Review

Mechanical Forces, Nucleus, Chromosomes, and Chromatin

Malgorzata Kloc 1-2-3-*

check for
updates

Academic Editor: Frederick H. Silver

Received: 10 February 2025
Revised: 24 February 2025
Accepted: 26 February 2025
Published: 1 March 2025

Citation: Kloc, M.; Wosik, J.
Mechanical Forces, Nucleus,
Chromosomes, and Chromatin.
Biomolecules 2025, 15,354. https://
doi.org/10.3390/biom15030354

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

and Jarek Wosik 4-°
1 Transplant Immunology, The Houston Methodist Research Institute, Houston, TX 77030, USA
2 Department of Surgery, The Houston Methodist Hospital, Houston, TX 77030, USA
3 MD Anderson Cancer Center, Department of Genetics, The University of Texas, Houston, TX 77030, USA
4

Electrical and Computer Engineering Department, University of Houston, Houston, TX 77204, USA;
jarek@uh.edu

Texas Center for Superconductivity, University of Houston, Houston, TX 77204, USA

*  Correspondence: mkloc@houstonmethodist.org; Tel.: +1-713-441-6875

Abstract: Individual cells and cells within the tissues and organs constantly face mechanical
challenges, such as tension, compression, strain, shear stress, and the rigidity of cellular
and extracellular surroundings. Besides the external mechanical forces, cells and their
components are also subjected to intracellular mechanical forces, such as pulling, pushing,
and stretching, created by the sophisticated force-generation machinery of the cytoskeleton
and molecular motors. All these mechanical stressors switch on the mechanotransduction
pathways, allowing cells and their components to respond and adapt. Mechanical force-
induced changes at the cell membrane and cytoskeleton are also transmitted to the nucleus
and its nucleoskeleton, affecting nucleocytoplasmic transport, chromatin conformation,
transcriptional activity, replication, and genome, which, in turn, orchestrate cellular me-
chanical behavior. The memory of mechanoresponses is stored as epigenetic and chromatin
structure modifications. The mechanical state of the cell in response to the acellular and
cellular environment also determines cell identity, fate, and immune response to invading
pathogens. Here, we give a short overview of the latest developments in understanding
these processes, emphasizing their effects on cell nuclei, chromosomes, and chromatin.

Keywords: chromatin; chromosomes; nucleus; transcription; actin; microtubules; mechanical
force; mechanotransduction; mechanosensing

1. Introduction

Mechanically, a cell is a biological polymer gel whose state of gelling and mechanical
properties depend on the dynamics of polymerization of G-actin (monomer) into F-actin
(filament), microtubules, intermediate filaments, and their crosslinking and connection to
the molecular motors, which makes them contractile [1]. Cell cytoskeleton not only fulfills
the mechanical needs of cells by supporting cell morphology, movement, division, and
intracellular transport vesicles and organelles but also participates in the immune response
to invading pathogens. Bacteria and viruses can manipulate the host cell cytoskeleton
to ensure their intracellular entry, survival, and replication [2-8]. For example, viruses
reorganize the actin cytoskeleton underlying the cell membrane aiding endocytosis-based
entry into the cell. They can also hijack microtubular motor proteins for movement to
replication sites or to the cell periphery for exit. They can change the organization and
expression of cytoskeletal components to create an environment favorable for replication.
They promote disaggregation of nuclear lamina, therefore allowing virus entry into the
nucleus for replication and subsequent egress of the progeny [9,10]. Some baculoviruses
use the mechanical force created by the intranuclear actin filament-based protrusions for
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the nuclear envelope disruption and egressing from the nucleus [11,12]. Many species of
bacteria (e.g., Listeria monocytogenes, Shigella flexneri, Burkholderia spp. and Rickettsia spp.)
polymerize actin filaments of the host cells to produce actin “comets” on their surface,
which propel bacteria through the cytoplasm and facilitate intercellular spreading [13].

The mechanical state of cell cytoplasm transmits to the nucleus, nucleoskeleton, and
intranuclear components through the specialized structures and molecules of the nuclear
membrane and perinuclear cytoskeleton [14-18]. Although the cell nucleus is the most
rigid among all organelles, it can also reversibly deform and reposition in response to
mechanical stress and substrate stiffness. Recent studies showed that nuclear remodeling
and change in its stiffness depends on the intranuclear motor protein, the Brahma-related
gene 1 (BRG1) ATPase, which belongs to the family of ATP-dependent chromatin remod-
eler SWI/SNF (switch/sucrose nonfermenting) enzymes [19,20], and a dynamic pool of
heterochromatin Proteinl/chromatin-associated protein swi6 (HP1a/Swi6) [21,22]. One
of the novel methods instrumental in assessing tension dynamics is the tension gauge
tethers (TGTs), short segments of double-stranded DNA (dsDNA) that irreversibly break
in response to sheer-stretch tension. TGTs are attached to the tension receptors, such as
T-cell receptors, cadherins, or integrins and assess if the duration of applied tension is
sufficient to activate mechanotransduction responses and if the tension level surpasses the
activation threshold [23-26]. Another novel method is the electrochemical DN A-based
force sensors (a tension gauge tether and DNA hairpin) for measuring piconewton-scale
forces generated during cell adhesion [27]. Unfortunately, the DNA sensors are vulnerable
to deoxyribonucleases (DNases). To overcome this, a new class of tension sensors was
constructed from peptide nucleic acid (PNA) and DNA. These hybrid sensors are not only
resistant to DNases but also have the highest signal-to-noise ratio and specificity. Thus,
they can be used to study mechanobiology in cells expressing DNases [28]. There are
also efforts to recreate in vitro mechanical properties of adherent cells and analyze how
the integrin-based focal contacts interact with extracellular matrix (ECM) and transmit
stresses generated by actomyosin contraction to ECM by encapsulating cortical actomyosin
networks in lipid membrane vesicles adhered to various substrates [29]. Recent studies on
the effect of magnetically driven hydrogel substrate on the macrophages showed that the
dynamic stiffness combined with the pulsed magnetic field pushes macrophages toward
the anti-inflammatory (M2) phenotype [30]. Additionally, a recently created computa-
tional model of the effects and forces involved in mechanical cyclic stretching of cells on
a flexible membrane [31] may be a new tool for interpreting the results of many mechan-
otransduction experimental models [32,33], while recently developed single-molecule force
spectroscopy and molecular tweezer techniques measuring the compaction of DNA and
manipulation with piconewton-scale forces may help in understanding the dynamics of
DNA organization and mechanical parameters of nucleoprotein filaments [34].

2. Mechanical Forces and Cell Nucleus

The cell nucleus responds not only to external cellular and acellular mechanical stimuli
but also to mechanical signals generated intracellularly during cell migration, differentia-
tion, and cell division. The nucleus contains the nucleoskeleton with a pool of nuclear G-
and F-actin that responds to mechanical stimuli and regulates the intranuclear movement,
transcription, chromatin remodeling, and DNA repair [12,16,35,36] and tethers chromatin
to the nuclear membrane [37]. Nuclear G-actin polymerizes in response to DNA damage,
and resulting actin filaments relocate chromatin regions containing double-strand breaks
to the repair sites at the nuclear periphery [38]. The nucleus also acts as a mechanosensor,
and nuclear deformations perceived by the nucleoskeleton cause conformational changes
in chromatin, rearrangement of genes, and, thus, modulate transcription [39]. The fol-
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lowing paragraphs describe how the nucleus responds to various extra- and intracellular
mechanical cues and the reciprocal effects of nuclear mechanoresponses on cell functions
and regulation of gene activity.

2.1. Nuclear Positioning

The position of the nucleus within the cell depends on the cell type, differentiation,
migratory behavior, phase of the cell cycle, and type (symmetric versus asymmetric) of
cell division [40]. For example, in mammalian columnar and secretory epithelia and
skeletal muscle, the nuclei are located asymmetrically (either apically or basally in epithelia
or peripherally or centrally in muscle). In contrast, squamous and cuboidal epithelia,
chondroblasts, osteoblasts, and cardiac muscle cells have centrally located nuclei. The
central position of the nucleus may change when the cell starts to move or secrete. In
developing vertebrate retina, the neuroepithelial nuclei migrate along the apical-basal axis,
depending on the cell cycle phase. In the M-phase, nuclei are at the apical surface, while
during the G1-, S-, and G2-phases, they move basally [41,42]. In early mouse embryos,
the position of the nucleus within the blastomere determines the plane of cell division.
Blastomeres with basally located nuclei divide asymmetrically, while those with apically
located nuclei divide symmetrically [43]. Studies from our laboratory showed that the
force created by magnetic field gradient, or genetic or pharmacologic inhibition of the actin
cytoskeleton regulator, the RhoA /ROCK pathway, affects actin cytoskeleton distribution
and polymerization in macrophages, resulting in macrophage elongation and repositioning
of the nucleus from the front to the tail [44—47]. Because the position of the nucleus is
crucial for cell function and fate, nuclear mispositioning may lead to changes in cell fate and
various pathologies, including cancer and skeletal muscle diseases, such as centronuclear
and dilated myopathy and Emery—Dreifuss muscular dystrophy [48-52].

2.2. Nuclear Drilling as a Driving Force of Transmigration Through the Endothelial Barrier

Usually, in migrating cells such as fibroblasts, mesenchymal cells, neurons, and cancer
cells, the nucleus is positioned away from the cell leading edge by a retrograde flow of actin
mediated by myosin and Cdc42. In some cells, such as leukocytes transmigrating through
the endothelial barrier, the nucleus becomes positioned in the cell front. Once there, it forms
the lobes, which are incorporated, using myosin II, into the frontal lamellipodia. These
lobes reversibly disassemble actin filaments between stress fibers in the endothelial barrier,
bend stress fibers, and generate micron-size intercellular gaps, allowing leukocytes to drill
and squeeze through the endothelial barrier [53]. Squeezing through the narrow spaces
and cell spreading not only deforms the cell but also its nucleus. Mechanical deformation
of the nucleus during the squeezing through the narrow spaces or mechanical compression
during development increases DNA replication stress (probably through replication fork
stalling) resulting in deformation-induced DNA damage and activation of the DNA damage
response [54].

2.3. Nuclear Shape Changes During Cell Spreading

Studies of the mechanical forces behind the changes in nucleus shape during cell
spreading showed that in spreading fibroblasts, the nuclei flatten during an early stage of
spreading but with time, the nuclei round up and their dimensions stabilize. Inhibition of
actin polymerization and myosin light chain kinase limits flattening of nuclei and inhibition
of myosin-II ATPase eliminates nuclear rounding. The authors proposed a computational
model of how frictional transmission of stress from the moving cell boundaries to the
surface of the nucleus drives its shape changes during spreading [55]. Another study
showed that cell and nuclear compression causes reinforcement of microtubules at the rear
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of the nucleus, creating the mechanostat structure that facilitates positioning of the nucleus
and organizes the contractility events in space and time [56].

2.4. Nuclear Mechanosensing and Mechanotransduction

Like a whole cell, the nucleus and interconnected endoplasmic reticulum can sense
a deformation or strain originating from the expansion or shrinking of the cell, changes
in nuclear positioning, cell squeezing through the narrow spaces, cell migration, sheer
flow of body fluids, and deformation of extracellular matrix. These mechanical forces
may open stretch-activated ion channels (SACs) in the nuclear membrane or change the
conformation of mechanosensitive proteins that, in turn, will affect nuclear transport
and chromatin structure, its distribution, and transcriptional activity (Figure 1) [14,57-61].
Computational and experimental modeling of the nuclear strain distribution showed that
different regions of the nucleus have different mechanical properties and responses to
mechanical stretching [62]. Additionally, the mechanical force can shrink or dilate the
diameter of nuclear pore complexes (NPCs). NPCs are mechanosensitive cylinders em-
bedded in the nuclear membrane, lined with 30 different nucleoporins (which can bind
to transport factors), and regulating the transport of RNA and proteins to and from the
nucleus (Figure 1) [63-65]. The outer and inner nuclear membrane are spaced by the
perinuclear space, which should not be confused with a perinuclear area in the vicinity
of the nucleus (Figure 1). The outer nuclear membrane (ONM) is surrounded by per-
inuclear actin filaments, actomyosin, and microtubules, which regulate nuclear shape
and counteract deformation [58]. Actin filaments are anchored at the nuclear membrane
by TAN (Transmembrane Actin-associated Nuclear) lines composed of the linker of nu-
cleoskeleton and cytoskeleton (LINC) complex containing Nesprin-1/2, Sadl/UNC-84
(SUN) domain-containing SUN protein, and Klarsicht/ ANC-1/Syne-1 homology (KASH)
domain-containing KASH protein, which are anchored at nuclear lamina, allowing nuclear
movement by actin retrograde flow [49,50,66-68]; (Figure 1). The SUN traverses the inner
and KASH the outer nuclear membranes. SUN and KASH interact with the nuclear lamina
and actin/microtubule cytoskeleton and physically connect the nucleus to the other parts of
the cell [69,70]. Interestingly, recent studies showed that this three-dimensional perinuclear
network of the cytoskeleton is also involved in the assembly of biomolecular condensates
and orchestrates the movement of molecules within the perinuclear area [71] (Figure 1).
The nuclear condensates compartmentalize nuclear functions, concentrate macromolecules
relevant to gene expression, and together with the nuclear lamina regulate the mechanical
properties of the nucleus (Negri et al., 2023) [72].

The inner nuclear membrane (INM) is covered by nuclear lamina (NL), a network
of mainly type V intermediate filament proteins (lamins) [73,74]; (Figure 1). NL mechani-
cally supports nuclear architecture and contacts hundreds of chromatin regions contain-
ing several thousand genes. The mutations in nuclear lamins (so-called laminopathies)
alter nuclear shape and cause many diseases such as muscular dystrophies, familial par-
tial lipodystrophy, dilated cardiomyopathy, and Hutchinson-Gilford progeria syndrome
(HGPS) [58,74-77]. In progeria, the aberrantly spliced and improperly farnesylated nuclear
lamin A (progerin) cannot be properly incorporated into nuclear lamina, causing changes
in the distribution and level of heterochromatin, defects in NPCs and mechanotransmis-
sion, and shortening telomeres [75-77]. Interestingly, the mechanical stability of telomeres,
which are different from the rest of chromatin due to their repetitive sequences, depends
on the telomere repeat binding factor 2 (TRF2), a component of shelterin (telosome) protein
complex that protects telomeres from DNA repair and regulates telomerase activity [78,79].
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Figure 1. Components of the mechanotransduction pathways. Highly simplified illustration of
mechanotransduction pathway between the extracellular substrate, cellular membrane, and the
nucleus. Focal adhesions (FAs) dictate the strength of cell attachment to the extracellular matrix (ECM).
One of the components of FA, the transmembrane protein integrin, physically connects ECM to the cell
cytoskeleton composed of intermediate filaments, actin filaments, and microtubules. Any mechanical-
force-induced change at the cell membrane (e.g., stretching, pulling, tension, compression, etc.) is
transmitted (indicated by the arrow) to the underlying cytoskeleton. The cytoplasm near the nucleus
(the perinuclear area) contains the perinuclear cytoskeleton that, via the actin cytoskeleton remodelers,
the formin proteins, is connected to the LINC complexes. LINCs are the assemblies of several proteins
spanning the nuclear envelope and physically connecting the perinuclear cytoskeleton to the nuclear
lamina (NL) underlying the nuclear membrane. The NL associates with heterochromatin (condensed
chromatin) through the lamina-associated domains (LADs), aiding in the functional organization
of the genome and separating heterochromatin from the transcriptionally active (decondensed)
euchromatin. The nuclear envelope contains an outside (ONM) and internal (INM) membrane
separated by the perinuclear space which facilitates selective transport of RNA and proteins across the
nuclear membrane. The ONM is connected to the perinuclear endoplasmic reticulum, whose lumen
is contiguous with the perinuclear space. The nuclear envelope is penetrated by the mechanosensitive
channels and pores. Stretch-activated ion channels (SACs) open in response to the nuclear membrane
stretching and regulate the flow of ions across the membrane. Nuclear pore complexes (NPCs), lined
with nucleoporins, shrink, or dilate in response to mechanical force and regulate the transport of RNA
and proteins to and from the nucleus. Additionally, the cell nucleus contains a pool of intranuclear
G-actin and F-actin (filaments), which participate in mechanosensing, mechanoresponse, chromatin
remodeling, DNA repair, and transcription. Arrows indicate the transmission of mechanical signals
from the cell surface to the nucleus and signals from the nucleus to the cell surface.

The lamina-associated domains (LADs) that cover approximately one-third of the
total genome participate in establishing interphase chromosome architecture and spatial
organization of the genome and repress gene transcription. Since LADs contain repressed
chromatin, they are enriched in heterochromatin-associated histone modifications such as
H3K9me2,3 which is recognized by the chromodomain of heterochromatin protein 1 (HP1)
that regulates heterochromatin formation and gene repression [21,61,80,81]. Because the
nuclear membrane and NL are physically connected to the perinuclear and cytoplasmic
cytoskeleton (actin filaments and microtubules) by the LINC complex, any mechanical
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deformation of the cell membrane and cytoplasm, as well as substrate stiffness and tension
derived from the focal adhesions, is transmitted to the nucleus. Focal adhesions contain
transmembrane integrins and intracellularly located Paxillin, Talin, Vinculin, Src, FAK,
and CAS, which physically connect the extracellular matrix to the network of intracellular
actin filaments and nucleus (Figure 1) [1,82]. Studies in the fibrosis model showed that
mechanical stress of progressive scarring causes nuclear softening and increases chromatin
accessibility through the loss of H3K9Me3 and the serine/threonine-protein kinase P21-
activated kinase PAK1 mechanosensing, 31 integrin-dependent, pathway [83].

Other proteins involved in the mechanoresponses of the nucleus, through the coupling
of perinuclear actin to the nucleus, are the formin homology domain-containing (FHOD)
formins. They have F-actin bundling activity regulated by ROCK, Src, and ERK1/2 kinases.
FHODs associate with the outer nuclear membrane by binding their amino termini to the
spectrin repeats (SRs) in Nesprin-1G/2G, a component of LINC, transmitting mechanical
information to the nucleus [84]. Studies of nuclear deformation during directional cell
stretching on the substrate showed that the lateral compressive forces exerted by the lateral
actin cytoskeleton are crucial for the orientation-dependent deformation of the nucleus and
mechanosensing responses to the direction of stretching [85]. Additionally, super-resolution
and live imaging showed that the replication stress induces nuclear F-actin polymerization
that, in turn, increases nuclear volume and sphericity, counteracting the deformation of the
nucleus. Filamentous actin, together with myosin II, moves the stressed-replication foci to
the nuclear periphery, promoting replication stress repair and suppressing chromosome
and mitotic aberrations [86-88]. Thus, the mechanical properties of the perinuclear and
nuclear cytoskeleton, nuclear lamina and chromatin are critical for response and adaptation
to internal and external mechanical forces [89-91].

3. Mechanical Forces and Chromosomes

During cell division, chromosomes are constantly exposed to mechanical forces, such
as pulling by the microtubules of the mitotic spindle and changes in the shape of the
nucleus [92]. Resistance of chromosomes to mechanical stretching is indispensable for
preserving their integrity. Recent studies using micromanipulation, stretching response,
and molecular dynamic simulations to quantitatively describe the physical state of chromo-
somes during different phases of the cell cycle indicate that chromosomes are viscoelastic
solids that behave like liquid-like (viscous) objects during interphase and like solid-like
objects during cell division. Such changes in chromosome stiffness occur through the
lengthwise compaction of the initially open structure. Additionally, chromosomes have
linear elasticity, returning to the original shape even after being lengthwise stretched up to
five times [93,94]. In preparation for cell division, the chromatin of the interphase nucleus is
condensed approximately a thousandfold into rod-shaped individual chromosomes [95,96].
One of the existing models of mitotic chromosome postulates that a condensed chromosome
consists of chromatin loops arranged into a spiral staircase attached to the central pro-
teinaceous scaffolding, forming a “bottlebrush” structure [96]. Another model describes a
chromosome as a heterogeneous aggregate of worm-like chains with nonlinear mechanical
stiffening properties. Such nonlinear mechanics, by limiting deformation to the individual
elements, is probably beneficial for maintaining the integrity of the whole chromosome.
In both models, condensin I and II and topoisomerase Iloc (TOP2A) participate in chromo-
some condensation [97,98]. Recent mapping of molecular densities around condensing
and decondensing chromosomes showed that the density of various molecules, including
RNAs and proteins in chromosome surroundings, increases from prophase to anaphase
and decreases in telophase. These findings indicate that the transient changes in molecular
density and the attractive forces between large structures in a crowded chromosomal milieu
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are also important for chromosome condensation [99]. On a similar theme, Hernandez-
Armendariz et al. [100] showed that chromosome clustering during cell division exit is
facilitated by the formation of a liquid-like layer on the chromosome surface. The main
player in this process is the proliferation marker Ki-67 protein. During interphase, Ki-67
is in the nucleolus. At the mitotic entry, Ki-67 undergoes phosphorylation and forms a
surfactant layer of brush-like structures on the surface of chromosomes, facilitating chro-
mosome repulsion, dispersion, and connection to the mitotic spindle [101]. During mitotic
exit in anaphase, Ki-67 dephosphorylates, and the brushes dissipate, allowing chromosome
clustering within the future telophase nuclei. Thus, the phospho-switch transforms Ki-67
from a chromosome repellent to a chromosome attractant [100].

The separation of chromosomes during cell division is driven by the microtubules of
the spindle. Chromosomes are connected to the microtubules by kinetochores, composed
of about 100 different proteins, which transmit mechanical forces generated by molecular
motors and microtubules to the chromosomes. The kinetochore-microtubule attachment,
facilitated by the Astrin-SKAP kinetochore complex [102], faces two main mechanical
challenges: it must resist the pulling force, making the attachment stable and be flexible
enough to move chromosomes toward the microtubule plus ends. Recent mutational,
laser ablation, and micromanipulation studies showed that kinetochore SKAP binds to
microtubules with a lower resistance to sliding than other microtubule-binding molecules
of the kinetochore, reducing kinetochore friction, making the attachment stronger and more
stable under force. The authors propose that the key to the strong attachment under force
is the mechanically heterogeneous interface, made of kinetochore proteins with both high
and low sliding friction on microtubules [103].

Mechanoregulation of Chromatin and Epigenetic Landscape

Any mechanical force effects on the cellular membrane and underlying cytoskeleton
can be transmitted to chromatin, changing its architecture, structure, epigenetic features,
and gene transcription [104-109]. In the 1940s, British embryologist and geneticist Conrad
Waddington coined the concept of “epigenetic landscape” to describe how the plasticity of
cellular phenotype affects epigenetic regulation and changes [110]. Epigenetic regulation
involving chemical modifications of chromatin, such as histone modifications and DNA
methylation status, alter gene transcription and cell plasticity. Epigenetic modifications
together with a spatial organization of chromatin create a three-dimensional landscape
within the nucleus. The epigenetic landscape is cell-type specific and can change in the
disease and in response to mechanical cues [110,111].

Chromatin has two main states: transcriptionally active and less compacted euchro-
matin and highly compacted and transcriptionally repressed heterochromatin. Recently
developed methods, such as interferometric scattering correlation spectroscopy, will help
in understanding the dynamics of chromatin condensation [112]. Simulations based on
confocal microscopy data identified three distinct intranuclear mechanical phases: mRNA-
rich interchromatin region, euchromatin, and heterochromatin, which respond differently
to the externally applied extracellular matrix shear deformation [113]. While euchromatin
is usually located near the center of the nucleus, heterochromatin contacts in the nuclear
lamina layer underlying the inner nuclear envelope and through the LINC complexes (see
Section 2.3) communicates with perinuclear and cellular cytoskeleton (Figure 1) [69]. One
of the LINC components, the SUN2 protein, responds to the contractility of actomyosin,
and disrupting its binding activity to NL and actin cytoskeleton causes uniform, instead
of perinuclear, distribution of heterochromatin marker H3K9me3 that represses repetitive
elements and non-coding parts of genes and silences lineage-inappropriate genes [114,115].
Besides affecting chromatin compaction and distribution, mechanical stress can cause
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changes in DNA, affecting the accessibility of different chromatin domains to transcription
and other regulatory factors [69,111,116,117]. Studies showed that ataxia telangiectasia
mutated (ATM) and ataxia telangiectasia and Rad3-related (ATR) DNA damage response
(DDR) kinases that contain HEAT (Hungtinton, Elongation Factor 3) repeats with elastic
properties, respond to mechanical stress. Following cytoskeleton stress, the ATM located
on the actin cytoskeleton, promotes, via reactive oxygen species (ROS)-dependent pathway,
phosphorylation of cytoskeleton and chromatin regulators, and remodeling of cytoskeleton
and chromatin [33,118,119]. In reverse, DNA damage causing ATM-dependent changes
in heterochromatin affects nuclear stiffness and shape and may lead to its rupture [120].
The mechanical functions of ATR at the nuclear envelope are to conduct mechanical signals
from cytoskeleton to the nuclear envelope and regulate envelope—chromatin association
and chromatin activity [121,122]. Interestingly, in a reverse mechanotransduction pathway,
the chromatin condensation status and remodeling are transmitted from the nucleus to
the cell surface, affecting, through the RhoA /ROCK pathway, the cell shape and strength
of adhesion to the substrate (Figure 2); [123]. Recent studies showed that chromatin can
change its mechanical state to protect genome integrity during cell and nucleus deforma-
tion. Calcium-dependent loss of H3K9me3-marked heterochromatin and nuclear softening
counteract nuclear deformation caused by mechanical stretching and insulate the genome
from mechanical force [124].

A B
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\
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Figure 2. Reverse mechanotransduction. Mechanical forces created by an acellular (extracellular
matrix, ECM) or cellular environment affect the cell cytoskeleton, which transduces signals to the
nucleus, altering chromatin condensation and, thus, its transcriptional activity. Decondensed chromatin
(euchromatin) is transcriptionally active, and condensed chromatin (heterochromatin) is either silent or
has a low transcription activity. In the so-called reverse mechanotransduction, the state of chromatin
condensation dictates the strength of cell adhesion to the extracellular substrate. (A) Decondensed
chromatin transcribes mRNAs from various mechanically relevant signaling genes. These mRNAs
are translated into signaling proteins, such as GTPase RhoA and its effector kinase Rock, or co-factors
regulating their activity. Increased activity of the Rho/Rock pathway polymerizes globular (G) actin
into actin filaments (F-actin), stimulating the formation of focal adhesions (FAs), which creates a strong
attachment of the cell to the substrate. (B) Transcriptionally silent (highly condensed) chromatin results in
the low level and low activity of the mechanosignaling pathway components, in consequence, decreasing
actin polymerization and production of FAs. A low abundance of FAs causes weak attachment to
the substrate.
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4. Mechanomemory

Mechanomemory (mechanical memory) is the ability of a cell to remember the effects
of a mechanical stimulus long after its cessation [15,125]. One of the molecules involved in
storing time- and force-dependent mechanical information are cytoskeletal linker proteins
talins whose 13 o-helical bundles contained within the C-terminal rod domain function as
force-dependent switches [126]. Also, the nucleus and chromatin can memorize mechanical
responses even to short-lasting mechanical stress, for minutes/hours, or even many cell
generations after stress cessation [111,127,128]. Experiments with direct chromatin stretch-
ing by ferromagnetic nanoparticles inside the nucleus or the magnetic beads at the cell
surface showed that the increase in diffusivity of chromatin, nucleoplasm, and RNA poly-
merase II (RNA Pol II), RNA Pol II activity, and its co-dependent gene expression, lasted a
long time after stress discontinuance. These results may explain a sustained upregulation
of transcription observed in cells tens of minutes after force cessation [129]. Interestingly,
RNA Pol II transcriptional activity generates a mechanical force of ten piconewtons, which
affects loci dynamics and shapes the coexistence of fluid- and solid-like properties within
chromatin [130]. Studies of stem cells grown on different stiffness substrates showed that
mechanical memory of substrate properties is stored in the intracellular rheostat YAP/TAZ
containing Yes-associated protein (YAP) and transcriptional coactivator with PDZ-binding
domain (TAZ), and the pre-osteogenic transcription factor RUNX2 [131]. Recent studies
using a fluorescent sensor of nucleocytoplasmic transport (Sencyt) in monolayers of epithe-
lial and mesenchymal cells showed that YAP senses cellular density but is not affected by
nuclear tension, deformation, and solidity that affect the nucleocytoplasmic transport of
transcriptional regulators [132]. At the nuclear/chromatin level, the mechanical memory
becomes stored through structural remodeling of chromatin architecture and trimethylation
status of Histone H3 lysine 9 (H3K9). For example, the response of cells to the stiffness of
extracellular matrix, compression, and hydrostatic pressure, down- or upregulates chro-
matin modifiers such as histone acetyltransferase (HATs), histone deacetylases (HDACsS),
and acetyl-CoA, changing spatial organization of genes and the transcription [125,133,134].
A histone that couples cell stiffness to chromatin compaction is the linker histone H1.0,
which not merely turns genes on or off but also influences a gene-specific deposition of
histone H3K27Ac, a mark of gene and enhancer activation and is involved in the formation
of supra-nucleosomal chromatin higher-order structures [135,136].

Because the first target of mechanical forces created by the cellular and acellular envi-
ronment is the cell membrane and underlying cortical actin cytoskeleton, it is not surprising
that mechanical memory is stored in the actin cortex first. Cells migrating through the
constricted spaces retain a long-term memory of shape, imposed by past confinement,
through actin cortex remodeling and RhoA /ROCK pathway activity. The thickness of the
cortex in compacted cells (in confined spaces) is double that in elongated cells (in open
spaces), which suggests that the thickening of the cortex may serve as a mechanical memory
of past confinement, allowing the cell to maintain compacted shape after moving into an
open space. The mechanical memory of the previous morphological state is crucial for
cells traversing a heterogenous space with successive areas of confinements and openings,
allowing cells to retain a compacted shape during temporary unconfinement without
pausing to reorganize their shape each time they encounter an opening [137]. Studies of
astrocytes exposed to short pulses of fluid sheer stress showed that the development of
prolonged mechanomemory requires an intact F-actin cytoskeleton [138]. Recent studies on
cardiac fibroblasts (CFs) and cardiomyocytes (CMs) showed that cytoskeletal regulators of
mechanical memory in response to the extracellular matrix stiffening are cell-type-specific
and depend on actin filaments (in CFs) or microtubules (in CMs) [139]. Although outside
the scope of this review, it should be mentioned that the actin and microtubule cytoskeleton
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and their regulatory proteins are also involved, via regulation of synaptic transmission and
neuronal morphology, in forming and sustaining neuronal memory in the brain [140,141].
Although so far there is no direct proof, the mechanomemory may also depend on the
viscoelastic rheological properties of the cytosol, i.e., its ability to behave like a viscous
fluid and an elastic solid, the property that influences cell adhesion, migration, and differ-
entiation [142,143].

Mechanical memory can create a potential problem for the therapeutic use of cells prop-
agated in vitro for tissue regeneration procedures. For example, chondrocytes expanded
for several generations on the 2D stiff substrates retain epigenetic memory of stiffness after
transfer to a 3D in vivo environment [134], which may decrease their therapeutic effective-
ness. Recent studies showing that chromatin and nucleoplasm retain the mechanomemory
in protein diffusivity tens of minutes after the external force cessation [128] support the
notion that mechanomemory may be extremely important for the development of various
diseases and/or change the therapeutic outcome.

5. Concluding Remarks

Although every day brings discoveries in mechanosensing, mechanotransduction,
and mechanomemory areas, we are still very far from understanding the details of these
processes at cellular and molecular levels. The findings that a cell can remember previously
encountered stresses and mechanical cues of cellular and acellular environment and, in
response, can alter morphology, behavior, gene expression, and cell fate may change
our understanding of many diseases, modify current therapeutic approaches, and help
design novel therapies. Focused mainly on mammalian and human cells, our review omits
many fascinating examples of mechanotransduction in various invertebrate and vertebrate
species, including those in aquatic and/or colonial organisms. A comprehensive description
of mechanisms of sensing and responding to the mechanical forces created by water current,
movement, and pressure in aquatic animals and the transmission of mechanical information
between the individuals within a colony would require a separate review.

Author Contributions: M.K.—concept, writing, figures; ].W.—concept, discussion, editing. All
authors have read and agreed to the published version of the manuscript.

Funding: We acknowledge JC Walter Jr.’s support to Houston Methodist Transplantation Center. Some
drawings used in the figures were from Servier Medical Art: SMART, https://smart.servier.com/
(accessed on 1 February 2025).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: Authors do not have any conflict of interest.

1.  Carley, E.; King, M.C.; Guo, S. Integrating mechanical signals into cellular identity. Trends Cell Biol. 2022, 32, 669-680. [CrossRef]
[PubMed] [PubMed Central]
2. Aepfelbacher, M.; Wolters, M. Acting on Actin: Rac and Rho Played by Yersinia. Curr. Top. Microbiol. Immunol. 2017, 399, 201-220.

[CrossRef] [PubMed]

3.  Colonne, PM.; Winchell, C.G.; Voth, D.E. Hijacking Host Cell Highways: Manipulation of the Host Actin Cytoskeleton by
Obligate Intracellular Bacterial Pathogens. Front. Cell Infect. Microbiol. 2016, 6, 107. [CrossRef] [PubMed] [PubMed Central]

4. Khorramnejad, A.; Perdomo, H.D.; Palatini, U.; Bonizzoni, M.; Gasmi, L. Cross Talk between Viruses and Insect Cells Cytoskeleton.
Viruses 2021, 13, 1658. [CrossRef] [PubMed] [PubMed Central]

5. Mei, J.; Huang, X,; Fan, C.; Fang, J.; Jiu, Y. Cytoskeleton network participates in the anti-infection responses of macrophage.
Bioessays 2023, 45, €2200225. [CrossRef] [PubMed]


https://smart.servier.com/
https://doi.org/10.1016/j.tcb.2022.02.006
https://www.ncbi.nlm.nih.gov/pubmed/35337714
https://pmc.ncbi.nlm.nih.gov/articles/PMC9288541
https://doi.org/10.1007/82_2016_33
https://www.ncbi.nlm.nih.gov/pubmed/27744508
https://doi.org/10.3389/fcimb.2016.00107
https://www.ncbi.nlm.nih.gov/pubmed/27713866
https://pmc.ncbi.nlm.nih.gov/articles/PMC5031698
https://doi.org/10.3390/v13081658
https://www.ncbi.nlm.nih.gov/pubmed/34452522
https://pmc.ncbi.nlm.nih.gov/articles/PMC8402729
https://doi.org/10.1002/bies.202200225
https://www.ncbi.nlm.nih.gov/pubmed/37254735

Biomolecules 2025, 15, 354 11 of 16

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Nogueira, A.T.; Pedrosa, A.T.; Carabeo, R.A. Manipulation of the Host Cell Cytoskeleton by Chlamydia. Curr. Top. Microbiol.
Immunol. 2018, 412, 59-80. [CrossRef] [PubMed]

Stradal, T.E.B.; Schelhaas, M. Actin dynamics in host-pathogen interaction. FEBS Lett. 2018, 592, 3658-3669. [CrossRef] [PubMed]
[PubMed Central]

Wesolowski, J.; Paumet, F. Taking control: Reorganization of the host cytoskeleton by Chlamydia. F1000Res 2017, 6, 2058.
[CrossRef] [PubMed] [PubMed Central]

Hornikovd, L.; Brustikova, K.; Huérfano, S.; Forstov4, J. Nuclear Cytoskeleton in Virus Infection. Int. J. Mol. Sci. 2022, 23, 578.
[CrossRef] [PubMed] [PubMed Central]

Seo, D.; Gammon, D.B. Manipulation of the Host Cytoskeleton by Viruses: Insights and Mechanisms. Viruses 2022, 14, 1586.
[CrossRef] [PubMed] [PubMed Central]

Ohkawa, T.; Welch, M.D. Baculovirus actin-based motility drives nuclear envelope disruption and nuclear egress. Curr. Biol. 2018,
28, 2153-2159.e4. [CrossRef] [PubMed]

Plessner, M.; Grosse, R. Dynamizing nuclear actin filaments. Curr. Opin. Cell Biol. 2019, 56, 1-6. [CrossRef] [PubMed]

Lamason, R.L.; Welch, M.D. Actin-based motility and cell-to-cell spread of bacterial pathogens. Curr. Opin. Microbiol. 2017,
35,48-57. [CrossRef] [PubMed] [PubMed Central]

Cho, S.; Irianto, J.; Discher, D.E. Mechanosensing by the nucleus: From pathways to scaling relationships. J. Cell Biol. 2017,
216, 305-315. [CrossRef] [PubMed] [PubMed Central]

Lele, T.P; Brock, A.; Peyton, S.R. Emerging Concepts and Tools in Cell Mechanomemory. Ann. Biomed. Eng. 2020, 48, 2103-2112.
[CrossRef] [PubMed]

Kloc, M.; Chanana, P; Vaughn, N.; Uosef, A.; Kubiak, J.Z.; Ghobrial, R.M. New Insights into Cellular Functions of Nuclear Actin.
Biology 2021, 10, 304. [CrossRef] [PubMed] [PubMed Central]

Sinha, B.; Biswas, A.; Kaushik, S.; Soni, G.V. Cellular and Nuclear Forces: An Overview. Methods Mol. Biol. 2025, 2881, 3-39.
[CrossRef] [PubMed]

Xia, Y.; Pfeifer, C.R.; Cho, S.; Discher, D.E.; Irianto, J. Nuclear mechanosensing. Emerg. Top. Life Sci. 2018, 2, 713-725. [CrossRef]
[PubMed] [PubMed Central]

Byfield, EJ.; Eftekhari, B.; Kaymak-Loveless, K.; Mandal, K.; Li, D.; Wells, R.G.; Chen, W.; Brujic, J.; Bergamaschi, G.; Wuite, G.J.L.;
et al. Metabolically intact nuclei are fluidized by the activity of the chromatin remodeling motor BRG1. bioRxiv 2024. [CrossRef]
[PubMed] [PubMed Central]

Wu, Q.; Lian, J.B.; Stein, J.L.; Stein, G.S.; Nickerson, J.A.; Imbalzano, A.N. The BRG1 ATPase of human SWI/SNF chromatin
remodeling enzymes as a driver of cancer. Epigenomics 2017, 9, 919-931. [CrossRef] [PubMed] [PubMed Central]

Eissenberg, J.C.; Elgin, S.C. HP1a: A structural chromosomal protein regulating transcription. Trends Genet. 2014, 30, 103-110.
[CrossRef] [PubMed] [PubMed Central]

Williams, ].E,; Surovtsev, I.V.; Schreiner, S.M.; Chen, Z.; Raiymbek, G.; Nguyen, H.; Hu, Y.; Biteen, ].S.; Mochrie, S.G.]J.; Ragunathan,
K.; et al. The condensation of HP1x/Swi6 imparts nuclear stiffness. Cell Rep. 2024, 43, 114373. [CrossRef] [PubMed]

Liu, J.; Yan, J. Unraveling the Dual-Stretch-Mode Impact on Tension Gauge Tethers’ Mechanical Stability. . Am. Chem. Soc. 2024,
146, 7266-7273. [CrossRef] [PubMed] [PubMed Central]

Liu, J.; Le, S.; Yao, M.; Huang, W.; Tio, Z.; Zhou, Y.; Yan, J. Tension Gauge Tethers as Tension Threshold and Duration Sensors.
ACS Sens. 2023, 8, 704-711. [CrossRef] [PubMed] [PubMed Central]

Murad, Y.; Li, I.T.S. Quantifying Molecular Forces with Serially Connected Force Sensors. Biophys. |. 2019, 116, 1282-1291.
[CrossRef] [PubMed] [PubMed Central]

Wang, X; Sun, J.; Xu, Q.; Chowdhury, E.; Roein-Peikar, M.; Wang, Y.; Ha, T. Integrin Molecular Tension within Motile Focal
Adhesions. Biophys. J. 2015, 109, 2259-2267. [CrossRef] [PubMed] [PubMed Central]

Tabrizi, M.A.; Bhattacharyya, P.; Zheng, R.; You, M. Electrochemical DNA-based sensors for measuring cell-generated forces.
bioRxiv 2023. [CrossRef]

Zhao, Y.; Sarkar, A.; Wang, X. Peptide nucleic acid based tension sensor for cellular force imaging with strong DNase resistance.
Biosens. Bioelectron. 2020, 150, 111959. [CrossRef] [PubMed] [PubMed Central]

Bashirzadeh, Y.; Liu, A.P. Encapsulation of the cytoskeleton: Towards mimicking the mechanics of a cell. Soft Matter. 2019,
15, 8425-8436. [CrossRef] [PubMed]

Li, L.; Alsema, E.; Beijer, N.R.M.; Gumuscu, B. Magnetically Driven Hydrogel Surfaces for Modulating Macrophage Behavior.
ACS Biomater. Sci. Eng. 2024, 10, 6974—6983. [CrossRef] [PubMed]

Massidda, M.W.; Ashirov, D.; Demkov, A.; Sices, A.; Baker, A.B. A Computational Model of Mechanical Stretching of Cultured
Cells on a Flexible Membrane. bioRxiv 2024. [CrossRef] [PubMed] [PubMed Central]

Bae, H.J.; Shin, S.J.; Jo, S.B.; Li, C.J.; Lee, D.].; Lee, ] H.; Lee, H.H.; Kim, HW.; Lee, ]. H. Cyclic stretch induced epigenetic activation
of periodontal ligament cells. Mater. Today Bio 2024, 26, 101050. [CrossRef] [PubMed] [PubMed Central]


https://doi.org/10.1007/82_2016_10
https://www.ncbi.nlm.nih.gov/pubmed/27197645
https://doi.org/10.1002/1873-3468.13173
https://www.ncbi.nlm.nih.gov/pubmed/29935019
https://pmc.ncbi.nlm.nih.gov/articles/PMC6282728
https://doi.org/10.12688/f1000research.12316.1
https://www.ncbi.nlm.nih.gov/pubmed/29225789
https://pmc.ncbi.nlm.nih.gov/articles/PMC5710305
https://doi.org/10.3390/ijms23010578
https://www.ncbi.nlm.nih.gov/pubmed/35009004
https://pmc.ncbi.nlm.nih.gov/articles/PMC8745530
https://doi.org/10.3390/v14071586
https://www.ncbi.nlm.nih.gov/pubmed/35891564
https://pmc.ncbi.nlm.nih.gov/articles/PMC9323041
https://doi.org/10.1016/j.cub.2018.05.027
https://www.ncbi.nlm.nih.gov/pubmed/30008331
https://doi.org/10.1016/j.ceb.2018.08.005
https://www.ncbi.nlm.nih.gov/pubmed/30193156
https://doi.org/10.1016/j.mib.2016.11.007
https://www.ncbi.nlm.nih.gov/pubmed/27997855
https://pmc.ncbi.nlm.nih.gov/articles/PMC5474209
https://doi.org/10.1083/jcb.201610042
https://www.ncbi.nlm.nih.gov/pubmed/28043971
https://pmc.ncbi.nlm.nih.gov/articles/PMC5294790
https://doi.org/10.1007/s10439-019-02412-z
https://www.ncbi.nlm.nih.gov/pubmed/31745676
https://doi.org/10.3390/biology10040304
https://www.ncbi.nlm.nih.gov/pubmed/33916969
https://pmc.ncbi.nlm.nih.gov/articles/PMC8067577
https://doi.org/10.1007/978-1-0716-4280-1_1
https://www.ncbi.nlm.nih.gov/pubmed/39704936
https://doi.org/10.1042/ETLS20180051
https://www.ncbi.nlm.nih.gov/pubmed/31693005
https://pmc.ncbi.nlm.nih.gov/articles/PMC6830732
https://doi.org/10.1016/j.bpj.2024.11.3322
https://www.ncbi.nlm.nih.gov/pubmed/38659735
https://pmc.ncbi.nlm.nih.gov/articles/PMC11042217
https://doi.org/10.2217/epi-2017-0034
https://www.ncbi.nlm.nih.gov/pubmed/28521512
https://pmc.ncbi.nlm.nih.gov/articles/PMC5705788
https://doi.org/10.1016/j.tig.2014.01.002
https://www.ncbi.nlm.nih.gov/pubmed/24555990
https://pmc.ncbi.nlm.nih.gov/articles/PMC3991861
https://doi.org/10.1016/j.celrep.2024.114373
https://www.ncbi.nlm.nih.gov/pubmed/38900638
https://doi.org/10.1021/jacs.3c10923
https://www.ncbi.nlm.nih.gov/pubmed/38451494
https://pmc.ncbi.nlm.nih.gov/articles/PMC10959107
https://doi.org/10.1021/acssensors.2c02218
https://www.ncbi.nlm.nih.gov/pubmed/36731861
https://pmc.ncbi.nlm.nih.gov/articles/PMC9973368
https://doi.org/10.1016/j.bpj.2019.02.027
https://www.ncbi.nlm.nih.gov/pubmed/30902365
https://pmc.ncbi.nlm.nih.gov/articles/PMC6451047
https://doi.org/10.1016/j.bpj.2015.10.029
https://www.ncbi.nlm.nih.gov/pubmed/26636937
https://pmc.ncbi.nlm.nih.gov/articles/PMC4675889
https://doi.org/10.1101/2023.12.03.569814
https://doi.org/10.1016/j.bios.2019.111959
https://www.ncbi.nlm.nih.gov/pubmed/31929090
https://pmc.ncbi.nlm.nih.gov/articles/PMC6961813
https://doi.org/10.1039/C9SM01669D
https://www.ncbi.nlm.nih.gov/pubmed/31621750
https://doi.org/10.1021/acsbiomaterials.4c01624
https://www.ncbi.nlm.nih.gov/pubmed/39383333
https://doi.org/10.1101/2024.06.06.597769
https://www.ncbi.nlm.nih.gov/pubmed/38895285
https://pmc.ncbi.nlm.nih.gov/articles/PMC11185657
https://doi.org/10.1016/j.mtbio.2024.101050
https://www.ncbi.nlm.nih.gov/pubmed/38654935
https://pmc.ncbi.nlm.nih.gov/articles/PMC11035113

Biomolecules 2025, 15, 354 12 of 16

33.

34.

35.

36.
37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Bastianello, G.; Porcella, G.; Beznoussenko, G.V.; Kidiyoor, G.; Ascione, E; Li, Q.; Cattaneo, A.; Matafora, V.; Disanza, A.; Quarto,
M.; et al. Cell stretching activates an ATM mechano-transduction pathway that remodels cytoskeleton and chromatin. Cell Rep.
2023, 42, 113555. [CrossRef] [PubMed]

Brouwer, T.B.; Kaczmarczyk, A.; Zarguit, I.; Pham, C.; Dame, R.T.; van Noort, J. Unravelling DNA Organization with Single-
Molecule Force Spectroscopy Using Magnetic Tweezers. Methods Mol. Biol. 2024, 2819, 535-572. [CrossRef] [PubMed]
Sankaran, J.; Uzer, G.; van Wijnen, A.].; Rubin, J. Gene regulation through dynamic actin control of nuclear structure. Exp. Biol.
Med. 2019, 244, 1345-1353. [CrossRef] [PubMed] [PubMed Central]

Serebryannyy, L.; de Lanerolle, P. Nuclear actin: The new normal. Mutat. Res. 2020, 821, 111714. [CrossRef] [PubMed]

Oda, H.; Shirai, N.; Ura, N.; Ohsumi, K.; Iwabuchi, M. Chromatin tethering to the nuclear envelope by nuclear actin filaments: A
novel role of the actin cytoskeleton in the Xenopus blastula. Genes Cells 2017, 22, 376-391. [CrossRef] [PubMed]

Percipalle, P.; Vartiainen, M. Cytoskeletal proteins in the cell nucleus: A special nuclear actin perspective. Mol. Biol. Cell 2019,
30, 1781-1785. [CrossRef] [PubMed] [PubMed Central]

Dahl, K.N.; Ribeiro, A.]J.; Lammerding, J. Nuclear shape, mechanics, and mechanotransduction. Circ. Res. 2008, 102, 1307-1318.
[CrossRef] [PubMed] [PubMed Central]

Gundersen, G.G.; Worman, H.J. Nuclear positioning. Cell 2013, 152, 1376-1389. [CrossRef] [PubMed] [PubMed Central]

Baye, L.M.; Link, B.A. Nuclear migration during retinal development. Brain Res. 2008, 1192, 29-36. [CrossRef] [PubMed] [PubMed
Central]

Lima, J.T.; Ferreira, ].G. Mechanobiology of the nucleus during the G2-M transition. Nucleus 2024, 15, 2330947. [CrossRef]
[PubMed] [PubMed Central]

Ajduk, A ; Biswas Shivhare, S.; Zernicka-Goetz, M. The basal position of nuclei is one pre-requisite for asymmetric cell divisions
in the early mouse embryo. Dev. Biol. 2014, 392, 133-140. [CrossRef] [PubMed] [PubMed Central]

Kloc, M.; Uosef, A.; Villagran, M.; Zdanowski, R.; Kubiak, ].Z.; Wosik, J.; Ghobrial, R.M. RhoA- and Actin-Dependent Functions of
Macrophages from the Rodent Cardiac Transplantation Model Perspective -Timing Is the Essence. Biology 2021, 10, 70. [CrossRef]
[PubMed] [PubMed Central]

Liu, Y;; Chen, W.; Wu, C.; Minze, L.]J.; Kubiak, J.Z.; Li, X.C.; Kloc, M.; Ghobrial, R.M. Macrophage /monocyte-specific deletion of
Ras homolog gene family member A (RhoA) downregulates fractalkine receptor and inhibits chronic rejection of mouse cardiac
allografts. |. Heart Lung Transpl. 2017, 36, 340-354. [CrossRef] [PubMed] [PubMed Central]

Wosik, J.; Chen, W.; Qin, K.; Ghobrial, R.M.; Kubiak, J.Z.; Kloc, M. Magnetic Field Changes Macrophage Phenotype. Biophys. ].
2018, 114, 2001-2013. [CrossRef] [PubMed] [PubMed Central]

Wosik, J.; Suarez-Villagran, M.; Miller, ].H., Jr.; Ghobrial, R.M.; Kloc, M. Macrophage phenotype bioengineered by magnetic,
genetic, or pharmacologic interference. Immunol. Res. 2019, 67, 1-11. [CrossRef] [PubMed]

Crocini, C.; Woulfe, K.C.; Ozeroff, C.D.; Perni, S.; Cardiello, J.; Walker, C.J.; Wilson, C.E.; Anseth, K.; Allen, M.A.; Leinwand, L.A.
Postprandial cardiac hypertrophy is sustained by mechanics, epigenetic, and metabolic reprogramming in pythons. Proc. Natl.
Acad. Sci. USA 2024, 121, €2322726121. [CrossRef] [PubMed]

De Silva, S.; Fan, Z.; Kang, B.; Shanahan, C.M.; Zhang, Q. Nesprin-1: Novel regulator of striated muscle nuclear positioning and
mechanotransduction. Biochem. Soc. Trans. 2023, 51, 1331-1345. [CrossRef] [PubMed] [PubMed Central]

Lele, T.P,; Dickinson, R.B.; Gundersen, G.G. Mechanical principles of nuclear shaping and positioning. J. Cell Biol. 2018,
217, 3330-3342. [CrossRef] [PubMed] [PubMed Central]

Liu, J.; Huang, Z.P,; Nie, M.; Wang, G.; Silva, W.].; Yang, Q.; Freire, P.P; Hu, X.; Chen, H.; Deng, Z.; et al. Regulation of myonuclear
positioning and muscle function by the skeletal muscle-specific CIP protein. Proc. Natl. Acad. Sci. USA 2020, 117, 19254-19265.
[CrossRef] [PubMed] [PubMed Central]

Srivastava, L.K.; Ehrlicher, A.]. Sensing the squeeze: Nuclear mechanotransduction in health and disease. Nucleus 2024,
15,2374854. [CrossRef] [PubMed] [PubMed Central]

Barzilai, S.; Yadav, S.K.; Morrell, S.; Roncato, F; Klein, E.; Stoler-Barak, L.; Golani, O.; Feigelson, S.W.; Zemel, A.; Nourshargh, S.;
et al. Leukocytes Breach Endothelial Barriers by Insertion of Nuclear Lobes and Disassembly of Endothelial Actin Filaments. Cell
Rep. 2017, 18, 685-699. [CrossRef] [PubMed]

Shah, P.; Hobson, C.M.; Cheng, S.; Colville, M.].; Paszek, M.].; Superfine, R.; Lammerding, J. Nuclear Deformation Causes DNA
Damage by Increasing Replication Stress. Curr. Biol. 2021, 31, 753-765.e6. [CrossRef] [PubMed] [PubMed Central]

Li, Y;; Lovett, D.; Zhang, Q.; Neelam, S.; Kuchibhotla, R.A.; Zhu, R.; Gundersen, G.G.; Lele, T.P.; Dickinson, R.B. Moving Cell
Boundaries Drive Nuclear Shaping during Cell Spreading. Biophys. |. 2015, 109, 670-686. [CrossRef] [PubMed] [PubMed Central]
Ju, RJ.; Falconer, A.D.; Schmidt, C.J.; Enriquez Martinez, M.A.; Dean, K.M.; Fiolka, R.P; Sester, D.P.; Nobis, M.; Timpson, P.;
Lomakin, A.J.; et al. Compression-dependent microtubule reinforcement enables cells to navigate confined environments. Nat.
Cell Biol. 2024, 26, 1520-1534. [CrossRef] [PubMed]

Dupont, S.; Wickstrém, S.A. Mechanical regulation of chromatin and transcription. Nat. Rev. Genet. 2022, 23, 624-643. [CrossRef]


https://doi.org/10.1016/j.celrep.2023.113555
https://www.ncbi.nlm.nih.gov/pubmed/38088930
https://doi.org/10.1007/978-1-0716-3930-6_25
https://www.ncbi.nlm.nih.gov/pubmed/39028523
https://doi.org/10.1177/1535370219850079
https://www.ncbi.nlm.nih.gov/pubmed/31084213
https://pmc.ncbi.nlm.nih.gov/articles/PMC6880144
https://doi.org/10.1016/j.mrfmmm.2020.111714
https://www.ncbi.nlm.nih.gov/pubmed/32731006
https://doi.org/10.1111/gtc.12483
https://www.ncbi.nlm.nih.gov/pubmed/28318078
https://doi.org/10.1091/mbc.E18-10-0645
https://www.ncbi.nlm.nih.gov/pubmed/31306096
https://pmc.ncbi.nlm.nih.gov/articles/PMC6727747
https://doi.org/10.1161/CIRCRESAHA.108.173989
https://www.ncbi.nlm.nih.gov/pubmed/18535268
https://pmc.ncbi.nlm.nih.gov/articles/PMC2717705
https://doi.org/10.1016/j.cell.2013.02.031
https://www.ncbi.nlm.nih.gov/pubmed/23498944
https://pmc.ncbi.nlm.nih.gov/articles/PMC3626264
https://doi.org/10.1016/j.brainres.2007.05.021
https://www.ncbi.nlm.nih.gov/pubmed/17560964
https://pmc.ncbi.nlm.nih.gov/articles/PMC2674389
https://pmc.ncbi.nlm.nih.gov/articles/PMC2674389
https://doi.org/10.1080/19491034.2024.2330947
https://www.ncbi.nlm.nih.gov/pubmed/38533923
https://pmc.ncbi.nlm.nih.gov/articles/PMC10978034
https://doi.org/10.1016/j.ydbio.2014.05.009
https://www.ncbi.nlm.nih.gov/pubmed/24855000
https://pmc.ncbi.nlm.nih.gov/articles/PMC4111899
https://doi.org/10.3390/biology10020070
https://www.ncbi.nlm.nih.gov/pubmed/33498417
https://pmc.ncbi.nlm.nih.gov/articles/PMC7909416
https://doi.org/10.1016/j.healun.2016.08.011
https://www.ncbi.nlm.nih.gov/pubmed/27692539
https://pmc.ncbi.nlm.nih.gov/articles/PMC5316307
https://doi.org/10.1016/j.bpj.2018.03.002
https://www.ncbi.nlm.nih.gov/pubmed/29694876
https://pmc.ncbi.nlm.nih.gov/articles/PMC5937143
https://doi.org/10.1007/s12026-019-9066-3
https://www.ncbi.nlm.nih.gov/pubmed/30649660
https://doi.org/10.1073/pnas.2322726121
https://www.ncbi.nlm.nih.gov/pubmed/39159386
https://doi.org/10.1042/BST20221541
https://www.ncbi.nlm.nih.gov/pubmed/37171063
https://pmc.ncbi.nlm.nih.gov/articles/PMC10317153
https://doi.org/10.1083/jcb.201804052
https://www.ncbi.nlm.nih.gov/pubmed/30194270
https://pmc.ncbi.nlm.nih.gov/articles/PMC6168261
https://doi.org/10.1073/pnas.1922911117
https://www.ncbi.nlm.nih.gov/pubmed/32719146
https://pmc.ncbi.nlm.nih.gov/articles/PMC7430979
https://doi.org/10.1080/19491034.2024.2374854
https://www.ncbi.nlm.nih.gov/pubmed/38951951
https://pmc.ncbi.nlm.nih.gov/articles/PMC11221475
https://doi.org/10.1016/j.celrep.2016.12.076
https://www.ncbi.nlm.nih.gov/pubmed/28099847
https://doi.org/10.1016/j.cub.2020.11.037
https://www.ncbi.nlm.nih.gov/pubmed/33326770
https://pmc.ncbi.nlm.nih.gov/articles/PMC7904640
https://doi.org/10.1016/j.bpj.2015.07.006
https://www.ncbi.nlm.nih.gov/pubmed/26287620
https://pmc.ncbi.nlm.nih.gov/articles/PMC4547341
https://doi.org/10.1038/s41556-024-01476-x
https://www.ncbi.nlm.nih.gov/pubmed/39160291
https://doi.org/10.1038/s41576-022-00493-6

Biomolecules 2025, 15, 354 13 of 16

58.

59.

60.
61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Jevti¢, P.; Edens, L.J.; Vukovi¢, L.D.; Levy, D.L. Sizing and shaping the nucleus: Mechanisms and significance. Curr. Opin. Cell Biol.
2014, 28, 16-27. [CrossRef] [PubMed] [PubMed Central]

Miroshnikova, Y.A.; Wickstrom, S.A. Mechanical Forces in Nuclear Organization. Cold Spring Harb. Perspect. Biol. 2022,
14, a039685. [CrossRef] [PubMed] [PubMed Central]

Nilius, B.; Honoré, E. Sensing pressure with ion channels. Trends Neurosci. 2012, 35, 477-486. [CrossRef]

Stephens, R.K.; Miroshnikova, Y.A. Nuclear periphery and its mechanical regulation in cell fate transitions. Curr. Opin. Struct.
Biol. 2024, 87, 102867. [CrossRef] [PubMed]

Tsukamoto, S.; Asakawa, T.; Kimura, S.; Takesue, N.; Mofrad, M.R K.; Sakamoto, N. Intranuclear strain in living cells subjected to
substrate stretching: A combined experimental and computational study. J. Biomech. 2021, 119, 110292. [CrossRef] [PubMed]
Saporito, S.; Natale, C.F,; Menna, C.; Netti, P.A.; Ventre, M. A role for nuclear stretching and NPCs changes in the cytoplasmic-
nuclear trafficking of YAP: An experimental and numerical modelling approach. Mater. Today Bio. 2022, 15, 100335. [CrossRef]
[PubMed] [PubMed Central]

Strambio-De-Castillia, C.; Niepel, M.; Rout, M. The nuclear pore complex: Bridging nuclear transport and gene regulation. Nat.
Rev. Mol. Cell Biol. 2010, 11, 490-501. [CrossRef]

Zimmerli, C.E.; Allegretti, M.; Rantos, V.; Goetz, S.K.; Obarska-Kosinska, A.; Zagoriy, I.; Halavatyi, A.; Hummer, G.; Mahamid, J.;
Kosinski, J.; et al. Nuclear pores dilate and constrict in cellulo. Science 2021, 374, eabd9776. [CrossRef]

Bougaran, P; Bautch, V.L. Life at the crossroads: The nuclear LINC complex and vascular mechanotransduction. Front. Physiol.
2024, 15, 1411995. [CrossRef] [PubMed] [PubMed Central]

Calero-Cuenca, EJ.; Janota, C.S.; Gomes, E.R. Dealing with the nucleus during cell migration. Curr. Opin. Cell Biol. 2018, 50, 35—41.
[CrossRef] [PubMed]

Zhou, C.; Wu, Y.K; Ishidate, F; Fujiwara, T.K.; Kengaku, M. Nesprin-2 coordinates opposing microtubule motors during nuclear
migration in neurons. J. Cell Biol. 2024, 223, €202405032. [CrossRef] [PubMed]

Gupta, S.; Swoger, M,; Saldanha, R.; Schwarz, ].M.; Patteson, A.E. Reorganizing chromatin by cellular deformation. Curr. Opin.
Cell Biol. 2024, 90, 102408. [CrossRef] [PubMed]

Sharma, R.; Hetzer, M.W. Disulfide bond in SUN2 regulates dynamic remodeling of LINC complexes at the nuclear envelope. Life
Sci. Alliance 2023, 6, €202302031. [CrossRef] [PubMed] [PubMed Central]

do Amaral, M.].; de Andrade Rosa, I.; Andrade, S.A.; Fang, X.; Andrade, L.R.; Costa, M.L.; Mermelstein, C. The perinuclear
region concentrates disordered proteins with predicted phase separation distributed in a 3D network of cytoskeletal filaments
and organelles. Biochim. Biophys. Acta Mol. Cell Res. 2022, 1869, 119161. [CrossRef] [PubMed] [PubMed Central]

Negri, M.L.; D’Annunzio, S.; Vitali, G.; Zippo, A. May the force be with you: Nuclear condensates function beyond transcription
control: Potential nongenetic functions of nuclear condensates in physiological and pathological conditions. Bioessays 2023,
45, €2300075. [CrossRef] [PubMed]

Vahabikashi, A.; Adam, S.A.; Medalia, O.; Goldman, R.D. Nuclear lamins: Structure and function in mechanobiology. APL Bioeng.
2022, 6, 011503. [CrossRef] [PubMed] [PubMed Central]

Veltrop, R.J.A.; Kukk, M.M.; Topouzidou, K.; Didden, L.; Muchir, A ; van Steenbeek, F.G.; Schurgers, L.J.; Harakalova, M. From
gene to mechanics: A comprehensive insight into the mechanobiology of LMNA mutations in cardiomyopathy. Cell Commun.
Signal 2024, 22, 197. [CrossRef] [PubMed] [PubMed Central]

Danielsson, B.E.; Tieu, K.V,; Bathula, K.; Armiger, T].; Vellala, PS.; Taylor, R.E.; Dahl, K.N.; Conway, D.E. Lamin microaggregates lead
to altered mechanotransmission in progerin-expressing cells. Nucleus 2020, 11, 194-204. [CrossRef] [PubMed] [PubMed Central]
Kelley, ].B.; Datta, S.; Snow, C.J.; Chatterjee, M.; Ni, L.; Spencer, A.; Yang, C.S.; Cubefias-Potts, C.; Matunis, M.].; Paschal, B.M. The
defective nuclear lamina in Hutchinson-gilford progeria syndrome disrupts the nucleocytoplasmic Ran gradient and inhibits
nuclear localization of Ubc9. Mol. Cell Biol. 2011, 31, 3378-3395. [CrossRef] [PubMed] [PubMed Central]

Kim, B.H.; Chung, Y.H.; Woo, T.G.; Kang, S.M.; Park, S.; Park, B.]. Progerin, an Aberrant Spliced Form of Lamin A Is a Potential
Therapeutic Target for HGPS. Cells 2023, 12, 2299. [CrossRef] [PubMed] [PubMed Central]

Mir, S.M.; Samavarchi Tehrani, S.; Goodarzi, G.; Jamalpoor, Z.; Asadi, J.; Khelghati, N.; Qujeq, D.; Maniati, M. Shelterin Complex
at Telomeres: Implications in Ageing. Clin. Interv. Aging. 2020, 15, 827-839. [CrossRef] [PubMed] [PubMed Central]

Wong, S.Y.; Soman, A.; Korolev, N.; Surya, W.; Chen, Q.; Shum, W.; van Noort, J.; Nordenskitld, L. The shelterin component TRF2
mediates columnar stacking of human telomeric chromatin. EMBO ]. 2024, 43, 87-111. [CrossRef] [PubMed] [PubMed Central]
Shao, Z.; Lu, J.; Khudaverdyan, N.; Song, J. Multi-layered heterochromatin interaction as a switch for DIM2-mediated DNA
methylation. Nat. Commun. 2024, 15, 6815. [CrossRef] [PubMed] [PubMed Central]

van Steensel, B.; Belmont, A.S. Lamina-Associated Domains: Links with Chromosome Architecture, Heterochromatin, and Gene
Repression. Cell 2017, 169, 780-791. [CrossRef] [PubMed] [PubMed Central]

Zebda, N.; Dubrovskyi, O.; Birukov, K.G. Focal adhesion kinase regulation of mechanotransduction and its impact on endothelial
cell functions. Microvasc. Res. 2012, 83, 71-81. [CrossRef] [PubMed] [PubMed Central]


https://doi.org/10.1016/j.ceb.2014.01.003
https://www.ncbi.nlm.nih.gov/pubmed/24503411
https://pmc.ncbi.nlm.nih.gov/articles/PMC4061251
https://doi.org/10.1101/cshperspect.a039685
https://www.ncbi.nlm.nih.gov/pubmed/34187806
https://pmc.ncbi.nlm.nih.gov/articles/PMC8725626
https://doi.org/10.1016/j.tins.2012.04.002
https://doi.org/10.1016/j.sbi.2024.102867
https://www.ncbi.nlm.nih.gov/pubmed/38889500
https://doi.org/10.1016/j.jbiomech.2021.110292
https://www.ncbi.nlm.nih.gov/pubmed/33667883
https://doi.org/10.1016/j.mtbio.2022.100335
https://www.ncbi.nlm.nih.gov/pubmed/35813578
https://pmc.ncbi.nlm.nih.gov/articles/PMC9263995
https://doi.org/10.1038/nrm2928
https://doi.org/10.1126/science.abd9776
https://doi.org/10.3389/fphys.2024.1411995
https://www.ncbi.nlm.nih.gov/pubmed/38831796
https://pmc.ncbi.nlm.nih.gov/articles/PMC11144885
https://doi.org/10.1016/j.ceb.2018.01.014
https://www.ncbi.nlm.nih.gov/pubmed/29454272
https://doi.org/10.1083/jcb.202405032
https://www.ncbi.nlm.nih.gov/pubmed/39115447
https://doi.org/10.1016/j.ceb.2024.102408
https://www.ncbi.nlm.nih.gov/pubmed/39121805
https://doi.org/10.26508/lsa.202302031
https://www.ncbi.nlm.nih.gov/pubmed/37188462
https://pmc.ncbi.nlm.nih.gov/articles/PMC10193101
https://doi.org/10.1016/j.bbamcr.2021.119161
https://www.ncbi.nlm.nih.gov/pubmed/34655689
https://pmc.ncbi.nlm.nih.gov/articles/PMC9385405
https://doi.org/10.1002/bies.202300075
https://www.ncbi.nlm.nih.gov/pubmed/37530178
https://doi.org/10.1063/5.0082656
https://www.ncbi.nlm.nih.gov/pubmed/35146235
https://pmc.ncbi.nlm.nih.gov/articles/PMC8810204
https://doi.org/10.1186/s12964-024-01546-5
https://www.ncbi.nlm.nih.gov/pubmed/38539233
https://pmc.ncbi.nlm.nih.gov/articles/PMC10976794
https://doi.org/10.1080/19491034.2020.1802906
https://www.ncbi.nlm.nih.gov/pubmed/32816594
https://pmc.ncbi.nlm.nih.gov/articles/PMC7529416
https://doi.org/10.1128/MCB.05087-11
https://www.ncbi.nlm.nih.gov/pubmed/21670151
https://pmc.ncbi.nlm.nih.gov/articles/PMC3147792
https://doi.org/10.3390/cells12182299
https://www.ncbi.nlm.nih.gov/pubmed/37759521
https://pmc.ncbi.nlm.nih.gov/articles/PMC10527460
https://doi.org/10.2147/CIA.S256425
https://www.ncbi.nlm.nih.gov/pubmed/32581523
https://pmc.ncbi.nlm.nih.gov/articles/PMC7276337
https://doi.org/10.1038/s44318-023-00002-3
https://www.ncbi.nlm.nih.gov/pubmed/38177309
https://pmc.ncbi.nlm.nih.gov/articles/PMC10883271
https://doi.org/10.1038/s41467-024-51246-4
https://www.ncbi.nlm.nih.gov/pubmed/39122718
https://pmc.ncbi.nlm.nih.gov/articles/PMC11315935
https://doi.org/10.1016/j.cell.2017.04.022
https://www.ncbi.nlm.nih.gov/pubmed/28525751
https://pmc.ncbi.nlm.nih.gov/articles/PMC5532494
https://doi.org/10.1016/j.mvr.2011.06.007
https://www.ncbi.nlm.nih.gov/pubmed/21741394
https://pmc.ncbi.nlm.nih.gov/articles/PMC3218242

Biomolecules 2025, 15, 354 14 of 16

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Jokl, E.; Mullan, A.F; Simpson, K.; Birchall, L.; Pearmain, L.; Martin, K.; Pritchett, J.; Raza, S.; Shah, R.; Hodson, N.W.; et al.
PAK1-dependent mechanotransduction enables myofibroblast nuclear adaptation and chromatin organization during fibrosis.
Cell Rep. 2023, 42, 113414. [CrossRef] [PubMed]

Antoku, S.; Schwartz, T.U.; Gundersen, G.G. FHODs: Nuclear tethered formins for nuclear mechanotransduction. Front. Cell Dev.
Biol. 2023, 11, 1160219. [CrossRef] [PubMed] [PubMed Central]

Tsukamoto, S.; Chiam, K.H.; Asakawa, T.; Sawasaki, K.; Takesue, N.; Sakamoto, N. Compressive forces driven by lateral actin
fibers are a key to the nuclear deformation under uniaxial cell-substrate stretching. Biochem. Biophys. Res. Commun. 2022,
597, 37-43. [CrossRef] [PubMed]

Caridi, C.P; Plessner, M.; Grosse, R.; Chiolo, I. Nuclear actin filaments in DNA repair dynamics. Nat. Cell Biol. 2019, 21, 1068-1077.
[CrossRef] [PubMed] [PubMed Central]

Lamm, N.; Read, M.N.; Nobis, M.; Van Ly, D.; Page, S.G.; Masamsetti, V.P.; Timpson, P; Biro, M.; Cesare, A.]. Nuclear F-actin
counteracts nuclear deformation and promotes fork repair during replication stress. Nat. Cell Biol. 2020, 22, 1460-1470. [CrossRef]
[PubMed]

Torii, T.; Sugimoto, W.; Itoh, K.; Kinoshita, N.; Gessho, M.; Goto, T.; Uehara, I.; Nakajima, W.; Budirahardja, Y.; Miyoshi, D.;
et al. Loss of p53 function promotes DNA damage-induced formation of nuclear actin filaments. Cell Death Dis. 2023, 14, 766.
[CrossRef] [PubMed] [PubMed Central]

Biggs, L.C.; Miroshnikova, Y.A. Nuclear mechanotransduction on skin stem cell fate regulation. Curr. Opin. Cell Biol. 2024,
87,102328. [CrossRef] [PubMed]

Miroshnikova, Y.A.; Nava, M.M.; Wickstrom, S.A. Emerging roles of mechanical forces in chromatin regulation. J. Cell Sci. 2017,
130, 2243-2250. [CrossRef] [PubMed]

Pavlov, D.A.; Corredera, C.S.; Dehghany, M.; Heffler, J.; Shen, KM.; Zuela-Sopilniak, N.; Randell, R.; Uchida, K ; Jain, R.; Shenoy,
V.; et al. Microtubule forces drive nuclear damage in LMNA cardiomyopathy. bioRxiv 2024. [CrossRef] [PubMed] [PubMed
Central]

Kleckner, N.; Zickler, D.; Jones, G.H.; Dekker, J.; Padmore, R.; Henle, J.; Hutchinson, J. A mechanical basis for chromosome
function. Proc. Natl. Acad. Sci. USA 2004, 101, 12592-12597. [CrossRef] [PubMed] [PubMed Central]

Poirier, M.; Eroglu, S.; Chatenay, D.; Marko, J.F. Reversible and irreversible unfolding of mitotic newt chromosomes by applied
force. Mol. Biol. Cell 2000, 11, 269-276. [CrossRef] [PubMed] [PubMed Central]

Ruben, B.S.; Brahmachari, S.; Contessoto, V.G.; Cheng, R.R.; Oliveira Junior, A.B.; Di Pierro, M.; Onuchic, J.N. Structural
reorganization and relaxation dynamics of axially stressed chromosomes. Biophys. J. 2023, 122, 1633-1645. [CrossRef] [PubMed]
[PubMed Central]

Cooper, G.M. The Nucleus during Mitosis. In the Cell: A Molecular Approach, 2nd ed.; Sinauer Associates: Sunderland, MA, USA,
2000. Available online: https://www.ncbi.nlm.nih.gov/books/NBK9890/ (accessed on 1 January 2025).

Man, T.; Witt, H.; Peterman, E.J.G.; Wuite, G.J.L. The mechanics of mitotic chromosomes. Q. Rev. Biophys. 2021, 54, €10. [CrossRef]
[PubMed]

Kireeva, N.; Lakonishok, M.; Kireev, I; Hirano, T.; Belmont, A.S. Visualization of early chromosome condensation: A hierarchical
folding, axial glue model of chromosome structure. J. Cell Biol. 2004, 166, 775-785. [CrossRef] [PubMed] [PubMed Central]
Meijering, A.E.C.; Sarlés, K.; Nielsen, C.F,; Witt, H.; Harju, J.; Kerklingh, E.; Haasnoot, G.H.; Bizard, A.H.; Heller, I.; Broedersz,
C.P; et al. Nonlinear mechanics of human mitotic chromosomes. Nature 2022, 605, 545-550. [CrossRef]

Iida, S.; Ide, S.; Tamura, S.; Sasai, M.; Tani, T.; Goto, T.; Shribak, M.; Maeshima, K. Orientation-independent-DIC imaging reveals
that a transient rise in depletion attraction contributes to mitotic chromosome condensation. Proc. Natl. Acad. Sci. USA 2024,
121, €2403153121. [CrossRef] [PubMed]

Hernandez-Armendariz, A.; Sorichetti, V.; Hayashi, Y.; Koskova, Z.; Brunner, A.; Ellenberg, J.; Sari¢, A.; Cuylen-Haering, S. A
liquid-like coat mediates chromosome clustering during mitotic exit. Mol. Cell 2024, 84, 3254-3270.€9. [CrossRef] [PubMed]
Cuylen, S.; Blaukopf, C.; Politi, A.Z.; Muller-Reichert, T.; Neumann, B.; Poser, I.; Ellenberg, J.; Hyman, A.A.; Gerlich, D.W. Ki-67
acts as a biological surfactant to disperse mitotic chromosomes. Nature 2016, 535, 308-312. [CrossRef]

Fang, L.; Seki, A.; Fang, G. SKAP associates with kinetochores and promotes the metaphase-to-anaphase transition. Cell Cycle
2009, 8, 2819-2827. [CrossRef] [PubMed]

Rosas-Salvans, M.; Rux, C.; Das, M.; Dumont, S. SKAP binding to microtubules reduces friction at the kinetochore-microtubule
interface and increases attachment stability under force. bioRxiv 2024. [CrossRef] [PubMed] [PubMed Central]

Hsia, C.R.; Melters, D.P; Dalal, Y. The Force is Strong with This Epigenome: Chromatin Structure and Mechanobiology. ]. Mol.
Biol. 2023, 435, 168019. [CrossRef] [PubMed] [PubMed Central]

Killaars, A.R.; Walker, C.J.; Anseth, K.S. Nuclear mechanosensing controls MSC osteogenic potential through HDAC epigenetic
remodeling. Proc. Natl. Acad. Sci. USA 2020, 117, 21258-21266. [CrossRef] [PubMed] [PubMed Central]

Mishra, J.; Chakraborty, S.; Niharika; Roy, A.; Manna, S.; Baral, T.; Nandji, P; Patra, S.K. Mechanotransduction and epigenetic
modulations of chromatin: Role of mechanical signals in gene regulation. J. Cell Biochem. 2024, 125, e30531. [CrossRef] [PubMed]


https://doi.org/10.1016/j.celrep.2023.113414
https://www.ncbi.nlm.nih.gov/pubmed/37967011
https://doi.org/10.3389/fcell.2023.1160219
https://www.ncbi.nlm.nih.gov/pubmed/37215084
https://pmc.ncbi.nlm.nih.gov/articles/PMC10192571
https://doi.org/10.1016/j.bbrc.2022.01.107
https://www.ncbi.nlm.nih.gov/pubmed/35123264
https://doi.org/10.1038/s41556-019-0379-1
https://www.ncbi.nlm.nih.gov/pubmed/31481797
https://pmc.ncbi.nlm.nih.gov/articles/PMC6736642
https://doi.org/10.1038/s41556-020-00605-6
https://www.ncbi.nlm.nih.gov/pubmed/33257806
https://doi.org/10.1038/s41419-023-06310-0
https://www.ncbi.nlm.nih.gov/pubmed/38001089
https://pmc.ncbi.nlm.nih.gov/articles/PMC10674001
https://doi.org/10.1016/j.ceb.2024.102328
https://www.ncbi.nlm.nih.gov/pubmed/38340567
https://doi.org/10.1242/jcs.202192
https://www.ncbi.nlm.nih.gov/pubmed/28646093
https://doi.org/10.1101/2024.02.10.579774
https://www.ncbi.nlm.nih.gov/pubmed/38948795
https://pmc.ncbi.nlm.nih.gov/articles/PMC11212868
https://pmc.ncbi.nlm.nih.gov/articles/PMC11212868
https://doi.org/10.1073/pnas.0402724101
https://www.ncbi.nlm.nih.gov/pubmed/15299144
https://pmc.ncbi.nlm.nih.gov/articles/PMC515102
https://doi.org/10.1091/mbc.11.1.269
https://www.ncbi.nlm.nih.gov/pubmed/10637307
https://pmc.ncbi.nlm.nih.gov/articles/PMC14773
https://doi.org/10.1016/j.bpj.2023.03.029
https://www.ncbi.nlm.nih.gov/pubmed/36960531
https://pmc.ncbi.nlm.nih.gov/articles/PMC10183323
https://www.ncbi.nlm.nih.gov/books/NBK9890/
https://doi.org/10.1017/S0033583521000081
https://www.ncbi.nlm.nih.gov/pubmed/34530945
https://doi.org/10.1083/jcb.200406049
https://www.ncbi.nlm.nih.gov/pubmed/15353545
https://pmc.ncbi.nlm.nih.gov/articles/PMC2172117
https://doi.org/10.1038/s41586-022-04666-5
https://doi.org/10.1073/pnas.2403153121
https://www.ncbi.nlm.nih.gov/pubmed/39190347
https://doi.org/10.1016/j.molcel.2024.07.022
https://www.ncbi.nlm.nih.gov/pubmed/39153474
https://doi.org/10.1038/nature18610
https://doi.org/10.4161/cc.8.17.9514
https://www.ncbi.nlm.nih.gov/pubmed/19667759
https://doi.org/10.1101/2024.08.08.607154
https://www.ncbi.nlm.nih.gov/pubmed/39149232
https://pmc.ncbi.nlm.nih.gov/articles/PMC11326240
https://doi.org/10.1016/j.jmb.2023.168019
https://www.ncbi.nlm.nih.gov/pubmed/37330288
https://pmc.ncbi.nlm.nih.gov/articles/PMC10567996
https://doi.org/10.1073/pnas.2006765117
https://www.ncbi.nlm.nih.gov/pubmed/32817542
https://pmc.ncbi.nlm.nih.gov/articles/PMC7474590
https://doi.org/10.1002/jcb.30531
https://www.ncbi.nlm.nih.gov/pubmed/38345428

Biomolecules 2025, 15, 354 15 of 16

107.

108.

109.

110.
111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Pinto, T.S.; Feltran, G.D.S.; Fernandes, C.J.D.C.; de Camargo Andrade, A.F; Coque, A.C;; Silva, S.L.; Abuderman, A.A.; Zambuzzi,
W.E,; Foganholi da Silva, R.A. Epigenetic changes in shear-stressed endothelial cells. Cell Biol. Int. 2024, 48, 665-681. [CrossRef]
[PubMed]

Shivashankar, G.V. Mechanical forces and the 3D genome. Curr. Opin. Struct. Biol. 2023, 83, 102728. [CrossRef] [PubMed]

Vivo, M; Rosti, V,; Cervone, S.; Lanzuolo, C. Chromatin plasticity in mechanotransduction. Curr. Opin. Cell Biol. 2024, 88, 102376.
[CrossRef] [PubMed]

Goldberg, A.D.; Allis, C.D.; Bernstein, E. Epigenetics: A landscape takes shape. Cell 2007, 128, 635-638. [CrossRef] [PubMed]
Scott, A.K.; Rafuse, M.; Neu, C.P. Mechanically induced alterations in chromatin architecture guide the balance between cell
plasticity and mechanical memory. Front. Cell Dev. Biol. 2023, 11, 1084759. [CrossRef] [PubMed] [PubMed Central]

Hsiao, Y.T,; Liao, LH.; Wu, B.K.; Chu, H.C.; Hsieh, C.L. Probing chromatin condensation dynamics in live cells using interferomet-
ric scattering correlation spectroscopy. Commun. Biol. 2024, 7, 763. [CrossRef] [PubMed] [PubMed Central]

Reynolds, N.; McEvoy, E.; Ghosh, S.; Panadero Pérez, ].A.; Neu, C.P.; McGarry, P. Image-derived modeling of nucleus strain
amplification associated with chromatin heterogeneity. Biophys. J. 2021, 120, 1323-1332. [CrossRef] [PubMed] [PubMed Central]
Nicetto, D.; Zaret, K.S. Role of H3K9me3 heterochromatin in cell identity establishment and maintenance. Curr. Opin. Genet. Dev.
2019, 55, 1-10. [CrossRef] [PubMed] [PubMed Central]

Niu, J.; Wang, X.; Zhao, W.; Wang, Y.; Qin, Y.; Huang, X.; Xue, B.; Li, C.; Sun, Y. Perinuclear force regulates SUN2 dynamics and
distribution on the nuclear envelope for proper nuclear mechanotransduction. bioRxiv 2022. [CrossRef]

Damodaran, K.; Venkatachalapathy, S.; Alisafaei, F.; Radhakrishnan, A.V.; Sharma Jokhun, D.; Shenoy, V.B.; Shivashankar, G.V.
Compressive force induces reversible chromatin condensation and cell geometry-dependent transcriptional response. Mol. Biol.
Cell 2018, 29, 3039-3051. [CrossRef]

Jahed, Z.; Mofrad, M.R. The nucleus feels the force, LINCed in or not! Curr. Opin. Cell Biol. 2019, 58, 114-119. [CrossRef]
Donnio, L.M.; Giglia-Mari, G. Keep calm and reboot—How cells restart transcription after DNA damage and DNA repair. FEBS
Lett. 2024, 599, 275-294. [CrossRef] [PubMed]

Grinthal, A.; Adamovic, I.; Weiner, B.; Karplus, M.; Kleckner, N. PR65, the HEAT-repeat scaffold of phosphatase PP2A, is an
elastic connector that links force and catalysis. Proc. Natl. Acad. Sci. USA 2010, 107, 2467-2472. [CrossRef]

Eskndir, N.; Hossain, M.; Currey, M.L.; Pho, M.; Berrada, Y.; Stephens, A.D. DNA damage causes ATM-dependent heterochromatin
loss leading to nuclear softening, blebbing, and rupture. bioRxiv 2024. [CrossRef] [PubMed] [PubMed Central]

Kidiyoor, G.R.; Li, Q.; Bastianello, G.; Bruhn, C.; Giovannetti, I.; Mohamood, A.; Beznoussenko, G.V.; Mironov, A.; Raab, M.; Piel,
M.; et al. ATR is essential for preservation of cell mechanics and nuclear integrity during interstitial migration. Nat. Commun.
2020, 11, 4828. [CrossRef] [PubMed] [PubMed Central]

Kumar, A.; Mazzanti, M.; Mistrik, M.; Kosar, M.; Beznoussenko, G.V.; Mironov, A.A.; Garre, M.; Parazzoli, D.; Shivashankar,
G.V,; Scita, G.; et al. ATR mediates a checkpoint at the nuclear envelope in response to mechanical stress. Cell 2014, 158, 633—-646.
[CrossRef] [PubMed] [PubMed Central]

Buisson, J.; Zhang, X.; Zambelli, T.; Lavalle, P.; Vautier, D.; Rabineau, M. Reverse Mechanotransduction: Driving Chromatin
Compaction to Decompaction Increases Cell Adhesion Strength and Contractility. Nano Lett. 2024, 24, 4279-4290. [CrossRef]
[PubMed]

Nava, M.M.; Miroshnikova, Y.A.; Biggs, L.C.; Whitefield, D.B.; Metge, E; Boucas, J.; Vihinen, H.; Jokitalo, E.; Li, X.; Garcia Arcos,
J.M.; et al. Heterochromatin-Driven Nuclear Softening Protects the Genome against Mechanical Stress-Induced Damage. Cell
2020, 181, 800-817.e22. [CrossRef] [PubMed] [PubMed Central]

Cambria, E.; Coughlin, M.E; Floryan, M.A.; Offeddu, G.S.; Shelton, S.E.; Kamm, R.D. Linking cell mechanical memory and cancer
metastasis. Nat. Rev. Cancer 2024, 24, 216-228. [CrossRef] [PubMed] [PubMed Central]

Goult, B.T,; Brown, N.H.; Schwartz, M.A. Talin in mechanotransduction and mechanomemory at a glance. J. Cell Sci. 2021,
134, jcs258749. [CrossRef] [PubMed] [PubMed Central]

Kanoldt, V.; Fischer, L.; Grashoff, C. Unforgettable force—Crosstalk and memory of mechanosensitive structures. Biol. Chem.
2018, 400, 687-698. [CrossRef]

Rashid, F; Liu, W.; Wang, Q.; Ji, B.; Irudayaraj, J.; Wang, N. Mechanomemory in protein diffusivity of chromatin and nucleoplasm
after force cessation. Proc. Natl. Acad. Sci. USA 2023, 120, €2221432120. [CrossRef] [PubMed] [PubMed Central]

Rashid, F.; Kabbo, S.A.; Wang, N. Mechanomemory of nucleoplasm and RNA polymerase II after chromatin stretching by a
microinjected magnetic nanoparticle force. Cell Rep. 2024, 43, 114462. [CrossRef] [PubMed] [PubMed Central]

Shin, S.; Shi, G.; Cho, H.W.; Thirumalai, D. Transcription-induced active forces suppress chromatin motion. Proc. Natl. Acad. Sci.
USA 2024, 121, €2307309121. [CrossRef] [PubMed] [PubMed Central]

Yang, C.; Tibbitt, M.W.; Basta, L.; Anseth, K.S5. Mechanical memory and dosing influence stem cell fate. Nat. Mater. 2014,
13, 645-652. [CrossRef] [PubMed] [PubMed Central]


https://doi.org/10.1002/cbin.12138
https://www.ncbi.nlm.nih.gov/pubmed/38420868
https://doi.org/10.1016/j.sbi.2023.102728
https://www.ncbi.nlm.nih.gov/pubmed/37948897
https://doi.org/10.1016/j.ceb.2024.102376
https://www.ncbi.nlm.nih.gov/pubmed/38810318
https://doi.org/10.1016/j.cell.2007.02.006
https://www.ncbi.nlm.nih.gov/pubmed/17320500
https://doi.org/10.3389/fcell.2023.1084759
https://www.ncbi.nlm.nih.gov/pubmed/37143893
https://pmc.ncbi.nlm.nih.gov/articles/PMC10151697
https://doi.org/10.1038/s42003-024-06457-2
https://www.ncbi.nlm.nih.gov/pubmed/38914653
https://pmc.ncbi.nlm.nih.gov/articles/PMC11196589
https://doi.org/10.1016/j.bpj.2021.01.040
https://www.ncbi.nlm.nih.gov/pubmed/33675762
https://pmc.ncbi.nlm.nih.gov/articles/PMC8105730
https://doi.org/10.1016/j.gde.2019.04.013
https://www.ncbi.nlm.nih.gov/pubmed/31103921
https://pmc.ncbi.nlm.nih.gov/articles/PMC6759373
https://doi.org/10.1101/2022.12.16.520837
https://doi.org/10.1091/mbc.E18-04-0256
https://doi.org/10.1016/j.ceb.2019.02.012
https://doi.org/10.1002/1873-3468.14964
https://www.ncbi.nlm.nih.gov/pubmed/38991979
https://doi.org/10.1073/pnas.0914073107
https://doi.org/10.1091/mbc.E24-05-0232
https://www.ncbi.nlm.nih.gov/pubmed/38853925
https://pmc.ncbi.nlm.nih.gov/articles/PMC11160674
https://doi.org/10.1038/s41467-020-18580-9
https://www.ncbi.nlm.nih.gov/pubmed/32973141
https://pmc.ncbi.nlm.nih.gov/articles/PMC7518249
https://doi.org/10.1016/j.cell.2014.05.046
https://www.ncbi.nlm.nih.gov/pubmed/25083873
https://pmc.ncbi.nlm.nih.gov/articles/PMC4121522
https://doi.org/10.1021/acs.nanolett.4c00732
https://www.ncbi.nlm.nih.gov/pubmed/38546049
https://doi.org/10.1016/j.cell.2020.03.052
https://www.ncbi.nlm.nih.gov/pubmed/32302590
https://pmc.ncbi.nlm.nih.gov/articles/PMC7237863
https://doi.org/10.1038/s41568-023-00656-5
https://www.ncbi.nlm.nih.gov/pubmed/38238471
https://pmc.ncbi.nlm.nih.gov/articles/PMC11146605
https://doi.org/10.1242/jcs.258749
https://www.ncbi.nlm.nih.gov/pubmed/34708856
https://pmc.ncbi.nlm.nih.gov/articles/PMC8697387
https://doi.org/10.1515/hsz-2018-0328
https://doi.org/10.1073/pnas.2221432120
https://www.ncbi.nlm.nih.gov/pubmed/36943889
https://pmc.ncbi.nlm.nih.gov/articles/PMC10068814
https://doi.org/10.1016/j.celrep.2024.114462
https://www.ncbi.nlm.nih.gov/pubmed/39002538
https://pmc.ncbi.nlm.nih.gov/articles/PMC11289711
https://doi.org/10.1073/pnas.2307309121
https://www.ncbi.nlm.nih.gov/pubmed/38489381
https://pmc.ncbi.nlm.nih.gov/articles/PMC10963020
https://doi.org/10.1038/nmat3889
https://www.ncbi.nlm.nih.gov/pubmed/24633344
https://pmc.ncbi.nlm.nih.gov/articles/PMC4031270

Biomolecules 2025, 15, 354 16 of 16

132.

133.

134.

135.

136.

137.

138.
139.

140.

141.

142.

143.

Granero-Moya, I.; Venturini, V.; Belthier, G.; Groenen, B.; Molina-Jordan, M.; Gonzalez-Martin, M.; Trepat, X.; van Rheenen, J.;
Andreu, I.; Roca-Cusachs, P. Nucleocytoplasmic transport senses mechanics independently of cell density in cell monolayers.
J. Cell Sci. 2024, 137, jcs.262363. [CrossRef] [PubMed]

Cai, J.; Deng, Y.; Min, Z,; Li, C.; Zhao, Z.; Jing, D. Deciphering the dynamics: Exploring the impact of mechanical forces on histone
acetylation. FASEB J. 2024, 38, €23849. [CrossRef] [PubMed]

Scott, A.K,; Casas, E.; Schneider, S.E.; Swearingen, A.R.; Van Den Elzen, C.L.; Seelbinder, B.; Barthold, ].E.; Kugel, ].E,; Stern, J.L.;
Foster, K.J.; et al. Mechanical memory stored through epigenetic remodeling reduces cell therapeutic potential. Biophys. ]. 2023,
122,1428-1444. [CrossRef] [PubMed] [PubMed Central]

Di Liegro, C.M.; Schiera, G.; Di Liegro, I. H1.0 Linker Histone as an Epigenetic Regulator of Cell Proliferation and Differentiation.
Genes 2018, 9, 310. [CrossRef] [PubMed] [PubMed Central]

Hu, S.; Chapski, D.J.; Gehred, N.D.; Kimball, T.H.; Gromova, T.; Flores, A.; Rowat, A.C.; Chen, J.; Packard, RR.S.; Olszewski, E.;
et al. Histone H1.0 couples cellular mechanical behaviors to chromatin structure. Nat. Cardiovasc. Res. 2024, 3, 441-459. [CrossRef]
[PubMed] [PubMed Central]

Kalukula, Y.; Luciano, M.; Charras, G.; Briickner, D.B.; Gabriele, S. The actin cortex acts as a mechanical memory of morphology
in confined migrating cells. bioRxiv 2024. [CrossRef]

Shireen, T.; Sachs, F; Hua, S.Z. Physical memory of astrocytes. Brain Res. 2022, 1796, 148076. [CrossRef] [PubMed]

Bouhrira, N.; Vite, A.; Margulies, K.B. Distinct cytoskeletal regulators of mechanical memory in cardiac fibroblasts and cardiomy-
ocytes. Basic. Res. Cardiol. 2024, 119, 277-289. [CrossRef] [PubMed]

Lamprecht, R. Actin Cytoskeleton Role in the Maintenance of Neuronal Morphology and Long-Term Memory. Cells 2021,
10, 1795. [CrossRef] [PubMed] [PubMed Central]

Miryala, C.S.J.; Holland, E.D.; Dent, E.W. Contributions of microtubule dynamics and transport to presynaptic and postsynaptic
functions. Mol. Cell Neurosci. 2022, 123, 103787. [CrossRef] [PubMed] [PubMed Central]

Thekkethil, N.; Kory, J.; Guo, M.; Stewart, PS.; Hill, N.A.; Luo, X. Modelling the rheology of living cell cytoplasm: Poroviscoelasticity
and fluid-to-solid transition. Biomech. Model. Mechanobiol. 2024, 23, 1551-1569. [CrossRef] [PubMed] [PubMed Central]
Nishizawa, K.; Bremerich, M.; Ayade, H.; Schmidt, C.F.; Ariga, T.; Mizuno, D. Feedback-tracking microrheology in living cells.
Sci. Adv. 2017, 3, €1700318. [CrossRef] [PubMed] [PubMed Central]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1242/jcs.262363
https://www.ncbi.nlm.nih.gov/pubmed/39120491
https://doi.org/10.1096/fj.202400907RR
https://www.ncbi.nlm.nih.gov/pubmed/39096133
https://doi.org/10.1016/j.bpj.2023.03.004
https://www.ncbi.nlm.nih.gov/pubmed/36871159
https://pmc.ncbi.nlm.nih.gov/articles/PMC10147835
https://doi.org/10.3390/genes9060310
https://www.ncbi.nlm.nih.gov/pubmed/29925815
https://pmc.ncbi.nlm.nih.gov/articles/PMC6027317
https://doi.org/10.1038/s44161-024-00460-w
https://www.ncbi.nlm.nih.gov/pubmed/38765203
https://pmc.ncbi.nlm.nih.gov/articles/PMC11101354
https://doi.org/10.1101/2024.08.05.606589
https://doi.org/10.1016/j.brainres.2022.148076
https://www.ncbi.nlm.nih.gov/pubmed/36084692
https://doi.org/10.1007/s00395-023-01030-0
https://www.ncbi.nlm.nih.gov/pubmed/38349539
https://doi.org/10.3390/cells10071795
https://www.ncbi.nlm.nih.gov/pubmed/34359964
https://pmc.ncbi.nlm.nih.gov/articles/PMC8305626
https://doi.org/10.1016/j.mcn.2022.103787
https://www.ncbi.nlm.nih.gov/pubmed/36252720
https://pmc.ncbi.nlm.nih.gov/articles/PMC9838116
https://doi.org/10.1007/s10237-024-01854-2
https://www.ncbi.nlm.nih.gov/pubmed/38976113
https://pmc.ncbi.nlm.nih.gov/articles/PMC11436441
https://doi.org/10.1126/sciadv.1700318
https://www.ncbi.nlm.nih.gov/pubmed/28975148
https://pmc.ncbi.nlm.nih.gov/articles/PMC5621978

	Introduction 
	Mechanical Forces and Cell Nucleus 
	Nuclear Positioning 
	Nuclear Drilling as a Driving Force of Transmigration Through the Endothelial Barrier 
	Nuclear Shape Changes During Cell Spreading 
	Nuclear Mechanosensing and Mechanotransduction 

	Mechanical Forces and Chromosomes 
	Mechanomemory 
	Concluding Remarks 
	References

