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Abstract

Osteosarcoma (OS), the most common primary malignant bone tumor arising in the highly
mechanosensitive bone tissue, exhibits marked heterogeneity and resistance to conventional
therapies. While molecular drivers have been extensively characterized, the role of mechanical
stimuli in OS progression remains underexplored. In this study, we identif y the transient receptor
potential vanilloid 1 (TRPV1) channel as a key regulator of mechanotransduction and drug
responsiveness in OS cells. Using uniaxial cyclic stretch, we show that the highly aggressive U-2 OS
cell model undergoes TRPV1-dependent perpendicular reorientation, in contrast to the inert response
observed in the less aggressive SAOS-2 cells. Through confocal microscopy, immunohistochemistry,
and atomic force microscopy, we demonstrate that nanomolar concentrations of capsaicin—a well-
characterized TRPV1 agonist—chemically replicate the mechanical phenotype, altering metastatic
traits such as cell adhesion, edge architecture, migration rate, nuclear-to-cytoplasmic ratio, and
chemotherapeutic sensitivity to doxorubicin and cisplatin. TRPV1 activation, whether mechanical or
chemical, elicits subtype-specific effects absent in healthy hFOB osteoblasts. Notably, it differentially
regulates nuclear localization of the proto-oncogene Src in U-2 OS versus SAOS-2 cells. Parallel
changes in Src and acetylated histone H3 (acH3) levels support a role for TRPV1 as a molecular switch
in the Src-acH3 mechanosignaling axis. These TRPV1-mediated effects were not observed in non-
malignant cells, underscoring their tumor specificity. Our findings position TRPV1 as a
mechanosensitive signaling hub that integrates mechanical and chemical cues to drive epigenetic
remodeling and phenotypic plasticity in OS, offering a potential therapeutic target—particularly in
aggressive, drug-resistant subtypes.

Keywords: osteosarcoma; TRPV1;, mechanotransduction; capsaicin; Src kinase; histone H3
acetylation; cell adhesion; cell reorientation; cyclic stretch; mechanosensitive ion channels

1. Introduction

Cell mechanobiology is an emerging interdisciplinary field that investigates how cells perceive
and respond to physical cues such as pressure, tension, stretch, and tissue stiffness. Increasing
evidence suggests that mechanical alterations play a critical role in cancer initiation, progression, and
metastasis [1,2]. Notably, alterations in cellular mechanotypes—reflected at the molecular level
within the cytoskeleton, nucleoskeleton, and extracellular matrix —have been identified as a shared
hallmark across diverse cancer types, representing a new frontier in cancer biology [3].
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Understanding how mechanical forces influence cellular biochemistry and behavior—an area
known as mechanocontrol—provides critical insight into cancer biology. In cancer,
mechanobiological regulation reveals fundamental aspects of tumor progression that may be
overlooked when examined solely through genetic or biochemical lenses. This perspective is
particularly valuable in oncology, where the dynamic interplay between mechanical, genetic, and
biochemical cues plays a decisive role in cancer development and metastasis [4]. Investigating this
triad not only deepens our understanding of cancer biology but also paves the way for the
development of more precise prognostic tools and innovative therapeutic strategies tailored to
individual patients, thereby advancing the goals of personalized medicine.

Among the emerging areas of interest in cancer mechanobiology, mechanoreceptors—
somatosensory receptors that transduce mechanical stimuli into intracellular biochemical signals via
mechanically gated ion channels—were reported to play a significant role in regulating tumor cell
behavior. Mechanosensitive (MS) ion channels were identified as key components of the cellular
tensegrity architecture, acting as primary mechanoreceptors that converted mechanical cues into
biochemical responses [5,6]. Through direct physical coupling with cytoskeletal elements, MS
channels were shown to detect and respond to subtle changes in mechanical load, positioning them
as essential mediators of cellular mechanotransduction [7].

At the nanoscale, mechanical forces were found to induce conformational changes in structural
and regulatory cellular components—including proteins, ion channels, and chromatin—which in
turn modulated protein activity, gene expression, and ultimately, cell behavior [2,8,9]. These effects
were reported to be particularly pronounced in cancer, where aberrant mechanotransduction
contributed to tumor progression, metastasis, and resistance to therapy [10-14]. Importantly, the
cellular response to mechanical stimuli was described as highly context- and cell-type-specific,
influencing key processes such as proliferation, cytoskeletal organization, adhesion dynamics,
signaling pathway activation, membrane mechanics, and cell volume regulation [15-17].

In recent years, MS ion channels have gained significant attention for their ability to translate
mechanical forces from the tumor microenvironment into biochemical signals that influence cancer
cell behavior. Among the most well-studied MS channels in this context were Piezol, transient
receptor potential vanilloid 1 (TRPV1), and transient receptor potential ankyrin 1 (TRPA1). These
channels were described as being activated by a range of mechanical stresses—such as compression,
stretch, and shear—and were shown to mediate calcium influx, thereby initiating downstream
signaling cascades that regulated proliferation, migration, invasion, and therapy resistance [18-23].

Piezol was strongly implicated in tumor growth and metastasis through its regulation of
mechanotransduction pathways and cytoskeletal remodeling [24]. Similarly, TRPV1 and TRPA1,
although originally characterized for their roles in pain perception and inflammation, were
increasingly recognized for their involvement in cancer cell adaptation to mechanical and oxidative
stress [25-27]. Collectively, these channels were identified as critical components of the cellular
machinery that enables tumor cells to sense and respond to the dynamic mechanical landscape of
solid tumors.

Cancer biomechanics has been shown to influence various aspects of solid tumor development
and progression, including cell proliferation, invasion, and therapy resistance [28]. Osteosarcoma,
the most common primary malignant bone tumor—has been recognized for exhibiting distinctive
features that make it an excellent model for investigating how cancer cells perceive and exploit
mechanical cues [29]. Importantly, OS often arises during adolescence—a developmental period
marked by rapid skeletal growth and dynamic remodeling of the extracellular matrix (ECM). OS
originates in bone, the most mechanically active tissue in the body, where resident cells are routinely
subjected to uniaxial stretching and compressive forces due to weight-bearing and locomotion [30].

Despite therapeutic advances, OS has remained a highly aggressive tumor characterized by
poor clinical outcomes, rapid disease progression, and resistance to conventional chemotherapies
[29,31-34]. One hallmark of OS cells has been their altered nucleoskeletal architecture relative to
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healthy osteoblasts, particularly in the expression and organization of structural proteins such as
lamins and emerin, which are essential for nuclear integrity and mechanotransduction [35,36].

To investigate OS cell mechanobiology, our group developed a standardized uniaxial cyclic
stretch protocol (24 hours, 1 Hz, 0.5% elongation) that mimics in vitro physiological mechanical forces
experienced by bone cells in vivo. This mechanical stretching model has been widely adopted in vitro
to study how bone-derived tumors respond and reorient themselves to cyclic mechanical loading
[17,37-41].

Using this approach, we demonstrated that a physiologically relevant stretch regimen selectively
affected osteosarcoma cells while sparing healthy human osteoblasts (hFOB) [32,42]. Specifically,
cyclic stretch induced phenotypic and behavioral alterations in two OS cell lines: SAOS-2, a
moderately differentiated and less aggressive line, and U-2 OS, a poorly differentiated and highly
aggressive line. In contrast, hFOB cells showed negligible responses, indicating that malignant
osteoblastic cells exhibit subtype-specific alterations in mechanosensitivity. These findings support
the notion that OS cells reprogram normal mechanosensing pathways to support tumor progression.

In our most recent studies, we further demonstrated that mechanical activation of MS ion
channels led to a non-canonical activation of Src kinase in osteosarcoma cells [42]. Src was previously
reported to function as a central node in cellular mechanotransduction, acting as a key integrator of
cytoskeletal tension and converting mechanical stimuli into biochemical signals that regulated cell
behavior [43]. Supporting this, recent findings in macrophages identified a cytoskeleton-dependent
Src-H3 acetylation axis, linking mechanical inputs to epigenetic remodeling, altered morphology,
and changes in cell motility [44]. Previously, we observed that cyclic stretch-induced Src activation
in OS cells correlated with increased cell migration, altered adhesion dynamics, and enhanced
sensitivity to doxorubicin-induced apoptosis, while having minimal impact on proliferation. These
effects underscored the functional significance of mechanosensitive Src signaling in driving
malignancy-related behaviors in OS.

Moreover, the subcellular localization of Src was described as being dynamically regulated by
mechanical cues [45]. Mechanical stimulation was shown to induce Src redistribution from the
plasma membrane to the cytosol, and under specific conditions, to the nucleus [46]. Such
translocation events were reported to be particularly relevant in pathological contexts —including
fibrosis and cancer—where nuclear Src was implicated in transcriptional regulation [36,47].
Collectively, these findings supported the existence of a tumor-specific, mechanosensitive Src
signaling axis in osteosarcoma, which warrants further investigation. This pathway was not only
reported to contribute to the aggressive phenotype of OS cells [42] but also represents a promising
target for mechanobiology-informed therapeutic strategies [45].

Building on our previous findings—which demonstrated that LE135, a dual agonist of the
mechanosensitive ion channels TRPV1 and TRPA1, could chemically replicate the cellular effects of
mechanical stimulation in human osteosarcoma cells [42,48] —the present study aimed to further
explore the potential for chemically controlling MS channel-dependent mechanosignaling in OS.

To investigate the role of TRPV1 and TRPA1 in OS mechanobiology, we conducted a targeted
screening of mechanosensitive ion channel agonists and antagonists, assessing their capacity to
mimic or inhibit the cellular responses typically induced by mechanical stimulation.

Among the available chemical activators of TRPV1, we selected capsaicin, a bioactive alkaloid
derived from chili peppers, based on several key criteria. First, capsaicin was the prototypical and
most extensively characterized TRPV1 agonist, widely used in both experimental and clinical settings
[49-52]. Second, as a naturally occurring nutraceutical, capsaicin is routinely encountered by human
cells through dietary intake or topical exposure, increasing its physiological relevance. Third,
micromolar concentrations of capsaicin were shown to exert anti-cancer effects in several tumor
models—including breast, prostate, and osteosarcoma—highlighting its potential as a therapeutic
candidate [53-55].

In the present study, we compared the effects of MS channel activation and inhibition on U-2
OS, SAOS-2, and hFOB cells by evaluating morphological and molecular alterations using a

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.1007.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 August 2025 d0i:10.20944/preprints202508.1007.v1

4 of 28

multimodal approach. This included confocal and atomic force microscopy (AFM), and functional
assays to assess changes in metastatic behaviors, such as cell adhesion, migration, and
chemosensitivity to two of standard MAP chemotherapy agents —doxorubicin, and cisplatin.

Crucially, we investigated whether the cytoskeleton-dependent Src-H3 acetylation axis,
previously identified by our group and others as a key mediator of cellular mechanosensation, could
be activated by chemical stimulation of MS channels and whether this response converges with the
signaling triggered by mechanical stimuli, such as cyclic stretch.

Together, these approaches provided a powerful framework for dissecting the roles of TRPV1
and TRPA1 in MS channel-mediated signaling. By establishing parallels between chemical and
mechanical activation, this work offered novel insights into how cancer cells exploited
mechanotransduction to support tumor progression, metastatic potential, and therapy resistance in
mechanically dynamic microenvironments.

2. Results

2.1. TRPV1 Antagonism Counteracts Mechanically Induced Responses in Osteosarcoma Cells

Building on our previous findings that the mechanical phenotype of OS cells can be chemically
mimicked using LE135, a dual agonist of TRPV1 and TRPA1 [42], we aimed to dissect the individual
contributions of these MS ion channels. Specifically, we investigated whether selective inhibition of
TRPV1 or TRPAT1 is sufficient to replicate the broad inhibitory effects previously observed with
GsMTx4, a general MS channel blocker.

To this end, OS cells were exposed to cyclic uniaxial mechanical stretch in the presence or
absence of a selective-specific antagonist. An immediate-response analysis was conducted
immediately following a 24-hour stretch period. Cells were examined on silicone membranes using
immunofluorescence and confocal microscopy to evaluate acute morphological and molecular
responses to mechanical stimulation (Supplementary Figure S1).

To distinguish the mechanotransductive roles of TRPV1 and TRPA1, we treated cells with 560
nM of AMG9810 (TRPV1 inhibitor) or HC030031 (TRPA1 inhibitor) during stretch exposure. Nuclear
size, quantified via Hoechst staining, served as a reporter for mechanotransduction-driven
morphological change. As shown in Figure 1A, AMG completely blocked the stretch-induced
increase in nuclear area in U-2 OS cells (p <0.0001) and reversed approximately 70% of the increase
observed in SAQOS-2 cells (p <0.0001). In contrast, HC030031 had no significant effect on U-2 OS cells
while can abrogate partially changes induced on SAOS-2 cells (p <0.05), underscoring a predominant
role for TRPV1 in mediating nuclear morphological responses to mechanical cues. Additionally,
TRPV1 inhibition restored the nuclear-to-cytoplasmic (N/C) ratio — a surrogate marker for tumor
aggressiveness — by approximately 70% after stretch in U-2 OS cells (p <0.01) and fully reverted it
to baseline levels in SAOS-2 cells (p <0.05; Figure 1B). In contrast, TRPA1 inhibition had no effect in
either cell model.

We next performed a lasting-response analysis to evaluate how TRPV1 inhibition impacts
downstream functional outcomes of mechanical preconditioning. OS cells, pre-stretched with or
without AMG, were subjected to a panel of assays assessing metastatic potential (Supplementary
Figure S1). Wound healing assays demonstrated that stretch-enhanced migratory capacity was
significantly reduced by AMG by 75% in U-2 OS cells while completely reversed back to the base
migration in SAOS2 cell (Figure 1C, p<0.01 in both cell lines). Adhesion assays showed that TRPV1
inhibition completely reversed the stretch-induced increase in adhesion observed in U-2 OS cells
(p<0.0001), as well as the decrease seen in SAOS-2 cells (p <0.05), indicating a cell line-specific
regulatory effect (Figure 1D). From a therapeutic perspective, we previously reported that
mechanical stretch modulates chemosensitivity in a cell line-specific manner: it enhances
doxorubicin efficacy in SAOS-2, but induces resistance in U-2 OS [42,56]. To expand upon these
findings, we tested whether cisplatin, another standard MAP therapy drug, shows similar stretch-
modulated behavior, and whether TRPV1 mediates these effects. Pre-stretched cells were treated
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with cisplatin or doxorubicin in the presence or absence of AMG. As shown in Figure 1E, cyclic stretch
induced resistance in U-2 OS and increased cisplatin sensitivity in SAOS-2. These effects were
partially abolished in the more aggressive U-2 OS cell model by TRPV1 inhibition, specifically by 62%
at 30 uM cisplatin and by 76% at 60 uM cisplatin (p <0.05). In contrast, in the less aggressive SAOS-2
model, TRPV1 inhibition completely abrogated the mechanically induced changes (Figure 1E,
p<0.05)

A similar trend was observed for the doxorubicin-induced cell death (Figure 1F, p<0.05).
Importantly, TRPV1 inhibition restored drug response to baseline levels across all tested
concentrations in both cell lines. i) In U-2 OS cells, TRPV1 blockade completely reversed stretch-
induced chemoresistance (Figure 1F p<0.05). ii) In SAOS-2 cells, TRPV1 inhibition abrogated the
stretch-induced increase in drug sensitivity, reducing the effect by 94% at 5 uM and by 80% at 20 uM
doxorubicin (p <0.05), suggesting that TRPV1 mediates this sensitization.
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Figure 1. Inactivation of TRPV1 Ion Channels by AMG9810 Counteracts Mechanical Responses OS Cells. (A)
Representative fluorescence microscopy images of Hoechst-stained nuclei in control (s Ctrl), cyclically stretched
(1 Hz), and stretched cells co-treated with either the TRPV1 inhibitor AMG9810 (I) or the TRPA1 inhibitor
HC030031 (H) Images were acquired at 20X magnification. Scale bar = 25 um. Nuclear enlargement induced by
mechanical stretch is attenuated by AMG9810, as illustrated by column bar plots showing mean + SD for each
condition. Image analysis was performed using Image] 1.52. Data represent three biological replicates, with a
minimum of 30 cells analyzed per condition. (B) Confocal microscopy images of U-2 OS and SAOS-2 cells under
the same conditions mentioned above. Scale bar = 100 pm. Quantification of nuclear-to-cytoplasmic (N/C) ratio
is shown as bar graphs. Data represent three biological replicates, each with at least three technical replicates
and a minimum of 25 cells per condition. (C) AMG9810 co-treatment blocks the mechanically induced
enhancement of migratory capacity in U-2 OS and SAOS-2 cells. (D) Co-treatment with AMG9810 prevents the
stretch-induced increase in adhesive capacity of U-2 OS cells. Scale bar = 100 um. (E) AMG9810 reverses
mechanically induced changes in chemosensitivity to doxorubicin and cisplatin in U-2 OS and SAOS-2 cells.
Statistical analyses were performed using Student’s ¢-test. All data are derived from the best of three biological
replicates, each with at least four technical replicates per condition. Statistical significance is denoted as follows:
p <0.05 (*), p <0.01 (**), p <0.001 (***), p <0.0001 (****).

2.2. Uniaxial Stretch-Induced U-2 OS Cell Reorientation: A TRPV1-Dependent Process

In this study, we investigated the nuclear orientation of three different cell types under static
conditions and after mechanical stimulation. Since the nuclear orientation closely reflects overall cell
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alignment, we quantified it using an ellipse-fitting method applied to fluorescently stained nuclei
(see Materials and Methods and supplementary figure S2).

Figure 2A shows a representative image of a U-2 OS cell, in which the cytoskeleton was stained
fluorescent green with 3-tubulin and the nucleus was counterstained blue with Hoechst dye.

To assess orientation, the angle between each nucleus’s major axis and the x-axis (corresponding
to the direction of uniaxial cyclic stretch) was measured, as illustrated in Figure 2B. These angles (¢)
were derived from the fitted ellipse’s major axis and subsequently transformed into the orientation
parameter cos(2¢). This transformation enabled classification of nuclear alignment: values in the
range -1<cos(2p)<-0.5 indicated perpendicular alignment, while values in the range
0.5<cos(2¢) <1 indicated parallel alignment (see Supplementary Figure S2 and Figure 2B).

The violin and bar plots in Figure 2C illustrate the distribution of cos(2¢) values across
experimental conditions for all three cell lines. For both static and stretched SAOS-2 cells, a bimodal
distribution emerged, with two peaks corresponding to perpendicular and parallel orientations. This
observation supports previous findings [32], indicating that SAOS-2 cells lack a clear directional
preference in response to cyclic strain. Similarly, hFOB cells exhibited random nuclear orientation
under both control and stretched conditions, suggesting that 24-hour cyclic stretch at 1 Hz did not
influence their alignment (Figure 2C).

In contrast, U-2 OS cells displayed a distinct response. Even moderate mechanical stimulation
(0.5% cyclic elongation) was sufficient to induce reorientation perpendicular to the stretch axis. As
shown in Figure 2C, U-2 OS nuclei repositioned away from the direction of mechanical strain, a
behavior that differed markedly from the random orientation seen under static conditions. This active
reorientation may represent a protective mechanism against sustained mechanical loading.

Given that mechanosensitive ion channels play a key role in cellular mechanotransduction, we
hypothesized that the TRPV1 ion channel might contribute to this orientation response. To test this,
U-2 OS cells were co-treated with AMG during cyclic stretch. As shown in Figure 2D, blocking TRPV1
activity significantly impaired mechanically induced reorientation, indicating that TRPV1 activation
is required for this response.

To further explore the underlying mechanisms, we assessed the role of cytoskeletal integrity and
calcium signaling by co-treating cells with two bioactive compounds: 1 uM cytochalasin D, which
disrupts actin polymerization, and 1 pM indomethacin, which affects calcium mobilization and focal
adhesion dynamics. As shown in Figure 2D, both treatments inhibited U-2 OS reorientation in
response to stretch. The combined results from AMG, cytochalasin D, and indomethacin treatments
suggest that proper TRPV1 activity, intact actin networks, and calcium signaling are essential for the
nuclear reorientation observed in U-2 OS cells under mechanical stimulation.
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Figure 2. 1 Hz—24 h Mechanical Stretch induces cell Orientation in U-2 OS Cells via TRPV1 activation. (A)
Representative fluorescence microscopy images of U-2 OS cells stained with Hoechst (nuclei), B-tubulin
(cytoskeleton), and merged channels. Images were acquired at 40X magnification. Scale bar =25 um. (B) Nuclear
orientation was quantified by fitting an ellipse to the nuclear outline and measuring the angle ¢ between the
ellipse’s major axis and the direction of applied cyclic stretch. Orientation is expressed as (cos2 ¢ ), where a
value of 1 indicates nuclei aligned parallel to the stretch direction, -1 indicates perpendicular alignment, and 0
indicates random orientation. (C) Violin plots display the distribution of nuclear orientation values in SAOS-2,
U-2 OS, and hFOB cells. (D) Violin plots show nuclear orientation in stretched U-2 OS cells treated with 560 nM
AMG9I810 (TRPV1 inhibitor), 2 nM Cytochalasin D (actin polymerization inhibitor), or 1 uM Indomethacin (COX
inhibitor). All analyses were performed on three biological replicates, with at least 45 cells analyzed per

condition.

2.3. Nanomolar Capsaicin Activates TRPV1 to Reproduce Mechanical Phenotypes and Modulate
Chemoresponse in OS Cells

To further support the evidence that TRPV1, rather than TRPA1, is primarily responsible for
mediating OS cell mechanotransduction (as shown in Figures 1 and 2), OS cells were treated for 24
hours with capsaicin (a TRPV1 agonist) or ASP7663 (a TRPA1l agonist). Changes in nuclear
morphology and the nuclear-to-cytoplasmic (N/C) ratio —assessed via Hoechst staining and confocal
microscopy —were used as functional readouts to determine whether chemically induced activation
could mimic the mechanically induced cellular responses (Figure 3A and B).

Given capsaicin’s well-documented, concentration-dependent effects—often described as a
“double-edged sword” — we aimed to identify a safe concentration range that would not be toxic to
healthy osteoblasts (hFOBs). Consistent with previous reports in the literature, micromolar
concentrations of capsaicin—previously shown to exert anti-cancer effects in breast, prostate, and
osteosarcoma cells [53,54] —also induced cytotoxicity in hFOB cells (Figure S3), highlighting the risk
of off-target effects at higher doses and underscoring the need for careful dose optimization in
therapeutic contexts. In contrast, nanomolar concentrations of capsaicin (15-150 nM) did not induce
cytotoxicity in hFOB cells, supporting its potential utility as a mechanomimetic tool Figure S3. This
concentration range thus represents a safe window for targeted TRPV1 activation while minimizing
the risk of off-target effects. Moreover, as shown in Supplementary Figure S3A, capsaicin at 50 nM
exhibited the greatest cytoprotective effect among all tested nanomolar concentrations when
combined with cisplatin. For this reason, the intermediate concentration of 50 nM was selected for
use in the present study.

As shown in Figure 3A, only capsaicin but not ASP7663 treatment successfully mimicked the
mechanically induced phenotypeon OS cell models. In U-2 OS cells, capsaicin significantly increased
nuclear area to 749.1 ym? compared to 553.7 um? in untreated cells (p <0.0001; mean difference *
SEM: 195.4 + 27.7), closely resembling the effect of mechanical stimulation. A similar response was
observed in SAOS-2 cells, where nuclear area increased from 612.0 pum? in controls to 827.0 pm?
following capsaicin treatment (p <0.0001; mean difference + SEM: 215.0 + 25.0). In contrast, ASP7663
did not produce any comparable response. Notably, capsaicin had no measurable effect on nuclear
size in healthy osteoblasts, consistent with the selective mechanosensitivity observed in OS cells
(Supplementary Figure S4). Confocal microscopy analysis (Figure 3B) further confirmed that TRPV1
activation by capsaicin reproduced key aspects of the mechanical response in both U-2 OS and SAOS-
2 cells. In U-2 OS cells, capsaicin treatment increased the nuclear-to-cytoplasmic (N/C) ratio from
0.26611 to 0.4376 (p <0.0001; difference between means + SEM: 0,1716 + 0,01245). In contrast, SAOS-2
cells exhibited a modest but significant decrease in the N/C ratio following capsaicin treatment, from
0.23349 to 0.19188 (p <0.001; difference between means + SEM: -0,04160 + 0,01126).

Capsaicin also promoted cell migration, as demonstrated by wound healing assays (Figure 3C),
with a 1.3-fold increase in U-2 OS and a 1.4-fold increase in SAOS-2 cells (p <0.01), further mirroring
the mechanically induced phenotype. Adhesion assays revealed that TRPV1 activation by capsaicin
similarly reproduced stretch-induced changes, leading to a 1.4-fold increase in adhesion in U-2 OS
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cells (p<0.0001) and a 1.5-fold decrease in SAOS-2 cells (p<0.01), indicating a cell line-specific
regulatory effect (Figure 3D).

To further confirm that these effects were specifically mediated by TRPV1, all experiments were
repeated with co-treatment using AMG. Strikingly, AMG abolished all capsaicin-induced changes
(Figures 3A-D, p <0.05), providing strong evidence that TRPV1 activation is a key transducer of both
mechanical and chemical stimuli in OS cell biology.

To assess the translational relevance of capsaicin as a chemotherapeutic adjuvant at a 50 nM
concentration—and given its lack of cytotoxicity and observed cytoprotective effect in hFOB cells —
we next investigated whether capsaicin could modulate the efficacy of two standard MAP
chemotherapy agents, cisplatin and doxorubicin, when used in combination across the three cell lines
(Figure 3E-G).

As shown in Figure 3E-G capsaicin exhibited no cytotoxicity at nanomolar concentrations (15—
150nM) in any of the tested cell lines, supporting its utility as a mechanomimetic tool. This
concentration window thus represents a safe range for targeted TRPV1 activation confirming 50nM
as a safe and effective selected dose.

Notably, low dose of capsaicin mirrored the effects of mechanical preconditioning, altering
chemotherapeutic sensitivity in both U-2 OS and SAOS-2 cell lines (Figure 3F and G). As shown in
Figure 3F, chemical activation of TRPV1 with 50 nM capsaicin significantly decreased U-2 OS cell
sensitivity to cisplatin, resulting in a 10% increase in cell viability compared to TRPV1-inactive
controls at both 30 uM (p<0.001) and 60 uM (p<0.0001). A similar pattern was observed for
doxorubicin treatment, where TRPV1 activation led to an approximately 15% reduction in drug-
induced cytotoxicity (Figure 3F; p<0.01 at 5 uM and p <0.001 at 20 pM). In contrast, SAOS-2 cells
exhibited increased chemosensitivity following TRPV1 activation. Capsaicin treatment enhanced
cisplatin efficacy, resulting in at least a 10% decrease in cell viability at both 30 pM (p <0.01) and
60 uM (p <0.05), and improved doxorubicin sensitivity by approximately 5% at 5uM and 20 pM
(both p <0.01; Figure 3G).

To further dissect the role of TRPV1 in this context, we also evaluated the effects of its
pharmacological inhibition using AMG9810. Importantly, co-treatment with AMG abolished the
capsaicin-induced changes in cisplatin and doxorubicin sensitivity in both OS cells (Figures 3F and
3G), confirming that these effects are specifically mediated through TRPV1 activation.

Given that TRPV1 inhibition improved chemotherapy efficacy in U-2 OS-like cells, we next
explored whether AMG alone, or in combination with cisplatin, could be cytotoxic to hFOBs. As
shown in Supplementary Figure S3B, AMG treatment had no significant impact hFOB viability,
indicating that TRPV1 blockade does not introduce additional toxicity in non-malignant cells.

Taken together, these results support the selective use of TRPV1 modulators as adjuvant agents.
Capsaicin may offer a dual benefit in SAOS-2-like osteosarcoma by enhancing chemotherapeutic
efficacy while protecting healthy bone cells. In contrast, TRPV1 inhibition with AMG could improve
treatment outcomes in U-2 OS-like tumors without compromising the viability of healthy osteoblasts.
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Figure 3. Capsaicin and Its Antagonist AMG9810 Modulate OS Mechanotransduction by Activating or Blocking
TRPV1 Channels. (A) Representative fluorescence microscopy images showing the effects of soluble channel-
specific agonists on nuclear morphology. Cells were treated with 50nM Capsaicin (CAP; TRPV1 agonist) or
50nM ASP (ASP; TRPA1 agonist). To assess specificity, CAP treatment was also performed in the presence of
560 nM AMG9810, a TRPV1-specific antagonist (CAP+I). Hoechst-stained nuclear areas were quantified using
the binary function in Image] v1.52. Magnification: 20X; scale bar: 25 um. Data represent three biological
replicates, with a minimum of 30 cells per condition. (B) Representative confocal microscopy images and
corresponding quantification of the nucleus-to-cytoplasm (N/C) ratios in U-2 OS and SAOS-2 cells treated with
50nM ASP50 or 50 nM Capsaicin, with or without AMG9810. Magnification: 20x, scale bar: 100 um. Bar plots
display mean + SD of N/C ratios. The analysis includes three biological replicates with at least 25 cells per
condition. (C) Migration assays showing the impact of capsaicin, with or without AMG9810, on the migratory
ability of both OS cell lines. (D) The effect of Capsaicin treatment (with or without co-treatment with AMG9810)
on the adhesion capability of U-2 OS and SAOS-2 cells. Scale bar: 100 um. (E) Shows the relative cell viability of
hFOB, U-2 OS, and SAOS-2 cell lines after treatment with increasing concentrations of capsaicin (50nM). (F and
G) Relative cytotoxicity of U-2 OS and SAOS-2 cells treated with 50nM Capsaicin with or without co-treatment
with560nM AMG9810 after a 24 hours incubation with cisplatin (0-60 pM) or doxorubicin (0-20 uM). For each
experiment, statistical analyses were performed on the most representative of three biological replicates, each
comprising a minimum of four technical replicates per condition. Statistical significance between treated and
control samples was determined using Student’s t-test, with significance levels indicated as p <0.05 (*), p <0.01
(**), p<0.001 (***), p < 0.0001 (****).

2.4. Chemical Activation of TRPV1 Replicates Mechanical Signals Governing Osteosarcoma Cell
Adhesiveness and Edge Complexity

As described above, TRPV1 activation —whether mechanical or chemical (Figure 1B, Figure
3D)—acts as a central regulator of adhesion dynamics and underlies the divergent adhesion
responses observed between the two OS subtypes. Based on this, we hypothesized that TRPV1
signaling may differentially influence cell edge architecture, a key feature involved in substrate
engagement. Previously, we reported that mechanical stretch does not change overall cell height or
surface roughness but selectively increases peripheral roughness in SAOS-2 cells [32]; Supplementary
Figure S5A). In the present study, we extended this analysis to investigate whether TRPV1 activation
by capsaicin produces similar morphological effects. To this end, we employed contact-mode atomic
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force microscopy (AFM) combined with box-counting fractal dimension (FD) analysis—a method
well-suited for quantifying the complexity of irregular, self-similar structures such as cell boundaries
[57,58]; see Supplementary Figure 56, Formula 1). Figure 4A displays the cell regions AFM-analyzed
for peripheral roughness and protrusion complexity, were restricted to. Consistent with our previous
findings, capsaicin treatment did not significantly affect overall cell height or global surface
roughness in either U-2 OS or SAOS-2 cells (Supplementary Figures S5B—C). However, analysis of
peripheral roughness revealed opposite trends: a mild, non-significant increase in U-2 OS cells and a
decrease in SAOS-2 cells following TRPV1 activation (Figure 4B). While these changes did not reach
statistical significance, they suggest a potential cell type-specific response in edge architecture linked
to TRPV1-mediated signaling.

To more precisely quantify edge complexity, we performed FD analysis on high-resolution AFM
images of OS cells cultured on rigid glass substrates (Figure 4C). This approach enabled nanoscale
assessment of boundary irregularities—such as lamellipodia-like protrusions—that cannot be
accurately visualized on flexible silicone due to background deformation and the absence of a stable
imaging plane. FD analysis revealed that capsaicin had no significant effect on SAOS-2 cells (control:
1.051 £0.052; capsaicin: 1.029 +0.028; p>0.05.). In contrast, U-2 OS cells displayed a marked increase
in FD following TRPV1 activation (control: 1.103 + 0.06; capsaicin: 1.272 £ 0.09; p < 10-%), which was
fully reversed by co-treatment with the TRPV1 antagonist AMG (1.045 + 0.05; p < 0.0001; Figure 4C).
Together, these findings demonstrate that TRPV1 activation significantly enhances protrusion
complexity in U-2 OS cells—a hallmark of migratory and adhesive phenotypes—while SAOS-2 cells
remain morphologically unresponsive. This highlights a cell line-specific role for TRPV1 in
regulating morphological plasticity at the nanoscale level.

As previously noted, the use of silicone substrates limited direct high-resolution visualization of
cellular protrusions. To address this, we employed complementary indirect approaches to assess
whether mechanical activation of TRPV1 induces cytoskeletal structures similar to those observed
following capsaicin stimulation. Given our earlier findings of enhanced adhesion and motility under
both conditions, we hypothesized that lamellipodia-like protrusions—key drivers of these
behaviors —might be involved.

To test this, we stained filamentous actin (F-actin) with phalloidin and performed
immunofluorescence imaging (Figure 4D). Both mechanically stretched and capsaicin-treated U-2 OS
cells exhibited accumulation of peripheral F-actin, consistent with lamellipodia formation. Although
these observations are qualitative, the effect was clearly abolished by co-treatment with AMG (Figure
4D), suggesting that TRPV1 activation—whether mechanical or chemical—drives cytoskeletal
remodeling at the leading edge.

To further support these findings, we conducted a functional assay to evaluate whether TRPV1-
induced protrusions contribute not only to adhesion formation but also to the stability of adhesive
interactions. Specifically, we performed a cell detachment assay to measure resistance to shear-
induced dissociation. In U-2 OS cells, mechanical stimulation led to an approximately 65% reduction
in cell detachment compared to static conditions (p < 0.001; Figure 4E). A similar effect was observed
following chemical activation of TRPV1 with 50 nM capsaicin, which resulted in a ~50% decrease in
detachment relative to untreated controls (p <0.01; Figure 4E). Notably, both effects were completely
abolished by co-treatment with the antagonist AMG, further supporting the role of TRPV1 signaling
in enhancing the stability of adhesive interactions (Figure 4E).
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Figure 4. TRPV1 activation modulates OS cell peripheral ultrastructure altering cell adhesive properties. (A)
Image represent topographic AFM scans of OS cell acquired on rigid glass substrates. Purple and green
highlights indicate the cell regions AFM-analyzed for peripheral roughness and protrusion complexity,
respectively. (B) Bar plots show the quantitative comparison of peripheral roughness in U-2 OS and SAOS-2 cells
treated with 50 nM capsaicin on rigid glass substrates. (C) Fractal dimension (FD) analysis of cell edge
complexity, based on high-resolution AFM images of OS cells, treated with 50mM with or without co-treatment
with 560 nM AMG9810. (D) Immunofluorescence staining of filamentous actin (phalloidin) in U-2 OS cells
subjected to mechanical or chemical activation of TRPV1, with or without co-treatment with AMG9810. Images
acquired at 100X magnification. Scale bar = 25 um. (E) Effect of TRPV1 activation—either mechanical or
chemical —on cell detachment, assessed with or without co-treatment with AMG9810. All experiments were
performed in triplicate, with at least eight biological replicates per condition. Statistical significance was
determined using Student’s t-test. Significance levels are indicated as follows: p <0.05 (*), p<0.01 (**), p<0.001
(**), p<0.0001 (****).

2.5. TRPV1 Activation Mediates Nuclear Localization of Src and Triggers Histone 3 Acetylation

Given our previous findings that the Src-H3 acetylation axis plays a critical role in tumor cell
mechanosignaling—serving as a key transduction pathway in response to 1 Hz mechanical
stimulation of OS cells [42] —we hypothesized that TRPV1 activation might be a component of this
signaling cascade. To investigate this, we used Western blot analysis to assess whether the AMG
inhibitor could abrogate the mechanically induced changes in SRC and acetylated histone H3 (acH3)
protein levels.

We compared protein expression in stretched OS cells treated with or without AMG to further
dissect the role of TRPV1 in mechanotransduction. Remarkably, inhibition of TRPV1 alone was
sufficient to replicate the broad inhibitory effects observed with GsMTx4, a general MS channel
blocker [42]. Consistent with prior results, the two OS cell lines (U-2 OS and SAOS-2) displayed
opposing responses to mechanical stimulation while Src-H3 acetylation axis. Western blot analysis
revealed that AMG treatment abolished the mechanically induced changes in Src expression in both
models (Figure 5A). Specifically, AMG reversed the 2-fold upregulation of Src in U-2 OS cells (p <
0.001) and neutralized the 0.5-fold increase in SAOS-2 cells (p < 0.01), confirming a cell line-specific
role for TRPV1 in Src modulation.

To further validate TRPV1’s role in regulating downstream epigenetic modifications, we next
assessed levels of acetylated histone 3 levels. As shown in Figure 5B, AMG treatment fully reversed
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the stretch-induced elevation in acH3 levels, restoring them to baseline in both cell lines (p < 0.0001
for U-2 OS; p < 0.01 for SAOS-2). Together, these findings confirm that TRPV1 activity is essential for
the mechanical regulation of the Src—acH3 signaling axis in OS cells, exerting opposing regulatory
effects in the two OS cell lines —upregulating the Src—acH3 axis in U-2 OS cells while downregulating
it in SAQOS-2 cells.

Next, to determine whether pharmacological modulation of TRPV1 could directly regulate the
mechanosensitive Src-acH3 axis independently of mechanical stimulation, we examined the effects
of TRPV1 activation and inhibition in OS cells under static conditions (i.e., without 1 Hz stimulation).
Cells were treated with capsaicin alone or in combination with AMG, and protein levels were
analyzed by Western blot.

Quantitative analysis revealed that pharmacological activation or inhibition of TRPV1 was
sufficient to modulate the Src—acH3 axis in both OS cell lines, even in the absence of mechanical input.
Specifically, TRPV1 activation by capsaicin resulted in a significant ~30% increase in Src protein levels
in U-2 OS cells (Figure 5C, p < 0.001), following a trend similar to that observed with mechanical
stimulation (Figure 5A). Consistent with these findings, densitometric analysis of chemically induced
acH3 levels (Figure 5D) revealed patterns that mirrored those observed under mechanical stimulation
(Figure 5B) in both OS cell lines. In U-2 OS cells, capsaicin treatment alone led to a 2.5-fold increase
in acetylated histone H3 levels (Figure 5D, p <0.01), which was notably greater than the increase
observed under mechanical stimulation (Figure 5B). In contrast, in SAOS-2 cells, TRPV1 activation—
whether mechanical or chemical —resulted in a comparable 1.5-fold decrease in acH3 levels (Figures
5B and 5D).

Importantly, these divergent effects were significantly attenuated by co-treatment with the
TRPV1 antagonist AMG, supporting the specificity of TRPV1 involvement. In U-2 OS cells, AMG co-
treatment significantly reduced both Src and acH3 responses (p <0.01), while in SAOS-2 cells, the
capsaicin-induced changes were significant only for in acH3 (p <0.05) (Figure 5A-C).

Although the overall patterns closely paralleled those observed with mechanical modulation of
the Src-acH3 axis, the magnitude of Src changes induced by pharmacological activation was
generally less pronunced. Given that Src nuclear localization —dynamically regulated by mechanical
cues —has been proposed as prognostic marker of OS malignancy [35,36,45] , we hypothesized that
Src kinase may exert distinct regulatory effects on this shared signaling axis, depending on its
subcellular localization and the specific cellular context.

To test whether TRPV1 activity influences the subcellular localization of Src, we performed
immunofluorescence staining in both U-2 OS and SAOS-2 cells under conditions of TRPV1
activation—either mechanical or chemical—as well as pharmacological inhibition (supplementary
figure S1). Nuclear Src levels were quantified using the Cell Profiler pipeline, as outlined in
Supplementary Table S1. Comparative analysis of corrected total cell fluorescence (CTCF) revealed
that mechanical activation of TRPV1 significantly increased nuclear localization of Src in U-2 OS cells
by nearly twofold (p < 0.0001), whereas mechanically stretched SAOS-2 cells showed a significant 1,4-
fold reduction in nuclear Src levels (p < 0.01; Figure 5E). Importantly, these changes were reversed
by AMG antagonist, with nuclear Src localization returning to baseline in both U-2 OS (p > 0.0001)
and SAOS-2 cells (p < 0.05) (Figure 5E).

Figure 5F demonstrates that chemical activation of TRPV1 reproduces the same Src nuclear
relocalization trend observed with mechanical regulation (Figure 5E), even in the absence of any
mechanical stretch. The induced changes were modest in the U-2 OS model, but more pronounced in
SAQOS-2 cells. In capsaicin-treated U-2 OS cells, Src nuclear localization increase by approximately
1.3-fold (p < 0.001), while in SAOS-2 cells, capsaicin induced a clear redistribution of Src away from
the nucleus decreasing nuclear localization by approximately 2.3-fold (p < 0.0001). Again, co-
treatment with AMG reversed these effects, restoring Src localization in both U-2 OS (p < 0.05) and
SAQOS-2 cells (p < 0.0001) (Figure 5F).

Under basal physiological conditions, inactive Src typically resides in the cytoplasm or
perinuclear region, as reported in both cancerous and non-cancerous cells [36,47] . To determine
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whether TRPV1-mediated Src nuclear localization is specific to malignant cells, we performed the
same CTCF analysis in non-malignant hFOB osteoblasts treated with either 1 Hz cyclic stretch or 50
nM capsaicin (Supplementary Table S1).

In hFOB non-malignant (healthy) model, neither mechanical nor chemical activation of TRPV1
induced detectable nuclear translocation of Src compared to untreated controls (Figure 5G and 5H).
Western blot analysis further confirmed that total Src protein levels remained unchanged following
either form of stimulation (Figure 5G and 5H), reinforcing the notion that TRPVI1-mediated
modulation of Src is specific to the osteosarcoma context. Notably, in hFOB cells, Src remained
excluded from the nucleus and was not influenced by either mechanical or chemical TRPV1 activation
(Figure 5G and 5H). Notably, and in line with previous findings [43,45], Src was consistently excluded
from the nucleus in hFOB cells and remained unaffected by TRPV1 activation, regardless of the
applied stimulus (Figure 5 E-F). Given Src integration within the cell’s tensegrity-based mechanical
architecture [5], it is plausible that mechanical stretch could trigger Src’s subcellular relocalization via
cytoskeletal force transmission.

Collectively, these findings underscore TRPV1’s role as a multimodal sensor that, even in the
absence of mechanical input, acts as a molecular switch to engage the Src—acH3 signaling axis. TRPV1
activation appears central to fine-tuning epigenetic regulation by modulating Src subcellular
localization, thereby contributing to the phenotypic divergence observed between osteosarcoma
subtypes. This cell type-specific mechanism may reflect a broader paradigm in which
mechanosensitive channels integrate both mechanical and chemical cues to regulate gene expression
in cancer cells. A schematic of the proposed molecular mechanism is illustrated in Figure 6.
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Figure 5. TRPV1 activation modulates expression and nuclear localization Src in OS cells. (A, B, C and D)
Representative Western blot images and their respective densitometric analyses of cell extract from U-2 OS or
SAOS-2. (A and C) Western blot showing SRC (60kDa) and GAPDH (37 kDa) protein levels following
mechanical stretch or 50nM capsaicin treatment, with or without co-treatment with 560nM AMG9810
respectively. (B and D) Western blot bands displaying the protein levels of acetylated histone 3 (acH3, 17 kDa)
and Histone 3 (H3 17 kDa) in acidic histone extracts from the same conditions as above. (E and F) Representative
immunofluorescence images of nuclei (Hoechst), Src protein, and merged channels in OS cells subjected to
mechanical stretch or capsaicin treatment, with or without co-treatment with AMG9810. Quantitative analysis
of Src nuclear levels was performed using corrected total cell fluorescence (CTCF), and results are reported as
bar plots (mean +SD). (G and H) Western blot and CTCF analysis of Src in hFOB cells under mechanical stretch
or capsaicin treatment. Densitometric analysis of the Western blot bands was performed using Image] 1.52
software and quantified in arbitrary units. CellProfiler 4.2.8 was used to identify nuclear SRC fluorescence
intensity and area values (supplementary table S1). Data represent three biological replicates, with a minimum

of 45 cells analyzed per condition. Error bars represent the standard error of the mean (SEM). Statistical analysis
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was conducted on at least three biological replicates. Statistical significance was determined using an unpaired
t-test, with results shown as mean + SD; p <0.05 (*), p<0.01 (**), p <0.001 (***), p<0.0001 (****).
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TRPV1 as a Molecular Switch of the Src-acH3 Signaling Axis in Osteosarcoma

Figure 6. Graphical representation of the proposed mechanism by which TRPV1 regulates the Src-acH3
mechanosignaling axis in osteosarcoma cells. TRPV1 appears to play a central role in modulating histone3
acetylation by influencing the subcellular localization of Src, thereby contributing to the phenotypic divergence
observed between osteosarcoma subtypes. In the SAOS-2 cell model (left), TRPV1 activation downregulates the
Src-acH3 axis, resulting in reduced nuclear Src levels. In contrast, in the U-2 OS model (right), TRPV1 activation

upregulates the axis by promoting nuclear translocation of Src.

3. Discussion

Osteosarcoma, the most common primary malignant bone tumor, posed a formidable clinical
challenge due to its profound heterogeneity, complex microenvironment, and resistance to
conventional therapies [59,60]. Despite decades of combined surgical and chemotherapeutic
strategies, survival rates plateaued, and the presence of metastatic disease at diagnosis continued to
confer poor prognosis [61,62]. While significant progress had been made in delineating molecular
subtypes and identifying therapeutic targets through genomic profiling and molecular classification
[63,64], the biomechanical properties of the osteosarcoma cells remained underexplored.

Growing evidence suggested that mechanical cues—such as matrix stiffness, cellular adhesion
forces, and extracellular vesicle-mediated mechanotransduction—played a critical role in tumor
progression, invasion, and therapeutic resistance [59]. Understanding how osteosarcoma cells
perceive and respond to mechanical stimuli was expected to uncover novel vulnerabilities, thereby
complementing existing molecular and immunological treatment strategies [62,65].

Given that alterations in cellular mechanoproperties have been linked to changes in
morphology, migration, adhesion dynamics, proliferation, and alignment [66,67] , we employed
uniaxial cyclic stretching to investigate how osteosarcoma cells reprogram normal mechanosensing
pathways to support aggressive behavior. When cyclic stretch is applied uniaxially —that is, along a
single axis—cells undergo strain aligned with the direction of force. Their adaptive responses are
highly cell type-specific: while some cells align with the direction of stretch, others reorient
perpendicularly to minimize mechanical stress. A well-documented response to cyclic stretch in
many adherent cell types was the reorientation of the actin cytoskeleton and cellular long axis nearly
perpendicular to the direction of stretch, a process shown to be Src-dependent [68].
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In our previous study, we observed that SAOS-2 cells failed to reorient within 24 hours of cyclic
stretch exposure, maintaining their original alignment [32]. By contrast, others reported that U-2 OS
cells reoriented perpendicularly, reorganizing their cytoskeleton to escape sustained strain [39]. In
line with these findings, the present study demonstrates that U-2 OS cells exhibit a remarkable
capacity for reorientation, responding even to mild cyclic stretch (0.5% elongation). Moreover, in line
with date reported in literature [69-71], present study indicated that this reorientation depended on
proper TRPV1 activation and was indirectly reliant on actin filament remodeling and calcium-
dependent signaling, as evidenced by the effects of AMG 9810, cytochalasin D, and indomethacin
treatments.

TRPV1, also known as the capsaicin receptor, thermal receptor, or pain receptor, is a non-
selective cation channel that shares features with many MS channels. It has been distinguished by its
role as a true multisensor, capable of responding to a broad spectrum of endogenous stimuli—
including mechanical forces, heat, low pH, lipid metabolites, and inflammatory mediators [72].
Although initially characterized in the context of pain perception and inflammation [73], TRPV1
had increasingly been implicated in cancer cell adaptation to mechanical and oxidative stress [25].
Mechanical activation of TRPV1 was shown to trigger downstream signaling cascades that regulate
key oncogenic processes such as proliferation, migration, invasion, and therapy resistance [18-22].

In this study, we demonstrated that TRPV1—reported to be comparably expressed across the
two OS cell lines in the Human Protein Atlas database of cancer cells
(https://www.proteinatlas.org) —functions as a central node in the mechanotransduction machinery
of OS cells, while showing no apparent role in mechanoregulation in healthy hFOB osteoblasts, for
which no comparable expression data are available. Specifically, TRPV1 activity played a prominent
role in regulating both morphological adaptation and drug responsiveness under mechanical
stimulation in OS cells. In the present study, we found that our experimental conditions successfully
chemically mimicked the TRPV1-mediated responses typically induced by mechanical stretch.
Capsaicin, a well-studied nutraceutical compound [49-52], and its selective TRPV1 antagonist
AMGI810, extensively used in preclinical models of pain, inflammation and cancer [25,74], were
both effective in modulating TRPV1 activity in OS cells while sparing healthy hFOB osteoblasts.

By treating cells with nanomolar concentrations of capsaicin (50 nM), we chemically activated
TRPV1 while avoiding the off-target effects and cytotoxicity often observed at micromolar levels [53—
55]. In parallel, AMG9810 at 560 nM, preincubated to outcompete the agonist, effectively antagonized
TRPV1 under the same conditions. This study demonstrated that chemical and mechanical activation
of TRPV1 elicited similar phenotypic responses in OS cell models. Interestingly, both compounds
effectively modulated TRPV1-dependent pathways in U-2 OS and SAOS-2 cells, while sparing hFOB
cells, underscoring their selectivity and highlighting the therapeutic potential of targeting TRPV1 in
OS without compromising normal bone cell integrity.

This study demonstrated that both chemical and mechanical activation of TRPV1 induced
comparable responses in the OS models tested, notably increasing nuclear dimensions and migration
rate. Interestingly, our results showed that TRPV1 activation elicited divergent effects on the nuclear-
to-cytoplasmic (N/C) ratio and adhesion dynamics in SAOS-2 and U-2 OS cells—two features
previously associated with metastatic potential [75,76].

Ultrastructural analysis using AFM microscopy, complemented by fractal dimension analysis—
a powerful quantitative method previously employed to distinguish between healthy and cancerous
cervical epithelial cells [57], and to evaluate the effects of actin polymerization inhibitors on cell
boundary roughness in human epithelial cells [58] revealed distinct differences in surface complexity
and peripheral architecture between the two OS subtypes. Supporting these findings,
immunofluorescence microscopy and detachment assays demonstrated that TRPV1 activation in U-
2 OS cells promoted the formation of lamellipodia-like, actin-rich protrusions and enhanced initial
adhesion, features associated with increased adhesion plasticity. In contrast, SAOS-2 cells exhibited
minimal morphological remodeling, highlighting subtype-specific differences in mechanosensitivity,
likely reflecting underlying intrinsic molecular variations [77].
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At the molecular level, our data demonstrated that the Src-histone H3 acetylation (acH3)
mechanosignaling axis, previously identified by our group and others as a key mediator of cellular
mechanosensation [44], was tightly regulated by TRPV1 activation —regardless the activation method
(mechanical or chemical).

Histone H3 acetylation and Src expression are known to regulate gene expression, cell signaling,
and cancer progression [78], while aberrant acetylation and elevated Src levels are associated with
enhanced tumorigenicity [79,80] . Notably, we found that TRPV1 functions as a molecular switch,
exhibiting subtype-specific modulation: it upregulates the Src-acH3 axis in U-2 OS cells, whereas it
downregulates the same pathway in SAOS-2 cells.

Notably, we found that TRPV1 acted as a molecular switch, upregulating the Src-acH3 axis in
U-2 OS cells, while downregulating it in SAOS-2 cells. Given that Src interacts with lamin A/C [45] a
key structural protein of the nuclear envelope [35,81], and has been previously detected in the nucleus
of OS cells [35,36], our findings suggest that TRPV1 modulated Src subcellular localization in a
subtype-dependent manner. Specifically, TRPV1 activation either promoted nuclear translocation or
induced cytoplasmic extrusion of Src, with minimal impact on hFOB cells. This subtype-specific
spatial regulation of Src supports the hypothesis that TRPV1 fine-tunes epigenetic and transcriptional
responses through localization-dependent control of Src, thereby contributing to the to the
mechanobiological heterogeneity across OS subtypes.

4. Materials and Methods
4.1. Cell Culture and Chemical Materials

Osteosarcoma cell lines Human SAOS-2 (HTB-85), U-2 OS (HTB-96) and human fetal osteoblast
cell line hFOB (CRL-3602) were purchased from the American Type Culture Collection (Rockville,
MD, USA). The osteosarcoma cells were cultured in Dulbecco’s Modified Eagle’s Medium (4.5 g/L
glucose) (DMEM), while 1.19 hFOB were cultured in Ham’s F-12 Nutrient Mixture (F-12) medium
(1:1) (Gibco, Life Technologies, Carlsbad, CA, USA). They were both supplemented with 10 % fetal
bovine serum (FBS) (Euroclone s.p.a., Milano, Italy), Penicillin-Streptomycin Solution 100X (Gibco,
Life Technologies, Carlsbad, CA, USA), and Amphotericin B 100X (Biowest, Riverside, MO, USA)
within cell culture flasks at 37 °C in an atmosphere of 5 % CO2. Rat type I collagen (Enzo Life Sciences,
Farmingdale, NY, USA) was used for coating cell plates. The culture medium was changed twice a
week, during which non-adherent cells were discarded.

4.2. Mechanical Stretch Application

Cells were cultured on deformable silicone plates (CellScale Biomaterials Testing) and subjected
to cyclic uniaxial stretch (0.5% elongation, 4830 pie) along the x-axis using the MechanoCulture FX
device at 1 Hz for 24 hours, following a 1-hour stretch/3-hour rest cycle as previously described
[32,42]. Two plates were prepared per experiment: one stretched and one static control. Stretching
was also performed in the presence of specific ion channel blockers. Analyses were conducted
immediately post-stimulation either on-plate or on harvested cells; lasting effects were assessed on
reseeded cells on glass (Supplementary Figure S1). Fluorescence and spectrometry measurements on
plates were performed using a custom tray for optimal positioning on a TECAN Spark microplate
reader [32].

4.3. Chemical Activation and Inhibition of MS Channels Through Soluble Compounds

To assess whether chemical activation could replicate the effects of stretch stimulation of MS ion
channel. Each osteosarcoma cell line was seeded on collagen precoated conventional tissue culture
supports and then incubated under conventional culturing conditions with either 50 nM Capsaicin,
a selective agonist of TRPV1 channel (Y0000671, Sigma-Aldrich Chemical Co., St. Louis, MO, USA)
and 50 nM ASP7663, selective activator of the TRPA1 channel (SML1467, Sigma-Aldrich Chemical
Co., St. Louis, MO, USA) for 24 hours. Cells were seeded at different densities according to the assay:

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.1007.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 August 2025 d0i:10.20944/preprints202508.1007.v1

18 of 28

density of 1,5 x 10% cells per well in 24-well plates for confocal and fluorescence microscopy, 400 cells
per well in 96-well plates for Adhesion Assay, 1.5 x 104 cells per well in 96-well plates for Wound
healing Assay and 220 cells/mm? cells per well in 96-well plates for Cytotoxicity assay. Cotreatment
experiments were conducted by repeating all procedures following a 30-minute preincubation with
560 nM AMG9810 (AMG), a selective and competitive TRPV1 antagonist (56934, Selleck Chemicals,
Houston, USA), in both U-2 OS and SAOS-2 cell lines. AMG9810, a potent aryl cinnamide-class
inhibitor (ICs in the low nanomolar range;[74]), was used at 560 nM —approximately 10 times higher
than the capsaicin dose—to ensure sustained and effective blockade of both chemical and mechanical
TRPV1 activation.

4.4. Cell Count and Protein Extraction and Quantification

Immediately after treatment, both TRPV1-activated and control cells were trypsinized and
counted using two automated, chip-based systems: the TECAN Spark multimode reader (Tecan
Group, Switzerland) and the NucleoCounter® NC-200® automated cell counter, employing the Vial-
Cassette™ cell sampling and staining cartridge (ChemoMetec A/S, Allered, Denmark). Following
counting, cells were centrifuged and washed with PBS. Histones were isolated from the pellet via
acid extraction as described by us [42]: pellets were incubated overnight in 0.2 N HCI at 4°C,
centrifuged, and the supernatant neutralized with 2 M NaOH. Protein concentrations were measured
by Bradford assay and DC Protein Assay (BioRad) using BSA standards, with absorbance read at 595
nm on the TECAN Spark.

4.5. Cell Viability Assay and Cytotoxicity Assay

To determine drug efficacy, the effect of mechanical or chemical pre-treatment on doxorubicin-
or cisplatin-induced cytotoxicity was assessed using an MTT assay (Merk Life Science, Milano, Italy)
as described previously [42,56] (Supplementary Figure S1). Cells were seeded on silicone plates at a
density of 220 cells/mm?, allowed to adhere, and then stretched cyclically for 24 hours in the presence
or absence of 560nM AMGY9810. For the assays conducted on conventional supports, cells were
seeded at the same density on 96-well plates, allowed to adhere, and then pretreated with 50 nM
Capsaicin for 24 hours. They were then treated for 24 h with serum-free medium containing
doxorubicin (0-20 uM) or cisplatin (0-60 pM). After treatment, 20 uL of MTT solution (5 mg/mL in
PBS with Ca?* and Mg?*) was added to each well and incubated at 37°C with 5% CO, for 2 h. Formazan
crystals were dissolved by adding 100 pL of extraction buffer (5% SDS in N,N-dimethylformamide),
followed by another 2 h incubation under the same conditions. Absorbance was measured at 570 nm
using a Tecan Infinite®200 PRO reader. Cell viability was calculated as the ratio of absorbance in
treated wells to control (untreated) wells. Experiments included three biological replicates with at
least three technical replicates per condition.

4.6. Confocal Microscopy

Confocal images were acquired from cells seeded at a density of 110 cells/mm? on rat type I
collagen-coated (50 pg/mL) silicone plates or conventional glass coverslips, as previously described
[32]. Following mechanical or chemical stimulation, cells were fixed in 4% paraformaldehyde for 20
minutes at room temperature, then rinsed with ultrapure water.

Imaging was performed using an Olympus LEXT OLS 4000 confocal microscope equipped with
a 405 nm laser and x20 (NA 0.60) or x50 (NA 0.95) objectives. Images were captured over areas of
648 x 648 pm or 258 x 258 um, respectively, at a resolution of 4096 x 4096 pixels (~0.025 pm/pixel). All
images were exported as TIFF files for subsequent analysis.

4.7. Immunofluorescence Microscopy

After mechanical or biochemical activation of the TRPV1 channel—with or without the
antagonist AMG9810—cells were washed with PBS and fixed with 4% paraformaldehyde for 20
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minutes at room temperature. Following an additional PBS wash, cells were permeabilized with 0.1%
Triton X-100 in PBS for 15 minutes, then blocked with 10% donkey serum in PBS for 1 hour at room
temperature. Samples were subsequently incubated overnight at 4 °C with the following primary
antibodies, diluted in 0.1% BSA in PBS:

e SRC: (1:100, #sc-32789, Santa Cruz Biotechnology, TX, USA)

e [-Tubulin: (1:100, #GTX101279, GeneText Irvine, CA, USA)

The next day, glass coverslips and silicone wells were washed with PBS and incubated for 1 hour
at room temperature with Hoechst 33342 (1:600, #33342, Sigma-Aldrich, St. Louis, MO, USA), along
with the appropriate secondary antibodies diluted in 0.1% BSA in PBS:

o Alexa Fluor 488-conjugated anti-rabbit IgG (1:400, #A21206, Thermo Fisher Scientific, MA, USA)
e Alexa Fluor 568-conjugated anti-mouse IgG (1:400, #A10037, Thermo Fisher Scientific, MA, USA)

To visualize peripheral actin structures in U-2 OS cells, samples were also stained with
Phalloidin—iFluor 488 (1:1000, #ab176753, Abcam, MA, USA).

After final washes in PBS, samples were mounted using ProLong™ Gold Antifade Mountant
(Thermo Fisher Scientific, MA, USA). Fluorescence imaging was performed using a Zeiss Axioplan 2
microscope at 20x, 40x, and 100x magnifications.

4.8. Microscopy Image Analyses

Confocal and immunofluorescence images were analyzed using Image] software (NIH, USA) to
quantitatively compare morphological differences between control and treated samples
(Supplementary Figure S1). Nuclear size was measured from Hoechst-stained immunofluorescence
images, following the protocol described by us [42]. Images were binarized, and the Fit Ellipse
function in Image] was used to determine the minimum enclosing ellipse for each nucleus. At least
30 cells per condition were analyzed across three biological replicates.

For nuclear-to-cytoplasmic (N/C) ratio analysis, confocal images were used. The total cell area
was manually outlined using the freehand selection tool, and the nuclear area was determined via
elliptical selection. Measurements were conducted on at least 27 cells per condition across three
biological replicates.

4.9. Cell Re Orienteering Along x Stretching Axis

To investigate the effect of uniaxial cyclic stretch on cell reorientation across different cell types,
we subjected cells to mechanical strain at 1 Hz for 24 hours. Three cell types were analyzed: SAOS-2,
U-2 OS, and hFOB. Cell nuclei were fluorescently stained, and their orientation was quantified using
an ellipse-fitting method (supplementary figure S2).

The orientation angle (¢) was defined as the angle between the major axis of each fitted ellipse
and the direction of uniaxial stretch (i.e., the x-axis). These angles were then transformed into the
orientation parameter cos(2¢q), which enabled classification of nuclear alignment. Perpendicular
orientation was defined within the range -1 < cos(2¢) < -0.5, and parallel orientation within 0.5 <
cos(2¢) < 1 supplementary figure S2.

To evaluate the involvement of TRPV1 mechanosensitive ion channels, U-2 OS cells were co-
treated with the specific TRPV1 antagonist AMG9810 during stretch stimulation. Additionally, to
investigate the cytoskeletal structure involved in nuclear reorientation process, U-2 OS cells were
treated with either 1 pM cytochalasin D (to disrupt actin polymerization) or 1 uM indomethacin (to
interfere with calcium mobilization and focal adhesion formation).

4.10. Adhesion Assay

Cell adhesion following mechanical or biochemical activation of the TRPV1 channel was
assessed as previously described ([32]; Supplementary Figure S1). Pre-treated cells, with or without
co-treatment with 560 nM AMG9810, were trypsinized, counted, and seeded into 96-well plates pre-
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coated with rat type I collagen at a density of 400 cells/well in DMEM high glucose/Ham’s F-12 (1:1)
medium.

After 24 hours of incubation at 37 °C under standard culture conditions, wells were gently
washed and stained with 0.5% crystal violet in 20% methanol (Sigma-Aldrich, St. Louis, MO, USA)
for 10 minutes. Excess dye was removed through thorough washing with water.

Adherent cells were imaged using an Olympus CKX53 inverted microscope equipped with an
EP50 digital camera. Adhesion was quantified by counting stained cells in 10 randomly selected fields
per well at 4x magnification using Image] software (NIH, USA). Data represent the mean of three
independent experiments, each performed with six technical replicates per condition

4.11. Detachment Assay

The detachment assay was performed as described in [82]. Briefly, SAOS-2 or U-2 OS cells were
seeded and treated as outlined in the adhesion assay. After 24 hours of incubation, initial images
were captured. To induce detachment, the plates were incubated for 1 hour at 37 °C with vigorous
shaking (240 rpm). The remaining attached cells were then stained with crystal violet as described
above, and final images were taken. Detachment was quantified as the percentage of remaining
attached cells relative to the initial cell number.

4.12. Western Blotting Analysis

Following mechanical stimulation, treated cells and their counterparts were trypsinized,
pelleted, and their protein content were quantified as described above (Supplementary Figure S1).
Total protein extracts (15-30 pg/lane) or histone acid extracts (1-3 pg/lane) were resolved on 4-20 %
Mini-PROTEAN® TGX™ precast gels (BioRad, Hercules, CA, USA) as described in [42]. Proteins
were transferred onto PVDF membranes (Amersham, UK), blocked at room temperature with either
5 % non-fat milk for 2 hours or EveryBlot Blocking Buffer (BioRad)for 5 minutes, washed and then
and incubated with primary and HRP-conjugated secondary antibodies. Blots were developed using
an Enhanced Chemiluminescence (ECL) system (Amersham, UK). The following primary antibodies
were used:

e GAPDH (1:10,000, GTX100118, GeneTex)

e Src (1:500, #2108, Cell Signaling Technology)

e Histone H3 (1:2000, ab1791, Abcam)

e Acetyl-Histone H3 (Lys9/Lys14) (1:500, #9677, CST)

Band intensities were quantified in Image] (NIH, Bethesda, MD, USA) and expressed in arbitrary
units (AU). Data were analyzed using GraphPad Prism 9 (version 9.0.0), based on three independent
experiments.

4.13. Wound Healing Assay (Scratch Assay)

Chemically or mechanically activated cells (with or without mechanosensitive channel inhibitor)
were compared for their migrative capacity as previously described [42]. Pretreated cells and their
counterparts were seeded into collagen-pre-coated 96-well plates at 1 x 104 cells/well (Supplementary
Figure S1). After 24 h of incubation at 37 °C with 5 % CO,, confluent monolayers were scratched using
a 10 pL pipette tip, and wells were rinsed with PBS to remove detached cells, as previously described.
Cells were then cultured in serum-free DMEM, with or without 560nM AMG9810 and incubated for
another 24 h.

Scratch closure was imaged at 0 h and 24 h using an Olympus CKX53 microscope with an EP50
digital camera. Wound closure percentage (WC%) and relative wound density (RWD) were
quantified using Image] (NIH, USA) and a Spark multi-mode plate reader (Tecan Group Ltd.,
Mannedorf, Switzerland), respectively. Statistical analysis was performed on three independent
experiments with at least four technical replicates per condition.

4.14. Atomic Force Microscopy Analysis
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AFM measurements were performed using a custom-built atomic force microscope operating in
the repulsive regime of contact mode under ambient conditions and room temperature, as previously
described [32]. Briefly, imaging was carried out using Bruker silicon nitride MSNL-10 cantilevers.
Constant-force topographic images were acquired with an applied force of approximately 1 nN, at a
typical scan rate of 2—4 seconds per line, and with a spatial resolution of 10 nm per pixel.

Post-acquisition data processing —including contrast enhancement, edge mask extraction, and
box-counting analysis—was performed using Gwyddion software (open-source platform for SPM
data analysis) and custom scripts developed in Python.

4.15. AFM-Based Quantification of Cell Edge Architecture Complexity

Fractal dimension (FD) analysis offers a robust quantitative approach for assessing surface
complexity in biological systems. In this study, we applied the box-counting method for FD analysis,
a well-established technique for quantifying the irregularity of self-similar structures such as cell
boundaries (see Supplementary Materials, Formula 1, supplementary Figure S6).

Unlike standard Euclidean metrics, which are suited for simple geometric shapes (e.g., lines or
smooth curves), FD analysis is particularly effective in capturing the complexity of biologically
relevant, irregular architectures. This method has previously been used to differentiate between
healthy and cancerous cervical epithelial cells based on atomic force microscopy (AFM) surface scans
[57], and to evaluate boundary roughness following actin polymerization inhibition in human
epithelial cells [58].

In the present work, FD analysis was applied to AFM images of U-2 OS and SAOS-2 cells. Each
scan was initially processed by cropping to isolate the individual cell outline, followed by contrast
enhancement to improve the accuracy of edge detection (Supplementary Figure S6A, B). A one-pixel-
wide binary edge mask was then generated to represent the cell perimeter (Supplementary Figure S6
C), enabling precise quantification of edge complexity using the box-counting approach.

Notably, high-resolution AFM imaging allowed clear visualization of lamellipodia-like
protrusions approximately 100 nm in width (Figure S6D), underscoring AFM’s capability to resolve
sub-diffraction limit features that are typically undetectable with conventional light microscopy.

Fractal dimension values were computed from the extracted edge masks using the box-counting
method, as illustrated in Figure S6 E. This approach enabled quantitative comparison of cell edge
complexity across different treatment conditions, providing insights into cytoskeletal dynamics and
morphological responses

4.16. Automated Analysis of Nuclear c-Src Fluorescence

Fluorescence images were analyzed using CellProfiler (v4.2.8; Cimini Lab, Broad Institute)
through an automated pipeline adapted from Image]J-based workflows, as described [83] in The Open
Lab Book [84]. Six datasets were processed, each comprising three experimental conditions (including
two hFOB Ctrl-Cap conditions). For each condition, a minimum of seven paired images (nucleus and
c-Src channels) were analyzed. The same pipeline was applied across all datasets, with minor
adjustments made to optimize object detection when needed.

The CellProfiler pipeline files used in this study will be made available at
https://cellprofiler.org/publishedpipelines upon publication. Details about the pipeline modules,

including specific parameters, thresholding settings, and segmentation algorithms, are provided in
the Supplementary Materials and Methods section (Supplementary Table S1)

Images were preprocessed to correct background noise, followed by segmentation of nuclei and
c-Src regions. A peripheral region was also generated around each cell to quantify background
fluorescence. Nuclear morphology metrics and fluorescence intensity data were extracted from raw
images.

To assess nuclear c-Src levels, Corrected Total Cell Fluorescence (CTCF) was calculated using
the formula:

CTCF = Nuclear cSrc Integrated Density — (Background Mean Intensity X Nuclear Area)
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Where:
Nuclear cSrc Integrated Density = cSrc Mean Intensity X Nuclear Area
Raw data were exported to Microsoft Excel (Microsoft 365) for CTCF calculation and further
visualized and analyzed using GraphPad Prism (v10.4, San Diego, CA, USA).

4.17. Figure Creation

Schematic illustrations were designed using Microsoft PowerPoint, while GIMP, the GNU
Image Manipulation Program, was used for image editing and pot-processing. Biological
components, including cell membranes, ion channels and the nucleus, were retrieved from Bioicons
[85]. Icons representing cellular features such as edge architecture, height, migration, adhesion,
reorientation and “nuclear Src” were made using the open-source software Inkscape (version 1.3.2,
Inkscape Project). Other icons used were sourced from external providers: “Gears symbol” (noun-
gears-7119093) by Agus Hartanto, “Chili pepper” (noun-chili-pepper-7209702) by Cherry, “Pill”
(noun-pill-6867596) by KIS, all from The Noun Project [86].

4.18. Data Analysis

The results are presented as the mean +SEM. Statistical differences between means were
evaluated using a parametric t-test using in GraphPad Prism 9.01 software (San Diego, CA, USA).
Significance levels were indicated as follows: *p <0.05, * *p <0.01, ***p <0.001, and * ** *p < 0.0001.

5. Conclusions

Our study establishes TRPV1 as a central integrative hub that coordinates both mechanical and
chemical signals to regulate OS cell phenotype and drug sensitivity. We demonstrate that this dual
functionality is mediated by a novel TRPV1-Src-acH3 axis, which drives mechanotransduction and
influences chemosensitivity in a subtype-dependent manner. Crucially, these effects are subtype-
specific and absent in healthy osteoblasts, highlighting the potential for a targeted therapeutic
approach with minimal off-target effects.

This discovery extends our understanding of cancer biology by highlighting a broader principle:
mechanosensitive ion channels act as crucial transducers of environmental stimuli that influence not
only phenotypic plasticity but also therapeutic resistance. Consequently, targeting these
mechanosensing pathways, particularly those involving TRPV1, may offer new therapeutic
opportunities for aggressive and drug-resistant osteosarcomas. Future investigations are essential to
validate these findings in vivo and to explore how TRPV1-driven mechanotransduction interacts with
the tumor microenvironment, which could uncover new avenues for therapeutic intervention in OS.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Figure S1: Schematic Overview of the Experimental Design and Analytical
Workflow; Figure S2: Schematic representation of nuclear orientation analysis; Figure S3: Cisplatin cytotoxicity
in the presence or absence of capsaicin, AMG, individually or combination, in hFOB cells; Figure S4: Chemical
Activation of either TRPV1 or TRPA1 Channels hFOB Cells does not alters nuclear size; Figure S5: Atomic force
microscopy (AFM)-based analysis of U-2 OS and SAOS-2 cells after mechanical or chemical activation of TRPV1
channels; Figure S6: Fractal analysis procedure; Table S1: Semi-automated quantification of nuclear Src levels
using CellProfiler pipeline.
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Abbreviations

The following abbreviations are used in this manuscript:

Ac-H3 Acetyl-Histone

AFM Atomic Force Microscopy

AMG AMG9810

HC HC030031

ASP ASP7663

BSA Bovine Albumin Serum

c-SRC Proto-Oncogene Tyrosine-Protein Kinase

CTCF Corrected Total Cell Fluorescence

DMEM Dulbecco’s Modified Eagle’s Medium

F-12 Ham’s F-12 Nutrient Mixture

FD analysis Fractal Dimension analysis

GAPDH Human Glyceraldehyde 3-Phosphate Dehydrogenase

GsMTx-4 Grammostola Spatulata Mechanotoxin 4

hFOB Human Fetal Osteoblast Cell Line (hFOB1.19)

LE LE135

MAP Methotrexate + Doxorubicin + Cisplatin

MS Mechanosensitive

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

N/C Nuclear-to-Cytoplasmic

0s Osteosarcoma

PBS Phosphate-Buffered Saline

SDS Sodium Dodecyl Sulphate

TRPA1 Transient Receptor Potential Ankyrin 1

TRPV1 Transient Receptor Potential Vanilloid 1
References

1.  Chen, M.B,; Javanmardi, Y.; Shahreza, S.; Serwinski, B.; Aref, A.; Djordjevic, B.; Moeendarbary, E.
Mechanobiology in Oncology: Basic Concepts and Clinical Prospects. Front. Cell Dev. Biol. 2023, 11, 1239749,
doi:10.3389/fcell.2023.1239749.

2. Zhou, H; Wang, M.; Zhang, Y.; Su, Q.; Xie, Z.; Chen, X,; Yan, R,; Li, P.; Li, T.; Qin, X.; et al. Functions and
Clinical Significance of Mechanical Tumor Microenvironment: Cancer Cell Sensing, Mechanobiology and
Metastasis. Cancer Commun. Lond. Engl. 2022, 42, 374-400, doi:10.1002/cac2.12294.

3. Yu, W, Sharma, S.; Rao, E.; Rowat, A.C.; Gimzewski, ].K.;; Han, D.; Rao, J. Cancer Cell Mechanobiology: A
New Frontier for Cancer Research. J. Natl. Cancer Cent. 2022, 2, 10-17, d0i:10.1016/j.jncc.2021.11.007.

4. Zuela-Sopilniak, N.; Lammerding, J]. Can’t Handle the Stress? Mechanobiology and Disease. Trends Mol.
Med. 2022, 28, 710-725, d0i:10.1016/j.molmed.2022.05.010.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.1007.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 August 2025 d0i:10.20944/preprints202508.1007.v1

24 of 28

5. Ingber, D.E. Tensegrity II. How Structural Networks Influence Cellular Information Processing Networks.
J. Cell Sci. 2003, 116, 1397-1408, doi:10.1242/jcs.00360.

6.  Chuang, Y.-C.; Chen, C.-C. Force From Filaments: The Role of the Cytoskeleton and Extracellular Matrix in
the Gating of Mechanosensitive Channels. Front. Cell Dev. Biol. 2022, 10, 886048,
doi:10.3389/fcell.2022.886048.

7.  Martino, F.; Perestrelo, A.R.; Vinarsky, V.; Pagliari, S.; Forte, G. Cellular Mechanotransduction: From
Tension to Function. Front. Physiol. 2018, 9, 824, doi:10.3389/fphys.2018.00824.

8. Li, N,; Zhang, X, Zhou, ], Li, W, Shu, X; Wu, Y,; Long, M. Multiscale Biomechanics and
Mechanotransduction from Liver Fibrosis to Cancer. Adv. Drug Deliv. Rev. 2022, 188, 114448,
doi:10.1016/j.addr.2022.114448.

9. Cao, R; Tian, H.; Tian, Y.; Fu, X. A Hierarchical Mechanotransduction System: From Macro to Micro. Adv.
Sci. Weinh. Baden-Wurtt. Ger. 2024, 11, €2302327, doi:10.1002/advs.202302327.

10. Cascione, M.; De Matteis, V.; Mandriota, G.; Leporatti, S.; Rinaldi, R. Acute Cytotoxic Effects on
Morphology and Mechanical Behavior in MCF-7 Induced by TiO2NPs Exposure. Int. J. Mol. Sci. 2019, 20,
E3594, doi:10.3390/ijms20143594.

11. D’Anselmi, F.; Valerio, M.; Cucina, A.; Galli, L.; Proietti, S.; Dinicola, S.; Pasqualato, A.; Manetti, C.; Ricci,
G.; Giuliani, A.; et al. Metabolism and Cell Shape in Cancer: A Fractal Analysis. Int. ]. Biochem. Cell Biol.
2011, 43, 1052-1058, doi:10.1016/j.biocel.2010.05.002.

12. Luo, M,; Cai, G.; Ho, KK.Y.; Wen, K,; Tong, Z.; Deng, L.; Liu, A.P. Compression Enhances Invasive
Phenotype and Matrix Degradation of Breast Cancer Cells via Piezol Activation. BMC Mol. Cell Biol. 2022,
23,1, d0i:10.1186/s12860-021-00401-6.

13. Muff, R; Nigg, N.; Gruber, P.; Walters, D.; Born, W.; Fuchs, B. Altered Morphology, Nuclear Stability and
Adhesion of Highly Metastatic Derivatives of Osteoblast-like SAOS-2 Osteosarcoma Cells. Anticancer Res.
2007, 27, 3973-3979.

14. Tollis, S.; Rizzotto, A.; Pham, N.T.; Koivukoski, S.; Sivakumar, A.; Shave, S.; Wildenhain, J.; Zuleger, N.;
Keys, J.T.; Culley, J.; et al. Chemical Interrogation of Nuclear Size Identifies Compounds with Cancer Cell
Line-Specific Effects on Migration and Invasion. ACS Chem. Biol. 2022, 17, 680-700,
doi:10.1021/acschembio.2c00004.

15. Chen, C.S.; Mrksich, M.; Huang, S.; Whitesides, G.M.; Ingber, D.E. Geometric Control of Cell Life and Death.
Science 1997, 276, 1425-1428, doi:10.1126/science.276.5317.1425.

16. Muncie, ].M.; Weaver, V.M. The Physical and Biochemical Properties of the Extracellular Matrix Regulate
Cell Fate. Curr. Top. Dev. Biol. 2018, 130, 1-37, d0i:10.1016/bs.ctdb.2018.02.002.

17.  Sears, C.; Kaunas, R. The Many Ways Adherent Cells Respond to Applied Stretch. ]. Biomech. 2016, 49, 1347—
1354, d0i:10.1016/j.jbiomech.2015.10.014.

18. Bao, L.; Kong, H.; Ja, Y.; Wang, C.; Qin, L.; Sun, H.; Dai, S. The Relationship between Cancer and
Biomechanics. Front. Oncol. 2023, 13, 1273154, d0i:10.3389/fonc.2023.1273154.

19. Bera, K;; Kiepas, A.; Zhang, Y.; Sun, S.X.; Konstantopoulos, K. The Interplay between Physical Cues and
Mechanosensitive Ion Channels in Cancer Metastasis. Front. Cell Dev. Biol. 2022, 10, 954099,
doi:10.3389/fcell.2022.954099.

20. Hudhud, L.;; Rozmer, K.; Kecskés, A.; Pohéczky, K.; Bencze, N.; Buzas, K.; Sz8ke, E.; Helyes, Z. Transient
Receptor Potential Ankyrin 1 Ion Channel Is Expressed in Osteosarcoma and Its Activation Reduces
Viability. Int. ]. Mol. Sci. 2024, 25, 3760, doi:10.3390/ijms25073760.

21. Liao, W,; Li, Y,; Liu, T,; Deng, J.; Liang, H.; Shen, F. The Activation of Piezol Channel Promotes Invasion
and Migration via the Release of Extracellular ATP in Cervical Cancer. Pathol. Res. Pract. 2024, 260, 155426,
doi:10.1016/j.prp.2024.155426.

22. Pethd, Z; Najder, K.; Bulk, E.; Schwab, A. Mechanosensitive Ion Channels Push Cancer Progression. Cell
Calcium 2019, 80, 79-90, doi:10.1016/j.ceca.2019.03.007.

23. Yu, L, Liu, L.; Kang, Y.; Chen, Y.; Lv, Y.; Zhang, Y.; Mou, X.; Cai, Y. Mild Photothermal Activation of
TRPV1 Pathway for Enhanced Calcium Ion Overload Therapy of Hepatocellular Carcinoma. Int. J. Biol.
Macromol. 2024, 137192, doi:10.1016/j.ijpiomac.2024.137192.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.1007.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 August 2025 d0i:10.20944/preprints202508.1007.v1

25 of 28

24. Deng, J.; Li, Y.; Zhang, L.; Liao, W.; Liu, T.; Shen, F. Piezol Regulates Actin Cytoskeleton Remodeling to
Drive EMT in Cervical Cancer through the RhoA/ROCK1/PIP2 Signaling Pathway. Discov. Oncol. 2025, 16,
787, d0i:10.1007/s12672-025-02474-7.

25. Li, L; Chen, C; Chiang, C; Xiao, T.; Chen, Y.; Zhao, Y.; Zheng, D. The Impact of TRPV1 on Cancer
Pathogenesis and Therapy: A Systematic Review. Int. J. Biol. Sci. 2021, 17, 2034-2049, d0i:10.7150/ijbs.59918.

26. Takahashi, N.; Chen, H.-Y.; Harris, L.S.; Stover, D.G.; Selfors, L.M.; Bronson, R.T.; Deraedt, T.; Cichowski,
K.; Welm, A.L.; Mori, Y.; et al. Cancer Cells Co-Opt the Neuronal Redox-Sensing Channel TRPA1 to
Promote Oxidative-Stress Tolerance. Cancer Cell 2018, 33, 985-1003.e7, doi:10.1016/j.ccell.2018.05.001.

27.  Glitsch, M. Mechano- and pH-Sensing Convergence on Ca2+-Mobilising Proteins - A Recipe for Cancer?
Cell Calcium 2019, 80, 38-45, d0i:10.1016/j.ceca.2019.03.010.

28. Gargalionis, A.N.; Papavassiliou, K.A.; Papavassiliou, A.G. Mechanobiology of Solid Tumors. Biochim.
Biophys. Acta BBA - Mol. Basis Dis. 2022, 1868, 166555, d0i:10.1016/j.bbadis.2022.166555.

29. Shoaib, Z.; Fan, T.M.; Irudayaraj, ].M.K. Osteosarcoma Mechanobiology and Therapeutic Targets. Br. ].
Pharmacol. 2022, 179, 201-217, d0i:10.1111/bph.15713.

30. Alloisio, G.; Ciaccio, C.; Fasciglione, G.F.; Tarantino, U.; Marini, S.; Coletta, M.; Gioia, M. Effects of
Extracellular Osteoanabolic Agents on the Endogenous Response of Osteoblastic Cells. Cells 2021, 10, 2383,
d0i:10.3390/cells10092383.

31. Landau, A.B.; Zhu, V.S; Reddy, A.].; Yarlagadda, C.; Corsi, M.; Travis, L.M.; Abutineh, M.; Idriss, A.; Patel,
R. Exploring the Role of External Beam Radiation Therapy in Osteosarcoma Treatment: Impact of
Diagnostic Imaging Delays and Innovative Techniques. Cureus 2023, 15, e37442, doi:10.7759/cureus.37442.

32. Alloisio, G.; Rodriguez, D.B.; Luce, M.; Ciaccio, C.; Marini, S.; Cricenti, A.; Gioia, M. Cyclic Stretch-Induced
Mechanical Stress Applied at 1 Hz Frequency Can Alter the Metastatic Potential Properties of SAOS-2
Osteosarcoma Cells. Int. J. Mol. Sci. 2023, 24, 7686, d0i:10.3390/ijms24097686.

33. Kumar, V.;Naqvi, S.M.; Verbruggen, A.; McEvoy, E.; McNamara, L.M. A Mechanobiological Model of Bone
Metastasis Reveals That Mechanical Stimulation Inhibits the Pro-Osteolytic Effects of Breast Cancer Cells.
Cell Rep. 2024, 43, 114043, doi:10.1016/j.celrep.2024.114043.

34. Wang, X,; Zhu, K;; Hu, J.; Zhang, C. Advances and Challenges in the Treatment of Osteosarcoma. Prog.
Biophys. Mol. Biol. 2025, 197, 60-74, d0i:10.1016/j.pbiomolbio.2025.07.001.

35. Urciuoli, E.; Petrini, S.; D'Oria, V.; Leopizzi, M.; Della Rocca, C.; Peruzzi, B. Nuclear Lamins and Emerin
Are Differentially Expressed in Osteosarcoma Cells and Scale with Tumor Aggressiveness. Cancers 2020,
12, 443, d0i:10.3390/cancers12020443.

36. Urciuoli, E.; Coletta, I.; Rizzuto, E.; De Vito, R.; Petrini, S.; D’Oria, V.; Pezzullo, M.; Milano, G.M.; Cozza,
R.; Locatelli, F.; et al. Src Nuclear Localization and Its Prognostic Relevance in Human Osteosarcoma. J.
Cell. Physiol. 2018, 233, 1658-1670, doi:10.1002/jcp.26079.

37. Basso, N.; Heersche, ].N.M. Characteristics of in Vitro Osteoblastic Cell Loading Models. Bone 2002, 30, 347—
351, d0i:10.1016/s8756-3282(01)00678-0.

38. Boulter, E.; Tissot, F.S.; Dilly, J.; Pisano, S.; Féral, C.C. Cyclic Uniaxial Mechanical Stretching of Cells Using
a LEGO® Parts-Based Mechanical Stretcher System. J. Cell Sci. 2020, 133, jcs234666, d0i:10.1242/jcs.234666.

39. Chen, Y.; Pasapera, A.M.; Koretsky, A.P.; Waterman, C.M. Orientation-Specific Responses to Sustained
Uniaxial Stretching in Focal Adhesion Growth and Turnover. Proc. Natl. Acad. Sci. U. S. A. 2013, 110, E2352-
2361, doi:10.1073/pnas.1221637110.

40. Nam, E.; Lee, W.C,; Takeuchi, S. Formation of Highly Aligned Collagen Nanofibers by Continuous Cyclic
Stretch of a Collagen Hydrogel Sheet. Macromol. Biosci. 2016, 16, 995-1000, doi:10.1002/mabi.201600068.

41. Walters, B.; Uynuk-Ool, T.; Rothdiener, M.; Palm, J.; Hart, M.L.; Stegemann, J.P.; Rolauffs, B. Engineering
the Geometrical Shape of Mesenchymal Stromal Cells through Defined Cyclic Stretch Regimens. Sci. Rep.
2017, 7, 6640, doi:10.1038/s41598-017-06794-9.

42. Buglione, A.; Alloisio, G.; Ciaccio, C.; Rodriguez, D.B.; Dogali, S.; Luce, M.; Marini, S.; Cricenti, A.; Gioia,
M. GsMTx-4 Venom Toxin Antagonizes Biophysical Modulation of Metastatic Traits in Human
Osteosarcoma Cells. Eur. J. Cell Biol. 2025, 104, 151469, doi:10.1016/j.ejcb.2024.151469.

43. Koudelkova, L.; Brabek, J.; Rosel, D. Src Kinase: Key Effector in Mechanosignalling. Int. |. Biochem. Cell Biol.
2021, 131, 105908, doi:10.1016/j.biocel.2020.105908.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.1007.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 August 2025 d0i:10.20944/preprints202508.1007.v1

26 of 28

44. Veerasubramanian, P.K,; Shao, H.; Meli, V.S.; Phan, T.A.Q.; Luu, T.U,; Liu, W.F.; Downing, T.L. A Src-H3
Acetylation Signaling Axis Integrates Macrophage Mechanosensation with Inflammatory Response.
Biomaterials 2021, 279, 121236, d0i:10.1016/j.biomaterials.2021.121236.

45. Petrini, S.; Bagnato, G.; Piccione, M.; D’Oria, V.; Apollonio, V.; Cappa, M.; Castiglioni, C.; Santorelli, F.M.;
Rizza, T.; Carrozzo, R.; et al. Imaging-Based Molecular Interaction Between Src and Lamin A/C
Mechanosensitive Proteins in the Nucleus of Laminopathic Cells. Int. J. Mol. Sci. 2024, 25, 13365,
doi:10.3390/ijms252413365.

46. Anerillas, C.; Herman, A.B.; Rossi, M.; Munk, R.; Lehrmann, E.; Martindale, ].L.; Cui, C.-Y.; Abdelmohsen,
K.; De, S.; Gorospe, M. Early SRC Activation Skews Cell Fate from Apoptosis to Senescence. Sci. Adv. 2022,
8, eabm0756, d0i:10.1126/sciadv.abm0756.

47. Takahashi, A.; Obata, Y.; Fukumoto, Y.; Nakayama, Y.; Kasahara, K.; Kuga, T.; Higashiyama, Y.; Saito, T.;
Yokoyama, K.K.; Yamaguchi, N. Nuclear Localization of Src-Family Tyrosine Kinases Is Required for
Growth Factor-Induced Euchromatinization. Exp. Cell Res. 2009, 315, 1117-1141,
doi:10.1016/j.yexcr.2009.02.010.

48. Yin, S,;Luo, J.; Qian, A.; Yu, W.; Hu, H. LE135, a Retinoid Acid Receptor Antagonist, Produces Pain through
Direct Activation of TRP Channels. Br. ]. Pharmacol. 2014, 171, 1510-1520, d0i:10.1111/bph.12543.

49. Yang, F.; Zheng, J. Understand Spiciness: Mechanism of TRPV1 Channel Activation by Capsaicin. Protein
Cell 2017, 8, 169-177, d0i:10.1007/s13238-016-0353-7.

50. Li, S.; Zheng, J. The Capsaicin Binding Affinity of Wildtype and Mutant TRPV1 Ion Channels. J. Biol. Chem.
2023, 299, 105268, doi:10.1016/j.jbc.2023.105268.

51. Szallasi, A.; Cortright, D.N.; Blum, C.A.; Eid, S.R. The Vanilloid Receptor TRPV1: 10 Years from Channel
Cloning to Antagonist Proof-of-Concept. Nat. Rev. Drug Discov. 2007, 6, 357-372, doi:10.1038/nrd2280.

52. Szallasi, A. Capsaicin and Cancer: Guilty as Charged or Innocent until Proven Guilty? Temp. Austin Tex
2023, 10, 35-49, d0i:10.1080/23328940.2021.2017735.

53. Zhang, Y.; Deng, X,; Lei, T.; Yu, C.; Wang, Y.; Zhao, G.; Luo, X,; Tang, K.; Quan, Z; Jiang, D. Capsaicin
Inhibits Proliferation and Induces Apoptosis in Osteosarcoma Cell Lines via the Mitogen-activated Protein
Kinase Pathway. Oncol. Rep. 2017, 38, 2685-2696, d0i:10.3892/0r.2017.5960.

54. Petran, E.M.; Periferakis, A.; Troumpata, L.; Periferakis, A.-T.; Scheau, A.-E.; Badarau, I.A.; Periferakis, K.;
Caruntu, A.; Savulescu-Fiedler, I.; Sima, R.-M.; et al. Capsaicin: Emerging Pharmacological and Therapeutic
Insights. Curr. Issues Mol. Biol. 2024, 46, 7895-7943, d0i:10.3390/cimb46080468.

55. Zhai, K;; Liskova, A.; Kubatka, P.; Biisselberg, D. Calcium Entry through TRPV1: A Potential Target for the
Regulation of Proliferation and Apoptosis in Cancerous and Healthy Cells. Int. J. Mol. Sci. 2020, 21, 4177,
doi:10.3390/ijms21114177.

56. Fanelli, G.; Alloisio, G.; Lelli, V.; Marini, S.; Rinalducci, S.; Gioia, M. Mechano-Induced Cell Metabolism
Disrupts the Oxidative Stress Homeostasis of SAOS-2 Osteosarcoma Cells. Front. Mol. Biosci. 2023, 10,
1297826, d0i:10.3389/fmolb.2023.1297826.

57. Guz, N.V,; Dokukin, M.E.; Woodworth, C.D.; Cardin, A.; Sokolov, I. Towards Early Detection of Cervical
Cancer: Fractal Dimension of AFM Images of Human Cervical Epithelial Cells at Different Stages of
Progression to  Cancer.  Nanomedicine  Nanotechnol. — Biol. =~ Med. 2015, 11, 1667-1675,
doi:10.1016/j.nano.2015.04.012.

58. Kim, Y.J.; Kim, H.-D.; Kim, H.H.; Shin, S.-M.; Kang, C.J.; Lee, K.H. Fractal Analysis of Cell Boundary
Ultrastructure Imaged by Atomic Force Microscopy. Anim. Cells Syst. 2015, 19, 161-167,
doi:10.1080/19768354.2015.1037347.

59. Corre, I; Verrecchia, F.; Crenn, V.; Redini, F.; Trichet, V. The Osteosarcoma Microenvironment: A Complex
but Targetable Ecosystem. Cells 2020, 9, 976, doi:10.3390/cells9040976.

60. Gill, J; Gorlick, R. Advancing Therapy for Osteosarcoma. Nat. Rev. Clin. Oncol. 2021, 18, 609-624,
doi:10.1038/s41571-021-00519-8.

61. Belayneh, R.; Fourman, M.S.; Bhogal, S.; Weiss, K.R. Update on Osteosarcoma. Curr. Oncol. Rep. 2021, 23,
71, d0i:10.1007/s11912-021-01053-7.

62. Dana, P.M.; Sadoughi, F.; Asemi, Z.; Yousefi, B. Molecular Signaling Pathways as Potential Therapeutic
Targets in Osteosarcoma. Curr. Med. Chem. 2022, 29, 4436—4444, doi:10.2174/0929867329666220209110009.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.1007.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 August 2025 d0i:10.20944/preprints202508.1007.v1

27 of 28

63. Lau, C.C. Molecular Classification of Osteosarcoma. In Pediatric and Adolescent Osteosarcoma; Jaffe, N.,
Bruland, O.S., Bielack, S., Eds.; Cancer Treatment and Research; Springer US: Boston, MA, 2009; Vol. 152,
pp. 459-465 ISBN 978-1-4419-0283-2.

64. Chen, B.; Zeng, Y.; Liu, B,; Lu, G; Xiang, Z.; Chen, J.; Yu, Y.; Zuo, Z.; Lin, Y.; Ma, ]. Risk Factors, Prognostic
Factors, and Nomograms for Distant Metastasis in Patients With Newly Diagnosed Osteosarcoma: A
Population-Based Study. Front. Endocrinol. 2021, 12, 672024, d0i:10.3389/fendo0.2021.672024.

65. Yoshida, A. Osteosarcoma. Surg. Pathol. Clin. 2021, 14, 567-583, doi:10.1016/j.path.2021.06.003.

66. Seetharaman, S.; Vianay, B.; Roca, V.; Farrugia, A.J.; De Pascalis, C.; Boéda, B.; Dingli, F.; Loew, D;
Vassilopoulos, S.; Bershadsky, A.; et al. Microtubules Tune Mechanosensitive Cell Responses. Nat. Mater.
2022, 21, 366377, d0i:10.1038/s41563-021-01108-x.

67. Denchai, A, Tartarini, D.; Mele, E. Cellular Response to Surface Morphology: Electrospinning and
Computational Modeling. Front. Bioeng. Biotechnol. 2018, 6, 155, doi:10.3389/fbioe.2018.00155.

68. Niediek, V.; Born, S.; Hampe, N.; Kirchgessner, N.; Merkel, R.; Hoffmann, B. Cyclic Stretch Induces
Reorientation of Cells in a Src Family Kinase- and p130Cas-Dependent Manner. Eur. J. Cell Biol. 2012, 91,
118-128, doi:10.1016/j.ejcb.2011.10.003.

69. Ito, S.; Suki, B.; Kume, H.; Numaguchi, Y.; Ishii, M.; Iwaki, M.; Kondo, M.; Naruse, K.; Hasegawa, Y.; Sokabe,
M. Actin Cytoskeleton Regulates Stretch-Activated Ca2+ Influx in Human Pulmonary Microvascular
Endothelial Cells. Am. J. Respir. Cell Mol. Biol. 2010, 43, 26-34, doi:10.1165/rcmb.2009-00730C.

70. Wu, Z; Wong, K.; Glogauer, M.; Ellen, R.P.; McCulloch, C.A. Regulation of Stretch-Activated Intracellular
Calcium Transients by Actin Filaments. Biochem. Biophys. Res. Commun. 1999, 261, 419-425,
doi:10.1006/bbrc.1999.1057.

71. Goswami, C.; Hucho, T. Submembraneous Microtubule Cytoskeleton: Biochemical and Functional
Interplay of TRP Channels with the Cytoskeleton. FEBS ]. 2008, 275, 4684-4699, doi:10.1111/j.1742-
4658.2008.06617.x.

72. Saito, S.; Tominaga, M. Evolutionary Tuning of TRPA1 and TRPV1 Thermal and Chemical Sensitivity in
Vertebrates. Temp. Austin Tex 2017, 4, 141-152, d0i:10.1080/23328940.2017.1315478.

73. Gao, N; Li, M.; Wang, W; Liu, Z.; Guo, Y. A Bibliometrics Analysis and Visualization Study of TRPV1
Channel. Front. Pharmacol. 2023, 14, 1076921, doi:10.3389/fphar.2023.1076921.

74. Gavva, N.R,; Tamir, R.; Qu, Y.; Klionsky, L.; Zhang, T.J].; Immke, D.; Wang, J.; Zhu, D.; Vanderah, TW.;
Porreca, F.; et al. AMG 9810 [(E)-3-(4-t-Butylphenyl)-N-(2,3-Dihydrobenzo[b][1,4] Dioxin-6-YI)Acrylamide],
a Novel Vanilloid Receptor 1 (TRPV1) Antagonist with Antihyperalgesic Properties. . Pharmacol. Exp. Ther.
2005, 313, 474-484, doi:10.1124/jpet.104.079855.

75. Burcik, D.; Macko, J.; Podrojkovd, N.; Demeterova, J.; Stano, M.; Orinak, A. Role of Cell Adhesion in Cancer
Metastasis Formation: A Review. ACS Omega 2025, 10, 5193-5213, doi:10.1021/acsomega.4c08140.

76.  Muthuswamy, S.K. Self-Organization in Cancer: Implications for Histopathology, Cancer Cell Biology, and
Metastasis. Cancer Cell 2021, 39, 443—446, doi:10.1016/j.ccell.2021.01.010.

77. Choong, P.F.; Teh, HX., Teoh, HK. Ong, HK,, Choo, K.B.; Sugii, S.; Cheong, SK., Kamarul, T.
Heterogeneity of Osteosarcoma Cell Lines Led to Variable Responses in Reprogramming. Int. J. Med. Sci.
2014, 11, 1154-1160, doi:10.7150/ijms.8281.

78. Miziak, P.; Baran, M.; Borkiewicz, L.; Trombik, T.; Stepulak, A. Acetylation of Histone H3 in Cancer
Progression and Prognosis. Int. J. Mol. Sci. 2024, 25, 10982, d0i:10.3390/ijms252010982.

79. Chen, Q.; Zhou, Z.; Shan, L.; Zeng, H.; Hua, Y.; Cai, Z. The Importance of Src Signaling in Sarcoma. Oncol.
Lett. 2015, 10, 17-22, doi:10.3892/01.2015.3184.

80. Raji, L.; Tetteh, A.; Amin, A.RM.R. Role of C-Src in Carcinogenesis and Drug Resistance. Cancers 2023, 16,
32, d0i:10.3390/cancers16010032.

81. Chu, C.-T.; Chen, Y.-H.; Chiu, W.-T.; Chen, H.-C. Tyrosine Phosphorylation of Lamin A by Src Promotes
Disassembly of Nuclear Lamina in Interphase. Life Sci. Alliance 2021, 4, 202101120,
doi:10.26508/1sa.202101120.

82. Cimmino, A.; Fasciglione, G.F.; Gioia, M.; Marini, S; Ciaccio, C. Multi-Anticancer Activities of
Phytoestrogens in Human Osteosarcoma. Int. |. Mol. Sci. 2023, 24, 13344, d0i:10.3390/ijms241713344.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.1007.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 August 2025 d0i:10.20944/preprints202508.1007.v1

28 of 28
83. Measuring Cell Fluorescence Using Image] — The Open Lab Book v1.0. Available online:
https://theolb.readthedocs.io/en/latest/imaging/measuring-cell-fluorescence-using-imagej.html (accessed
on 16 December 2024).
84. The Open Lab Book v1.0. Available online: https://theolb.readthedocs.io/en/latest/ (accessed on 16
December 2024).

85. Bioicons. Available online: https://bioicons.com/ (accessed on 11 June 2024).
86. The Noun Project. Available online: https://thenounproject.com/ (accessed on 11 June 2024).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.1007.v1
http://creativecommons.org/licenses/by/4.0/

