
osteocytes. Commun Biol. 2021;4(1):402. Epub 2021/03/27. doi: 
10.1038/s42003-021-01950-4. PubMed PMID: 33767359; PubMed Central 
PMCID: PMCPMC7994671. 

28. Wang Y, Yan Q, Zhao Y, Liu X, Lin S, Zhang P, et al. Focal adhesion proteins 
Pinch1 and Pinch2 regulate bone homeostasis in mice. JCI Insight. 2019;4(22). 
Epub 2019/11/15. doi: 10.1172/jci.insight.131692. PubMed PMID: 31723057; 
PubMed Central PMCID: PMCPMC6948870. 

29. Qin L, He T, Yang D, Wang Y, Li Z, Yan Q, et al. Osteocyte β1 integrin loss 
causes low bone mass and impairs bone mechanotransduction in mice. J 
Orthop Translat. 2022;34:60-72. Epub 2022/05/27. doi: 
10.1016/j.jot.2022.03.008. PubMed PMID: 35615639; PubMed Central PMCID: 
PMCPMC9119859. 

30. Qin L, Chen Z, Yang D, He T, Xu Z, Zhang P, et al. Osteocyte β3 integrin 
promotes bone mass accrual and force-induced bone formation in mice. J 
Orthop Translat. 2023;40:58-71. Epub 2023/07/17. doi: 
10.1016/j.jot.2023.05.001. PubMed PMID: 37457310; PubMed Central PMCID: 
PMCPMC10338905. 

31. Sato T, Verma S, Andrade CDC, Omeara M, Campbell N, Wang JS, et al. A 
FAK/HDAC5 signaling axis controls osteocyte mechanotransduction. Nat 
Commun. 2020;11(1):3282. Epub 2020/07/03. doi: 10.1038/s41467-020-17099-3. 
PubMed PMID: 32612176; PubMed Central PMCID: PMCPMC7329900 D.L. 
has received research funding from Boehringer Ingelheim, Indalo 
Therapeutics and Unity Biotechnology, and has financial interests in Mediar 
Therapeutics and Zenon Biotech. The remaining authors declare no competing 
interests. 

32. Lin Y, Jiang Z, Yang J, Wang M, Wang H, Zhang X, et al. Development of a 
standardized and reproducible murine femoral distraction osteogenesis 
model. J Orthop Translat. 2024;49:74-81. Epub 2024/10/21. doi: 
10.1016/j.jot.2024.08.001. PubMed PMID: 39430129; PubMed Central PMCID: 
PMCPMC11488447. 

33. Bouxsein ML, Boyd SK, Christiansen BA, Guldberg RE, Jepsen KJ, Müller R. 
Guidelines for assessment of bone microstructure in rodents using 
micro-computed tomography. J Bone Miner Res. 2010;25(7):1468-86. Epub 
2010/06/10. doi: 10.1002/jbmr.141. PubMed PMID: 20533309. 

34. Wu C, Jiao H, Lai Y, Zheng W, Chen K, Qu H, et al. Kindlin-2 controls TGF-β 
signalling and Sox9 expression to regulate chondrogenesis. Nat Commun. 
2015;6:7531. Epub 2015/07/08. doi: 10.1038/ncomms8531. PubMed PMID: 
26151572; PubMed Central PMCID: PMCPMC4498276. 

35. Gan D, Tao C, Jin X, Wu X, Yan Q, Zhong Y, et al. Piezo1 activation accelerates 
osteoarthritis progression and the targeted therapy effect of artemisinin. J Adv 
Res. 2024;62:105-17. Epub 2023/09/28. doi: 10.1016/j.jare.2023.09.040. PubMed 
PMID: 37758057; PubMed Central PMCID: PMCPMC11331168. 

36. Zhu K, Lai Y, Cao H, Bai X, Liu C, Yan Q, et al. Kindlin-2 modulates MafA and 
β-catenin expression to regulate β-cell function and mass in mice. Nat 
Commun. 2020;11(1):484. Epub 2020/01/26. doi: 10.1038/s41467-019-14186-y. 
PubMed PMID: 31980627; PubMed Central PMCID: PMCPMC6981167. 

37. Yan Q, Gao H, Yao Q, Ling K, Xiao G. Loss of 
phosphatidylinositol-4-phosphate 5-kinase type-1 gamma (Pip5k1c) in 
mesenchymal stem cells leads to osteopenia by impairing bone remodeling. J 
Biol Chem. 2022;298(3):101639. Epub 2022/01/30. doi: 
10.1016/j.jbc.2022.101639. PubMed PMID: 35090892; PubMed Central PMCID: 
PMCPMC8867119. 

38. Lei Y, Fu X, Li P, Lin S, Yan Q, Lai Y, et al. LIM domain proteins Pinch1/2 
regulate chondrogenesis and bone mass in mice. Bone Res. 2020;8:37. Epub 
2020/10/22. doi: 10.1038/s41413-020-00108-y. PubMed PMID: 33083097; 
PubMed Central PMCID: PMCPMC7553939. 

39. Gao H, Guo Y, Yan Q, Yang W, Li R, Lin S, et al. Lipoatrophy and metabolic 
disturbance in mice with adipose-specific deletion of kindlin-2. JCI Insight. 
2019;4(13). Epub 2019/07/12. doi: 10.1172/jci.insight.128405. PubMed PMID: 
31292295; PubMed Central PMCID: PMCPMC6629244. 

40. Fu X, Zhou B, Yan Q, Tao C, Qin L, Wu X, et al. Kindlin-2 regulates skeletal 
homeostasis by modulating PTH1R in mice. Signal Transduct Target Ther. 
2020;5(1):297. Epub 2020/12/29. doi: 10.1038/s41392-020-00328-y. PubMed 
PMID: 33361757; PubMed Central PMCID: PMCPMC7762753. 

41. Farr JN, Kaur J, Doolittle ML, Khosla S. Osteocyte Cellular Senescence. Curr 
Osteoporos Rep. 2020;18(5):559-67. Epub 2020/08/15. doi: 



Theranostics 2026, Vol. 16, Issue 1 
 

 
https://www.thno.org 

482 

10.1007/s11914-020-00619-x. PubMed PMID: 32794138; PubMed Central 
PMCID: PMCPMC7541777. 

42. Ding P, Gao C, Gao Y, Liu D, Li H, Xu J, et al. Osteocytes regulate senescence 
of bone and bone marrow. Elife. 2022;11. Epub 2022/10/29. doi: 
10.7554/eLife.81480. PubMed PMID: 36305580; PubMed Central PMCID: 
PMCPMC9678362. 

43. Prideaux M, Stern AR, Bonewald LF. Isolation of Murine and Human 
Osteocytes. Methods Mol Biol. 2021;2221:3-13. Epub 2020/09/27. doi: 
10.1007/978-1-0716-0989-7_1. PubMed PMID: 32979194. 

44. Li S, Chen A, Gui J, Zhou H, Zhu L, Mi Y. TLN1: an oncogene associated with 
tumorigenesis and progression. Discover Oncology. 2024;15(1):716. doi: 
10.1007/s12672-024-01593-x. 

45. Liao Z, Shattil SJ. Talin, a Rap1 effector for integrin activation at the plasma 
membrane, also promotes Rap1 activity by disrupting sequestration of Rap1 
by SHANK3. J Cell Sci. 2025;138(4). Epub 2025/01/24. doi: 10.1242/jcs.263595. 
PubMed PMID: 39853211; PubMed Central PMCID: PMCPMC11928058. 

46. Masi I, Ottavi F, Del Rio D, Caprara V, Vastarelli C, Giannitelli SM, et al. The 
interaction of β-arrestin1 with talin1 driven by endothelin A receptor as a 
feature of α5β1 integrin activation in high-grade serous ovarian cancer. Cell 
Death & Disease. 2023;14(1):73. doi: 10.1038/s41419-023-05612-7. 

47. Cui Y, Fu S, Hou T, Wu X. Endothelial Progenitor Cells Enhance the Migration 
and Osteoclastic Differentiation of Bone Marrow-Derived Macrophages in 
vitro and in a Mouse Femur Fracture Model through Talin-1. Cell Physiol 
Biochem. 2018;49(2):555-64. Epub 2018/08/31. doi: 10.1159/000492993. 
PubMed PMID: 30165361. 

48. Zou W, Izawa T, Zhu T, Chappel J, Otero K, Monkley SJ, et al. Talin1 and Rap1 
are critical for osteoclast function. Mol Cell Biol. 2013;33(4):830-44. Epub 
2012/12/12. doi: 10.1128/mcb.00790-12. PubMed PMID: 23230271; PubMed 
Central PMCID: PMCPMC3571341. 

49. Lin S, Tao C, Yan Q, Gao H, Qin L, Zhong Y, et al. Pip5k1c expression in 
osteocytes regulates bone remodeling in mice. J Orthop Translat. 
2024;45:36-47. Epub 2024/03/18. doi: 10.1016/j.jot.2023.10.008. PubMed 
PMID: 38495744; PubMed Central PMCID: PMCPMC10943313. 

50. Chen S, He T, Zhong Y, Chen M, Yao Q, Chen D, et al. Roles of focal adhesion 
proteins in skeleton and diseases. Acta Pharmaceutica Sinica B. 
2023;13(3):998-1013. doi: https://doi.org/10.1016/j.apsb.2022.09.020. 

51. Lu F, Zhu L, Bromberger T, Yang J, Yang Q, Liu J, et al. Mechanism of integrin 
activation by talin and its cooperation with kindlin. Nature Communications. 
2022;13(1):2362. doi: 10.1038/s41467-022-30117-w. 

52. Le Coq J, Acebrón I, Rodrigo Martin B, López Navajas P, Lietha D. New 
insights into FAK structure and function in focal adhesions. Journal of Cell 
Science. 2022;135(20). doi: 10.1242/jcs.259089. 

53. Lawson C, Lim ST, Uryu S, Chen XL, Calderwood DA, Schlaepfer DD. FAK 
promotes recruitment of talin to nascent adhesions to control cell motility. J 
Cell Biol. 2012;196(2):223-32. Epub 2012/01/25. doi: 10.1083/jcb.201108078. 
PubMed PMID: 22270917; PubMed Central PMCID: PMCPMC3265949. 

54. Lawson C, Schlaepfer DD. Integrin adhesions: who's on first? What's on 
second? Connections between FAK and talin. Cell Adh Migr. 2012;6(4):302-6. 
Epub 2012/09/18. doi: 10.4161/cam.20488. PubMed PMID: 22983197; PubMed 
Central PMCID: PMCPMC3478250. 

55. Baumann K. Cell adhesion: FAK or talin: who goes first? Nat Rev Mol Cell 
Biol. 2012;13(3):138. Epub 2012/02/24. doi: 10.1038/nrm3297. PubMed PMID: 
22358324. 

56. Serrels B, Frame MC. FAK and talin: who is taking whom to the integrin 
engagement party? J Cell Biol. 2012;196(2):185-7. Epub 2012/01/25. doi: 
10.1083/jcb.201112128. PubMed PMID: 22270914; PubMed Central PMCID: 
PMCPMC3265951. 

57. Holland EN, Fernández-Yagüe MA, Zhou DW, O'Neill EB, Woodfolk AU, 
Mora-Boza A, et al. FAK, vinculin, and talin control mechanosensitive YAP 
nuclear localization. Biomaterials. 2024;308:122542. Epub 2024/03/29. doi: 
10.1016/j.biomaterials.2024.122542. PubMed PMID: 38547833; PubMed 
Central PMCID: PMCPMC11065566. 

58. Ru J-y, Wang Y-f. Osteocyte apoptosis: the roles and key molecular 
mechanisms in resorption-related bone diseases. Cell Death & Disease. 
2020;11(10):846. doi: 10.1038/s41419-020-03059-8. 

59. Velletri T, Huang Y, Wang Y, Li Q, Hu M, Xie N, et al. Loss of p53 in 
mesenchymal stem cells promotes alteration of bone remodeling through 
negative regulation of osteoprotegerin. Cell Death & Differentiation. 
2021;28(1):156-69. doi: 10.1038/s41418-020-0590-4. 

60. Zhou X, Beilter A, Xu Z, Gao R, Xiong S, Paulucci-Holthauzen A, et al. 
Wnt/ß-catenin-mediated p53 suppression is indispensable for osteogenesis of 
mesenchymal progenitor cells. Cell Death & Disease. 2021;12(6):521. doi: 
10.1038/s41419-021-03758-w. 

61. Lane DP. Cancer. p53, guardian of the genome. Nature. 1992;358(6381):15-6. 
Epub 1992/07/02. doi: 10.1038/358015a0. PubMed PMID: 1614522. 

62. Ru JY, Wang YF. Osteocyte apoptosis: the roles and key molecular 
mechanisms in resorption-related bone diseases. Cell Death Dis. 
2020;11(10):846. Epub 2020/10/14. doi: 10.1038/s41419-020-03059-8. PubMed 
PMID: 33046704; PubMed Central PMCID: PMCPMC7552426. 

63. Piemontese M, Almeida M, Robling AG, Kim HN, Xiong J, Thostenson JD, et 
al. Old age causes de novo intracortical bone remodeling and porosity in mice. 
JCI Insight. 2017;2(17). Epub 2017/09/08. doi: 10.1172/jci.insight.93771. 
PubMed PMID: 28878136; PubMed Central PMCID: PMCPMC5621920. 

64. Almeida M, Han L, Ambrogini E, Bartell SM, Manolagas SC. Oxidative stress 
stimulates apoptosis and activates NF-kappaB in osteoblastic cells via a 

PKCbeta/p66shc signaling cascade: counter regulation by estrogens or 
androgens. Mol Endocrinol. 2010;24(10):2030-7. Epub 2010/08/06. doi: 
10.1210/me.2010-0189. PubMed PMID: 20685851; PubMed Central PMCID: 
PMCPMC2954638. 

65. Golubovskaya VM, Finch R, Cance WG. Direct interaction of the N-terminal 
domain of focal adhesion kinase with the N-terminal transactivation domain 
of p53. J Biol Chem. 2005;280(26):25008-21. Epub 2005/04/28. doi: 
10.1074/jbc.M414172200. PubMed PMID: 15855171. 

66. Golubovskaya VM, Cance WG. Focal adhesion kinase and p53 signaling in 
cancer cells. Int Rev Cytol. 2007;263:103-53. Epub 2007/08/30. doi: 
10.1016/s0074-7696(07)63003-4. PubMed PMID: 17725966. 

67. Golubovskaya V, Kaur A, Cance W. Cloning and characterization of the 
promoter region of human focal adhesion kinase gene: nuclear factor kappa B 
and p53 binding sites. Biochim Biophys Acta. 2004;1678(2-3):111-25. Epub 
2004/05/26. doi: 10.1016/j.bbaexp.2004.03.002. PubMed PMID: 15157737. 

68. Anaganti S, Fernández-Cuesta L, Langerød A, Hainaut P, Olivier M. 
p53-Dependent repression of focal adhesion kinase in response to estradiol in 
breast cancer cell-lines. Cancer Lett. 2011;300(2):215-24. Epub 2010/11/13. doi: 
10.1016/j.canlet.2010.10.008. PubMed PMID: 21071137. 

69. Golubovskaya VM, Finch R, Kweh F, Massoll NA, Campbell-Thompson M, 
Wallace MR, et al. p53 regulates FAK expression in human tumor cells. Mol 
Carcinog. 2008;47(5):373-82. Epub 2007/11/14. doi: 10.1002/mc.20395. 
PubMed PMID: 17999388; PubMed Central PMCID: PMCPMC4562219. 

70. Lim ST, Chen XL, Lim Y, Hanson DA, Vo TT, Howerton K, et al. Nuclear FAK 
promotes cell proliferation and survival through FERM-enhanced p53 
degradation. Mol Cell. 2008;29(1):9-22. Epub 2008/01/22. doi: 
10.1016/j.molcel.2007.11.031. PubMed PMID: 18206965; PubMed Central 
PMCID: PMCPMC2234035. 

71. Campisi J. Senescent cells, tumor suppression, and organismal aging: good 
citizens, bad neighbors. Cell. 2005;120(4):513-22. Epub 2005/03/01. doi: 
10.1016/j.cell.2005.02.003. PubMed PMID: 15734683. 

72. Mijit M, Caracciolo V, Melillo A, Amicarelli F, Giordano A. Role of p53 in the 
Regulation of Cellular Senescence. Biomolecules. 2020;10(3). Epub 
2020/03/19. doi: 10.3390/biom10030420. PubMed PMID: 32182711; PubMed 
Central PMCID: PMCPMC7175209. 

 
 
 


