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Abstract

The cell nucleus plays a key role in cellular mechanoresponses.
3D genome organisation, gene expression, and cell behaviour,
in general, are affected by mechanical force application to the
nucleus, which is transmitted from the cellular environment via a
network of interconnected cytoskeletal components. To effec-
tively regulate cell responses, these cytoskeletal components
must not only exert forces but also withstand external forces
when necessary. This review delves into the latest research
concerning how the cytoskeleton safeguards the nucleus from
mechanical perturbations. Specifically, we focus on the three
primary cytoskeletal polymers: actin, intermediate filaments,
and microtubules, as well as their interactions with the cell nu-
cleus. We discuss how the cytoskeleton acts as a protective
shield for the nucleus, ensuring structural integrity and
conveying context-specific mechanoresponses.
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Introduction
Cellular processes are modulated by biochemical and
mechanical signals, which are transduced through

intricate networks of molecular interactions that convey
space- and time-specific responses. For biochemical
signalling, this specificity is achieved by the coordinated
orchestration of exciting and inhibitory signals, ensuring
the fine-tuning of cellular responses. However, how
www.sciencedirect.com
mechanical signals can achieve such fine-tuning is not
well understood. For this to happen, both mechano-
transmitting and mechano-protecting circuits must be

established.

Different subcellular structures are involved in cell
response to mechanical signals (i.e., mechano-
transduction), but the nucleus is particularly relevant
due to its ability to receive and respond to mechanical
inputs by changes in chromatin regulation and gene
expression [1]. As the largest cellular organelle, it forms
several interactions with the surrounding cytoskeleton
and other intracellular structures. This makes it partic-
ularly amenable to mechanical perturbations and

signalling. Therefore, regulatory networks that allow and
prohibit nuclear mechano-transmission are essential.
Mechano-inhibitory mechanisms (also termed
mechano-protective) can act either by inhibiting me-
chanical forces from reaching the nucleus or by altering
the mechanoresponsiveness of the nucleus itself
(through the nuclear lamina and chromatin). Here, we
will review recent work on the role of the cell cyto-
skeleton in nuclear mechanoprotection. For the role of
the nuclear lamina and chromatin, we refer the reader to
some recent reviews on the subject [1e4].
LINC complex
Cells are constantly subjected to mechanical forces
transmitted from neighbouring cells and the extracel-
lular matrix or arising from physical confinement during

cell migration. Mechanical forces are transmitted to the
cell interior through the cell cytoskeleton and can reach
the nucleus through cytoskeletal-nuclear interactions
[5]. These interactions occur at the Linker of Nucle-
oskeleton and Cytoskeleton (LINC) complexes [6].
These macromolecular complexes are at the interface
between the outer and inner nuclear membranes and
connect the cytoskeleton to the nuclear lamina and the
underlying chromatin (Figure 1). At the inner nuclear
membrane (INM), the Sad1 and UNC-84 (SUN)
domain-containing proteins bind to the nuclear lamina
(NL) and chromatin [7]. SUN proteins bind in turn to

the C-terminal KASH domain of Nesprin proteins,
which cross the outer nuclear membrane (ONM).
Nesprins can form interactions with multiple cytoskel-
etal elements through the N-terminal domains.
Nesprins-1 and -2 bind to F-actin through calponin ho-
mology domains (CHDs) [8]. Similarly, Nesprin-3 binds
to intermediate filaments (IFs) via plectin [9] and
Nesprin-4 binds to microtubules via kinesin-1 [10]
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Figure 1

Nucleocytoskeletal coupling. The cell nucleus is connected to the
cytoskeleton through the Linker of Nucleoskeleton and Cytoskeleton
(LINC) complex. This consists of two protein families: the Nuclear en-
velope spectrin-repeat (Nesprins) proteins at the outer nuclear mem-
brane (ONM) and the Sad1p-UNC-84 (SUN) domain proteins at the
inner nuclear membrane (INM). There are different Nesprin proteins
interacting with cytoskeletal components such as actin filaments, inter-
mediate filaments and microtubules. Finally, SUN1/2 proteins interact
with the nuclear lamina consisting of proteins of the Lamin family and
with the underlying chromatin.
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(Figure 1). An intact LINC complex allows the trans-
mission of forces from the nuclear exterior to the NL
and chromatin [6,11]. Therefore, tight regulation of the
LINC complex or their interaction with the different
cytoskeletal components ensures context-specific force

transmission to the nucleus.

By controlling the cytoskeletal-nuclear connection and,
therefore, force transmission, the LINC complex can
prohibit or permit mechanical signal transduction. An
active nucleocytoskeletal coupling during cell stretching
will lead to nuclear strain [12]. To protect their nuclei
frommechanical loading, humanmesenchymal stem cells
(hMSCs) were shown to respond to high-frequency
(5 Hz) cell stretching by decoupling the nucleus from
the cytoskeleton, leading to nuclear area reduction (as

assessed from 2D images), chromatin condensation and
reduced DNA damage. Downregulation of SUN2 led to
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lower levels of nuclear contraction and chromatin
condensation [13] (Figure 2a). Interestingly, this
response to high frequency differed from the cell
response to lower stretch frequencies (1Hz) or substrate
stiffness, indicating that both the rate and the magnitude
of mechanical force regulate nuclear mechanical coupling
(Figure 2a). Endothelial cells respond to cyclic strain by
reorienting perpendicular to the axis of applied strain

(also in a frequency-dependent way), maintaining ho-
meostatic tensile stresses through cytoskeletal rear-
rangements [14]. This required the presence of Nesprin-
1; in its absence, nuclei were not mechanically engaged,
as indicated by the lack of nuclear flatness, and cells had
increased focal adhesions and substrate traction forces.
Accordingly, depletion of Nesprin-1 or Nesprin-2
increased endothelial cell and nuclear area and stimu-
lated stress fibre assembly [15,16]. However, in a more
recent study, a dominant negative Nesprin construct
(DN-KASH) that displaces endogenous Nesprins-1/2

from the nuclear membrane led to reduced cell adhe-
sion and stress fibre formation as well as defective barrier
formation with altered adherens junction mechanics
[17]. These findings suggest a possible redundancy in
the function of different Nesprin isoforms and point to an
inside-out mechanotransduction mechanism coordinated
by the LINC complex.

Similarly, interference with SUN proteins leads to lower
tractions and RhoA activity, indicating that they support
the maintenance of a higher tension status within cells.

Interestingly though, this finding seems to be cell and
context-specific. SUN1/2 depletion in Vascular smooth
muscle cells (VSMCs) resulted in a decreased cell area,
RhoA activity and traction forces [18]. SUN2 has also
been shown to promote RhoA activity in HeLa cells.
However, SUN1 antagonised Sun2 LINC complexes and
SUN1 depletion resulted in higher RhoA activity and
vinculin recruitment at focal adhesions [19]. In another
study, although integrin recruitment at the cell surface of
HeLa cells was unaffected, SUN1 depletion reduced
focal adhesion maturation [20]. This discrepancy could
be attributed to sample preparation. In the case of higher

vinculin recruitment at the focal adhesions [19], cells
were cultured on fibronectin-coated slides, raising the
possibility of integrin-specific responses related to SUN1
activity. Engagement of different integrins can, in turn,
propagate forces to the nucleus via diverse “routes”
involving different cytoskeletal elements.
Actomyosin cytoskeleton
As a dynamic and structural element of cells, the acto-
myosin cytoskeleton regulates nuclear mechanores-
ponses by promoting nuclear deformation and
supporting nuclear structural integrity [21]. Forces
arising from the cell-ECM interface propagate through
actin to the nucleus, causing conformational changes to
chromatin and transcriptional regulation [22].
www.sciencedirect.com
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Figure 2

Examples of nuclear mechanoprotection from the cell cytoskeleton. a. Cells respond to high-frequency cyclic stretch (5Hz) by decoupling of the
cell nucleus, mediated by a reduction in SUN2 levels. The responses are different to those mediated in response to stiffness or to lower frequency
stretching (1Hz), where the nucleus is mechanically coupled or does not respond to cell strain changes, respectively [13]. b. Lamin A/C expressing
MEFs form an actin cap to resist nuclear deformation, preserving nuclear integrity from mechanical stretching [29]. c. Supracellular monolayer
alignment prevents nuclear mechanotransduction, facilitating chromatin restoration and minimising the stress-induced load on adhesion structures,
resulting in mechanoprotection of EPC monolayers [30]. d. Mena in controlling nuclear architecture, chromatin repositioning, and gene expression via
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Therefore, several mechanisms need to be in place to
regulate how and to which extent mechanical forces
from the actin cytoskeleton reach the nucleus. In non-
muscle cells, contractile forces are predominantly
generated by the action of myosin II motors on actin
filaments. Unrestrained contractility caused by loss of
the protein phosphatase 1 (PP1) complex subunit
PPP1R12A elicits nuclear envelope rupture and drives

genome instability [23]. The dynamic nature of actin
regulation also helps cells to adapt to mechanical signals
of different magnitudes, conveying context-specific re-
sponses. Increasing loading rates trigger nuclear
mechanoresponses, as indicated by nuclear YAP local-
isation. However, the actin cytoskeleton softens above a
given threshold, decreasing loading rates and preventing
mechanotransduction [24]. Likewise, mouse embryonic
skin fibroblasts (MSFs) showed opposed responses to
different strain levels. Nuclear areas were increased, and
chromatin compaction decreased for low strains (5%),

while the opposite was observed for high strains (20%)
[25]. The actin cytoskeleton was essential for both
these responses, and its disruption increased the
occurrence of double-strand breaks during stretch.
These findings suggest that mechanical confinement of
nuclei by actin may be protective during high mechan-
ical stretch or loading.

Cells exposed to high mechanical forces, such as fibro-
blasts and muscle cells, often possess a dome-shaped
actin cap covering the top of the nucleus. This actin

cap is made up of contractile actin filament bundles
containing phosphorylated myosin, which creates a
highly organised and dynamic structure [21]. Actin fibres
forming the actin cap are connected to the ECM through
focal adhesions and to the nucleus via the LINC complex
[26,27]. Lamin A/C is required to form the perinuclear
actin cap, as cells expressing LMNAmutations or lacking
the LMNA gene do not form an actin cap [21].

Cells respond to uniaxial cyclic stretch by reorienting
their cytoskeleton to dissipate forces by rebuilding and
remodelling relevant internal structural components

such as the actin cap [28]. Upon mechanical loading, the
actin cap transmits mechanical stress to the lamin A/C-
bound nucleus causing an apically polarised lamin A/C.
Inhibiting myosin contractility or depleting Nesprin-2G
inhibits the formation of thick actin cap fibres, leading
to altered nuclear morphology. Using computer simula-
tions, Kim et al. demonstrated that upon cell stretch,
the actin cap absorbs part of the applied mechanical
stress, directing it away from the nucleus
[29](Figure 2b). Similar redistribution of intracellular
direct signalling across the nuclear envelope through emerin phosphorylation
preventing actomyosin-mediated nuclear deformation and reducing YAP nucle
and protects nuclei from mechanical rupture and DNA damage during confine
myeloid progenitor cells during their differentiation from Hematopoietic Stem/Pr
chromatin organisation [61].
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forces by supracellular actin rearrangements is observed
in epidermal progenitor cells (EPCs). These cells
respond to uniaxial stretch by reorienting F-actin and
nuclei perpendicular to the direction of the stretch to
prevent force transmission to the nucleus and nuclear
mechanotransduction [30] (Figure 2c).

Some cells generate a perinuclear actin rim in response to

mechanical perturbations. Local application of force can
prompt a transient Ca2þ-dependent accumulation of
actin in the perinuclear area [31]. Failure to elicit this
response results in aberrantmechanoresponses andDNA
damage [30] in EPCs. Moreover, strain-induced accu-
mulation of perinuclear actin can help maintain EPCs in
an undifferentiated state by regulating the availability of
nuclear G-actin and altering chromatin compaction [32].
Indeed, the rate of actin polymerisation at the cytoplasm
is an effective way to regulate G-actin pools within the
nucleus, thus regulating gene expression and chromatin

organisation (reviewed in [33,34]). More recently, the
interaction of Nesprin-2G with actin via the protein
Mena was shown to affect nuclear architecture in both
2D and 3D environments. Depletion of Mena leads to
dysregulation of genes associated with cell adhesion,
migration, ECM organisation, and immune response,
partly due to altered chromatin organisation resulting
from changes in emerin phosphorylation and laminae
chromatin interactions [35](Figure 2b).

Both G- and F-actin have been shown to convey pro-

tection from DNA damage and regulate chromatin
organisation within the nucleus [33]. However, the
contribution of nuclear actin in nuclear mechano-
protection is still poorly understood. Some evidence
stems from recent studies illustrating that nuclear F-
actin counteracts nuclear envelope deformation during
replication stress and promotes repair [36]. Similarly,
during mitotic exit, a dynamic and transient F-actin as-
sembly promotes nuclear volume expansion and chro-
matin decondensation [37].
Cytoplasmic IFs
Intermediate filaments (IFs) are an essential component
of the cell cytoskeleton and the nucleus contributing to
their stiffness and organization [3,38,39]. IFs display
tissue- and context-specific expression, and changes in
their protein composition or levels often indicate cell

fate transitions [40]. IFs span from cell-ECM and celle
cell contacts to the nucleus, where they directly bind
via plectin-Nesprin-3 interactions [9] (Figure 1). They
also form dynamic interactions with actin filaments and
microtubules. Despite being the softest component of
[35]. e. Keratin-substrate interactions increase cytoskeletal stiffness
ar translocation [47]. f. Perinuclear Vimentin increases nuclear stiffness
d cell migration [55,56]. g. Microtubules constrain the swelling nuclei of
ogenitor Cells (HSPCs), locally affecting nuclear lamina composition and
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the cytoskeleton, IFs can withstand greater mechanical
deformation than actin and microtubules, with their
elastic modulus increasing at large strains [38,41]. The
rheological properties of IFs make them essential force-
bearing elements of the cytoskeleton, capable of with-
standing forces and adjusting theirmechanical properties
in response to mechanical signalling. This can affect the
distribution and maintenance of forces within cells, ul-

timately affecting nuclear mechanoresponses. Interest-
ingly, IF mechanical properties can be tuned through
different mechanisms. First, variations in the amino acid
sequence of different types of IFs result in diverse pat-
terns of charge and hydrophobicity, which can, in turn,
affect their mechanics [42]. Second, IFs can crosslink
and form bundles and other structures of increased ri-
gidity in the presence of physiological concentrations of
divalent cations such as Mg2þ or Ca2þ [43]. This sug-
gests that IF mechanics can be highly regulated, poten-
tially affecting nuclear mechanoprotection.

Keratin IFs
Matrix stiffness impacts the mechanical properties of

the keratin network in keratinocytes [44]. Higher sub-
strate rigidity resulted in a more interconnected keratin
network with higher stiffness. Destabilization of
Keratin-14 through the R416P mutation (responsible for
Dowling-Meara form of epidermolysis bullosa simplex
(EBS)) caused structural remodelling of the keratin
cytoskeleton and decreased cell stiffness. This, in turn,
led to changes to nuclear mechanoresponses, indicated
by the lower levels of nuclear LaminA/C levels on stiffer
substrates [44]. This effect of stiffness on lamin is
opposite to that typically reported [45], a discrepancy

possibly due to perturbations on the organisation of the
actin cytoskeleton. Indeed, in keratinocytes lacking
plectin (the primary crosslinker of keratin to other
cellular components and the nucleus), increased lamin
A/C was associated with increased formation of F-actin
stress fibres [44]. Disrupting plectin, or loss of the
entire type I keratin locus, also leads to increased nu-
clear mechanoresponses [44,46]. Subsequently, in in-
dividuals bearing plectin mutations causing EBS with
muscular dystrophy (EBS-MD), nuclei become more
responsive to actomyosin-mediated nuclear deformation

with characteristic abnormal nuclear morphology in skin
biopsies [46]. Furthermore, the interaction between the
keratin network and the cellular environment can affect
the organisation and mechanics of the keratin cyto-
skeleton. We have recently shown that crosslinking
keratin to a laminin extracellular matrix through hemi-
desmosomes increases cytoskeletal stiffness, shielding
the nucleus from actomyosin-mediated mechanical
deformation [47] (Figure 2e). This nuclear mechano-
protection is further observed in vivo, where Keratin-8
levels are inversely correlated with nuclear deforma-

tion in invasive breast ductal carcinoma biopsies.
www.sciencedirect.com
Relatedly, Keratin-8 loss in mouse colonocytes changed
nuclear morphology in vivo and compromised nuclear
integrity in colorectal adenocarcinoma cells. Shear stress
further exacerbated this phenotype [48].

Vimentin IFs
Vimentin is one of the most studied IF, present in many
different cell types, providing mechanical support and
maintaining cell shape. Vimentin, similar to keratin
networks, forms direct and dynamic interactions with
other cytoskeletal elements, which can impact force

generation, actin retrograde flows, and cell migration
[49,50]. The effects of these interactions depend on the
mechanical and chemical composition of the cellular
environment, with vimentin potentially increasing or
decreasing cell-generated forces [51,52]. Vimentin
helps to homogenise intracellular stress distribution and
slows actin stress fibre retrograde flows [49]. This is
consistent with its role as a mechanoprotective network
that absorbs and redistributes forces within cells to
protect against actin-mediated nuclear deformation.
Accordingly, the interpenetrating network of the

vimentin-actin cytoskeleton increases contractile forces
and contributes to cell resilience upon stretching [53].
Interestingly, vimentin expression levels are affected
differently by the cell stretch frequency. While low
frequencies (1Hz) increase the levels of vimentin
expression, high-frequency stretch (5 Hz) led to its
downregulation, concomitantly with a decrease in nu-
clear mechanical coupling [13].

Due to their mechanical properties and surface charges,
vimentin intermediate filament networks stiffen in both

compression and extension. Mouse embryonic fibro-
blasts (MEFs) demonstrate compression stiffening and
can resist repeated compression cycles, protecting their
nuclei from damage. In contrast, vimentin null fibro-
blasts have more nuclei with blebs or visible nuclear
membrane disruption under compressive loads [54].
Patteson et al. demonstrated that the vimentin network
confers mechanical stability to the nucleus, preventing
nuclear rupture and protecting against DNA damage
during confined cell migration [55,56](Figure 2f).

Desmin IFs
Desmin IFs are primarily found in muscle cells, where

they maintain their structural integrity by forming a
network of filaments that connect the contractile ma-
chinery of the cell to the structural elements of the cell
membrane. Desmin filaments can further connect to the
nucleus via Nesprin-3-plectin interactions. This inter-
action is essential for maintaining the typical spheroidal
architecture of muscle cell nuclei and their proper posi-
tioning and movement along the myofiber [57]. Further
depletion of desmin results in severe lamina wrinkling
and infolding, affecting chromatin organisation [58].
Current Opinion in Biomedical Engineering 2023, 28:100494
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Microtubules
Microtubules are the most rigid of cytoskeletal poly-

mers. They can sustain compressive forces to a certain
extent, maintaining the cell’s shape and mechanical
resistance [59]. Microtubules can form a cage-like
structure surrounding the nucleus during interphase,
impacting nuclear morphology and overall genome
integrity [60]. This structure often produces in-
vaginations of the nucleus, dictating nuclear and chro-
matin organisation. For instance, microtubule-
dependent forces induce characteristic invaginations
by constraining the swelling nucleus of human He-
matopoietic Stem and Progenitor Cells (HSPCs) during

early commitment toward the myeloid lineage. This
affects chromatin organisation and nuclear lamina den-
sity [61], allowing eventually altered gene expression
(Figure 2g). Similarly, during drosophila cellularisation,
microtubules are concentrated at nuclear grooves. They
are essential for nuclear envelope remodelling from
spherical to elongated and lobulated morphologies [62],
influencing the underlying chromatin organisation. This
perinuclear microtubule cage also accumulates around
the nucleus in areas of cellular constriction in a process
mediated by Cytoplasmic linker-associated proteins

(CLASPs). The absence of CLASPs prevents microtu-
bules from resisting mechanical compression, leading to
depolymerisation, cell rupture, and ultimately, cell
death [63].

The interactions of microtubules with other cytoskel-
etal elements also contribute to maintaining cellular
integrity and reducing force transmission to the nucleus.
Microtubules can buckle under actomyosin contractile
stresses and are able to bear compressive loads in living
cells [64]. The depolymerisation of microtubules in-

creases cell contractility, which reduces nuclear height
and subsequently stretches and stiffens the nuclear
lamina network [65e67]. The impact of anti-
cytoskeletal drugs revealed that actin filaments and
microtubules have both redundant and unique functions
in stiffening the nucleus and slowing strain recovery.
Interfering with both actin filaments and microtubules
resulted in softer nuclei than those in which only one
was disrupted, highlighting their individual roles in
preventing extreme nuclear deformations. Neverthe-
less, the viscosity of nuclei treated with both drugs was

similar to that of nuclei treated with either drug alone,
emphasising the need for both actin filaments and mi-
crotubules to maintain high viscosity and slow down the
strain recovery process [68].

Maintaining nuclear shape and lamina integrity requires
a balance between microtubules and intermediate fila-
ments [69,70]. In cardiomyocytes, desmin maintains
nuclear size while microtubules compress the nucleus
along its long axis, and disruption of either component
causes changes in nuclear morphology [52]. Interfering
Current Opinion in Biomedical Engineering 2023, 28:100494
with desmin or Nesprin-3 leads to collapsed nuclei,
which is prevented by microtubule depolymerisation
[58]. Balanced interactions between the cytoskeletal and
lamin networks are also necessary for normal nuclear
shape. In MEFs, the absence of Lamin A,C leads to
irregular nuclear shape mediated by the microtubule
network [70]. Accordingly, the microtubule organising
centre (MTOC) can exert pushing forces on the nucleus

and cause nuclear deformations under low tension/stiff-
ness conditions. The increase of nuclear stiffness by
lamin A,C overexpression partially reverses this pheno-
type [65]. MTOC-nuclear interactions can further
trigger heterochromatin accumulation. This increase in
heterochromatin can lead to a local increase in nuclear
stiffness, possibly protecting both the nuclear envelope
and the underlining chromatin from physical damage
[62,71,72].
Conclusions and outlook
The nucleus and the genome must be selectively and
specifically responsive to extracellular mechanical sig-
nals. This is accomplished by the precise regulation of
intracellular force transmission. The cell cytoskeleton

forms a specialised circuit which conveys cell and
context-specific mechanoresponses to the nucleus,
orchestrating force transmission or mechanoprotection.
While actin and microtubules play a more dynamic role
in transducing and applying forces to the nuclei, the cell
intermediate filaments network integrates mechanical
forces to alter cytoskeletal mechanics. However, it’s
important to consider the different cytoskeletal ele-
ments as parts of an interactive polymer whose me-
chanical properties and mechanoresponsiveness differ
from those of its constituent networks.

The specific combination of cytoskeletal components,
their interaction with the extracellular environment,
and the nucleus and nuclear mechanical properties ul-
timately determine nuclear mechanoresponses. This
gives each cell type a unique mechanical barcode that
offers context-specific mechanoresponses that can
either transduce or hinder mechanical signals, thereby
regulating downstream responses.
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