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Figure 1 Mechanical forces in vivo and mechanical cues reconstitution in vitro. (a) Schematic representation of mechanical forces in vivo, including
compression, shear stress, stretch, and extracellular matrix (ECM) stiffness. (b) Reconstitution of mechanical cues in vitro using various approaches,
including capillary suction, substrates with tunable stiffness, atomic force microscopy (AFM)-based mechanical stimulation, vertical confinement, cell

stretching devices, and microchannels of varying sizes
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F1 AMHEFBEZRIERESE
Table 1 The classification of biomechanical sensors and their functions
W) 2R Rz FR 2 T2 HIRSZ IR AR WA SRS J1- I 5158 D) RE
cPLA2 EA 1] A R = 1 2 VR A0 MM 4 1 5 S5 e (0 JR B TR 25 002
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7 ETV4/S / TP AN 4 7 7 e i 67
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FORIA T IR KLF2 e e S 4 AT s BT R0
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DEG/ENaC TART I VA il %ﬂ%@% ﬁgﬁﬂﬁiﬁ 4y
ESCRT I1I Tl 2 PP 316 5T
HAZERI Y Fy 2287 .
(IR B o 5 BEPH . BGE B R A AR S 5

F-Bik ERE A, BT T A A .
— IR, St R WA R T AR, FE
HARBIL LA, AL RERE s ) B — 1l 7
IF, 20 P9 T A B N Tl PIL A 2 AE 6% S I i 17 3 AL
BRI, LA VO O S b 57 T A A B P A
(E12). BIE 5 cPLA2HE— AR, Az et DU
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BTG A B J2 P LER AR Fimyosin 11, 34585 20 (141
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2.1.2  #E3FKIH R A K F (ataxia telangiectasia mutated,
ATM)Fn £ 355 5% 9 % 40 % 3 K Rad3 4 X & &
(ataxia telangiectasia and Rad3-related protein,
ATR)

DNAJG 5 2 A= WRAE 28 73 A= 00 1 27 B 1 — e
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AR 2 A OGS PO DN A 3 e 137 4 454 245 e e P A
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FIN I F I DNASG N Z SO, DT 4R AP RE PR 2H A AR
SEPE. A AR O S R A R X — i
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RV 6% B0 B b RN A 2550 7 40 L 2 52 AR LB,
. R, 2540 P ATRE A4 28 1 /K P31 3 (R
PERAEHOR PR S T VR (RIRERR) S5, 200 A T I A ] 7
HUAES e PR, HAZ IR Y 56 B Ve 52 1 10
IR e —Z5H 1 A5 i — AR i T S R
YAPTEAANEIAZ MY SE O 50 A, SEYAPTCILIE
i A HAEE SRR D RE. W, BRI w4 &
MR Z BN EARFEL, SETSENE 740 R AR B
B, B, R ARL L S8 T AR A TN I SR R
B 2RI, ATMIBRELESZ BIRLAR )~ o R B
HPHRR Y7 I RE, B REEBEIRILKAPT(KRAB-as-
sociated protein-1)8 [, X —id FEX T Y 5 41
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Figure 2 Compression force sensors and mechanotransduction mechanism. Biomechanical sensors located on the nuclear membrane detect and
respond to compressive stimulation, regulating various biological processes: (i) cPLA2 senses nuclear membrane stretch induced by confinement,
catalyzing the metabolism of arachidonic acid to regulate actomyosin contractility and migration plasticity; (ii) BAF and ¢cGAS detect DNA damage
caused by compressive forces, binding to the damaged sites and recruiting ESCRT-III components and LEM domain proteins to facilitate nuclear
membrane repair. Additionally, TREX1 binds to DNA damage sites, promoting chronic DNA damage and epithelial-mesenchymal transition (EMT) in

primary tumor cells, thereby regulating tumor metastasis
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2.1.4 LKBI-AMPK# B
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Living organisms constantly interact with their environment, relying on their ability to detect environmental cues and adapt
to maintain survival and homeostasis. This ability is particularly evident at the cellular level, where cells have developed
sophisticated mechanisms to accurately detect and respond to diverse microenvironmental signals. These signals fall into
two major categories: biochemical and biomechanical, both of which play essential roles in regulating cellular behavior and
maintaining organismal health. Biochemical signals involve molecular interactions that activate intracellular pathways,
while biomechanical signals encompass physical forces such as tension, compression, and shear stress within the cellular
microenvironment. In recent years, biomechanical signals have garnered increasing attention due to their critical role in
cellular function and tissue development. Unlike biochemical signals, which primarily mediate ligand-receptor
interactions, biomechanical signals arise from the extracellular matrix, neighboring cells, and overall tissue mechanics,
influencing processes such as cell differentiation, migration, and metabolism. Understanding how cells perceive and
respond to these mechanical forces is crucial for elucidating fundamental biological mechanisms and has significant
implications for developmental biology, pathology, regenerative medicine, and tissue engineering.

This review presents a comprehensive analysis of biomechanical signals within the cellular microenvironment and the
strategies used to simulate and reconstruct these signals in vitro. Recent advancements in biomaterials, microfabrication,
and bioengineering have led to the development of highly sophisticated platforms that closely mimic the mechanical
properties of the in vivo environment. These engineered systems provide researchers with powerful tools to systematically
investigate the effects of biomechanical signals on cellular processes and to dissect the molecular mechanisms underlying
mechanotransduction. We also provide a detailed classification of the biomechanical sensors that cells utilize to detect and
transduce mechanical stimuli. These include enzyme-mediated sensors, transcription factor-responsive elements, ion
channel-type receptors, and others. Each of these plays a unique role in converting mechanical signals into biochemical
responses that regulate critical cellular activities, such as proliferation, differentiation, apoptosis, and migration.

A particular focus of this review is the emerging understanding of the cell nucleus as an active participant in
mechanotransduction. Once considered a passive organelle, the nucleus is now recognized as a critical mediator of
mechanical signal perception and transmission. Recent studies have demonstrated that mechanical forces can directly alter
nuclear structure, chromatin organization, and gene expression, thereby influencing cell fate and function. Advances in
high-resolution imaging techniques, such as atomic force microscopy and traction force microscopy, have provided
unprecedented insights into the mechanical properties of cells and tissues. Furthermore, the integration of computational
modeling and machine learning approaches is anticipated to enhance our ability to predict and manipulate biomechanical
interactions across different biological scales.

Looking ahead, the field of mechanobiology is rapidly evolving, with several promising trends on the horizon. The
integration of multi-scale modeling frameworks, along with the development of novel bioengineered materials, is expected
to bridge the gap between in vitro studies and in vivo applications. Additionally, understanding biomechanical signaling
pathways will be instrumental in advancing therapeutic strategies for mechanosensitive diseases, including cancer, fibrosis,
and cardiovascular disorders. By further elucidating how cells interpret mechanical cues, researchers can refine strategies
for tissue regeneration, develop bioengineered organs, and design targeted therapies that modulate mechanotransduction
pathways. As our knowledge of biomechanical signaling deepens, so will our ability to harness these principles to drive
innovations in biomedical research and improve human health.

biomechanical microenvironment, mechanical cues reconstitution, biomechanical sensors, mechanotransduction
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