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A B S T R A C T

Mechanotransduction, i.e., the conversion of mechanical cues into biochemical signals, is essential for bone 
development, remodeling, and adaptation. Although mechanical loading is known to regulate osteoblast function 
and bone homeostasis, dissecting the early and sustained mechanotransductive responses at the microscale re-
mains challenging due to limitations of existing in vitro models. Here, we report the development and application 
of a mechanostimulation system comprising a polypyrrole (PPy)-based wire actuator that expands and contracts 
(4 μm in radius) upon electrical actuation and enables precise, localized micromechanical stimulation of a small 
number of cells within standard culture formats. Using this system, we applied short-term (30 min) cyclic 
(Cyc30) or static (Stat30), as well as prolonged (120 min) cyclic (Cyc120) stimulations to two osteoblast-like cells 
(MC3T3-E1 or KUSA-A1). Subsequent transcriptomic profiling and computational network analyses revealed that 
Cyc30 was not capable of inducing significant changes in mRNA expression, suggesting cellular adaptation to 
short-term cyclic loading. In contrast, Stat30 induced the upregulation of Fos, Btg2, Egr1, and Fosl1, all known 
genes associated with mechanotransduction, supporting the validity and reproducibility of our experimental 
mechanostimulation system. Notably, two long non-coding RNAs (B930036N10Rik and 5430431A17Rik) were 
identified for the first time as being upregulated in response to Stat30 stimuli. Among the differentially expressed 
genes (DEGs) upregulated by Cyc120 stimuli, Hmox1, a stress-inducible enzyme known for its roles in main-
taining cellular homeostasis and promoting survival, was the only DEG repeatedly observed across the Cyc30/ 
Cyc120 and Stat30/Cyc120 comparisons in both cell types, potentially emerging as a key stress-response gene 
under prolonged mechanical loading. Collectively, these results establish the PPy-based microactuator as a 
powerful tool for microscale mechanobiology, and provide molecular insight into immediate-early responsive 
transcriptional programs underlying osteoblastic mechanoadaptation conserved across different cell types.

1. Introduction

Mechanotransduction—the process by which cells convert mechan-
ical stimuli into biochemical signals—is a fundamental mechanism that 
underpins a wide array of physiological and pathological processes. 
[1,2] It plays a critical role in tissue development, homeostasis, healing,

ageing, as well as in diverse pathological scenarios such as in the pro-
gression of diseases, including osteoporosis, fibrosis, and cancer. [3,4] 

Bone-loss-related disorders, such as osteoporosis, significantly in-
crease the risk of fractures, chronic pain, and long-term disability, 
collectively affecting more than 200 million individuals worldwide and 
placing a growing burden on healthcare systems. [5] In addition, as life
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expectancy continues to rise and the global population ages, there is an 
increasing need for more effective strategies to support bone mainte-
nance and promote regeneration beyond conventional pharmacological 
and surgical approaches. In particular, emerging strategies targeting 
bone mechanoregulation are becoming increasingly important for 
managing bone-related diseases and improving long-term quality of life. 

It has been well-established that mechanical loading can inhibit bone 
resorption and increase bone formation in vivo. [6,7] This process, 
known as bone remodeling, adjusts bone shape and structure to meet 
various mechanical demands through coordinated cellular activities that 
regulate bone resorption and formation across cortical and cancellous 
surfaces. [6] These remodeling events result in a modeling drift, where 
structural units of bone are repositioned over time in directions influ-
enced by growth patterns, allowing the skeleton to optimize mass dis-
tribution according to mechanical stress. [8,9] Mechanical stimuli also 
play key roles in regulating osteoblast function on the bone surface, 
directing their differentiation into osteocytes. [10]

Recent advances in molecular and cell biology have uncovered that 
mechanical signals are actively shaping cellular behavior through 
intricate signaling networks involving integrins, cytoskeletal tension, 
ion channels, and nuclear mechanosensors. [11] Mechanical forces can 
modulate the organization of the cytoskeleton and influence nuclear 
architecture (“tensegrity”), leading to transcriptional changes that drive 
the function and fate of cells. [12,13] To further obtain deeper insight 
into the molecular mechanisms related to mechanostransduction, 
several in vitro models with strictly controlled experimental conditions 
have been developed. [11,14] At the macro-scale, mechanical stimuli 
were applied to the entire bone tissue, including human bones, by using 
a universal testing machine. [15–17] Although these models allow the 
analysis of the entire tissue, they typically involve more complex 
experimental settings and timeframes ranging from several hours to 
weeks. Consequently, this scale of testing makes it challenging to resolve 
the rapid signaling events and intercellular interactions that occur at the 
cellular level shortly after stimulation. [15]

At the sub-tissue level, a stepping motor has been used to apply 
mechanical stimuli to the entire cell population cultured on stretchable 
substrates (e.g., PDMS). [18] More recent technologies employ micro-
fabricated platforms and 3D culture systems to recapitulate tissue-
specific mechanical environments with improved spatial and temporal 
resolution. [19–21] However, these approaches often face limitations in 
precisely mimicking the dynamic, localized, and multiaxial mechanical 
stimuli that cells encounter in vivo. Moreover, many of these systems do 
not enable the application of microscale forces directly to specific re-
gions of the cell culture or to modulate force magnitude and frequency in 
real time.

At a sub-cellular scale, techniques such as atomic force microscopy 
(AFM) offer high-resolution measurements of cell stiffness and force 
response, with precise control over localized mechanical stimuli. 
[22–24] These methods are highly quantitative and allow investigation 
of individual molecular interactions at the sub-micron level. However, 
these nanoscale analyses are limited to a narrow area for physico-
structural analyses of, for instance, collagen fibers and individual 
cells, making it difficult to access cell-cell interactions and mechano-
transduction signaling. [22,25]

To overcome these limitations, we have developed a new electrically 
expandable microactuator that enables direct mechanical stimulation of 
a few cells. The micromechanical stimulation system was designed to be 
placed inside standard culture plates and generate/deliver localized 
micromechanical stimulations to cells through radial expansion of a 
polypyrrole/gold (PPyAu) wire actuator. [26] This PPyAu wire actuator 
can be controlled to induce cyclic or static mechanical stimulations to 
adjacent cells, mimicking both the dynamic and static microstrains 
experienced by osteoblasts. [27] Accordingly, the objective of this study 
was to employ this system to apply short-term (30 min) and prolonged 
(120 min) stimulations under cyclic or static loading regimes, and by 
coupling it with transcriptomic analyses, we aimed to identify and

compare immediate-early mechanosensitive gene networks and bio-
logical processes conserved across two different osteoblast-like cell 
types: MC3T3-E1 pre-osteoblasts and KUSA-A1 mesenchymal stromal 
cells.

2. Materials and methods

2.1. Fabrication and characterization of PPyAu wire actuators

The PPyAu wire actuators were produced as described (Ortega-Santos 
et al, Small Science under revision). Shortly, a 20 μm layer of polypyrrole 
was electrochemically deposited at 0.3 mA/cm (per centimeter of wire 
immersed in the electropolymerisation solution) on the 500 μm diam-
eter Au wires (GoodFellow Inc.) from a 0.1 M Pyrrole (Sigma Aldrich), 
0.1 M NaDBS (Sigma Aldrich) aqueous solution. Next, the PPyAu wires 
were pre-actuated upon 10 square wave potentials stepping between
− 0.7 V and 0.3 V, for 150 s at each potential limit, in 0.1 M NaDBS 
aqueous solution and left in the same oxidized (contracted) state.

To measure the expansion of the needle in real time, we used a laser 
scanning micrometer (LSM). The system comprises a beam emitter and 
beam detector unit (Mitutoyo LSM-501H) and a controller (Mitutoyo 
LSM-6100). The emitter produces a highly collimated red laser beam 

(640 nm) that is scanned horizontally across the measurement region 
and detected on the opposite side. When the wire actuator is placed 
between the emitter and detector, a portion of the laser beam is 
obstructed, producing a shadow on the detector that corresponds to the 
wire diameter. Continuous monitoring of changes in this shadow en-
ables real-time measurement of diameter variations of the wire. The LSM 

controller converts the measured diameter into a voltage output signal, 
which is transmitted to a computer and synchronized with electro-
chemical data acquired from the potentiostat (Autolab PGSTAT204). 
From the diameter measurements using the LSM, the thickness of the 
electropolymerized PPy (δpoly), the polymer expansion (⊿δ) during 
actuation (expansion/contraction), and the radial actuation strain of the 
PPyAu wire were calculated using the following equations:

Polymerisation thickness (μm) : δ poly = 
D polymer − D bare wire

2
(1)

Polymer expansion (μm) : Δδ = 
D expanded − D contracted

2
(2)

Strain (%) =
Δδ
δ poly

where D refers to the diameter. [27]

2.2. Cell culture

Two osteogenic cell lines, MC3T3-E1 (mouse pre-osteoblasts) and 
KUSA (mouse mesenchymal stem cells), were used in this study. Cells 
were maintained in complete culture medium: Minimum Essential Me-
dium Alpha (α-MEM; Cat# 135–15,175, FUJIFILM Wako Pure Chemical 
Corporation, Osaka, Japan) containing L-glutamine and phenol red, 
supplemented with 10% fetal bovine serum (FBS; Cat# 175012, 
NICHIREI BIOSCIENCES INC., Tokyo, Japan) and 1% penicillin-
streptomycin (P/S; Cat# 15140–122, Gibco, Grand Island, NY, USA). 
Cultures were incubated at 37 ◦ C in a humidified atmosphere containing 
5% CO₂.

For each experiment, 1.5 × 10 5 cells were seeded per insert and 
cultured for 24 h. Cells were cultured in a collagen membrane culture 
insert (AteloCell Atelocollagen, CM-24, KOKEN Co., Ltd., Tokyo, Japan) 
designed for 24-well plates (Costar, Cat# 3738, Corning Inc., Grand 
Island, NY, USA). Each insert featured a soft, membrane-like bottom, 
providing a compliant substrate that mimics the mechanical properties 
of the native extracellular matrix. For each culture, 500 μL of cell sus-
pension was added inside the insert, and an additional 500 μL of
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complete culture medium was added outside the insert to maintain 
hydration and allow nutrient diffusion across the membrane. The 
effective culture area of each membrane was 64 mm 2 . After reaching 
confluence, the PPyAu wire actuator was carefully penetrated through 
the central region of each culture insert.

2.3. Micromechanical stimulation

Micromechanical stimulation of the cultured cells was performed 
using the customized three-electrode electrochemical configuration 
adapted for use in a 24-well culture plate. A thin, pliable stainless-steel 
woven sheet (Easipet), which was used as the counter electrode, was 
arranged to line the inner walls of each well, with a small extension left 
protruding beyond the plate edge to permit attachment to the electrical 
connectors. Two holes, each 1 mm in diameter, in the plate lid to allow 

the PPyAu wire actuator and an Ag wire (pseudo-reference electrode) to 
be inserted vertically at the center and at the periphery of the well, 
respectively. To eliminate mechanical artefacts caused by cable move-
ment, the PPyAu wire actuators were immobilized using laboratory 
silicone (Shofu, Kyoto, Japan). Thin external cables connected the three-
electrode system to the potentiostat (Autolab PGSTAT204, Metrohm, 
Herisau, Switzerland), enabling all electrical operations to be performed 
without opening the incubator door. The PPyAu wire actuators were 
sterilized by immersion in 70% ethanol for 30 s and rinsed afterwards 
with MEM culture medium before insertion into the well. Before the 
application of mechanical stimuli, the cells were seeded onto the 
collagen-coated membrane and allowed to adhere for 24 h prior to the 
insertion of the PPyAu wire actuator. The actuator was then forcedly 
inserted vertically through the center of the pre-established cell layer 
and underlying collagen membrane. Once the system was assembled, 
the cells were left to stabilize for an additional 12 h to enable cellular 
adaptation and the establishment of direct, tight physical contact be-
tween the cells and the actuator surface. [27] This ensured efficient 
mechanical coupling, such that radial expansion of the PPy layer (~4 
μm) was directly transmitted to the surrounding cell–matrix environ-
ment. Representative images and videos of the mechanical stimulation 
using the same PPyAu wire actuator have been reported previously. [27] 

The stimulation of the cells was performed by applying 18 (cyclic 
stimulation for 30 min, Cyc30) or 72 cycles (cyclic stimulation for 120 
min, Cyc120) of square wave potentials stimuli ranging from − 0.7 V to
+0.3 V, with 100 s at each potential limit, or by a single potential pulse 
(static stimulation of 30 min, Stat30) at − 0.7 V. A potentiostat (Met-
rohm AutoLab PGSTAT204) controlled by Nova 2.1 software was used to 
operate the electrochemical cell and record the electrochemical data. As 
controls, 2 different experiments were designed. For Control 1 (Cont1-
NS), a PPyAu wire actuator was inserted through the cell-seeded 
membrane without applying any current. For Control 2 (Cont2-NC), a 
bare Au wire was also inserted through the cell membrane and the same 
stimulation protocols were applied.

2.4. Finite element model (FEM)

A two-dimensional (2D) FEM was developed to estimate the spatial 
distribution of actuator-induced deformation and strain. The membrane 
was modeled as a linear, isotropic elastic solid under plane-stress con-
ditions. This simplification was adopted to represent the thin composite 
structure consisting of a collagen membrane (thickness: 2.4 ± 0.2 μm; 
[28] Young's modulus: 0.54 ± 0.23 MPa [29]) and an adherent osteo-
blast layer (thickness: 5 μm; [30,31] Young's modulus: 5 kPa [32]). 
Assuming perfect bonding between the collagen and cell layers, an 
effective composite modulus was calculated using a thickness-weighted 
rule of mixtures:

Eeff = 
(Ec・tc) + (Eo・to) 

tc + to

where Ec and tc denote respectively the Young's modulus and thickness 
of collagen, and Eo and to, those of the osteoblast layer. This yielded an 
approximate modulus of ~178.51 kPa. The composite membrane was 
assumed to exhibit a near-incompressible material behavior, with an 
effective Poisson's ratio = 0.499. [33] The inner boundary of the 
computational domain was defined by the 270 μm radius of the PPy-
coated actuator (comprising a 500 μm diameter gold wire with a 20 
μm PPy coating). [27] The outer radius was derived from the 
manufacturer-specified culture area of 64 mm 2 , corresponding to an 
equivalent circular radius of 4513 μm.

The domain was discretized using triangular finite elements 
(~50,000 elements and 25,000 nodes), with adaptive mesh refinement 
applied near the inner boundary to accurately resolve steep displace-
ment and strain gradients. Mechanical loading was imposed as a pre-
scribed radial displacement of 4 μm at the inner boundary, 
corresponding to the experimentally measured expansion of the PPyAu 
wire actuator, while the outer boundary displacement was fixed (u=0). 
The governing equations of linear elasticity were solved under plane-
stress conditions using a Python-based finite element framework (sci-
kit-fem).

Radial displacement (ur) was extracted and used to compute strain 
components in cylindrical coordinates: circumferential strain: εθ = ur / r 
and radial strain: εr = dur / dr. To capture the full in-plane mechanical 
state, principal strains were calculated as maximum principal strain 
(ε_max) and minimum principal strain (ε_min), which correspond, under 
axisymmetric conditions, approximately to circumferential and radial 
strain, respectively.

Postprocessing was performed by extracting radially averaged 
displacement profiles from the FEM solution. From these, strain com-
ponents were derived as follows: circumferential strain (εθ) was esti-
mated as εθ=ur/r, and radial strain (εr) was computed as the spatial 
derivative εr = ∂ur/∂r. The maximum principal strain (ε_max) and 
minimum principal strain (ε_min) were approximated by the circum-
ferential and radial strain components, respectively, consistent with the 
axisymmetric deformation of the system. To reduce numerical oscilla-
tions arising from spatial differentiation, the radial strain profile (and 
corresponding minimum principal strain) was lightly smoothed for 
visualization purposes using a local polynomial filter, without altering 
the underlying FEM displacement field or quantitative analyses. All re-
ported numerical values were obtained from the unsmoothed data un-
less otherwise stated. Radial binning was used to obtain smooth spatial 
profiles without artificial interpolation.

Circumferential stress (σθ) was approximated using Hooke's law (σθ
= E⋅εθ).Mechanical metrics were further integrated over a circular re-
gion of 5 mm diameter (radius 2500 μm), corresponding to the biopsy 
punch used for RNA extraction.

To assess the validity and possible generalizability of this model, a 
sensitivity analysis was performed by varying across experimentally 
plausible ranges, the collagen thickness (2–10 μm), collagen modulus 
(0.3–10 MPa), cell-layer thickness (5–20 μm), and cell-layer modulus 
(4–10 kPa). For each parameter combination, the effective composite 
modulus was recalculated and the FEM solution recomputed. Displace-
ment, circumferential strain, radial strain and principal strain values 
were extracted at defined radial distances (1000 μm and 2500 μm) and 
normalized to the analytical interface strain (~14,800 με).

2.5. RNA sequencing

Total RNA was extracted using the RNeasy Mini Kit (Qiagen, Hilden, 
Germany) according to the manufacturer's protocol, immediately after 
the completion of the mechanostimulation protocol to capture the 
immediate-early transcriptional landscape before mRNA degradation or 
secondary signaling cascades occurred. To isolate RNA from specific 
regions of the culture insert, particularly from cells located adjacent to 
the PPyAu wire actuator, cells were harvested using a 5 mm diameter 
biopsy punch (KAI Industries Co., Ltd., Gifu, Japan; effective sampling
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area ~ 20 mm 2 ). This targeted collection approach enabled region-
specific gene expression analysis by collecting cells from approxi-
mately one-third of the total membrane area (64 mm 2 ), thereby facili-
tating precise profiling of mechanosensitive responses.

Extracted RNA samples were submitted to Azenta Life Sciences 
(South Plainfield, NJ, USA) for RNA sequencing (RNA-seq) analysis. 
Library preparation, high-throughput sequencing, and primary bioin-
formatics processing were performed by the service provider following 
standardized protocols.

After quality trimming with Trim Galore v0.6.10, the reads were 
aligned to the GRCm38.108 reference genome (Ensembl Release 113) 
using the STAR aligner v2.7.10b. De novo transcript assembly and 
annotation were performed using StringTie v2.2.1 and SQANTI3 v5.0. 
Transcript-level quantification was performed for all samples using 
Salmon v1.9.0, followed by further quality filtering with iso-
formSwitchAnalyzeR v1.17.05, based on Salmon's mapping results.

2.6. Differential gene expression analysis

Differentially expressed genes (DEGs) were identified separately for 
MC3T3-E1 and KUSA-A1 cells across all experimental comparisons. 
RNA-seq raw counts were first normalized and analyzed using DESeq2 
(v1.31.16) in R (v4.3.2). Genes were considered significantly differen-
tially expressed when meeting both of the following criteria: |log₂ fold 
change| ≥ 1.0, and adjusted P value (FDR) < 0.05 (Benjamini–Hochberg 
correction). FastQ files have been uploaded in the Gene Expression 
Omnibus (GEO) database under the accession number GSE314317. 

Each mechanical stimulation condition (Cyc30, Stat30, and Cyc120) 
was compared with its corresponding control (Cont1-NS or Cont2-UC), 
and additional pairwise comparisons were performed between stimu-
lation regimens (Cyc30 vs Stat30, Cyc30 vs Cyc120, and Stat30 vs 
Cyc120). For each comparison, DEGs were classified as upregulated or 
downregulated, and the number of DEGs per category was tabulated for 
each cell type.

To identify transcriptional responses conserved across cell types, 
DEGs from MC3T3-E1 and KUSA-A1 were compared for each condition. 
Gene lists from both cell types were intersected to determine common 
DEGs meeting significance thresholds in both cell lines. These inter-
secting genes were then categorized into upregulated or downregulated 
groups according to their direction of change in both datasets.

Instead of plotting circular Venn diagrams, results were visualized in 
a tabular Venn-style matrix, summarizing: the total number of DEGs in 
each cell type for each comparison, the number of shared (common) 
DEGs across both cell types, and detailed gene lists including gene 
names, encoded proteins, and functional annotations.

For gene annotation, the protein names and biological annotations 
for all DEGs were retrieved from the publicly available database Uni-
ProtKB. Annotations were manually curated and simplified to show 

concise descriptions of gene functions.

2.7. Gene ontology biological process (GO-BP) enrichment analysis

Initial GO-BP enrichment analysis was performed separately for 
MC3T3-E1 and KUSA-A1 cells, for each pairwise comparison of me-
chanical stimulation conditions (Cyc30 vs Cont1-NS, Cyc30 vs Cont2-
UC, Stat30 vs Cont1-NS, Stat30 vs Cont2-UC, Cyc120 vs Cont1-NS, 
Cyc120 vs Cont2-UC, Cyc30 vs Stat30, Cyc30 vs Cyc120, and Stat30 
vs Cyc120) by using clusterProfiler v4.6.0. Lists of significantly upre-
gulated and downregulated DEGs (|log₂FC| ≥ 1.0; FDR < 0.05) were 
used as input. Significance threshold: adjusted P value (FDR) < 0.05. 
Enriched GO-BPs were classified as either upregulated or down-
regulated, corresponding to the directionality of the DEGs driving each 
term.

To identify biological processes consistently regulated across both 
cell types, enriched GO-BPs in each cell were compared for each stim-
ulation condition and the results were organized into Venn-style tables

summarizing the total number of enriched GO-BPs detected in each cell 
type, the number of intersected/shared GO-BPs observed in both cells, 
and directionality (upregulated or downregulated) for each comparison. 

GO-BP networks were generated using ClusterProfiler (cnetplot) and 
enrichplot, which map DEGs to their associated enriched GO-BPs. In 
each network panel, Nodes represent individual GO-BPs or genes. Node 
color corresponds to adjusted P value (− log₁₀FDR). Node size reflects 
gene set size or significant contribution. Edges represent gene-to-GO 

term relationships, allowing visualization of clustering and functional 
connectivity among enriched pathways. GO networks were exported as 
high-resolution vector graphics and color-coded by comparison to 
facilitate interpretation of biological processes activated under each 
mechanical stimulation regime.

2.8. Gene–gene interaction networks

All DEGs identified across the mechanical stimulation conditions and 
common to both MC3T3-E1 and KUSA-A1 cells were used to construct 
gene–gene interaction networks. We used the R package “CBNplot” to 
construct a Bayesian inferred gene regulatory network for the interac-
tion inferences. The full set of DEGs (no prefiltering by pathway or 
annotation) served as input to allow unbiased identification of gene 
regulatory relationships.

For each gene pair, interaction strength was calculated using random 

forest–based feature importance measures, and directional edges were 
estimated by Bayesian network inference. For edges with available ChIP-
seq evidence (via ENCODE and ChEA databases), interactions were 
rendered as solid lines. Edges inferred solely from Bayesian inference 
without direct binding evidence were plotted as dashed lines. Edge color 
represents correlation direction (red = positive, blue = negative), and 
edge width corresponds to interaction strength. Nodes represent indi-
vidual DEGs, with node size proportional to normalized expression 
(log₂TPM), and node color indicating gene function (e.g., transcription 
factor, stress response gene, uncharacterized gene). Circular ring plots 
around nodes represent the relative contributions of each gene to out-
going or incoming interactions.

Because YAP/TAZ-mediated signaling is a well-established and ca-
nonical mechanotransduction pathway, an additional 
mechanotransduction-specific interaction analysis was performed by 
incorporating Yap1 and Wwtr1 (Taz) as anchor nodes. These genes were 
forcibly included in the GRN inference to evaluate whether DEGs 
interact upstream or downstream of these mechanoresponsive tran-
scriptional co-activators.

To accomplish this, Yap1 and Wwtr1 were added to the DEG list and 
reanalyzed with the same inference pipeline. Directional and correla-
tional edges were recalculated, and the resulting mechanotransduction-
centered networks highlight potential regulatory relationships among 
DEGs mediated via YAP/TAZ pathways. Interactions involving Yap1/ 
Wwtr1 were visualized with thickened arrows (teal), and outgoing edges 
from YAP/TAZ were distinguished to show putative 
mechanotransduction-driven transcriptional cascades.

All interaction networks were visualized using Cytoscape v3.10 with 
custom graphical parameters. Node colors: grouped by functional cate-
gory (stress response, transcription factor, ECM-related, apoptosis-
related, unknown). Ring plots: multi-color rings indicating interaction 
direction-specific contribution. Arrowheads: direction of predicted reg-
ulatory influence. Dotted vs. solid edges: Bayesian-only inference vs. 
Bayesian + ChIP-seq validated interactions. Red–blue color scale: cor-
relation coefficients (positive to negative).

2.9. Literature mining and topic association analysis

A literature mining analysis [34,35] of the PubMed database iden-
tified genes correlating with PubMed query results. A variable R was 
used to assess the correlation between the gene list and PubMed queries, 
calculating the ratio of query-and-gene-related articles to gene-related
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articles. The co-occurrence probability of each gene with PubMed query 
in at least K articles was statistically analyzed, applying a P-value 
formula:

P = 1 − 
∑ k− 1

i=0
f (i) = 1 − 

∑ k− 1

i=0

( 
k
i

) (
N− K 
n− i

)

( 
N
n

) (3)

where N represents the total number of articles in PubMed, K is the 
number of articles related to the PubMed query, n, and k indicate the 
numbers of articles for a specific gene and those corresponding to the 
PubMed query, respectively. The nominal p-value was adjusted to FDR 
using the Benjamini-Hochberg approach. Genes with R values above 
10K/N and FDR or P-value (if K < 100) lower than 0.05 were considered 
significant.

We performed this literature-based association analysis across 
several predefined biological themes: “Osteoblast”, “Mechano-
transduction”, “Stress”, “Apoptosis”, and “Autophagy” with all DEGs 
identified across the mechanical stimulation conditions and common to 
both MC3T3-E1 and KUSA-A1 cells.

For each DEG, PubMed titles and abstracts were queried using the 
following search syntax: “Gene Symbol” AND “Mechanotransduction, 
Cellular”[Mesh], “Gene Symbol” AND “Osteoblasts”[Mesh], “Gene 
Symbol” AND Stress, Mechanical”[Mesh], “Gene Symbol” AND “Apop-
tosis”[Mesh], “Gene Symbol” AND “Autophagy”[Mesh], and their 
combined terms, e.g., “Gene Symbol” AND (“Osteoblasts”[Mesh] AND

“Stress, Mechanical”[Mesh]), and “Gene Symbol” AND (“Osteo-
blasts”[Mesh] AND “Mechanotransduction, Cellular”[Mesh]).

Two quantitative metrics were calculated to place each gene in a 
two-dimensional association space: Topic relevance score (x-axis: 
log₂[1/P-value]). P-values were computed from a hypergeometric dis-
tribution comparing the number of publications linking a gene to a topic 
versus the total publication background for that gene. Higher values 
indicate stronger topic-specific enrichment. Higher values indicate more 
topic-specific associations. Bubble size corresponds to the total number 
of topic-linked publications for each gene, while bubble color represents 
the log₁₀ of all gene-related articles (proxy for gene popularity). Details 
of the setup environment, functions and queries can be found in the 
following website: http://ppybcell.bs-gou.com.

3. Results and discussion

3.1. Characterization and performance of the PPyAu wire actuator

The details of the fabrication and verification of the PPyAu wire 
actuator are presented elsewhere. [27] In brief, upon application of 
electrical potential, the electroactive PPy (electropolymerized in the 
presence of dodecylbenzenesulfonate, DBS) layer (approximately 20 μm 

thick) on the 500 μm Au wire undergoes reversible volumetric expansion 
and contraction, generating radial mechanical displacements (Fig. 1A). 
[26,36,37] The radial expansion of the PPyAu wire actuator was 
approximately 4 μm, as measured using a laser scanner micrometer

Fig. 1. Characterization of PPyAu wire actuator, experimental design, and current analysis. (A) Schematic representation of the PPyAu wire actuator fabrication and 
actuation. (B) Radial actuation of the PPyAu wire upon cyclic stimulation, with each potential held at − 0.7 V and 0.3 V for 150 s, measured with a non-contact optical 
laser scanner. (C) Schematic representation of the mechanical and/or electrical stimulation setup applied to cells cultured in atelocollagen permeable membrane 
culture (transwell) inserts. (D) Summary of five experimental conditions: I- Cyclic-30 min (Cyc30): 30-min cyclic stimulation (18 cycles); II- Static-30 min (Stat30): 
30-min static stimulation (1 cycle); III- Cyclic-120 min (Cyc120): 120-min cyclic stimulation (72 cycles); IV- Control1-nonstimulated (Cont1-NS): PPyAu wire 
actuator without electricity; V- Control2-Uncoated (Cont2-UC): bare Au wire with electrical stimulation. (E-H) Representative current vs. time (potential applied to 
the actuator). Orange square wave: Input voltage. Green line: Current response. For Cont1-NS, no electricity was applied, thus no plot is shown. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web version of this article.)
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(Fig. 1B). For subsequent mechanical stimulations, a frequency of 0.01 
Hz, which is lower than typical physiological oscillations (e.g., 1 Hz), 
was chosen to optimize the expansion of the PPy layer. The electro-
chemical response of the PPy layer in cell culture medium is rate-limited 
by ion diffusion, requiring sufficient time to achieve maximum volu-
metric expansion (Fig. 1B). In this system, higher frequencies could also 
be applied but would result in attenuated radial displacement due to 
these inherent diffusion limits, as can be deducted from Fig. 1B. A 
detailed analysis on the effect of PPy thickness and actuation period 
(frequency) on the achieved maximum expansion has been reported 
previously [27].

As illustrated schematically in Fig. 1C, the radial actuation (Δδ) 
transmitted local compressive forces directly to cells, previously 
cultured on atelocollagen permeable membrane culture inserts. The 
stimulation of the cells was performed according to the conditions 
shown in Fig. 1D, by applying cycles of square wave potential stimuli 
stepping between − 0.7 V and + 0.3 V, with 100 s at each potential limit. 
The consumed charge by the working electrode vs. time is shown in 
Suppl. Fig. 1.

Under short-term (Cyc30: 18 cyclic pulses over 30 min) or prolonged 
(Cyc120: 72 cyclic pulses over 120 min) cyclic stimulation, steady 
square-wave potentials were applied (Fig. 1E and G, orange traces) and 
current responses were measured (green traces). The consumed charge 
by the working electrode vs. time in each condition is shown in Suppl. 
Fig. 2. The stable response pattern indicated high electrical stability of 
the PPyAu wire actuator, maintaining uniform actuation without signal 
drift. This repeated on–off modulation resulted in continuous loading 
and unloading of osteoblast membranes. While the frequency and

magnitude are lower than macro physiological strain (e.g., during 
locomotion), our system allows for the investigations of cellular re-
sponses to discrete, localized micromechanical deformations.

In contrast, the short-term static stimulation (Stat30: single pulse 
over 30 min) consisted of a single electrical stimulation at the start of the 
experiment, inducing a single expansion of the PPyAu wire actuator 
without subsequent contraction. This resulted in a sustained static me-
chanical load on the surrounding cells throughout the 30-min stimula-
tion period (Fig. 1F), characterized in the electrochemical signal by a 
current peak at the beginning with negligible current flow thereafter. 

The control experiments provided crucial insights into the specificity 
of the observed mechanical effects. Control-1 (non-stimulated: Cont1-
NS) employed the same PPyAu wire actuator but without electrical 
stimulation, demonstrating that the polypyrrole coating alone did not 
trigger measurable bioresponse or other interference with cells. Control-
2 (uncoated: Cont2-UC) used an uncoated Au wire with the same elec-
trical stimulation to investigate the effect of the applied current on the 
cells (i.e., without mechanical stimulation) (Fig. 1H).

The combination of these conditions was used to validate the system 

as a reliable biomechanical platform for studying mechanosensitive re-
sponses of bone-forming cells under well-defined stimulation parame-
ters. Representative images of cells attached to the PPyAu wire actuator 
surface and their displacement following actuation are provided in 
Fig. 2.

To explore how the applied mechanical strain could be transmitted 
to cells within this system, we performed 2D FEM of the actuator-
induced deformation using a near-incompressible material model 
(Poisson's ratio ν = 0.499) to better approximate the mechanical

Fig. 2. Brightfield images showing osteoblasts in direct contact with the PPyAu wire actuator before (top) and after (bottom) mechanostimulation. The PPyAu wire is 
visible on the left, with the osteoblast cell layer on the right. Following actuation, radial expansion of the PPy coating (~4 μm) results in a measurable outward 
displacement of the surrounding cells, leading to local compression and deformation of adjacent osteoblasts. Yellow line indicates the position of a specific osteoblast 
(yellow arrow) before actuation. Pink line indicates the position of the same cell after actuation. The distance between the yellow and pink lines is ~4 μm. Scale bar: 
50 μm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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behavior of collagen-rich matrices. The results revealed that, rather than 
uniaxial deformation, the cells experienced both tensile (circumferen-
tial) and compressive (radial) strains, particularly near the PPyAu wire 
interface. These strains were mainly localized near the PPyAu wire 
interface and decreased monotonically with increasing radial distance 
(Fig. 3A-C).

To capture a more detailed mechanical behavior experienced by 
cells, strain was analyzed in terms of principal strains. The maximum 

principal strain (ε_max = ~14,800 με), corresponding approximately to 
circumferential stretching, exhibited a sharp peak at the actuator 
interface and decreased nonlinearly with distance. At a radial distance of 
1000 μm, ε_max decreased to ~1177 με (~8% of interface strain), while 
at the biopsy punch boundary (2500 μm), ε_max was ~141 με (~1% of 
interface strain) (Fig. 3D). While 14,800 με would be considered path-
ophysiological or fracture-inducing in rigid, mineralized bulk bone in 
vivo, [15–17] it is widely established as a highly effective, physiological 
stimulus for cells cultured in vitro on compliant substrates. Conventional 
mechanobiology assays (e.g., Flexcell systems) routinely apply 1% to 5% 

strain (10,000 to 50,000 με) to overcome cell-substrate compliance and 
induce robust anabolic responses without causing apoptosis. [38,39] 
FEM analysis also predicted that only ~3.34% of the total membrane 
area, or 10.81% of the 5 mm biopsy region, experiences maximum 

principal strain above 1800 με (typical strain for an osteocyte to respond 
to mechanical loading), with this threshold reached at a radial distance 
of ~552 μm from the PPyAu wire surface.

In contrast, the minimum principal strain (ε_min), approximating 
radial deformation, exhibited a distinct spatial profile characterized by a 
strongly localized compressive deformation near the PPyAu wire inter-
face. Immediately outside the actuator (r ≈ 270 μm), εr rapidly 
decreased, reaching a minimum of approximately − 9500 με at ~100 μm 

from the PPyAu wire interface, then progressively diminished to ~ − 

1200 με at ~1000 μm, further reducing to ~ − 400 με at the biopsy 
punch boundary and reaching near-zero values at a distance beyond 
4100 μm (Fig. 3D, Suppl. Fig. 3).

Of note, sensitivity analysis based on the maximum principal strain 
was performed across broad ranges of collagen and cell-layer material 
properties and showed that despite these variations, the predicted 
spatial strain profile remained essentially unchanged. These findings 
indicate that the spatial attenuation of strain in this system is primarily 
defined by geometry and boundary conditions rather than by moderate 
changes in membrane material properties. These analyses also suggest 
that all cells collected within the biopsy punch boundary were subjected 
to a measurable degree of mechanical stimulation. Future studies, such 
as those employing spatial transcriptomics at single cell level, may 
further elucidate how these mechanical signals influence/activate re-
sponses in cells located at different distances from the actuation site.

3.2. Localized micromechanical stimulations elicit distinct and cell-type-
consistent transcriptional responses

To investigate how cells rapidly translate mechanical cues into 
transcriptional outputs, we performed a systems-level analysis of early 
mechanosensitive gene regulation using RNA-seq datasets obtained 
from MC3T3-E1 and KUSA-A1 cells stimulated with the newly devel-
oped PPyAu wire actuator (Suppl. Fig. 4). Electrical activation of the 
electroactive PPy layer produced localized expansion of the actuator, 
thereby delivering defined micromechanical pressure directly onto the 
cell layer. Transcriptomes were collected at 30 min and 2 h post-
stimulation to capture immediate-to-early phase transcriptional re-
sponses, immediately after the completion of the stimulation protocol. 
Differentially expressed genes (DEGs) common to both cell types and 
time points were used to construct gene regulatory networks.

To assess the transcriptional overlap between different stimulation 
modes, we generated Venn diagrams plotted in a table comparing the 
common DEGs across the two cell types (Table 1). Cyclic stimulation for 
30 min (Cyc30) resulted in fewer DEGs, with no overlapped genes across

the 2 cell types, when compared either with Cont1-NS or Cont2-UC. This 
indicates that Cyc30 is not enough to induce substantial changes in the 
total mRNA expression landscape in both cells, and suggests that the 
stimulus may have been absorbed or compensated at the mechanical, 
structural, and signaling levels before a robust gene-expression program 

was engaged. Notably, in the Cyc30/Cont1-NS comparison, MC3T3-E1 
showed an upregulation of Egr1, a well-known immediate-early 
responsive gene, suggesting a faster and more sensitive response in this 
cell type.

On the other hand, Stat30 induced the upregulation of 11 and 76 
genes in MC3T3-E1 cells and KUSA-A1 cells, respectively. When 
analyzed for the common DEGs across the two cells, 5 genes were 
commonly upregulated in both cell types (Tables 1 and 2, light blue 
cell). These results indicate that Stat30 evokes a broader and more 
consistent transcriptional program compared to the cyclic counterpart 
(Cyc30). Importantly, the transcriptional response of the immediate 
early genes Fos, Btg2, Fosl1, and Egr1, which are all well-established 
genes associated with mechanical stress, cytoskeletal tension, and sub-
strate deformation, [40–42] supports the validity of the micro-
mechanical stimulation system that we developed. In the Stat30/Cont1-
NS comparison, although both cell types shared a core immediate-early 
mechanosensitive signature, KUSA-A1 displayed upregulation of 
numerous cell-cycle- and mitosis-related DEGs, indicating a stronger and 
more diverse transcriptional activation under Stat30 stimulation. On the 
other hand, in the Stat30/Cont2-UC comparison, MC3T3-E1 and KUSA-
A1 displayed clearly distinct transcriptional profiles. MC3T3-E1 showed 
a relatively limited response, with upregulation of Btg2, and a passive 
tension/mechanosensing gene, Ttn, and several non-coding transcripts. 
By contrast, KUSA-A1 exhibited a broader response, with upregulated 
genes including Ptgs2, Egr1, and Ibsp, and many downregulated genes 
associated with extracellular matrix organization (e.g., Col4a1, Fbn1) 
and stromal identity (e.g., Cxcl12).

In addition, in each of the Stat30/Cont1-NS or Stat30/Cont2-UC 
comparisons, 1 uncharacterized long non-coding RNA (lncRNA: 
B930036N10Rik and 5430431A17Rik, respectively) was identified 
across both cell types, suggesting possible novel players in immediate-
early mechanotransduction responses (Tables 1 and 2, light and dark 
blue cells). Because Cont1-NS controls for the PPy polymer without any 
actuation, and Cont2-UC controls for electrical stimulation without 
polymer-driven deformation, the fact that these DEGs emerge in both 
comparisons demonstrates that neither passive polymer contact nor 
pure electrical stimulation is sufficient to drive their expression. This 
indicates that the early transcriptional activation observed under Stat30 
arises primarily from mechanical deformation generated by the PPyAu 
wire actuator, rather than from electrical stimulation. In the Cyc30/ 
Stat30 comparison, both cell types showed only minimal transcriptional 
differences, suggesting that short-term cyclic and short static stimula-
tions elicited similar adaptational responses. MC3T3-E1 exhibited just 2 
DEGs corresponding to non-coding or uncharacterized transcripts 
(5430431A17Rik and D7Bwg0826e), and KUSA-A1 exhibited only 3 
DEGs, all of which were lncRNA transcripts.

Prolonged cyclic stimulation (Cyc120) shifted both cell types toward 
stress-adaptative and repair-associated transcriptional program, as 
indicated by the upregulation in genes related to stress/antioxidant 
defense (Hmox1, Gadd45b) and ECM remodeling/angiogenesis (Ser-
pine1), and feedback inhibition/termination of stress response (Tnfaip3, 
Ski) (Tables 1 and 2, light orange cells). Among the 3 genes (Bhihe40, 
Gadd45b, and Serpine1) identified in Cyc120/Cont2-UC (Tables 1 and 2, 
dark orange cells), two of them were also observed in Cyc120/Cont1-NS. 
In the Cyc120/Cont1-NS comparison, MC3T3-E1 exhibited mainly 
immediate-early and stress-responsive DEGs, including Atf3, Fosb, Fosl1, 
Jun, Dusp4, Hmox1, and Tnfaip3, while KUSA-A1 showed a broader 
response with a similar early-response core, but additionally displayed 
genes related to cell-cycle regulation, metabolism, and signaling, such as 
Ccng2, Mdm2, Bhlhe40, and Srxn1. A similar pattern was observed in 
Cyc120/Cont2-UC, where MC3T3-E1 showed a limited stress/adaptive
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Fig. 3. Finite element analysis of actuator-induced displacement and principal strain components in the collagen membrane.
(A) Illustration showing the circumferential and radial strains.
(B) Refined finite element mesh of the annular computational domain representing the cell-seeded collagen membrane, with local mesh refinement (~50,000 
triangular elements) near the PPyAu wire interface (inner radius: 270 μm) to accurately capture steep mechanical gradients. The outer boundary corresponds to an 
equivalent circular culture area of 64 mm 2 (4513 μm).
(C) Spatial distribution of radial displacement magnitude following actuator expansion (4 μm at the inner boundary). The displacement field is radially symmetric 
and decays smoothly with distance from the PPyAu wire interface, reaching submicron magnitudes beyond ~2000 μm.
(D) Radial profiles of in-plane principal strains as a function of distance from the actuator. The maximum principal strain (red line, ≈ circumferential strain) exhibits 
a nonlinear decay from a peak strain (~14,800 με) at the PPyAu wire interface (270 μm) to ~1177 με at 1000 μm (~8.0% of the interface strain), and to ~141 με 
(~0.95%) at the biopsy punch boundary (2500 μm). The minimum principal strain (blue line, ≈ radial strain) is highly compressive (~ − 9500) at 100 μm from the 
PPyAu wire interface, and gradually approaches ~ − 400 με at the biopsy punch boundary and near-zero values at a distance beyond 4100 μm. Dashed grey vertical 
line indicates the biopsy punch boundary. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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response, while KUSA-A1 again displayed a broader and more func-
tionally diverse transcriptional profile. When the Cyc120 was compared 
across the two control groups, MC3T3-E1 exhibited 7 shared DEGs out of 
35 identified in the Cyc120/Cont1-NS and Cyc120/Cont2-UC compari-
sons, whereas KUSA-A1 exhibited 22 shared DEGs out of 74. For MC3T3-
E1, genes unique to Cyc120/Cont1-NS included mostly those related to 
immediate-early mechanoresponse; whereas those unique to Cyc120/ 
Cont2-UC were fewer and centered on Bhlhe40 and Txnip, together 
with several non-coding/pseudogene transcripts. For KUSA-A1 cells, 
genes unique to Cyc120/Cont1-NS were related to RNA regulation/post-
transcriptional control, antioxidant defense, apoptosis/stress survival, 
cell-cycle restraint, and additional transcriptional feedback regulation, 
while those unique to Cyc120/Cont2-UC were related to immediate-
early signaling, energy metabolism, hypoxia/stress adaptation, and 
membrane/cytoskeletal or signaling-related remodeling.

Comparisons of short-term and prolonged stimulations revealed that 
in the Cyc30/Cyc120 condition, MC3T3-E1 displayed 17 DEGs largely 
reflecting a focused stress/adaptive program, whereas KUSA-A1 showed 
46 DEGs encompassing stress-response, metabolic, hypoxia-related, and 
biomineralization-associated genes. The two cell types shared only a 
small core set of DEGs, including Hmox1, Gadd45b, Serpine1, and Jun. In 
contrast, in the Stat30/Cyc120 analysis, MC3T3-E1 showed almost no 
transcriptional difference (2 DEGs), whereas KUSA-A1 showed a sub-
stantial shift (42 DEGs), with genes associated with stress/adaptive, 
hypoxia-related, metabolic, and extracellular remodeling functions, 
including Hmox1, Gadd45b, Tnfaip3, Hk2, and Serpine1. Thus, the 
distinction between short-term and prolonged stimulations was more 
pronounced in KUSA-A1 than in MC3T3-E1.

It is worth to note that Hmox1 was the only gene repeatedly observed 
across the Cyc30/Cyc120 (Tables 1 and 2, light green cells) and Stat30/ 
Cyc120 regimens (Tables 1 and 2, dark green cells), suggesting its 
possible major role in the adaptation of cellular metabolism in response 
to either cyclic or static stress. The finding that Hmox1 consistently 
appears as a differentially expressed gene across multiple comparisons 
involving the Cyc120 condition, including Cyc120/Cont1-NS, strongly 
indicates that Hmox1 is a core molecular signature of prolonged cyclic 
mechanical stimulation. Unlike other genes whose presence depends on 
the comparison group, Hmox1 is repeatedly detected in 120-min cyclic 
loadings, except when compared with Cont2-UC. Because Hmox1

encodes heme oxygenase-1, a key regulator of oxidative stress adapta-
tion and cytoprotection, its repeated induction indicates that Cyc120 
imposes a sustained mechanical challenge that elevates cellular stress 
signaling, surpassing the levels triggered by either short-term cyclic 
(Cyc30) or static (Stat30) stimulations. Thus, Hmox1 may serve as a 
robust and sensitive indicator of the intensity, duration, and cumulative 
load associated with prolonged cyclic mechanostimulation in osteoblast-
like cells. These findings should, however, be validated in future work 
using time-matched controls (i.e., 120-min controls) to ensure that the 
observed changes are in fact driven by sustained mechanical actuation 
rather than cellular responses to the extended experimental duration. 

It is also worth noting that a direct comparison between Cont1-NS 
and Cont2-UC revealed no overlapping DEGs in MC3T3-E1 and KUSA-
A1 cells (data not shown), demonstrating that neither the electrical 
stimulus nor the PPy-DBS material itself significantly impacts the tran-
scriptome without mechanical loading. This confirms that the observed 
gene expression changes are specifically driven by the radial expansion 
of the actuator.

3.3. Interactome analysis

Next, to further explore regulatory relationships among the DEGs, we 
conducted Bayesian causal network analysis of all upregulated mecha-
nosensitive genes (Fig. 4A). This network depicts a transcriptional reg-
ulatory landscape centered around key transcription factors and co-
factors inferred using Bayesian network analysis, with some in-
teractions supported by ChIP-Seq data. Each node represents a gene, 
where the node color reflects its expression level (log2TPM), and each 
edge (arrow) represents a predicted or validated regulatory relationship. 
Solid lines denote relationships supported by ChIP-seq data, while 
dashed lines represent probabilistic inferences. The width and color of 
the edges represent the strength and causality of the interaction.

This approach revealed a hierarchical and highly structured network 
architecture, in which classical immediate-early transcription factors, 
including Fos, Jun, Egr1, Fosl1, and Bhlhe40, occupied the most central 
upstream positions, exhibiting the highest out-degree connectivity and 
strongest inferred causal influence. In particular, Jun and Fos family 
proteins are components of the AP-1 transcription factor complex, 
crucial in regulating genes involved in inflammation, cell cycle

Table 1
Number of differentially expressed genes (DEGs) in response to micromechanical stimulation in 
both MC3T3-E1 and KUSA-A1 cells. The table summarizes the total number of upregulated (up) and 
downregulated (down) DEGs in MC3T3-E1 cells, KUSA-A1 cells, and the shared DEGs between both 
cell types across multiple stimulation conditions. Colored boxes indicate DEG counts for conditions 
in which shared transcriptional responses were detected in both cell lines.

Up Down Up Down Up Down

Cyc30   Vs  Cont1-NS 1 1 1 0 0 0

Cyc30   Vs  Cont2-UC 1 0 2 1 0 0

Stat30   Vs  Cont1-NS 11 3 76 9 5 0

Stat30   Vs  Cont2-UC 6 1 11 20 1 0

Cyc120 Vs  Cont1-NS 21 2 34 4 8 0

Cyc120 Vs  Cont2-UC 8 4 31 5 3 0

Cyc30   Vs  Stat30 1 1 1 2 0 0

Cyc30   Vs  Cyc120 13 4 36 10 4 0

Stat30   Vs  Cyc120 2 0 34 8 1 0

MC3T3-E1 & KUSA-A1 
(# common DEGs)

MC3T3-E1 
 (# DEGs)

KUSA-A1 
(# DEGs)
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Table 2
Differentially expressed genes (DEGs) and their annotations in response to micromechanical stimulation in both MC3T3-E1 
and KUSA-A1 cells. The tables list the gene names, protein annotations, and functional descriptions of DEGs in both cells 
identified in Table 1. For Stat30/Cont1-NS, the shared upregulated DEGs include Fos, Btg2, Fosl1, and Egr1, all known early-
response transcription factors, along with one uncharacterized gene. For Stat30/Cont2-UC, 5430431A17Rik was the only 
DEG detected. For Cyc120/Cont1-NS, multiple DEGs were identified, including key stress- and apoptosis-related genes 
(HMOX1, GADD45b, Serpine1, Fosl1, Jun, Skil, Tnfaip3, Fosb). In Cyc120/Cont2-UC, the upregulated DEGs included Bhlhe40, 
Serpine1, and Gadd45b. The Cyc30/Cyc120 comparison highlights genes consistently activated during prolonged loading, 
including HMOX1, Gadd45b, Serpine1, and Jun. For the Stat30/Cyc120 comparison, only Hmox1 was detected as a conserved 
gene in both cell types.

Stat30 Vs Cont1-NS

Gene Name Protein Name Gene Annotation
B930036N10Rik Uncharacterized Unknown

Fos c-Fos Nuclear phosphoprotein which forms a complex with JUN/AP-
1

Btg2 BTG2 Transcription corepressor
Fosl1 Fos-related antigen 1 Transcription factor

Egr1 Early growth response protein 1 Transcription factor

Stat30 Vs Cont2-UC

Gene Name Protein Name Gene Annotation
5430431A17Rik Uncharacterized Unknown

Cyc120 Vs Cont1-NS

Gene Name Protein Name Gene Annotation
Fosb FosB Transcription factor

Serpine1 Plasminogen activator inhibitor 1 ECM remodeling, angiogenesis, cellular response to TGF-β

Hmox1 Heme oxygenase 1 Oxidative stress response, cytoprotection

Gadd45b Growth arrest and DNA damage-
inducible protein GADD45 beta Apoptotic process

Fosl1 Fos-related antigen 1 Transcription factor
Jun Transcription factor Jun Transcription factor
Skil Ski-like protein Transcription repressor

Tnfaip3 Tumor necrosis factor alpha-induced 
protein 3 Cysteine-type deubiquitinase activity, DNA binding

Cyc120 Vs Cont2-UC

Gene Name Protein Name Gene Annotation

Bhlhe40 Class E basic helix-loop-helix protein 
40 Transcription factor

Serpine1 Plasminogen activator inhibitor 1 ECM remodeling, angiogenesis, cellular response to TGF-β

Gadd45b Growth arrest and DNA damage-
inducible protein GADD45 beta Apoptotic process

Cyc30 Vs Cyc120
Gene Name Protein Name Gene Annotation

Hmox1 Heme oxygenase 1 Oxidative stress response, cytoprotection

Gadd45b Growth arrest and DNA damage-
inducible protein GADD45 beta Apoptotic process

Serpine1 Plasminogen activator inhibitor 1 ECM remodeling, angiogenesis, cellular response to TGF-β

Jun Transcription factor Jun Transcription factor

Stat30 Vs Cyc120
Gene Name Protein Name Gene Annotation

Hmox1 Heme oxygenase 1 Oxidative stress response, cytoprotection

J. Chen et al. Bone 209 (2026) 117914 

10 



progression, and apoptosis. Another key transcription factor, Egr1, in-
tegrates signals from Yap1/Wwtr1 [43] and further modulates AP-1 
components and downstream targets such as Fosb and Skil. These tran-
scription factors formed the core regulatory module, rapidly activated 
within 30 min, and propagated downstream signals toward stress-
responsive and redox-regulating genes such as Hmox1, Gadd45b, and 
Serpine1, localized on the periphery of the network. These genes are also 
involved in DNA damage repair, inflammation regulation, and inhibi-
tion of apoptosis, reflecting an activated cellular state under stress or 
injury.

Consistently, nodes representing Hmox1 and Gadd45b appeared in 
distal downstream positions with large node sizes and intense red 
coloration, reflecting strong transcriptional activation (log₂TPM), while

their lower outgoing edge count suggested their primary role as effector 
genes rather than regulators. Genes such as Skil, Btg2, Tnfaip3, and 
Serpine1 formed intermediate layers within the network, mediating 
signal propagation between early transcription factors and stress-related 
effectors, and displaying multiple bidirectional or converging edges that 
indicate their integrative roles.

While Bayesian network inference (Fig. 4B) is primarily data-driven 
and captures statistical dependencies between gene expression profiles, 
it may not inherently account for master regulators like YAP/TAZ, 
whose activity is largely governed by nuclear translocation and post-
translational modification rather than immediate mRNA fluctuations, 
especially in short-time experimental setups. In fact, YAP/TAZ was not 
experimentally identified as DEGs in this study. Consequently, in

Fig. 4. Interactome analysis of mechanosensitive genes in response to micromechanical stimulation. This integrative network diagram illustrates the inferred 
regulatory relationships among the DEGs in response to mechanical stimulation, constructed using Bayesian network inference, ChIP-seq evidence, and RNA-seq 
expression data. Nodes (genes) are color-coded by expression level (log₂TPM), ranging from low (blue) to high (red), and the size of the nodes reflects relative 
expression magnitude. Edges (arrows) represent inferred regulatory relationships. Solid lines indicate relationships supported by both Bayesian inference and ChIP-
seq data. Dashed lines indicate predictions from Bayesian inference only. Line color represents the inferred causal strength of the interaction (green to red, with red 
being strongest). Line width corresponds to interaction strength (thicker lines indicate stronger regulatory influence). (A) Prominent transcriptional regulators such 
as Fos, Jun, Egr1, and Fosl1 occupy central network positions, coordinating broad regulatory responses. Notably, Hmox1 and Gadd45b appear as key downstream 

effectors with strong expression, implicating them in stress response and cytoprotection. At the bottom, the group of transcription factors and co-factors (Fos, Jun, 
Egr1, Fosl1, Bhlhe40), which likely initiate or modulate the transcriptional response are highlighted. Genes such as Hmox1, Skil, and Gadd45b are connected via 
multiple dotted arrows, indicating their role as integrative hubs in downstream processes. Peripheral genes such as Skil, Tnfaip3, and Serpine1 integrate multiple 
regulatory signals, while B930036N10Rik and X5430431A17Rik emerge as strongly upregulated but less-characterized components of the network. This visualization 
emphasizes the coordinated induction of transcriptional programs involving immediate-early response genes, stress regulators, and putative novel mechanosensitive 
genes in response to mechanical cues. (B) Network topology map of mechanosensitive genes identified in this study, in association with the well-known and YAP/ 
TAZ-associated mechanosensitive genes. Key regulators such as Fos, Fosb, Egr1, Jun, Bhlhe40, and Tnfaip3 continue to be central to mechanotransduction together 
with YAP/TAZ-related genes. Yap1 shows strong regulatory links to Tnfaip3 and Erg1 mechanoregulatory genes, while Wwtr1 is linked to Skil. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web version of this article.)
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addition to the Bayesian inference analysis using only the modulated 
genes identified herein, we integrated Yap1 and Wwtr1 (TAZ) as bio-
logically informed nodes within the network. Although still uncommon, 
this hybrid approach combining data-driven gene dependencies with 
established regulatory anchors, positioned YAP/TAZ as upstream regu-
lators of several modulated genes, consistent with their well-
documented roles as primary mechanotransducers.

In our model, Yap1 showed predicted regulatory influence on Egr1, 
Fosl1, Skil, and Tnfaip3, while Wwtr1 connected to Jun and Bhlhe40, 
thereby forming a prolonged mechanotransduction module. This inte-
gration led to an increased density of regulatory edges connecting YAP/ 
TAZ to downstream stress effector genes such as Hmox1, Gadd45b, and 
Serpine1, suggesting that YAP/TAZ may amplify or coordinate tran-
scriptional responses initiated by immediate-early transcription factors. 
Downstream of Yap1/Wwtr1 are canonical transcription factors, 
including Jun, Egr1, Fos, Fosb, and Bhlhe40, that facilitate rapid re-
sponses in stress, immune signaling, and cell fate decisions. The two 
uncharacterized lncRNAs, B930036N10Rik and X5430431A17Rik, were 
consistently upregulated and positioned downstream of transcription 
factor hubs in both network models. Although lacking prior mechano-
biological annotation, these genes received regulatory inputs from early 
transcription factors, indicating potential roles as novel mechanosensi-
tive genes.

Collectively, this extended network analysis allowed the visualiza-
tion of a hierarchical regulatory structure where Yap1 and Wwtr1 
function as upstream master regulators, activating a cascade of tran-
scription factors (e.g., Jun, Egr1, Fos family) that, in turn, control 
expression of genes critical for stress response, inflammation, and cell 
survival. The integration of causal strength, interaction evidence, and 
gene expression levels still needs further probatory evidence, but pro-
vides a more comprehensive view of the immediate-early transcriptional 
control mechanisms within this biological system.

3.4. Global overview of GO biological processes

To elucidate the biological significance of transcriptomic alterations 
induced by micromechanical stimulations, we performed Gene Ontology 
Biological Process (GO-BP) enrichment analyses to identify conserved 
processes across both MC3T3-E1 and KUSA-A1 cells (Table 3, Suppl. 
Figs. 5–10). This analysis was conducted independently of the list of 
overlapping DEGs identified in Tables 1 and 2. GO-BP terms that were 
significantly enriched in both cell types were considered representative 
of shared mechanotransductive pathways. Comparisons were made 
among cyclic (Cyc30, Cyc120), static (Stat30), and control (Cont1-NS, 
Cont2-UC) conditions to distinguish immediate and early mechanobio-
logical responses.

As shown in Table 3 (right cells), neither the Cyc30 nor the Stat30 
conditions produced substantial changes in enriched GO-BP signatures. 
Only one GO-BP was down-regulated in Stat30/Cont1-NS (Suppl. 
Fig. 9), suggesting that prolonged stimulations are necessary to drive 
significant cellular responses. Indeed, a markedly higher number of 
enriched GO-BPs was observed under prolonged Cyc120 stimulation 
regimens. In the Cyc120/Cont1-NS and Cyc120/Cont2-UC, 32 and 18 
GO-BPs were respectively upregulated, and modulated a distinct set of 
processes associated with cellular adaptation, although with lower 
overall pathway diversity, indicating a shift from acute signaling to 
sustained remodeling activity. The two GO-BPs common to both 
Cyc120/Cont1-NS and Cyc120/Cont2-UC were “regulation of extrinsic 
apoptotic signaling pathway via death domain receptors” and “regula-
tion of protein maturation” (Suppl. Figs. 5, 6). The first pathway controls 
cell survival decisions mediated by external mechanical or biochemical 
cues, i.e., under prolonged mechanical loading, cells may experience 
mechanical strain, membrane deformation, oxidative stress, or cyto-
skeletal tension, all of which can activate death-domain receptor 
signaling (e.g., TNFR, FAS). In other words, the activation of this 
pathway suggests that cells are actively modulating apoptosis-related

signals to avoid cell death, and they engage protective and homeostat-
ic mechanisms to maintain viability under prolonged mechanical load. 
On the other hand, activation of “regulation of protein maturation” GO-
BP suggests that cells are remodeling their proteome in response to 
sustained mechanical cues, and preparing functional proteins necessary 
for cytoskeletal remodeling, adhesion, stress adaptation, and mecha-
notransduction. These findings align well with the observed upregula-
tion of Gadd45b and Hmox1, both of which are known survival- and 
stress-mitigation genes. [44–47] Moreover, Serpine1 is involved in the 
regulation of proteolytic cascades and protein activation/maturation 
processes during tissue remodeling, and Tnfaip3 influences ubiquitin-
dependent processing and maturation of signaling proteins, particu-
larly within NF-κB and inflammatory pathways.

The larger number and greater diversity of pathways in Cyc120/ 
Cont1-NS indicate that the PPyAu wire actuator under cyclic actuation 
evokes a more complex, multilayered adaptive response encompassing 
stress regulation, extracellular-matrix (ECM) remodeling, and angio-
genesis. The GO enrichment network derived from the Cyc120/Cont1-
NS comparison revealed a dense cluster of processes associated with 
stress and apoptotic signaling, including “regulation of extrinsic 
apoptotic signaling pathway via death domain receptors”, “cellular 
response to oxidative stress”, “response to wounding”, and “negative 
regulation of inflammatory response” (Suppl. Fig. 5). Core genes 
involved in these networks—Hmox1, Gadd45b, Jun, Fos, Fosl1, Serpine1, 
and Tnfaip3—represent canonical components of early response tran-
scriptional circuits. Notably, the AP-1 transcriptional complex (Fos, Jun, 
Fosl1) and its regulators were consistently enriched in GO terms related 
to signal transduction and transcriptional activation, suggesting that 
cyclic stimulation rapidly initiates mechano-transductive gene net-
works. Hmox1 and Gadd45b, both known mediators of oxidative stress 
adaptation and DNA repair, were found at the intersection of multiple 
enriched GO-BPs, reinforcing their central role in cytoprotective and 
remodeling mechanisms during the early phase of stimulation. [48]

In contrast, the Cyc120/Cont2-UC network exhibited a smaller but 
focused topology comprising 18 enriched GO-BPs, centered on oxidative 
stress defense, proteostasis, and circadian/metabolic regulation (Suppl. 
Fig. 6). Major terms included regulation of apoptotic signaling, regula-
tion of protein maturation, vascular development, and entrainment of 
the circadian clock. Key contributors were Bhlhe40, Hmox1, Gadd45b, 
and Serpine1. Bhlhe40 is a circadian transcription factor that responds to 
rhythmic mechanical or metabolic cues, suggesting that repetitive 
deformation imposes a temporal transcriptional rhythm. Notably, these 
genes remained responsive even when the electrical potential was 
applied to an uncoated Au wire, confirming that mechanical deforma-
tion of the PPyAu wire actuator—not the electrical current—is the 
essential trigger for these adaptive pathways.

The GO-BP networks also revealed that distinct biological programs 
are activated when short-duration stimulations (Cyc30 or Stat30) are 
compared to prolonged cyclic stimulation (Cyc120), highlighting how 

osteoblast-like cells differentially sense mechanical duration and pattern 
(Suppl. Figs. 7, 8). The Cyc30/Cyc120 comparison shows upregulation 
of a broad and heterogeneous set of biological processes, driven by genes 
such as Btg2, Jun, Tnfaip3, Serpine1, Gadd45a, Adm, Vegfa, and Hk2. 
These genes cluster into several major functional themes: Vascular and 
angiogenic regulation (Vegfa, Adm), suggesting a transient, early “pro-
regenerative” or pro-angiogenic response under shorter cyclic loading. 
Cellular stress and metabolic adaptation (Hk2, Gadd45a, Tnfaip3) reflect 
acute responses to rapid but short-lived mechanical strain (Suppl. 
Fig. 7). Regulation of fibroblast proliferation and wound healing (Ser-
pine1, Skil) indicates remodeling signals triggered by brief but repetitive 
deformation. Immune and inflammatory modulation (Tnfaip3, Btg2), 
suggesting that short cyclic loading may engage early inflammatory 
regulatory pathways. Smooth muscle and keratinocyte-associated pro-
cesses possibly reflecting cytoskeletal and contractility adjustments in 
response to short mechanical pulses. Overall, Cyc30 induces a wide-
ranging, multi-system early mechanosensitive program, whereas
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Cyc120 produces a response and adaptation to stress. Three GO-BPs 
were found to be downregulated in the Cyc30/Cyc120 comparison 
(Suppl. Fig. 10). These GO-BPs encompass genetic programs required for 
nephrogenesis, including ureteric bud branching, nephron formation, 
and maturation of renal cell types.

In the Stat30/Cyc120 comparison, a more focused oxidative 
stress–autophagy axis can be observed (Suppl. Fig. 8). In contrast to that 
of Cyc30/Cyc120, the enriched GO-BPs of Stat30/Cyc120 network fall 
into a coherent set of processes: Oxidative stress response and cyto-
protection (Hmox1) highlighting oxidative-mechanical stress as a key 
feature differentiating Stat30 from prolonged cyclic loading. Regulation 
of apoptosis and epithelial apoptotic pathways (Tnfaip3, Mdm2), sug-
gesting that static deformation activates controlled cell-survival and 
damage-prevention pathways. Autophagy and macroautophagy regu-
lation (Ulk1, Bnip3) indicate engagement of cellular recycling programs 
in response to static indentation. Cell migration and epithelial remod-
eling (Gpi1, Serpine1) reflect tissue-remodeling cues triggered by me-
chanical compression.

Together, these results reveal that Cyc30 activates diverse biological 
pathways, including angiogenesis, immune modulation, and early 
wound-healing signals, whereas Stat30 activates a tighter stress-
response program centered on oxidative stress, apoptosis regulation, 
and autophagy. In contrast, Cyc120 induces a more potent mechanical 
stress signature that suppresses many of these early transient programs, 
leading to consistent upregulation of stress-protective genes such as 
Hmox1. These GO-BP patterns underscore how osteoblast-like cells can 
discriminate between mechanical pattern and duration, activating 
distinct mechanotransductive pathways that likely correspond to 
different physiological roles in bone remodeling and adaptation.

3.5. Identified genes are enriched for mechanotransduction- and stress-
associated pathways based on literature mining

Finally, to contextualize the functional relevance of the DEGs, we 
performed literature-based enrichment analysis using curated keyword 
searches. Specifically, we examined the association of DEGs with bio-
logical concepts including “mechanotransduction,” “mechanical phe-
nomena,” “stress,” and combinations of these terms with “osteoblast” to 
assess cell-type relevance.

Among the DEGs identified under cyclic stimulation, several genes 
were found to be strongly associated with the keyword

“mechanotransduction” in the literature (Fig. 5A, left panel). Notably, 
Fosb and Egr1 showed statistically significant enrichment, with Egr1 
displaying the highest relevance (log2(p-value) > 10). These genes are 
well-characterized early response transcription factors involved in 
cellular responses to mechanical and biochemical signals. However, 
when we analyzed the association of DEGs specifically with“Osteoblast” 
and “Mechanotransduction”, no gene was identified (Fig. 5A, right 
panel).

Further analysis using the term “stress” revealed enrichment of 
additional DEGs such as Gadd45b, Hmox1, Jun, Fos, Egr1, and Btg2 
(Fig. 5B, left panel). Of particular interest, Hmox1 demonstrated the 
strongest enrichment, suggesting a robust cellular stress response 
component. When filtered with “osteoblast” and “stress”, Hmox1 
remained significantly enriched (Fig. 5B, right panel), suggesting its 
critical role in mechanical stress adaptation in osteoblasts, as was also 
indicated by our experiments (Table 2).

A substantial proportion of DEGs exhibited significant literature as-
sociations with “apoptosis” (Fig. 5C, left panel). Prominently, Jun, Egr1, 
Fos, Tnfaip3, Gadd45b, Hmox1, Btg2, Fosb, and Serpine1 were enriched, 
suggesting that mechanical perturbation may initiate apoptotic 
signaling cascades. These genes are commonly reported as immediate-
early genes and stress-responsive regulators implicated in pro-
grammed cell death, particularly under conditions of mechanical and 
oxidative stress. When filtered with “osteoblast” and “apoptosis”, Jun 
emerged as the most relevant DEG (Fig. 5C, right panel), indicating that 
mechanical stimulation may trigger apoptotic regulation specifically in 
osteogenic lineages.

We also identified several DEGs significantly associated with “auto-
phagy” (Fig. 5D, left panel), including Hmox1, Tnfaip3, Egr1, Jun, Skil, 
and Bhlhe40. These genes have been previously implicated in autophagy 
regulation in response to oxidative stress or cytokine signaling. Notably, 
Hmox1 and Tnfaip3 showed the highest enrichment, supporting the 
hypothesis that autophagic responses are also engaged by the mechan-
ical environment induced through the micromechanical stimulation 
system that we have developed. However, the intersectional analysis 
with “osteoblast” and “autophagy” revealed no overlap (Fig. 5D, right 
panel), suggesting that while autophagy-related genes are activated, 
their direct functional annotation in osteoblasts is less well established 
in the current literature.

Collectively, these literature mining results provide compelling evi-
dence that the genes modulated by the electrically-driven

Table 3
Gene Ontology Biological Process (GO-BP) responses to micromechanical stimulation in MC3T3-E1 and 
KUSA-A1 cells. (A) Summary table of enriched GO-BPs identified from DEGs in MC3T3-E1 cells, KUSA-
A1 cells, and shared DEGs between the two cell types, analyzed independently of the DEGs identified in 
Table 1. Substantial enrichment was observed after prolonged stimulation, Cyc120, compared to either 
Cyc30, Stat30, C1-NC, or Cont2-UC, in both MC3T3-E1 and KUSA-A1. Down-regulated GO-BPs were 
related to catabolic carbohydrate process and kidney and renal development.

Up Down Up Down Up Down

 Cyc30   Vs  Cont1-NS 141 0 0 0 0 0

 Cyc30   Vs  Cont2-UC 0 0 50 0 0 0

 Stat30   Vs  Cont1-NS 158 480 357 110 0 1

 Stat30   Vs  Cont2-UC 86 0 273 429 0 0

 Cyc120 Vs  Cont1-NS 642 0 459 7 32 0

 Cyc120 Vs  Cont2-UC 169 16 473 14 18 0

 Cyc30   Vs  Stat30 0 0 0 0 0 0

 Cyc30   Vs  Cyc120 545 185 416 54 48 3

 Stat30   Vs  Cyc120 167 0 443 45 21 0

MC3T3-E1 & KUSA-A1 
(GO-BPs)

MC3T3-E1
 (GO-BPs)

KUSA-A1 
(GO-BPs)
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micromechanical stimulation system that we have developed are 
consistent with the reported literature. This substantiates the physio-
logical relevance of the stimulation strategy and highlights Fos, Jun, 
Egr1, and Hmox1 as key immediate-early mechano-responsive genes. 
Details of the PubMed retrieved queries and other related results can be 
found in the Suppl. Table 1 as well as at: http://ppybcell.bs-gou.com.

4. Conclusion

In this study, we developed and validated a novel electrically driven 
PPy-based wire actuator capable of delivering precise, localized micro-
mechanical stimuli to osteoblast-like cells (MC3T3-E1 or KUSA-A1). The 
PPyAu wire actuator could deliver short-term (30 min) cyclic (Cyc30) or 
static (Stat30) micromechanical stimulations, as well as prolonged (120 
min) cyclic (Cyc120) stimulation, of ~4 μm radial expansion to the cells 
seeded on a cell insert. By integrating this platform with high-resolution 
transcriptomic and computational network analyses, we systematically 
identified immediate-early mechanosensitive genes and mapped the 
biological processes underlying acute and sustained mechanoadapta-
tion. Short-term loading (Cyc30, Stat30) selectively activated canonical 
early-response transcription factors—including Fos, Jun, Egr1, Fosl1, and 
Btg2—supporting the fidelity of the stimulation system and confirming 
conserved mechanotransductive mechanisms across both MC3T3-E1 
and KUSA-A1 cells. In contrast, Cyc120 induced a robust stress-
adaptation transcriptional program, consistently upregulating key 
cytoprotective and DNA-damage–responsive genes such as Hmox1 and 
Gadd45b. Among these, Hmox1 emerged as the most reproducible 
signature of sustained cyclic deformation, suggesting its essential role in 
oxidative stress adaptation during prolonged mechanical challenge. 

GO-BP enrichment analyses revealed clear distinctions between 
mechanical regimens: short-term loading broadly activated immune-like 
and angiogenic pathways, whereas sustained cyclic loading elicited 
oxidative stress, apoptosis-regulation, circadian, and protein-
maturation pathways. Bayesian gene regulatory network modeling 
further demonstrated that immediate-early transcription factors form 

the central regulatory core of the mechanotransductive response, with 
downstream effector genes mediating stress mitigation and survival. 
Incorporation of YAP/TAZ into network inference highlighted their 
potential upstream modulatory roles, linking classical mechanosensors 
to the early transcriptional cascade. Our results demonstrate that the 
developed micromechanical stimulation system is a useful tool for 
mechanobiology. These findings provide an integrative framework for 
understanding how osteoblasts sense mechanical cues at the microscale 
and translate them into coordinated transcriptional programs, offering 
valuable insights for bone biology, regenerative medicine, and mecha-
notherapy design.
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