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Abstract

Aging-related bone loss significantly impacts the growing elderly population globally, leading to
debilitating conditions such as osteoporosis. Senescent osteocytes play a crucial role in the aging
process of bone. This longitudinal study examines the impact of continuous local and paracrine
exposure to senescence-associated secretory phenotype (SASP) factors on senescence-associated
biophysical and biomolecular markers in osteocytes. We found significant cytoskeletal stiffening
in irradiated osteocytes, accompanied by expansion of F-actin areas and a decline in dendritic
integrity. These changes, correlating with alterations in pro-inflammatory cytokine levels and
osteocyte-specific gene expression, support the reliability of biophysical markers for identifying
senescent osteocytes. Notably, local accumulation of SASP factors had a more pronounced
impact on osteocyte properties than paracrine effects, suggesting that the interplay between local
and paracrine exposure could substantially influence celular aging. This study underscores the
importance of osteocyte mechanical and morphological properties as biophysical markers of
senescence, highlighting their time-dependence and differential effects of local and paracrine
SASP exposure. Callectively, our investigation into biophysical senescence markers offer unique
and reliable functional hallmarks for non-invasive identification of senescent osteocytes,

providing insghts that could inform therapeutic strategies to mitigate aging-related bone loss.
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1. Introduction

Age-related bone loss impacts over 43 million Americans aged 50 and older, with a projected
47.5% increase in prevalence among those aged 65 and over. [¥ This bone loss contributes to
osteoporosis and fragility fractures, which remain leading causes of disability, morbidity, and
mortality among the elderly. With the global demographic shift towards an aging population,
where over 11,000 Americans turn 50 daily and projections indicate that by 2030, all “baby
boomers’ will be at least 65 years old, ™ the urgency to understand the degenerative
mechanisms of bone loss becomes a public health priority.

Bone loss is associated with the increased accumulation of senescent cells (SnCs), including
senescent osteocytes, and their senescent-associated secretory phenotypes (SASP).5® Indeed,
most cells undergoing senescence develop SASPs that include factors with proinflammatory,
proapoptotic, and pro-fibrotic effects on neighboring cells.!® Accumulation of SnCs can have
local and systemic detrimental effects due in part to SASP factors.!”'” To a certain extent, SnCs
can be cleared naturally by innate and adaptive immune cells. However, SnCs expressing pro-
inflammatory and proapoptotic SASP factors can induce paracrine and endocrine signals,
spreading senescence at a rate exceeding immune clearance of existing or newly developed SnCs.
This results in accumulation of SnCs at different pathological sites with age. ™! Specifically,
SASPfactors can induce senescence in normal, non-SnCs both locally and systemically. [*2
SASP factors include pro-inflammatory cytokines, chemokines, growth factors, proteases, and
bio-active lipids. ¥ In bone, the accumulation of SnCs disrupts the balance between bone
formation and resorption, driving the progression of osteoporosis and increasing the risk of
fractures. ™ The SASP factors secreted by these cells alter the bone microenvironment,
enhancing osteoclastic activity and reducing bone density.

The cytoskeleton of cells consists of actin microfilaments, intermediate filaments, and
microtubules, providing mechanical support, maintaining cell shape, and playing critical rolesin
intracellular transport, cell division, and molecular signaling.***” Under mechanical stimulation,
the cytoskeleton remodels, including the reorganization of stress fibers, which supports cellular
functions by adapting to changes in their mechanical environment."®*?% Osteocytes, the most
abundant skeletal cells, are master regulators of bone homeostasis, being endocrine cells that
regulate phosphate metabolism in organs such as the kidney and parathyroid, and most

importantly, acting as dtrain  gauges, regulating bone mechanosensation and
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mechanotransduction.!®2! Specifically, the osteocyte cytoskeleton is crucial to their function,
including cell-extracellular matrix (ECM) interactions via focal adhesions % Previous studies
have demonstrated that SnCs such as senescent mesenchymal stem cells (MSCs) and epithelial
cells, undergo alterations in cytoskeletal architecture, potentially impairing their
mechanotransduction capabilities. These cytoskeletal changes in aging osteocytes offer
opportunities to investigate unique senescence-related biophysical markers, reflecting alterations
in their mechanaobiological functions.

Cdlular senescence is characterized by essentially irreversible proliferative arrest, altered
chromatin organization, apoptosis resistance, tumor suppressor activation, oncogenic mutation,
and increased protein synthesis.!*’ Cellular senescence, a state of irreversible cell-cycle arrest,
can be induced by various intrinsic (e.g. DNA damage, telomere shortening or dysfunction,
oncogene activation, loss of tumor suppressor functions) and extrinsic (e.g. ultraviolet radiation
and chemotherapeutic agents) pro-senescence stressors.*>** Among these, nuclear DNA damage
isaprincipal trigger of senescence, as it activates the p53-p21 pathway to halt cell proliferation,
while epigenetic changes drive senescence via the pl6-RB pathway. While senescence is
primarily associated with the activation of tumor suppressors, certain oncogenic pathways have
been shown to trigger senescence under specific conditions, further reflecting the complexity of
the process.* > These processes are highly context-dependent, with variability in the stimuli
leading to senescence across different cell types, tissues, and even within heterogeneous cell
populations.!*”*¥ This variability complicates the identification of a universal marker for SnCs.

For instance, markers such as Cdkn2a/p16'™*

, Which reflects tumor suppressor pathway
activation, and Cdknla/p21°™, associated with cell cycle arrest, show variable expression levels
in different cellular contexts.***? Senescence associated p-Galactosidase (SA-B-Gal) activity,
while commonly used,** is neither exclusive to SnCs nor consistent across cell populations
such as MSCs and epithelia cells. 3¢ Similarly, chromatin rearrangements and the
formation of senescence-associated heterochromatin foci (SAHF) are observable in some but not
all SnC types.[*“?! Recent reviews emphasize the necessity of combining multiple markers, such
as transcriptional signatures (e.g., SASP-related gene panels) with biophysical and functional
assays, to increase diagnostic accuracy. ¥33%°5U This multi-marker approach is crucial given the

sexual dimorphism in marker expression reported in human and animal models.
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94 Commonly used pro-senescence stressors to study senescence include ionizing radiation,
95  oxidative stress induced by reactive oxygen species (ROS), and chemotherapeutic agents such as
96 doxorubicin.®**¥ These stressors are widely known to induce SASP-related phenotypes,
97 characterized by the release of cytokines, chemokines, growth factors, and proteases that
98 influence local and systemic environments.**>* Among these stressors, ionizing radiation is
99 particularly well-suited for in vitro senescence models due to its ability to cause extensive DNA
100 damage, triggering the DNA damage response (DDR) and activating senescence pathways with
101  high reproducibility.l”*®*>% Previous studies, including our own, have demonstrated that
102 irradiation effectively models senescence in osteocytes, inducing markers such as Cdkn2a
103 (p16lnk4a) and Cdknla (p21Cipl), increasing SA-B-Gal activity, and impairing
104  mechanobiological properties.**>” These characteristics, combined with precise dosing control,
105 highlight the suitability of irradiation for investigating senescence-associated biophysical
106  changesin osteocytes.
107  Osteocyte mechanobiology is fundamentally linked to cytoskeletal mechanics and morphology,
108  which are essential for maintaining bone health and function. Alterations in cell mechanics and
109 morphology are not exclusively indicative of senescence but can signal various cellular states or
110 responses. In this study, we specifically probe these changes in the context of exposure to pro-
111  senescence stressors (e.g., irradiation) in bone cells. By examining these alterations when cells
112  face such stressors, we aim to establish a novel set of biophysical fingerprints that uniquely
113 characterize cellular senescence within the bone microenvironment. We specifically explore the
114  effects of loca SASP accumulation over time on these markers, as well as the paracrine
115 influences of SASP factors through conditioned medium (CM) experiments. By supplying CM to
116  non-irradiated osteocyte cultures, both immediately and after generating a mature healthy culture,
117  weam to mimic the exposure of non-senescent cells to a SASP-rich environment and investigate
118 their responses. Our findings highlight alterations in cytoskeletal architecture and mechanics
119 correated to the local and paracrine effects of pro-senescence stressors, which potentially could
120 reflect key osteocyte mechanobiological functions. This approach not only enhances our
121  understanding of the direct and indirect effects of SASP factors but also provides insight into the
122 aging process of bone through the lens of osteocyte biophysical changes.
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123 2. Methods
124 2.1 Cdl cultureand in vitro senescence induction

125 To focus on senescence-associated changes in osteocyte biophysical properties, we employed
126  immortalized osteocytes, specifically MLO-Y4 cells. The mouse-derived MLO-Y4 cdlls were
127  sourced from Prof. Linda Bonewald's lab at Indiana University. This approach mitigated the
128 variabilities introduced by heterogeneous primary bone cell cultures. Osteocytes were cultured
129  following established protocols. *® Briefly, cells were passaged twice before being plated at a
130  density of 2 x10* cells/35-mm? well. The bottom of the well plates was coated with rat tail
131 collagen type | (0.5 mg/mL, Sigma-Aldrich) and filter-sterilized 0.02 M acetic acid (diluted from
132 glacial, ReagentPlus®, >99%, Sigma-Aldrich). The growth media consisted of a-Minimum
133  Essential Medium Eagle (eMEM, Sigma-Aldrich), supplemented with 5% fetal bovine serum
134  (FBS, Gibco), 5% calf serum (CS, Sigma-Aldrich), *® and 1% penicillin-streptomycin (P/S,
135 10,000 U/mL, Gibco). Half of the medium volume was replenished every four days. The cells
136  were incubated at 37°C in a 5% CO, humidified chamber at confluency of less than 70% to
137  minimize disturbance of cell morphology.

138  Senescence was induced in vitro by asingle dose of 10 Gy irradiation (CellRad, Precision X-Ray,
139 Inc.). Irradiation was chosen as a method for inducing senescence due to its ability to rapidly
140 activate the DDR, leading to permanent cell cycle arrest. This approach aligns with widey
141  accepted protocols in cellular senescence research.[”*%° The reproducibility of this method,
142 combined with its precise dosing control, ensures consistent senescence induction across
143 experimental groups.**3°%>3 Furthermore, irradiation has been widely used to model osteocyte
144  senescence in vitro, including in MLO-Y 4 cell$®Y and primary osteocytes >, where it induces
145 markers of senescence such as Cdkn2a (p16) and Cdknla (p21), increases SA-B-Gal activity, and
146  impairs cdlular function. These features make irradiation an effective and clinically relevant
147 modd for investigating the impact of senescence on osteocyte mechanobiology. Here, post-
148 irradiation, cells were assessed for biophysical and biomolecular properties on days 7, 14, and 20
149 (irradiated study groups: D7, D14, and D20). Non-irradiated cells continuously cultured in fresh
150 mediaserved asthe Control group (Ctrl).

151
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152 2.2 CM-supplemented groups

153 To investigate the systemic effects of SASP factors on healthy osteocytes, CM were collected
154  from irradiated osteocyte cultures after 20 days. The CM was centrifuged at 1,500 x g for 5
155 minutes to remove celular debris, yielding a consistent and uncontaminated SASP-enriched
156  supernatant. Two groups were established: the immediate CM group (CM-i), where healthy
157  osteocytes were exposed to CM from the start of culture (Day 0), and the delayed CM group
158 (CM-d), where healthy osteocytes were pre-incubated in fresh media for 48 hours before CM
159  supplementation to assess the impact of prior SASP-free growth. Both groups were cultured for
160 72 hours before biophysical and biomolecular assessments. Cells for imaging and
161  nanoindentation were plated at a density of 1 x 10° cells per 35-mm? well, while those for RT-
162 gPCR were plated a 6 x10° cells per 35-mm? well, ensuring sufficient material for accurate
163 analysis.

164 2.3 Single-cell nanoindentation

165 Single-cell micromechanical testing was performed on 50 random osteocytes across two wells
166 using an optical fiber-based interferometry nanoindenter (Pavone, Opticsll Life). Osteocytes
167 were indented with a probe having a 3 um radius, which is significantly smaller than their
168 surface areas, and with a stiffness of 0.019 N/m. The nanoindentation was performed at a
169 controlled speed of 30 um/s, reaching a peak load of 0.01 uN, after which the probe retracted at
170  the same speed. The mechanical properties of osteocyte cytoskeleton, characterized by Young's
171 modulus, were analyzed using Hertzian contact mechanics %2%¥. Indentation curve fitting was
172  conducted using DataViewer V2.5.2 (Opticll Life) over the linear region on the loading curve,
173 accepting R? > 0.90 (Figure S2).

174 2.4 Geneexpresson

175 Gene expression analysis was conducted according to the manufacturer's protocols. RNA was
176 initialy extracted from the cells using TRIzol (Invitrogen) followed by purification with the
177 GeneJET RNA Purification Kit (Thermo Fisher Scientific). The concentration of RNA was
178 measured using a NanoDrop Microvolume Spectrophotometer (Thermo Fisher Scientific).
179  Subsequently, cDNA was synthesized from the purified RNA after genomic DNA (gDNA)
180 digestion, using SuperScript™ IV VILO™ Master Mix with ezDNase (Invitrogen). Real-time
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181 quantitative Polymerase Chain Reaction (RT-gPCR) was performed using PowerTrack™ SYBR
182 Green Master Mix (Applied Biosystems) with the specific forward and reverse primers listed in
183 Supplementary Table S1. The RT-gPCR reactions were conducted on a Quantstudio 6 Pro
184 system (Applied Biosystems). Gene expression results were normalized to Gapdh as the
185  housekeeping gene using the Comparative Ct (2"*““') method.

186 2.5 SA-B-Gal staining

187 Following the manufacturer’s protocol, cells were fixed and stained with SA-p-Gal (Cell
188 Signaling Technology). After staining, the cells were incubated at 37°C overnight. Cells
189 displaying a blue color were considered to be SA-B-Gal positive. Images were captured using a
190 brightfield microscope equipped with an Olympus XC30 camera, taking five random fields of
191 view per well. The SA-B-Gal activity was quantified by counting the number of positive cells

192  and normalizing this count to the total number of cells observed in each micrograph.
193 2.6 Immunofluorescent (IF) staining

194  Following the manufacturer’s protocol, cells were fixed in 4% paraformaldehyde (PFA) and
195 stained with Cellmask Orange Actin Tracking Stain (Invitrogen) to visualize filamentous actin
196 (F-actin). The nuclel were counterstained with 4',6-diamidino-2-phenylindole (DAPI, Invitrogen).
197 FHuorescent images were captured at seven fields of view using an inverted fluorescent
198 microscope (Opticsll Life) equipped with a Nikon 20x objective. Imaging utilized the TRITC
199 and DAPI channes at 545/570 nm and 350/465 nm (excitation/emission wavelengths),
200 respectively. Imagel 2.14.0 was used for postprocessing. The morphologies of nuclei, F-actin,
201 and dendrites were analyzed and quantified using Cellprofiler 4.2.6 and NeuriteQuant, [**
202  respectively. The F-actin area was measured through segmentation and quantification of pixelsin
203  each fluorescent image (Figure $4). While NeuriteQuant was originally developed for neuron
204  analysis, recent studies have demonstrated its application in osteoblasts for the quantification of
205  dendrite lengths,® validating its broader functionality for non-neuronal cells. In this study, the
206  software was adapted to ensure reliable quantification of osteocyte dendritic processes. Specific
207  postprocessing parameters were optimized to account for the unique morphology of osteocytes,
208 including adjustments to thresholding and detection settings, to achieve accurate dendrite
209 segmentation and length measurements. Lastly, the multinucleation phenomena within the cell
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210  cultures were quantified by counting the number of multinucleated cells and normalizing over

211  thetotal number of cellsin each micrograph.
212 2.7 Statistical analysis

213  All the reported data underwent the normality and statistical analysis using GraphPad Prism 10.
214  Both one-way and two-way analysis of variance (ANOVA) with Tukey’s multiple comparison
215 tests were employed, each a a 95% confidence interval. One-way ANOVA with Tukey’s
216  multiple comparison tests was utilized for the statistical analysis of SA-p-Gal activity, Young's
217  moduli, and morphological quantifications. For the RT-gPCR data analyzing gene expression,
218 either One-way or Two-way ANOVA with Tukey’s multiple comparison tests was applied,
219  depending on the experimental design. Statistical significance was considered to be p < 0.05.

220 3. Resultsand Discussion
221 3.1.1Irradiated osteocytes exhibited time-dependent changesin biomolecular markers

222  After irradiation, SA-B-Gal positivity in osteocytes increased over time, which was visualized by
223  increase in cytoplasmic blue staining. The SA-B-Gal-active osteocytes reached close to 100% of
224 the population on Day 20 post-irradiation (p < 0.0001, Figure 1A), confirming successful

225  induction of senescence phenotype by low dose irradiation in these cdlls.

226  Gene expression of senescence markers, SASP factors, and osteocyte markers were measured for
227  al samples. p16™* is a senescence marker that is responsible for regulating the G1/S phase of
228  the cell cycle, [ while p21“** is another senescence marker involved in inhibiting both the
229  GUS and G2/M phase. ("% |n the irradiated groups, p16 and p21 exhibited gradual increases
230 over time, with p21 showing an over 2-fold increase compared to the control group by Day 7
231 (Figure 1B). However, these changes were not statistically significant. In contrast, the significant
232 increase in SA-B-Gal positivity across al time points, along with the upregulation of pro-
233 inflammatory SASP markers provides robust evidence for senescence induction in irradiated
234  osteocytes. These findings indicate disruptions of the cell cycle in irradiated osteocytes, which as
235 typical for senescent cells.

236  The inflammatory response in osteocytes can be reflected by expression levels of interleukin-6
237  (11-6) and tumor necrosis factor (Tnf). The cytokine I1-6 is a SASP factor that not only stimulates
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238 osteoclast differentiation and regulates immune responses but also modulates inflammation.
239  Expression of I1-6 increased significantly over time in the irradiated groups compared to controls
240 (p < 0.01, Figure 1C), suggesting an escalated inflammatory response in irradiated osteocytes.
241 Thisincrease in II-6 has been previously associated with compromised mechanotransduction in
242  osteocytes ¥ linking its accumulation with progressively impaired cellular function ™.
243  Similarly, expression of Tnf on Day 7 significantly increased, which could potentially signify an
244 increase in receptor activator of nuclear factor kB ligand (Rankl) production and suppression of
245  osteoprotegerin (Opg) |3, potentially contributing to bone loss . The elevated expression of
246  both SASP factorsin the irradiated groups indicates an increased inflammatory response through
247  autocrine or paracrine effects. The particularly notable time-dependent accumulation of 11-6

248  underscoresitscritical rolein the senescence-related progression of bone aging.

249  The ability for osteocytes to regulate bone remodeling was assessed by measuring the levels of
250 matrix metalloproteinase (Mmpl12) and bone gamma-carboxyglutamate protein (Bglap). Mmpl2,
251 a SASPfactor known for its role in ECM degradation, is critical in bone remodeling processes.
252  Itsincreased activity is associated with accelerated bone resorption and potentially dysfunctional
253 bone remodeling . Expression of Mmp12 was elevated in the Irradiated groups over time, with
254  more than a 20-fold increase by Day 20 compared to the Control (p < 0.0001, Figure 1C). This
255  result suggests intensified ECM degradation and possible remodeling dysfunction in these
256  groups.

257  Osteocalcin (Bglap) plays a pivotal role in bone formation and remodeling. 1" During bone
258 formation, Bglap enhances matrix mineralization by binding calcium and hydroxyapatite,
259  contributing to the structural integrity of bone.”®’” In remodeling, Bglap deposited in the bone
260 matrix indirectly promotes resorption by stimulating osteoclast activity, thereby coordinating the
261  balance between bone formation and resorption.l’®”” Its dual role in these processes makes it an
262 ideal marker for investigating the metabolic dynamics of bone. In this study, irradiated
263  osteocytes showed significantly increased Bglap expression (p < 0.0001 for Day 7 and 14, p <
264  0.001 for Day 20, Figure 1D), suggesting enhanced bone resorption activity and its potential
265  contribution to overall bone loss during senescence. This finding indicates the potential role of

266  Bglap as akey metabolic marker in bone remodeling under senescence-associated conditions.
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267  Gap junction protein apha 1 (Gjal) expression can be linked to osteocyte dendrite function in
268  terms of intercellular communication.l”® Disruption in Gjal production has been previously
269 associated with age-related osteoclastogenesis and bone loss!™ In Figure 1D, there were no
270 satigtically significant changes in Gjal expression among the groups (Ctrl, D7, D14, and D20).
271  While dlight variations were observed, such as a marginal increase in Gjal expression on Day 20
272  compared to Day 7, the lack of significant changes in Gjal expression suggests that intercellular

273  communication via gap junctions may not be severely impaired under the tested conditions.

274  The gene expression results evaluated by RT-qPCR suggested that over time, the irradiated group
275 exhibited an increase in senescence markers and higher levels of pro-inflammatory cytokines.
276  The increased expression of Bglap further underscored declines in osteocyte mechanobiological

277  function and potential dysregulation of bone resorption.

278  Importantly, irradiation-induced senescence primarily represents stress-induced premature
279  senescence (SIPS) rather than replicative senescence (RS). *” However, this method offers
280 distinct advantages, such as rapid senescence induction and precise experimental control.[*”
281 Unlike RS, which arises gradually through telomere attrition, SIPS bypasses telomere erosion
282  and directly activates DDR pathways. ) It should be noted that cellular responses to ionizing
283 radiation may vary based on cell cycle phase, with proliferating cells being more susceptible to
284  damage than non-dividing cells!®% 8 These factors necessitate careful interpretation of
285  findings.
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287  Figure 1. Time-dependent changesin biomolecular markersin irradiated osteocytes driven by local
288  accumulation of SASP factors. A) Representative images of SA-B-Gal staining at various time points for
289 irradiated cells (left) with quantification of SA-B-Gal active osteocytes (right). Five images per group
290 wereanayzed (n = 5). B) RT-gPCR results for senescence, C) SASP factors, and D) osteocyte markers at
291 Al time points. Results are normalized to Gapdh housekeeping gene expression and compared to the
292  Control group. Sample size for each group is n = 3, presented as mean + SD. *: p < 0.05, **: p < 0.01,
293 ***:p<0.001, ****: p < 0.0001.

294  3.1.2 Short-term SASP factor exposure induced biomolecular marker changes in healthy
295  osteocytes

296 Gene expression levels from Day 7 served as the control in order to compare the local and
297  paracrine effects of SASP factors (Figure 2A). Expression of p16 in the CM-i group was similar
298 to that observed on Day 7, while expression in the CM-d group was lower (0.525-fold).
299  Conversdly, p21 expression increased in the CM-i group (1.745-fold), with levels in the CM-d
300 group matching those on Day 7 (see Figure 2B). The stable p16 expression in the CM-i group,
301 compared to the irradiated groups, suggests a disruption in the S phase of the cell cycle,
302 indicating that DNA synthesis in osteocytes exposed to CM-i was significantly impacted by
303  SASP factor exposure. On the other hand, the increase in p21 levels in the CM-i group suggests
304 potentia dysfunction in mitosis, reflecting disruption in the M phase of the cell cycle. Despite
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305 the changesin pl6 and p21 expressions in CM-d group, this group exhibited minimal SA-B-gal
306 positivity (Figure S1).

307 In the CM-d group (Figure 2A), 116 and Mmp12 levels were comparable to those observed on
308 Day 7, whereas the CM-i group exhibited a 1.509-fold increase in 116, surpassing the levels noted
309 on Day 14. Conversely, Tnf levels in both the CM-i and CM-d groups remained low, aligning
310 more closdly with the values observed on Days 14 and 20 rather than Day 7. Mmpl2 levelsin
311  both CM-supplemented groups showed a notable increase compared to Day 7 (6.198-fold and
312  4.047-fold, respectively; see Figure 2C). These results suggest that 116 and Mmpl2 played a
313 more prominent role in autocrine/paracrine signaling than Tnf in the non-irradiated cells within
314 the CM-supplemented groups. Additionally, the immediate incubation of healthy osteocytes in
315 SASP-supplemented CM in the CM-i group may have stimulated a more effective uptake and
316 signaling response to 116, further amplifying its expression. Overall, these findings confirm that
317 healthy osteocytes in both CM-supplemented groups effectively absorbed SASP factors from
318 ther conditioned media. Gene expression analysis comparing local versus systemic SASP
319 exposure, normalized to Day 14, further underscores these observations (Figure S5). The
320  senescence marker p21 was significantly increased in both CM-i and CM-d groups compared to
321 Day 14, while p16 expression remained unchanged and non-significant (Figure S5-A). SASP-
322 related cytokines, such as 116, Mmp12, and Tnf, were comparable to their expression levels on
323 Day 14 (Figure S5-B and S5-C). However, 116 and Mmpl12 levels in the CM-d group were
324  gignificantly lower compared to Day 20.
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325 Bglap levels in both CM-supplemented groups were significantly lower than those observed at
326 dll local time points, including Day 7, Day 14, and Day 20 (p < 0.05, Figure 2D, and Figure S5-
327 D). This finding suggests that the paracrine effects of SASP factors were less effective in
328  promoting osteocalcin production compared to their local effects. Similarly, Gjal levels in both
329 CM-supplemented groups showed an increase from Day 7, with levels in the CM-d group
330 remaining similar to Day 14, whereas CM-i exhibited a significant increase compared to Day 7
331 (p < 0.0001, Figure 2D, and Figure S5-D). This increase might be attributed to the abrupt
332  exposure of osteocytes in the CM-i group to SASP factors in the CM triggering a more intensive
333 aurviva response. Overdl, the gene expression results for the CM-supplemented osteocytes
334  confirm effective uptake of SASP factors and suggest potential stimulation of autocrine/paracrine
335 SASPsignaling pathways. The distinctly different profiles of senescence and osteocyte markers
336 reflect potential variations in the mechanisms through which paracrine SASP factor exposure

337 influences non-irradiated osteocytes.

338 Figure 2. Systemic supplementation with SASP factor-enriched conditioned media induces
339  senescence phenotypes in non-irradiated osteocytes. A) Schematic of the CM-i (immediate
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340  supplementation) and CM-d (delayed supplementation) culture setups. B) RT-qPCR results for senescence,
341 C) SASP factors, and D) osteocyte markers across al conditions, normalized to Gapdh housekeeping
342  gene expression and compared to the Day 7 post-irradiation group. Sample size for each group isn = 3,
343  presented asmean + SD. *: p < 0.05, **: p< 0.01, ***: p < 0.001, ****: p < 0.0001.

344 3.2 Osteocyte mor phological changes as biophysical markersfor senescence

345 Various morphological parameters were quantified in our longitudina study to examine
346  senescence-associated changes (Figure 3A). Nuclear blebbing, observed in the irradiated groups
347  (Figure 3B), indicated nuclear membrane instability. Additionally, nuclear expansion was noted
348 over time, being particularly significant on Days 14 (p < 0.0001) and 20 (p < 0.001, Figure 3C).
349 In contradt, osteocytes in both CM-supplemented groups exhibited no significant changes from
350 the control group, suggesting that short-term exposure to SASP factors may not induce profound
351 aterations in nuclear morphology. Such stability might be attributed to mechanisms such as
352 chromosome unwinding within the nuclei, which potentially help mitigate aging-related DNA
353 damage. The nuclear abnormalities observed in the irradiated groups signify compromised
354 nuclear function in osteocytes, which could lead to phenotypic variations during protein
355 trandation as previously observed in other cell types ¥, These findings should be further
356 investigated in future studies.

357 A significantly elevated population of multinucleated osteocytes was observed in the Irradiated
358  groups, reaching as high as 11% on Day 20 (p < 0.0001, Figure 3A, 3D). In contrast, both CM-
359 supplemented groups maintained similarly low levels of multinucleated cells to the Control
360 group. Since senescent osteocytes often exhibit disrupted cell cycles, the observed
361 multinucleation may result from incomplete M phases and/or DNA hyper-replication, smilar to
362  findings reported in oncogene-induced senescence studies of primary human fibroblasts ®. This
363 hypothesis is supported by the increased expression of p21 over time in the Irradiated groups,
364 underscoring the progression of cell cycle disruption. The prevalence of multinucleation in
365 irradiated osteocytes further emphasizes the impact of their local SASP factor accumulation,
366 which appears to be more consequential than short-term SASP exposure from their

367  microenvironment.
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369  Figure 3: Alterationsin F-actin organization and nuclear mor phology are associated with local and
370 systemic exposure to SASP factors. A) Representative |F micrographs showing F-actin and nuclei
371  staining across al experimental conditions, with yellow arrows highlighting multinucleated cells. Scale
372  bar: 50 um. B) Close-up view of nuclear blebbing in irradiated osteocytes, indicated by a yellow arrow. C)
373  Average nuclear areas quantified using CellProfiler from IF micrographs across all conditions. D)
374  Percentages of multinucleated osteocytes in each experimental group. Quantitative analysis of osteocyte
375  morphology was performed by examining 14 IF micrographs per group across two cell culture wells (n =
376 14 for all groups, presented as mean + SD). Significance levels are denoted as *: p < 0.05, **: p < 0.01,
377 ***:p<0.001, ****: p < 0.0001.

378 F-actin networks in osteocytes from the Irradiated groups exhibited extensive expansion
379 compared to the Control group, characterized by reduced dendricity and non-uniform
380 organization of F-actin structures (Figures 3A, 4A). The actin disassembly (Figures 3A, 4A) and
381 potentialy reduced polymerization dynamics are consistent with oxidative stress-induced
382  mechanisms reported in previous studies®*® Specifically, previous studies demonstrated that
383  oxidative stress can alter the actin cytoskeleton through Cys374 oxidation, leading to disruptions
384 in filament stability and polymerization.!’®*® These mechanisms align with our observations and

385 suggest a role for oxidative stress in the observed cytoskeletal changes. However, we
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386 acknowledge that direct oxidative stress measurements were not performed in this study. Future
387 experiments will incorporate assays, such as superoxide anion fluorescent probe staining, to
388 directly evaluate reactive oxygen species (ROS) levels and their effects on the osteocyte
389  cytoskeleton.

390 A progressive time-dependent increase in the average F-actin area was observed in the Irradiated
391 groups (p < 0.0001), sgnificantly exceeding that of the Control and both CM-supplemented
392 groups (Figure 4B). This increase could be attributed to abnormal filopodia and lamellipodia
393 formation in senescent cells, which likely contributed to osteocyte flattening and area expansion.
394 The disorganized and expanded F-actin networks may have resulted in spatially heterogeneous

395  mechanical properties within the osteocytes.

396 The tempora accumulation of SASP factors, including 116, Tnf, and Mmpl2 (Figure 1C),
397  suggests that SASP-driven signaling may also play a crucial role in inducing oxidative stress and
398  contributing to F-actin expansion. Previous studies have demonstrated that pro-inflammatory
399 cytokines, such as those included in the SASP, can amplify oxidative stress, leading to
400 cytoskeletal remodeling and impaired cellular function.!"8#81 These findings align with
401 interpretationsin the field but require further investigation to directly link specific SASP factors

402  to oxidative stress and the biophysical changes observed in osteocytes.

403  Overall, these findings demonstrate that local SASP factor accumulation significantly altered
404  osteocyte F-actin morphology, potentially impairing their mechanobiological function. In
405 contrast, the paracrine effects of SASP factors were less pronounced in influencing F-actin
406 expansion, likely due to the relatively brief exposure to oxidative stress compared to the longer-

407  term exposure experienced by osteocytes in the Irradiated groups.

408 The dendrite lengths of irradiated osteocytes were observed to be generally shorter compared to
409 the Control group (see Figure S3). Specifically, normalized dendrite lengths in the irradiated
410 groups significantly decreased by Day 14 (p < 0.0001) and continued to decline through Day 20
411 (p < 0.001, Figure 4D). While not statigtically significant, dendritic lengths in both CM-
412  supplemented groups were also reduced compared to the Control cells, aigning with
413  measurements from Day 7 (Figure 4D and Figure S3). To mitigate confounding effects due to
414  variationsin F-actin area, dendrite lengths were normalized to soma areas, which was quantified
415 via NeuriteQuant (Figure 4C). This analysis underscores the structural alterations induced by
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416  both local and systemic SASP effects on osteocytes structure and morphology. In particular, the
417 irradiated osteocytes with local SASP accumulation exhibited diminished dendritic network
418  connectivity, which may suggest reduced intercellular communication and mechanosensation
419  capabilities.
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421  Figure 4: Quantitative analyses of F-actin area and dendritic structures in osteocytes following
422  SASP factor exposure compared to non-senescent controls. A) Representative images of F-actin
423  organization in osteocytes from Control and Irradiated groups. Scale bar: Control: 10 um, Irradiated: 50
424  pum. B) Quantification of average F-actin areas using CellProfiler from IF micrographs across all
425  experimental conditions. C) Representative images of semi-automated segmentation and quantification of
426  dendrites and soma performed using NeuriteQuant. Scale bar: 50 um. D) Quantification of average
427  dendrite length normalized to soma area, calculated from IF micrographs of all conditions using
428  NeuriteQuant. All quantitative osteocyte morphology results were obtained by analyzing 14 IF
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429  micrographs per group across two cell culture wells (n = 14 for all groups, presented as mean + SD).
430  Significancelevels areindicated as*: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001.

431 3.3 Osteocyte cytoskeleton stiffening as a biophysical marker for senescence

432  To characterize the longitudinal changes in cytoskeletal stiffness due to local and paracrine
433  exposure to SASP factors, we employed live single-cell nanoindentation (Figures 5A-B). At all
434  study time points, osteocytes from the Irradiated groups exhibited significantly higher Young's
435 modulus (i.e. stiffnesses) compared to those in the Control and CM-supplemented groups (see
436  Figure 5C). The CM-d group displayed no significant change in stiffness compared to the
437  Control (Figure 5C). This increase in cytoskeletal moduli could be linked to the previously

438 demonstrated expansion in F-actin area (see Figure 4B).

439 The dtiffening of the osteocyte cytoskeleton, coupled with the observed senescence-associated
440 heterogeneity in cytoskeletal organization (Figure 4A), suggests a decline in cell motility and
441  possibly mechanosensory properties. Such degenerative changes potentially lead to deterioration
442  ininteractions of osteocytes with the ECM, a phenomenon similarly reported in studies involving
443  fibroblasts!®™ The influence of substrate stiffness on cellular behavior, particularly the SASP
444 secretion in senescent cells, has been previously studied in other cell types.®™ Gresham et al.
445  demonstrated that compliant substrates (e.g., polyacrylamide hydrogels with a stiffness of 50 kPa)
446  can mitigate SASP secretion in stress-induced senescent MSCs. [ This reduction was evident in
447  key pro-inflammatory markers and DNA damage-associated signals (e.g., YH2AX). Their
448  findings highlight the importance of substrate mechanical properties in regulating senescence-
449  associated phenotypes. In our study, all experimental groups were cultured on the same rigid
450 tissue culture plastic (TCP, ~1 GPa) coated with rat-derived collagen type I, ensuring that
451  subgtrate effects were applied uniformly across all groups. This uniformity minimizes substrate
452  dtiffness as a confounding factor in our comparative analyses of cytoskeletal stiffening and
453  SASP-related alterations between irradiated and control osteocytes. However, it is noteworthy
454  that the rigid substrate likely exerted greater mechanical resistance compared to compliant
455  hydrogels or native bone matrix, which may have amplified cytoskeletal stiffening and SASP-
456 related changes in our study. These findings underscore the importance of exploring compliant
457  and tunable stiffness substrates in future studies to better replicate the mechanical properties of

458  the 3D bone microenvironment and refine our understanding of senescence in osteocytes.
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459  In vivo, osteocytes are embedded within the mineralized bone matrix, which exhibits a highly
460  heterogeneous and dynamic mechanical environment.[”**°¥ Cortical bone has a stiffness range
461 of 17-20 GPa, while trabecular bone exhibits stiffness values between 10 and 3,000 MPa,
462  depending on its density and microarchitecture.*®®™ This mechanical environment is critical for
463  osteocyte mechanosensation, as mechanical forces are transmitted through the extracellular
464  matrix and dendritic networks to regulate bone remodeling./”! The high stiffness of the in vitro
465  TCP substrate differs markedly from the in vivo conditions, potentially amplifying stress-induced
466  phenotypes such as cytoskeletal stiffening and altered mechanotransduction.

467 These findings indicate that while irradiated osteocytes consistently exhibit cytoskeletal
468  dtiffening, systemic exposure to SASP factors results in less significant changes in cytoskeletal
469  dtiffness. Future studies employing 3D culture systems with tunable stiffness substrates or more
470 physiologically relevant bone-mimetic scaffolds are needed to validate these findings and assess

471  therole of substrate mechanical propertiesin osteocyte mechanosensory function.
472
473

474
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475

476 Figure 5. Irradiated osteocytes exhibit significant increases in cytoskeletal stiffness. A)
477  Representative image of our live single-cell mechanical testing setup. B) Live cells attached to the bottom
478  of the cell culture plate being indented. Red dots indicate the probe size and locations of indentation. The
479  main image was obtained via image stitching, and the inset magnifies an individual indentation site for
480  better visibility. C) Young's moduli of osteocytes cytoskeleton measured using Hertzian contact mechanic
481 model. Datafrom 50 cells per condition are presented as mean + SD. Significance levels are denoted as *:
482 p<0.05,**: p<0.01, ***: p <0.001, ****: p < 0.0001. D) Summary of the study: Irradiation-induced
483  senescence in osteocytes is characterized by changes in micromechanical properties, morphological
484  features, and biomolecular markers.
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485 4. Conclusions and Future Directions

486 This longitudinal study highlights the impact of continuous local SASP factor accumulation,
487  resulting from irradiation, on distinct senescence-associated biophysical markers, supported by
488  corresponding biomolecular changes (Figure 5D). Importantly, senescent osteocytes in this study
489  exhibit SASP profiles consistent with those observed in other cell types, including increased
490 secretion of pro-inflammatory cytokines such as 11-6 and matrix-degrading enzymes such as
491 Mmp-12 (Figure 1).°? Our findings demonstrate that loca SASP accumulation has a
492  pronounced effect on osteocyte cytoskeletal properties, including significant stiffening and
493 heterogeneity in cytoskeletal organization. To build on these findings, future research could
494  incorporate Western blot analysis to validate the observed senescence-associated changes at the
495 protein level. This approach would complement and support the RT-gPCR data by confirming
496 that transcriptional changesin key markers, such as pl6 and p21, are reflected at the protein level.
497  Additionally, flow cytometry (FACS) could provide direct evidence of cell cycle disruption by
498 analyzing the distribution of cells across different phases of the cell cycle. Additionally, future
499  studies will expand upon this work by investigating changes in receptors for SASP cues and
500 quantifying the bioactivity of secreted SASP proteins. These analyses will provide deeper
501 ingghts into the mechanisms through which SASP factors mediate their effects and their
502 functional consegquences on cellular and tissue-level remodeling. Such efforts will further inform
503 the development of targeted therapeutic strategies to mitigate the deleterious effects of cellular
504  senescence.

505 The observed increase in cytoskeletal stiffness in senescent osteocytes also aligns with previous
506 studiesin senescent fibroblasts, which exhibit alterationsin the cytoskeleton and changesin actin
507 organization leading to altered cell morphology and diminished proliferation and migration.!®
508 Similarly, studies in MSCs have shown that irradiation-induced senescence leads to atered
509 cytoskeletal and focal adhesion organization and reduced cellular migratory capacity.!®® These
510 paralléels highlight the conserved nature of cytoskeletal alterations across different cell types and
511 expand our understanding of osteocyte responses to localized and systemic senescence effects.
512  Notably, in our present study, systemic SASP exposure (CM groups) did not induce substantial
513 changesin cytoskeletal stiffness or morphological properties compared to controls, suggesting a
514 more localized influence of SASP on osteocyte biophysical properties. However, trends observed
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515 inthe CM-d group point to the potential role of cellular maturation in modulating SASP uptake,
516  warranting further investigation.

517 Osteocyte dysfunction, driven by senescence-associated cytoskeletal changes, plays a pivota
518 role in the pathophysiology of osteoporosis.>® Cytoskeletal dynamics are integral to osteocyte
519 morphology and function, enabling these cells to sense and transduce mechanical signals via
520  their dendritic processes.” The observed cytoskeletal stiffening and altered organization likely
521 impair mechanosensing, reducing the ability of osteocytes to adapt to mechanical stimuli and
522  coordinate bone remodeling.!® Furthermore, SASP, characterized by inflammatory cytokines
523  and matrix-degrading enzymes, exacerbates bone fragility by promoting osteoclast activity and
524  inhibiting osteoblast function,'**? processes involved in bone remodeling and tightly regulated
525 by osteocytes. This interplay between cytoskeletal changes and SASP secretion highlights the
526  potential contribution of senescent osteocytes to the microarchitectural deterioration observed in
527  osteoporosis, a condition closely linked to age-related imbalance in bone remodeling, reduction
528 in osteocyte viability/function, and chronic inflammation that contributes to progressive bone

529  lossand increased fragility over time[*

530 While these findings provide a robust framework for understanding osteocyte dysfunction, the
531 use of rigid tissue culture plastic (TCP, ~1 GPa) in our study may have amplified stress-induced
532  phenotypes. In vivo, osteocytes are embedded within a highly heterogeneous bone matrix, with
533  dtiffness values ranging from 17—20 GPa in cortical bone to 10-3,000 MPa in trabecular bone,
534  depending on density and architecture.*®® Furthermore, 2D cultures may not entirely capture
535 theintercelular interactions and extracellular matrix dynamics found in living tissues, which are
536 crucia for cellular behavior and function. The pronounced differences between in vitro and in
537 vivo mechanical environments underscore the importance of future studies using 3D culture
538 systems or bone-mimetic scaffolds that better replicate physiologically and clinically relevant
539 conditions. Another limitation of this study was the inability to characterize the same senescent
540 cels across multiple assays, which would establish direct correlations between senescence
541 markers and functional outcomes. Single-cell approaches, such as RNA sequencing or multi-
542 modal profiling, could address this limitation by revealing heterogeneity within senescent cell
543 populations and uncovering relationships between SASP profiles and biophysical changes.

544  However, these methods are resource-intensive and currently impractical for large-scale studies.
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545  Future research integrating such advanced assays could provide deeper insights into the dynamic
546 and heterogeneous nature of senescence, particularly in osteocytes, and their role in bone
547  remodding.

548  To address these limitations, future studies will investigate the relationship between cytoskeletal
549  dtiffening, motility, and mechanosensory properties in osteocytes using live-cell imaging of
550  dendritic processes and 3D culture models with tunable stiffness. Additionally, combining our
551  nanoindentation system with real-time PCR or immunocytochemistry will allow us to explore
552 key mechanosignaling pathways, such as YAP/TAZ and FAK, to eucidate the molecular
553  mechanisms underlying these changes. The inclusion of proteomic measures in future studies
554  could enhance the characterization of SASP factors and offer a more comprehensive
555  understanding of senescence processes. By establishing a causal link between cytoskeletal
556  stiffening, mechanotransduction impairment, and osteocyte-driven bone remodeling dysfunction,
557 these efforts aim to validate our findings and uncover potential therapeutic targets for mitigating

558 prevalent age-related bone diseases like osteoporosis.
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745  Supplementary Materials

746  Figure S1: Representative SA-B-Gal staining images demonstrating senescence in the CM-d-treated
747  osteocytes.
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749

750  Figure S2: Nanoindentation curve fitting over the linear region demonstrates the application of Hertzian

751  contact mechanics to determine elastic modulus values of osteocytes.
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753

754  Figure S3: Quantitative analysis of average dendrite lengths in osteocytes under different experimental
755  conditions. Sample size for each group isn = 3, presented as mean £ SD. *: p < 0.05, **: p< 0.01, ***: p
756  <0.001, ****: p < 0.0001.
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759

760 Figure S4: Example of segmentation (center) and quantification (right) of F-actin micrographs (left)
761  obtained via IF staining, analyzed using CellProfiler. Scale bar: 50 pm. Units in the quantification image
762  (right): pixel area.
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765  Figure Sb5: A) RT-gPCR results of senescence, B-C) SASP factors for all conditions, and D) osteocyte
766  markers, normalized to Gapdh housekeeping gene expression and compared to the Day 14 post-
767  irradiation group. n =3, mean + SD. *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001.
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769  Table S1: Primer sequences used for RT-gPCR experiments.

770

Gene Forward primer sequences Reversed primer sequences
Cdkn2a | GAACTCTTTCGGTCGTACCC AGTTCGAATCTGCACCGTAGT
(p16I nk4a)

Cdknl GAACATCTCAGGGCCGAAAA TGCGCTTGGAGTGATAGAAATC
(p21°7Y)

Mmp 12 | GTGCCCGATGTACAGCATCTT GGTACCGCTTCATCCATCTTG
11-6 ACCACGGCCTTCCCTACTTC TTGGGAGTGGTATCCTCTGTGA
Tnf GTTCTGCAAAGGGAGAGTGG GCACCTCAGGGAAGAGTCTG
Bglap CCTGAGTCTGACAAAGCCTTCA GCCGGAGTCTGTTCACTACCTT
Gjal ACAAGTCCTTCCCCATCTCTCA GGGCACAGACACGAATATGATC
Gapdh ACTCAAGATTGTCAGCAAT CCATCCACAGTCTTCTGGGT
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