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Mechanical signal-chromatin
interactions: molecular networks
from nuclear membrane force
transmission to epigenetic
regulation

Shili Yang, Huaiquan Liu, Bo Chen*, Haiyang Kou, Lingyan Lai,
Xinyan Zhang, Yunling Xu and Yu Sun

Guizhou University of Traditional Chinese Medicine, Guiyang, Guizhou, China

Cells transmit extracellular physical signals across the membrane into the
nucleus through membrane mechanoreceptors (such as integrins, mechanically
gated ion channels) and the cytoskeletal network. This process leads to
redistribution of nuclear membrane tension and dynamic adjustment of
chromatin conformation. This process is a core mechanism for cells to
sense the microenvironment and regulate physiological activities. As a key
hub for mechanotransduction, the linker of nucleoskeleton and cytoskeleton
(LINC) complex cooperates with nuclear lamins through the interaction of
SAD1/UNC84 domain containing protein (SUN)-Klarsicht, ANC-1 and Syne
homology (KASH) domain proteins. Together, they establish a mechanical
conduction pathway across the nuclear membrane, mediating the precise
transmission of mechanical signals into the nucleus. This then regulates
chromatin spatial arrangement and epigenetic modifications. This review
systematically analyzes the transmembrane transduction mechanisms of
mechanical stimuli (integrin-focal adhesion signaling axis, force-induced
activation of Piezo/Transient Receptor Potential Vanilloid (TRPV) family channels,
signal integration by primary cilia). It clarifies the rules for force transmission into
the nucleus via the cytoskeleton-LINC complex. It reveals the regulatory effects
of mechanical force on chromatin three-dimensional topological remodeling
and epigenetic modifications. It focuses on organizing the molecular network of
the “mechanical stimulus-structural remodeling-epigenetic regulation” cascade.
This article aims to provide a theoretical framework for a deeper understanding
of the role of mechanical-epigenetic coupling in tissue development and disease
progression. It also offers a systematic reference for research in related fields.

KEYWORDS

mechanical force, chromatin, mechanotransduction, cytoskeleton, LINC complex,
nuclear envelope, epigenetic regulation

1 Introduction

In complex biological microenvironments, cells dynamically regulate their
physiological activities by sensing mechanical stimuli. This process relies on a multi-level
signal transduction system from the plasma membrane to the nucleus. Recent studies show
(1, 2) that mechanical stimuli not only regulate fundamental biological processes like cell
migration and proliferation, but also remodel chromatin three-dimensional conformation
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through nuclear membrane force transmission mechanisms. This
establishes a dynamic link between mechanical signals and
epigenetic modifications, providing new perspectives for revealing
the role of mechanical-epigenetic coupling in tissue development
and pathological processes. As the core hub for mechanical signal
transduction, the nuclear envelope determines the efficiency of
nuclear transduction of mechanical stimuli through the dynamic
regulation of its molecular components. Studies indicate (3)
that the LINC complex, formed by SUN domain-KASH domain
interactions, spans the nuclear envelope to form a physical bridge.
It mediates the mechanical coupling between cytoskeletal actin
filaments and the lamin A/C network, establishing a mechanical
conduction pathway across the nuclear envelope. After extracellular
mechanical stimuli are transmitted to the nuclear envelope via
integrin-mediated focal adhesion systems, Piezo ion channels,
TRPV ion channels, or primary cilia sensing systems, they can
trigger phosphorylation modifications of lamin proteins. This
changes nuclear membrane tension and remodels chromatin
anchoring sites (4). Under external tensile force, the LINC complex
can promote the dissociation of emerin protein from the nuclear
envelope, releasing its constraint on heterochromatin regions
marked by H3K9me3, thereby enhancing chromatin accessibility
(5). At the same time, mechanosensitive channels Piezo1 and
TRPV4 regulate calcium signaling and the Yes-associated protein
(YAP)/Transcriptional coactivator with PDZ-binding motif (TAZ)
signaling pathway. They cooperate with chromatin topological
remodeling to achieve mechanical programming of gene expression
(6). Importantly, changes in matrix stiffness can reshape the
distribution of chromatin open regions detected by ATAC-
Seq. This significantly increases the accessibility of YAP target
gene promoter regions and is accompanied by upregulation
of H3K27ac modification levels (7). These findings collectively
reveal the cascade mechanism of “mechanical stimulus-structural
remodeling-epigenetic regulation.” They provide a theoretical
framework for understanding the conversion of physical signals
into epigenetic memory.

2 Mechanical force sensing: molecular
mechanisms of transmembrane
sensors

2.1 Integrin-focal adhesion signaling axis

Integrins are a core family of transmembrane receptors for
cell adhesion. They are formed by non-covalent interactions
between 18 α subunits and 8 β subunits, resulting in 24
types of heterodimers (8). These transmembrane proteins
recognize extracellular matrix (ECM) components, pathogen
surface antigens, and ligands on adjacent cell surfaces via their
extracellular domains. Simultaneously, they establish mechanical
connections to the cytoskeleton through their intracellular
domains, forming the molecular basis for microenvironment
sensing. Research finds (9) that integrins exist in three typical
conformational states: inactive folded state, intermediate extended
state, and highly activated state. In the resting state, the genu
domain of the α subunit and the I-EGF1∼2 region of the β

subunit form a tightly bent conformation, with the intracellular

segment closed. When subjected to mechanical stimuli, their leg
domains undergo upright reconstruction. This causes the head
domains of the α/β subunits to move away from the plasma
membrane, forming an extended conformation. As activation
progresses, hybrid domain splaying triggers a “closed-open”
transition of the head domain, while the intracellular domains
dissociate (10). Activated integrins anchor ECM components
like collagen or fibronectin via their extracellular domains. Their
intracellular segments couple to the actin cytoskeleton via talin and
vinculin, forming focal adhesion complexes with mechanosensing
functions. Importantly, mechanical force stimulation can induce
the formation of nanoscale integrin clusters on the membrane
surface. This promotes the recruitment and maturation of
focal adhesion kinase (FAK) by enhancing binding affinity
to talin (11), thereby enabling bidirectional transduction of
mechanical and biochemical signals (12). Further studies show
(13, 14) that mechanical regulation by ECM stiffness prolongs
the stability of integrin clusters. This enhances the duration of
phosphorylation at Tyr397 of FAK and significantly improves
the efficiency of mechanical signal transmission into the cell.
Under mechanical stress, changes in the expression of different
integrin subtypes are highly specific. Their regulatory mechanisms
include nanoscale conformational rearrangement, subtype-specific
signaling pathways, and epigenetic programming. Experiments
using a three-dimensional optogenetic molecular force platform
confirmed that applying mechanical stimulation of 1Hz/20pN
to Hey ovarian cancer cell spheroids selectively activated αvβ3
integrin (expression increased 2.8 times). Applying 0.5Hz/10pN
stimulation preferentially induced membrane localization of αvβ6
integrin (increased 3.2 times). This frequency- and amplitude-
dependent subtype differentiation originates from the unique
force-induced conformational change in the hinge region of the
β3 subunit. Full-atom molecular dynamics simulations showed its
tension response threshold is 4.3pN lower than that of β6 (15).
Furthermore, different types of mechanical force environments
(such as tensile stress and compressive stress) also significantly
affect integrin expression. Zhu et al. (16) applied dynamic
tensile/compressive stress (1,000–4,000 μstrain, 0–12 h) to human
periodontal ligament fibroblasts using a four-point bending device.
Real-time quantitative PCR results showed that integrin β1 mRNA
expression was downregulated in a stress-dependent manner. The
degree of downregulation was related to stress intensity, type, and
duration: after 12 h of 4,000 μstrain stress, the inhibition was most
significant, and compressive stress caused a stronger inhibitory
effect than tensile stress under the same conditions. This suggests
that integrin β1 may act as a mechanical sensor, participating
in adaptive cell remodeling by differentially responding to
stress types. In weightlessness or microgravity environments,
integrin expression shows comprehensive downregulation. Zhi
et al. (17) treated rat calvarial osteoblasts using a clinostat to
simulate weightlessness. They found that mRNA and protein
expression of integrin α5, αv, and β1 subunits decreased over
time. Specifically, α5 mRNA decreased by 11.3% after 24 h and
18.7% after 48 h of weightlessness; β1 protein decreased by 27.5%
after 72 h of weightlessness. This general downregulation weakens
cell adhesion to the extracellular matrix, confirming that the
mechanical force application environment specifically affects
integrin expression.
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2.2 Mechanically gated ion channels

Mechanically gated ion channels are a class of transmembrane
proteins that open or close in response to changes in mechanical
stress on the cell membrane. Their gating mechanism primarily
relies on tension, shear force, or curvature changes within the
lipid bilayer to convert mechanical stimuli into ion flow. This
process does not depend on classic ligand-receptor interactions,
enabling rapid sensing and response to mechanical changes in
the cellular microenvironment (18). In mammalian systems, the
Piezo and TRPV family channels play key roles in the nuclear
transmission of mechanical signals and epigenetic regulation due
to their unique mechanical-electrochemical coupling properties.
Among them, the Piezo family consists of Piezo1/Piezo2 subunits.
They achieve mechanical gating through the synergistic action of
the lipid membrane tension model and the tether tension model.
In the lipid membrane tension model, the channel paddle region
bends at rest, forming a “nano-bowl” (diameter 24 nm, depth
9 nm), increasing local membrane curvature. Mechanical tension
causes the paddles to flatten, the nano-bowl unfolds, leading to
membrane area expansion (∼250 nm²). The stored elastic potential
energy then drives the opening of the transmembrane pore gate
(19). The tether tension model mainly relies on the binding of
the E-Cadherin extracellular region to the Cap domain of Piezo1
and the connection of its intracellular end to the β-catenin-
vinculin-F-actin complex. This transmits cytoskeletal tension to the
channel, cooperatively regulating pore opening (19). During gating,
conformational changes in the peripheral paddles are transmitted
to the central pore region via a long beam structure (beam, ∼90
Å). The beam acts as a lever with L1342/L1345 as the fulcrum,
converting the large displacement of the paddles into subtle
deformation in the pore region, thereby amplifying mechanical
force and enabling precise gating (20). Piezo channels are non-
selective cation channels, primarily mediating transmembrane
transport of sodium ions (Na+), potassium ions (K+), and
calcium ions (Ca2+), with Ca2+ influx being particularly crucial
in signal transduction (21). Their ion permeability characteristics
are regulated by key amino acid sites in the pore region. For
example, acidic residues (like Glu2493) in the Piezo1 pore region
enhance cation selectivity through electrostatic interactions, while
hydrophobic residues influence single-channel conductance and
pore block characteristics (21). When the channel is activated
by mechanical force, Ca2+ influx triggers downstream signaling
cascades (such as the calmodulin kinase CaMKII pathway),
thereby regulating physiological processes like cell migration and
gene expression (22, 23). Importantly, this channel forms a
mechanical coupling system with the filamentous actin (F-actin)
network via the Epithelial cadherin (E-cadherin)/beta-catenin (β-
catenin) complex. This allows mechanical energy transmitted
by the cytoskeleton to be precisely concentrated on the force-
sensitive regions of the channel, achieving mechanotransduction
at the subcellular scale (24, 25). Studies confirm (26, 27)
that in non-neuronal cells like vascular endothelial cells and
erythrocytes, Piezo1 dominates the perception of blood flow shear
stress. It maintains circulatory homeostasis by regulating vascular
tension and nitric oxide secretion, while also participating in
osmolarity-dependent erythrocyte shape regulation. In dorsal root
ganglia and trigeminal ganglia, Piezo2 is specifically expressed

in mechanosensitive neurons, responsible for transmitting neural
signals like touch, vibration, and proprioception. It is important
to emphasize that the activation thresholds of the two channel
types differ: Piezo1 requires higher intensity, sustained mechanical
stimuli, suitable for detecting steady-state mechanical signals;
Piezo2, however, responds rapidly to transient weak stimuli, and
its fast inactivation kinetics highly match the transient signal
transmission needs of the nervous system.

TRPV, as an important mediator of multimodal signal
perception, includes six subtypes (TRPV1-6). Among them,
TRPV1-4 subtypes play a central role in mechanical signal
detection. These non-selective cation channels integrate
stimuli from multiple physical fields, such as mechanical stress,
temperature fluctuations, and osmotic pressure changes, to achieve
transmembrane transduction of extracellular environmental
information. Research shows (28) that TRPV1 can be activated
not only by noxious heat but also responds to mechanical tension
and osmotic pressure changes; TRPV2 exhibits dual sensitivity to
hypotonic environments and mechanical stress (29); TRPV4, as a
typical mechanosensitive channel, can directly decode membrane
tension gradients. It triggers calcium influx by sensing fluid shear
stress, regulating downstream mechanical signaling networks (30).
Structurally, the S1–S4 transmembrane region of TRPV4 forms
a dynamic paddle-like domain highly responsive to membrane
stretch. When the agonist GSK101 binds to the intracellular
binding pocket formed by the S1–S4 domains, it stabilizes the
conformational rearrangement of the S4–S5 linker, thereby
driving channel opening (31), completing the mechanical signal
transduction pathway.

2.3 Mechanotransduction by primary cilia

Primary cilia are ubiquitous non-motile sensory organelles on
the surface of eukaryotic cells. Their “9+0” axoneme structure,
composed of microtubules (distinguished from the “9+2” pattern
of motile cilia), provides the core structural basis for mechanical
signal perception (32). This structure is widely distributed on
mammalian cell surfaces and can integrate mechanical stimuli and
chemical signals to regulate cellular physiological activities, hence
termed the “cellular antenna” (33). The ciliary membrane harbors
various mechanosensitive receptors (such as TRPV4, polycystin
complex PC1/PC2, and GPCRs). It utilizes the intraflagellar
transport (IFT) system for bidirectional transport of signaling
molecules: the IFT-B complex drives anterograde transport (from
the basal body to the tip), and the IFT-A complex mediates
retrograde transport (from the tip to the basal body). This process
relies on motor proteins like kinesin Kif3a, ensuring precise
localization and activation of mechanical signal effector molecules
(34, 35). When external mechanical stimuli (such as fluid shear
force or compressive stress) act on the primary cilium, the cilium
bends, altering membrane tension. This triggers TRPV4 channel
opening and causes local Ca2+ influx, activating downstream
AC6-cAMP-PKA/COX2 pathways. Simultaneously, mechanical
deformation promotes the migration of receptors like Parathyroid
Hormone 1 Receptor (PTH1R) to the cilium. By regulating
the TGF-β/BMP-Smad and Hedgehog (Hh) signaling cascades,
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FIGURE 1

Conceptual diagram of the cascade reaction from mechanical force sensing to chromatin remodeling.

mechanical signals are converted into biochemical responses (34–
36). In the Hh pathway, the primary cilium acts as a dynamic
signaling platform: at rest, Ptch1 inhibits Smo from entering
the cilium; upon mechanical stimulation, Smo translocates to
the ciliary tip, relieving inhibition of Gli transcription factors
and promoting target gene expression, thereby regulating cell
differentiation and matrix remodeling (27, 30). Studies show that
the IFT mechanism dependent on Intraflagellar Transport 88
(IFT88) plays a decisive role in maintaining ciliary structural
stability and mechanical signal transduction efficiency. Gene
knockout experiments show that IFT88 deficiency severely impairs
the transmembrane transduction ability of mechanical signals
(37). Further research finds that increasing ciliary length reduces
its bending stiffness. This dynamic morphological regulation
can significantly improve signal transduction efficiency (38),
indicating that mechanical adaptive adjustment of the cilium is
a fundamental basis for its mechanosensory function. Research
also found (35) that in the skeletal system, primary cilia of bone
marrow mesenchymal stem cells (BMSCs) promote osteogenic
differentiation by mediating fluid shear force-responsive TGF-
β1/BMP-Smad signaling. IFT88 silencing significantly inhibits this
process and reduces BMP-Smad signaling activity. Additionally,
mechanical modeling studies show that the mechanosensitivity

of primary cilia is regulated by their morphological parameters:
increased length reduces flexural rigidity and expands the stress
influence zone, while diameter changes affect bending resistance
by altering the cross-sectional moment of inertia. This allows
cells to dynamically adjust mechanical signal perception sensitivity
(39, 40). Therefore, primary cilia also play an indispensable role
in mechanotransduction.

The concepts discussed above are summarized in the following
conceptual diagram, see Figure 1 (By Figdraw).

3 Intranuclear force transmission:
synergistic action of
cytoskeleton-LINC complex

3.1 Mechanical conduction properties of
the cytoskeletal network

The cytoskeletal network, as a key mechanical conduction
system in cells, converts external mechanical stimuli into
intracellular biochemical signals through dynamic reorganization
of actin filaments, microtubules, and intermediate filaments,
achieving cross-scale transmission of force-chemical signals. Actin
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filaments are double-helical structures with a diameter of ∼7 nm
formed by the polymerization of actin monomers, building a
physical bridge for mechanical conduction through integration
with the ECM (41). When subjected to mechanical force, actin
filaments undergo dynamic changes of first depolymerization
and then polymerization, converting mechanical signals into
cytoskeletal structural remodeling and further enhancing their
mechanical conduction efficiency (42). Microtubules are hollow
tubular structures with a diameter of 25 nm assembled from
α/β-tubulin heterodimers, and the guanosine triphosphate (GTP)
cap structure at their plus end maintains lattice stability through
longitudinal tension. Different types of mechanical forces can
induce conformational changes at microtubule ends, affecting
the polymerization-depolymerization balance. For example,
under tension, the GTP hydrolysis rate at microtubule ends
decreases, reducing dynamic instability, while pressure promotes
GTP hydrolysis, leading to catastrophic depolymerization (43).
Microtubules regulate cellular mechanical responses through
this dynamic instability mechanism (44). Intermediate filaments,
as important components of the cytoskeleton, play a core role
in mechanical force-mediated processes through their unique
structural properties and dynamic regulation. Their protein
family includes vimentin, keratin, nuclear lamins, etc., forming
a highly ordered fibrous network in the cytoplasm and nucleus.
Intermediate filament monomers consist of a central α-helical
rod domain and variable head and tail domains, self-assembling
into rope-like fibers with a diameter of approximately 10 nm
through tetramerization, possessing both high tensile strength
and flexibility, serving as key “shock absorbers” for cells to cope
with mechanical stress (45). This structure forms a cross-cellular
mechanical signal transmission and integration network by
connecting membrane desmosomes, hemidesmosomes, ECM, and
the nuclear membrane (45). Actin filaments, microtubules, and
intermediate filaments form a composite network through
cross-linking proteins such as plectin: microtubules and
actin filaments provide dynamic mechanical responses, while
intermediate filaments stabilize the overall architecture. Taking
fluid shear stress as an example, microtubule-dependent dynein
and intermediate filaments work together to generate vertical
pulling force, regulating the dynamics of integrin clusters and
cell adhesion behavior, while activating the p38 MAPK/JNK
pathway to coordinate cytoskeletal remodeling through the
Rac1/cdc42/myosin II axis (46).

3.2 Structure-function coupling of the
LINC complex

The LINC complex is formed by the interaction between
inner nuclear membrane SUN domain proteins and outer nuclear
membrane KASH domain proteins across the perinuclear space.
This forms a bridge connecting the cytoskeleton in the cytoplasm
to the nucleoskeleton inside the nucleus. It thereby mediates the
transmission of mechanical force from the ECM to the nucleus,
regulating processes like nuclear positioning, chromatin spatial
conformation, and gene expression (47). SUN domain proteins

are localized to the inner nuclear membrane. Their name derives
from the 34% similarity of their C-terminal amino acid sequence to
yeast Sad1 protein and C. elegans UNC-84 protein. SUN domain
proteins are often classified into 5 types. Among them, only SUN1
and SUN2 are widely distributed in various cell types, while SUN3,
SUN4, and SUN5 are specifically expressed only in sperm cells
(48). SUN domain proteins bind KASH from both their C- and N-
termini to complete the connection from the nuclear lamina to the
cytoskeleton. SUN1 primarily acts on the microtubule cytoskeleton,
regulating microtubule dynamics, and actomyosin contractility.
SUN1 deficiency accelerates microtubule depolymerization and
weakens microtubule-mediated force transmission (49). SUN2
primarily regulates the level of cytoplasmic actin, the main
structural component of microfilaments (50). SUN2 depletion
typically leads to reduced F-actin polymerization, nuclear blebbing,
and telomere dislocation, diminishing the degree of cytoskeletal
force transmission across the membrane (51). KASH domain
proteins are localized to the outer nuclear membrane. Their name
derives from the homology of their C-terminal transmembrane
region amino acid sequence (e.g., human Syne-1, Syne-2 C-
terminal sequences) to Drosophila Klarsicht protein and C.
elegans ANC-1 protein. KASH domain proteins are often classified
into 6 types: Nesprin1, Nesprin2, Nesprin3, Nesprin4, KASH5,
and Lymphoid-restricted membrane protein (Jaw1/LRMP) (52).
Nesprin proteins consist of a C-terminal KASH domain, a series
of spectrin repeat domains, and an actin-binding domain. Nesprins
are typical KASH proteins; their C-terminus inserts into the nuclear
membrane bilayer and binds to the SUN domain, forming the SUN-
KASH complex spanning the nuclear envelope. Nesprin1 consists
of the large isoform Nesprin-1G and the small isoforms Nesprin-
1α, Nesprin-1β. Nesprin2 similarly consists of Nesprin-2G and
the small isoforms Nesprin-2α, Nesprin-2β, Nesprin-2γ. Nesprin1
and Nesprin2 share high homology, are highly elastic, and are
separated at the C-terminus by helical small molecule sequences.
They can interact with actin through multiple pathways, effectively
transmitting mechanical force between the cytoskeleton and the
nucleus (53). Nesprin3 consists of Nesprin-3α and Nesprin-3β. It
can bridge the nucleoskeleton and cytoskeleton, participating in
intracellular structure positioning and migration (54). Nesprin4
has a simpler structure, consisting of only one spectrin repeat
and a KASH domain, lacking an actin-binding domain. It
functions with cytoplasmic microtubules, mediating mechanical
force transmission (55). KASH5 is a meiosis-specific coiled-coil
protein. It activates dynein adaptors, promoting microtubule
mechanical force transmission to meiotic chromosomes, and plays
an important role in their synapsis and fertility (56). LRMP
(Jaw1) is a membrane protein localized to the endoplasmic
reticulum and outer nuclear membrane. It plays an important
role in nuclear positioning by interacting with SUN proteins and
microtubules (57). The SUN-KASH interaction depends on two
adjacent SUN domains within the SUN trimer, which together
form the KASH domain binding pocket (58). Studies confirm
that differences in KASH domain length affect the strength of
SUN-KASH interactions. Longer KASH domains can bear greater
mechanical force (59). Other studies show that when SUN-KASH
structures form higher-order 6:6 complexes, they can enhance the
elasticity of the LINC complex against mechanical tension (60). The
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physical connection between SUN and Nesprins allows the LINC
complex to transmit force directly into the nucleus and further to
various proteins interacting with SUN, including nuclear lamins.

3.3 Mechanical mediation by nuclear lamins

Lamins, as core structural components of the nuclear lamina
in eukaryotic cells, belong to the type V intermediate filament
protein family. They build a fibrous network beneath the inner
nuclear membrane, not only providing mechanical stability to the
nucleus but also deeply involved in chromatin organization, gene
regulation, and signal transduction (61). Their structure comprises
three functional domains: a head region responsible for anchoring
to the inner nuclear membrane, an α-helical rod domain forming
the structural scaffold, and a tail domain mediating chromatin
attachment. Together, they constitute a key hub for mechanical
force transmission into the nucleus (62). Nuclear lamins mainly
include A-type lamins (lamin A, lamin C, and minor isoforms
Aδ10, Aδ50, C2) encoded by the LMNA gene, and B-type lamins
(lamin B1, lamin B2, lamin B3) encoded by the LMNB1 and
LMNB2 genes (63–65). Compared to loss of LMNA/C or LMNB1,
deletion of LMNB2 has a lesser impact on nuclear lamina structure.
Lamins provide the nucleus with mechanical stiffness crucial
for normal cell physiology, resisting mechanical force-induced
nuclear deformation and genomic perturbation (66, 67). Lamin
A/C proteins play key roles in maintaining nuclear envelope
mechanical stability, regulating chromatin organization, mediating
gene expression programs, and participating in cell differentiation
processes (68). As core components of the nucleoskeleton,
Lamin A/C forms a three-dimensional fibrous network structure,
endowing the nucleus with mechanical properties to resist external
mechanical stress. Simultaneously, it constructs a mechanical
transmission pathway across the nuclear envelope via the LINC
complex, transmitting extracellular mechanical stimuli into the
nucleus. This triggers changes in nuclear envelope morphology
and dynamic reorganization of the Lamin A/C network, thereby
influencing nuclear shape and chromatin spatial arrangement
by regulating nuclear membrane tension (69). For example, in
soft viscoelastic matrix environments, downregulation of Lamin
A/C expression can induce nuclear envelope wrinkling and
increase chromatin accessibility, promoting the activation of
reprogramming-related genes like Ascl1 and Oct4 (70). Conversely,
loss or mutation of Lamin A/C leads to abnormal nuclear
envelope structure, chromatin dynamic imbalance, and increased
reactive oxygen species levels. This subsequently induces calcium
signaling dysregulation via the SIRT1-CaMKII-RYR2 signaling
pathway (68). Molecularly, the C-terminal immunoglobulin-fold
domain of Lamin A/C can directly bind nucleosome DNA and
form complexes with Barrier-to-Autointegration Factor (BAF). It
anchors chromatin through a “nucleosome-bridging” structure,
restricting its excessive movement to maintain genomic structural
stability (71). Studies show (72) that nuclei lacking lamin
A/C exhibit increased deformation rates under tensile stress
and decreased cell survival, indicating its irreplaceable role in
maintaining the tensile resistance of the nucleoskeleton. In
contrast, lamin B1 deficiency causes nuclear envelope blebbing but
does not affect overall nuclear stiffness or mechanical stability.

This suggests its function is more focused on maintaining nuclear
envelope structural integrity than mechanical properties. Lamin
B2 has functions similar to lamin B1; both regulate nuclear
structure by anchoring chromatin to the nuclear periphery. Lamin
B1 deficiency causes lamin-associated domains to detach from
the nuclear envelope, leading to chromatin decompaction and
increased movement rates. This disrupts the spatial segregation
of chromosome territories and A/B compartments, indirectly
affecting the nucleus’s response to physical stress (73). Furthermore,
lamins and intranuclear scaffold proteins form a “tug-of-war
model”: lamin B1 provides outward anchoring force at the nuclear
periphery, while intranuclear scaffold proteins exert inward pulling
force. They maintain chromatin distribution and movement
homeostasis through mechanical balance, jointly ensuring nuclear
structural integrity under mechanical stimulation (73). However,
other studies indicate that lamin B1 plays an important role
in maintaining nuclear structural integrity and mediating the
anchoring of the nucleus to LINC protein complexes (74, 75),
suggesting a potential link to mechanical force transmission.

4 Chromatin mechanical response:
molecular pathways of epigenetic
reprogramming

4.1 Chromatin three-dimensional structure
and primary functions

The three-dimensional structure of chromatin exhibits
a dynamic hierarchical organization from basic to higher-
order levels. These include nucleosomes, chromatin fibers,
chromatin loops, topologically associating domains (TADs),
and compartments. Each level participates in gene expression
regulation and cell function differentiation through dynamic
remodeling. The nucleosome, as the basic structural unit of
chromatin, consists of a histone octamer core (composed of two
molecules each of H2A, H2B, H3, and H4) with a diameter of
approximately 10 nm. It is wrapped by 147 bp of DNA double helix.
Linker histone H1 binds to the DNA entry/exit sites outside the
nucleosome core particle, maintaining the stability of higher-order
chromatin fiber structures (76). The N-terminal tails of core
histones can undergo various post-translational modifications,
such as methylation, acetylation, and phosphorylation. By
influencing nucleosome-nucleosome interactions and effector
protein recruitment, they play key roles in biological processes
like chromatin compaction, gene expression regulation, DNA
replication, and repair (77). For example, nucleosomes can weaken
DNA-histone binding through H3K56 acetylation, increasing the
passage efficiency of RNA polymerase II during transcriptional
elongation. Nucleosome Assembly Protein 1 (NAP1) influences
chromatin openness by regulating nucleosome assembly dynamics
(78). Additionally, nucleosomes can undergo local conformational
changes in response to ATP-dependent Switch/Sucrose Non-
Fermentable Chromatin Remodeling Complex (SWI/SNF), thereby
participating in DNA accessibility regulation. The chromatin fiber,
as a higher-order structural unit of chromatin, consists of a core
of tandem nucleosomes. It folds into an approximately 30 nm
fiber structure mediated by linker histone H1/H5, playing an
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important role in gene expression regulation, DNA replication, and
maintaining genomic stability (79). Although the folding pattern of
the chromatin fiber has been long debated, recent studies indicate it
generally follows a two-start zigzag double helix structure: adjacent
nucleosomes form a zigzag arrangement via linker DNA, and two
nucleosome chains intertwine to form a double helix. Changes in
nucleosome spacing affect fiber flexibility, but local subunits still
maintain the two-start configuration (80). This structural plasticity
is the core basis for gene expression regulation. When chromatin
fibers form tightly compacted heterochromatin structures by
enhancing nucleosome-nucleosome interactions, they hinder
transcription factor binding and inhibit chromatin loop extrusion
mechanisms, thereby suppressing gene transcription (81).
Conversely, the normally loose, open chromatin state maintains
dynamic equilibrium between nucleosomes, exposing transcription
factor binding sites. This promotes their specific binding to DNA
and the recruitment/elongation of RNA polymerase II (82).
Chromatin loops are key units of three-dimensional higher-order
structure in eukaryotic genomes. They form specific spatial
domains by folding chromatin fibers, regulating life activities like
gene expression, DNA replication, and genomic stability (83).
Their core formation mechanism is mediated by the CCCTC-
binding factor (CTCF) structural protein and the cohesin complex.
They dynamically construct TADs through the “loop extrusion”
process, bringing distant regulatory elements and target gene
promoters closer in the linear genome for precise transcriptional
regulation (84). Studies show that the synergistic action of CTCF
and cohesin can form chromatin loops through directional sliding,
blocking or promoting distal enhancer-promoter interactions.
This process is particularly critical for the stochastic activation
of neural development genes (85, 86). Chromatin compartments
are important functional units of 3D genome organization. They
describe the spatial partitioning of chromatin within the nucleus
and its association with gene activity. Based on interaction patterns
revealed by Hi-C technology, chromatin compartments are divided
into open A compartments (active compartments) and compact
B compartments (inactive compartments). These correspond to
the spatial distribution of euchromatin and heterochromatin,
respectively (87). A compartments are enriched in actively
transcribed genes, histone modifications (such as H3K4me3,
H3K27ac), and high chromatin accessibility. They are typically
located in the nuclear interior, facilitating the recruitment of
transcription factors and RNA polymerases. B compartments
are characterized by gene silencing, heterochromatin marks (like
H3K9me3, H3K27me3), and compact structure. They are mostly
distributed in the nuclear periphery, suppressing gene expression
(88, 89).

4.2 Mechanical force-mediated chromatin
functional adjustment and
three-dimensional topological remodeling

At the epigenetic level, mechanical force regulation of
chromatin primarily manifests as altering chromatin structure and
accessibility, thereby regulating gene expression and influencing
cell fate reprogramming. External mechanical stimuli are

transmitted to the nuclear envelope via microtubules and actin
in the cytoskeleton-LINC complex. This triggers conformational
changes in the nucleoskeletal protein Lamin A/C, regulating
chromatin function and spatial arrangement (90). For example,
in rigid matrix environments, unphosphorylated YAP/TAZ
continuously enters the nucleus and binds to TEAD transcription
factors, activating downstream osteogenic genes like RUNX2.
Simultaneously, it mediates changes in H3K9me3 methylation
modifications and chromatin conformation adjustment via
the LINC complex (90). In studies of chromatin functional
regulation mechanisms, experiments show (91) that applying
mechanical forces of the same magnitude but different directions
(perpendicular or parallel to the cell long axis) produces differential
effects: force perpendicular to the long axis causes the greatest
chromatin stretch, corresponding to the highest gene expression
level; force parallel to the long axis causes the least chromatin
stretch and the lowest gene expression level. Importantly, gene
expression changes can be detected just 15 s after mechanical signal
stimulation. This suggests that this regulation does not depend
on cytoplasmic biochemical signaling pathways and can directly
induce gene expression. Further research reveals that nuclear
proteins HP1 and BAF are key molecules transmitting mechanical
signals from the nuclear envelope to chromatin. Knockout of
these two proteins interrupts mechanical signal transduction and
blocks gene expression, confirming the direct regulatory role of
mechanical force on chromatin epigenetics (91). Additionally,
mechanical strain treatment can broadly enhance chromatin
accessibility in cumulus cells. It effectively repairs transcriptional
dysregulation in somatic cell nuclear transfer embryos and
significantly improves blastocyst development efficiency (92). This
indicates that chromatin remodeling acts as a mediating bridge
between cellular responses to mechanical force and reprogramming
potential. Regarding chromatin topological structure remodeling,
mechanical force primarily influences nucleosome conformation
by regulating Imitation Switch chromatin remodeling protein
(ISWI) (93, 94). During ATP hydrolysis, ISWI induces rigid-body
movement in its motor domain. This converts chemical energy
into mechanical pulling force on DNA, causing a 1 bp DNA
bulge at the SHL2 position of the nucleosome. This disrupts local
DNA-histone interactions and reduces nucleosome stability. This
conformational change is transmitted via a “twist propagation” or
“loop propagation” model, converting chemical energy into DNA
deformation potential energy. This drives nucleosome sliding
and induces three-dimensional chromatin structure remodeling.
Similarly, nucleosome sliding affects compaction density at the
chromatin fiber level. Mechanical force can further enhance this
effect by regulating nucleosome spacing and fiber folding patterns.
At the chromatin loop level, mechanical force enhances chromatin
accessibility by activating the YAP-TEAD pathway. This promotes
the dynamic formation and adjustment of chromatin loops. This
process is closely related to the loop extrusion mechanism of
the cohesin complex. Mechanical signals may influence loop
expansion by altering the direction of movement or dwell time of
cohesin (92). Studies on nuclear envelope-associated mechanisms
show (73) that lamins anchor lamin-associated domains (LADs)
of chromatin near the nuclear envelope, providing anchoring
force for chromatin intranuclear distribution. Knockout of lamin
B1 causes some chromatin near the nuclear envelope to migrate
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TABLE 1 Key proteins, molecular complexes, and pathways involved in mechanotransduction-related chromatin regulation.

Key proteins Molecular complexes Pathways

Integrins (αvβ3, αvβ6, β1, etc.) Integrin-focal adhesion complex
(containing talin, vinculin, FAK)

Integrin-focal adhesion signaling axis (transmits mechanical signals via
conformational activation, FAK phosphorylation)

Piezo1/2, TRPV1-4 – Piezo/TRPV channel-mediated calcium signaling pathway (Ca²? influx activates
CaMKII, YAP/TAZ, etc.)

SUN domain proteins (SUN1, SUN2), KASH
domain proteins (Nesprin1–4, etc.)

LINC complex (SUN-KASH
complex)

Trans-nuclear envelope mechanical conduction pathway (connects cytoskeleton
to nucleoskeleton, transmits mechanical force into the nucleus)

IFT88, PTH1R Intraflagellar transport complex
(IFT-A, IFT-B)

Primary cilium-mediated TGF-β/BMP-Smad pathway, Hedgehog pathway
(regulates chromatin-related gene expression via signal molecule transport)

Lamin A/C, Lamin B1 Nuclear lamina-LINC
complex-associated structure

Lamin-mediated chromatin anchoring and topological remodeling pathway
(regulates chromatin spatial arrangement via phosphorylation modifications)

YAP, TAZ, TEAD YAP/TAZ-TEAD transcription
complex

YAP/TAZ pathway (regulates chromatin open regions and target gene promoter
accessibility)

FAK (Focal adhesion kinase) FAK-integrin-cytoskeleton
complex

FAK signaling pathway (enhances mechanical signal transmission efficiency via
Tyr397 phosphorylation)

HP1, BAF HP1-BAF complex Nuclear envelope-chromatin mechanical signal transmission pathway (mediates
direct mechanical regulation of gene expression)

ISWI complex subunits ISWI chromatin remodeling
complex

ISWI-mediated nucleosome sliding pathway (affects chromatin
three-dimensional structure remodeling)

Cohesin, CTCF Cohesin-CTCF complex Chromatin loop extrusion pathway (regulates dynamic formation of chromatin
loops and TADs structure)

toward the nucleoplasm. This is accompanied by looser chromatin
folding and increased movement freedom, disrupting the normal
segregation of chromatin territories and A/B compartments,
leading to higher-order structural disorder (73). Mechanical force
can promote phosphorylation of lamin B1, driving chromatin
three-dimensional topological remodeling, thereby regulating its
epigenetic state (95).

In summary, key proteins, molecular complexes, and pathways
involved in mechanotransduction-related chromatin regulation are
shown in Table 1.

5 Discussion

In summary, cellular perception and response to mechanical
signals involve a multi-level molecular network encompassing
transmembrane transduction, intranuclear force transmission, and
epigenetic regulation. External mechanical stimuli are precisely
captured by transmembrane sensors like the integrin-focal
adhesion complex, mechanically gated ion channels (e.g., Piezo
family, TRPV family), and primary cilia. They are transmitted
to the nuclear envelope via the cytoskeleton (microtubules,
actin filaments). Through the synergistic action of the LINC
complex (SUN-KASH domain proteins) and nuclear lamins
(Lamin A/C, Lamin B1, etc.), mechanical signals are converted
into intranuclear biochemical responses. Ultimately, this regulates
chromatin three-dimensional conformation and epigenetic
modifications. Specifically, integrins form nanoscale clusters
through conformational activation (from folded to extended
state), activating the FAK signaling pathway and enhancing
mechanical signal transmission efficiency into the cell (14, 16).
Channels like Piezo1/2 and TRPV4 trigger Ca²? influx by sensing
membrane tension or shear stress, activating the YAP/TAZ

pathway and regulating chromatin topological remodeling (6, 30).
Primary cilia transport signaling molecules via the IFT system,
mediating mechanical responses of the TGF-β/BMP-Smad and
Hh pathways (35, 37). Within the nucleus, the LINC complex
acts as the core hub for trans-nuclear envelope mechanical
conduction. It connects the cytoskeleton to the nucleoskeleton
through SUN-KASH protein interactions, regulating nuclear
membrane tension and chromatin anchoring sites (47, 58).
Lamin A/C maintains nuclear envelope mechanical stability
through conformational reorganization, while lamin B1 influences
perinuclear chromatin anchoring and three-dimensional topology
through phosphorylation modifications (69, 95). Ultimately,
mechanical force changes chromatin accessibility and gene
expression patterns by regulating nucleosome sliding (mediated
by ISWI complex), chromatin loop dynamics (via Cohesin/CTCF
synergy), and histone modifications (such as H3K9me3, H3K27ac).
This achieves mechanical programming of cell fate (91, 92).
This “mechanical stimulus-structural remodeling-epigenetic
regulation” cascade mechanism reveals the coupling laws of
physical signals and biochemical signals. It provides a new
perspective for understanding the mechanical basis of tissue
development, cell differentiation, and disease occurrence (such as
tumor metastasis, bone metabolism disorders).

Furthermore, mechanical signal-induced chromatin
remodeling and epigenetic regulation are closely linked to
normal cell physiology and disease states. In normal physiological
processes, mechanical stimuli participate in key processes like cell
migration, proliferation, and tissue development by regulating
chromatin conformation and epigenetic modifications. For
instance, mechanical stimuli can remodel chromatin three-
dimensional conformation through nuclear membrane force
transmission mechanisms, establishing a dynamic link between
mechanical signals and epigenetic modifications. This process
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provides a mechanical-epigenetic coupling regulatory basis for cell
fate decisions during tissue development (1, 2). Changes in matrix
stiffness can reshape the distribution of chromatin open regions,
increase the accessibility of YAP target gene promoter regions, and
be accompanied by upregulation of H3K27ac modification levels.
This regulates stem cell differentiation direction and maintains
tissue homeostasis (7). In pathological states, dysregulation of
mechanical signal-chromatin interactions contributes to the
occurrence and development of various diseases. For example,
in tumors, mechanical force can promote the recruitment and
maturation of focal adhesion kinase through specific activation of
integrin subtypes (e.g., αvβ3, αvβ6), enhancing mechanical signal
transmission efficiency into the cell. This subsequently activates
pro-invasive gene expression through chromatin remodeling,
promoting tumor metastasis (15). In laminopathies, loss or
mutation of Lamin A/C leads to abnormal nuclear envelope
structure and chromatin dynamic imbalance. It induces calcium
signaling dysregulation via the SIRT1-CaMKII-RYR2 signaling
pathway, closely associated with diseases like cardiomyopathy (68).
Additionally, under mechanical stress, altered phosphorylation
modifications of lamins can lead to remodeling of chromatin
anchoring sites, affecting the stability of epigenetic modifications.
This mechanism may participate in the pathological progression
of degenerative diseases like progeria syndrome (4, 95). Future
research needs to focus on the following directions: first, develop
mechanical imaging techniques with high spatiotemporal
resolution to enable real-time tracking of nuclear membrane
tension changes and chromatin dynamic responses induced by
mechanical force. Second, strengthen the investigation of specific
molecular targets and signaling nodes through which mechanical
force acts on chromatin three-dimensional topology. Finally,
through multi-level, multi-sample, multi-dimensional research,
analyze the molecular mechanisms of mechanical-epigenetic
coupling dysregulation in physiological and pathological states.
This will lay the foundation for the prevention, treatment, and
design of targeted therapeutic strategies for related diseases. In
conclusion, mechanical signals convert physical stimuli into
epigenetic memory through multi-layered molecular networks.
This process has universal significance in cellular adaptive
responses. In-depth analysis of mechanical-epigenetic coupling
mechanisms will not only help reveal the physical essence of life
activities but also provide innovative ideas for precision medicine
and bioengineering research.
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