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Cells generate and sense mechanical forces that trigger biochemical signals to elicit cellular
responses that control cell fate changes. Mechanical forces also physically distort neighbor-
ing cells and the surrounding connective tissue, which propagate mechanochemical signals
over long distances to guide tissue patterning, organogenesis, and adult tissue homeostasis.
As the largest and stiffest organelle, the nucleus is particularly sensitive to mechanical force
and deformation. Nuclear responses to mechanical force include adaptations in chromatin
architecture and transcriptional activity that trigger changes in cell state. These force-driven
changes also influence the mechanical properties of chromatin and nuclei themselves to
prevent aberrant alterations in nuclear shape and help maintain genome integrity. This
review will discuss principles of nuclear mechanotransduction and chromatin mechanics
and their role in DNA damage and cell fate regulation.

MECHANICAL FORCES IN CELLS AND
TISSUES

Tissue and cell dynamics and movement gen-
erate physical forces, including compression

or stretching, which are transferred to the nu-
cleus and chromatin, resulting in their defor-
mation. Substantial deformation occurs not
only in mechanically active tissues, such as
the muscle, where cells and nuclei are directly
exposed to constant contractile forces, but also

in tissues such as the lung, skin, and vascula-
ture whose surface area changes during respi-
ration, body motion, and blood flow (Fig. 1). In
addition to these high-amplitude changes that
affect the tissue as a whole, most cells experi-
ence deformation at smaller scales. For in-
stance, cell migration, especially within con-
fined spaces of the connective tissue, causes
substantial cell deformation (Friedl et al.
2011). Cell motility, death, division, and extru-
sion also inflict dynamic changes in cell shape,
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which can simultaneously trigger deformation
of neighboring cells (Chen et al. 2018; Wick-
ström and Niessen 2018). Importantly, local
compression and stretching events have pro-
found effects on cell state. Cell compression
can trigger cell differentiation and extrusion,
whereas stretching can prevent differentiation

and promote cell division (Ruprecht et al. 2015;
Le et al. 2016;Gudipatyet al. 2017;Miroshnikova
et al. 2018; Lam et al. 2020). Thus, mechanical
forces relay information on tissue dynamics
across length scales and provide efficient
means to communicate tissue needs to individ-
ual cells.
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Figure 1. The nucleus as a mechanosensor. The nucleus is subject to deformation forces (red block arrows) when
cells are compressed, stretched, or actively contracting during various tissue processes (upper panel). Nuclear
deformation causes stretching of the nuclear envelope and the associated endoplasmic reticulum (ER). The
amount of force transmitted, and the degree of deformation is modulated by the nuclear-cytoplasmic linkage
and the stiffness of the nuclear lamina and chromatin. Perinuclear actin and microtubule networks exert
contractile and compressive forces on the nucleus to counteract deformation and regulate nuclear shape (middle
panel). Nuclear deformation and stretching of nuclear membranes activate stretch-induced ion channels causing
elevated intracellular Ca2+ levels and incorporation of phospholipase A2 (cPLA) into the nuclear membrane
(bottom left). Mechanical force transmitted by the linker of nucleoskeleton and cytoskeleton (LINC) complex
induces phosphorylation of emerin and lamin A/C through unknown mechanisms (bottom middle). Nuclear
deformation can lead to expansion of the nuclear pore to facilitate nuclear import. Import of mechanically
unstable and mechanosensitive proteins such as YAP are induced by force (bottom right).
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PRINCIPLES OF
MECHANOTRANSDUCTION

The dynamic deformation of cells is transferred
to various intracellular, nuclear, and nucleus-as-
sociated macromolecular complexes to trigger
mechanochemical signaling cascades that regu-
late cell morphology, metabolism, and gene ex-
pression. These processes are collectively termed
mechanotransduction. Nuclear mechanotrans-
duction refers to specific events that are triggered
through structures associated with or located
within the nucleus and that specifically impact
nuclear components,most importantly chroma-
tin itself. Upon particularly large-scale deforma-
tions, suchas immune cell infiltrationandcancer
cell invasion through the narrow space of the
interstitium,mechanical stresses have the poten-
tial to physically damage the nucleus and the
genetic material (Denais et al. 2016; Raab et al.
2016; Irianto et al. 2017). Recent studies have
also identified mechanisms by which cells are
able to counteract mechanical stress to prevent
damage by altering nuclear mechanical proper-
ties (Stephens et al. 2019; Nava et al. 2020). This
review will address both of these aspects of nu-
clear mechanotransduction.

Until recently, mechanosensing has been
thought to occur mainly at the plasma mem-
brane through transmembrane receptor com-
plexes, such as integrin-based cell–matrix adhe-
sions and cadherin-based cell–cell adhesions
(Iskratsch et al. 2014). These adhesive complexes
are connected with the contractile actomyosin
cytoskeleton, through which cells can both exert
forces on their surroundings, and sensemechan-
ical properties ordynamicdeformationofneigh-
boring cells or the connective tissue substrate
(Charras and Yap 2018; Gauthier and Roca-Cu-
sachs 2018). Mechanical forces applied on these
multiprotein adhesion complexes can be con-
verted into biochemical signals, for example
through their mechanical unfolding and subse-
quent activation of signalingmolecules (Hu et al.
2017). Stretch-induced ion channels, such as the
Piezo channels, can also be activated at the plas-
ma membrane to trigger Ca2+-dependent intra-
cellular mechanosignaling (Murthy et al. 2017).
Further downstream, remodeling of the actomy-

osin cytoskeleton that occurs in response to
force also controls the activity of a number of
signaling molecules and transcriptional regula-
tors, of which theMRTF/SRFandYAP signaling
pathways are best understood. Formore detailed
insights on these mechanochemical signaling
pathways, which are potent regulators of cell be-
havior, we refer to other recent reviews (Totaro
et al. 2018; Sidorenko and Vartiainen 2019).

Mechanical forces and deformation of the
plasma membrane are directly transmitted to
the nucleus through the contractile actomyosin
cytoskeleton, which connects adhesion com-
plexes to the nucleus and thus can cause nuclear
deformation. This connection occurs through
specialized receptors collectively termed the
linker of nucleoskeleton and cytoskeleton
(LINC) complex (Starr and Fridolfsson 2010;
Luxton and Starr 2014). The LINC complex is
composed of cytoplasmic components of the
nesprin family members. These proteins link
the actomyosin and microtubule cytoskeletons
to the nuclear membrane. On the inner side of
the nuclear membrane, nesprins bind SUN do-
main proteins, which in turn provide a direct
mechanochemical link to chromatin through
their associationwith components of the nuclear
lamina and various inner nuclear membrane
proteins, such as emerin, torsinA, lamina-asso-
ciated polypeptide 1, and spectrin-repeat-con-
taining proteins (Rothballer and Kutay 2013;
Hao and Starr 2019).

Lamins are intermediate filament proteins
that form the nuclear lamina, and have been di-
rectly implicated in establishing the mechanical
properties and stability of the nucleus. Together
with B-type lamins, the A-type lamins, lamin A
and C, form a filamentous network underlying
the inner nuclear membrane. The nuclear lami-
na, and specifically lamin A, are critical for de-
termining nuclear shape, stiffness, and deform-
ability (Liu et al. 2000). Lamin A/C levels
positively correlatewith nuclear stiffness, where-
as reduced lamin A levels result in softer, more
deformable, and fragile nuclei (Lammerding
et al. 2004). Lamins also interact directly and
indirectly, through chromatin-binding proteins,
with specific genomic regions to generate lami-
na-associated domains (LADs) (Guelen et al.
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2008), which are rich in silenced heterochroma-
tin and are involved in regulating chromatin
organization and gene expression (Briand and
Collas 2020). Reflecting their central function
in nuclear mechanics and chromatin organiza-
tion,mutations in the LINC complex and lamins
are linked to developmental disorders such as
Emery–Dreifuss muscular dystrophy, dilated
cardiomyopathy, and Hutchinson–Gilford pro-
geria syndrome. On the cellular level, these dis-
eases manifest with nuclear shape abnormalities
and fragility, gene regulation defects, and DNA
damage (Davidson and Lammerding 2014). In-
triguingly, despite ubiquitous expression of the
mutant proteins, the diseases specifically affect
mechanically active or mechanically loaded tis-
sues such as skeletalmuscle, heart, and skin (Da-
vidson and Lammerding 2014; Miroshnikova
et al. 2019). DNA damage has also been shown
to occur as a response to mechanically induced
nuclear rupture, at least in some muscular dys-
trophies (Earle et al. 2020), highlighting the role
of nuclear deformation and nuclear mechanics
in tissue development and function, and the im-
portant but incompletely understood relation-
ship between chromatin and mechanical stress.

THE NUCLEUS AS A MECHANOSENSOR

Through its unique elastic properties and com-
pressibility, the nucleus functions as amechano-
sensor by detecting dynamic changes in cell vol-
ume and by acting as a mechanical shock
absorber (Dahl et al. 2004, 2005; Lomakin et al.
2020). While the plasma membrane, cytoplasm,
and the associated cytoskeleton are all highly
deformable, the nucleus is up to tenfold stiffer
than the rest of the cell,making its deformation a
potentially rate-limiting process and thus ideal
for mechanosensing (Harada et al. 2014; David-
son et al. 2015; Renkawitz et al. 2019).

Sensing Nuclear Deformation

Migrating cells use the nucleus as a “ruler” to
measure both thedimensions of the surrounding
microenvironment and acute changes in their
ownvolumedue to extrinsic forces, such as phys-
ical confinement (Fig. 1; Renkawitz et al. 2019;

Lomakin et al. 2020). For example, migrating
leukocytes apply cytoskeletal forces to insert
their nuclei into multiple adjacent connective
tissue pores to measure pore sizes, after which
the largest pore will be selected as the path for
migration (Renkawitz et al. 2019). The proposed
ruler function is beautifully simple: the nucleus
can deform until themembrane reservoirs of the
outer nuclearmembrane are fully unfolded. Any
further deformation will stretch and tense the
outer nuclearmembrane andmost likely its con-
tinuous endoplasmic reticulum (ER), activating
stretch-induced calcium channels and subse-
quent downstream effects such as actomyosin
contractility (Lomakin et al. 2020). A similar nu-
clear membrane deformation pathway operates
in epithelial monolayers in response to substrate
stretch (Nava et al. 2020). Here, stretch-activated
calcium signaling, activated by nuclear mem-
brane stretching viaPiezo-1 ion channel, reduces
the chromatin occupancy of trimethylation of
lysine 9 on histone 3 (H3K9me3) genome wide
resulting in nucleus softening, which protects it
from mechanical damage. Nuclear deformation
in response to cell spreading or osmotic swelling
of the nucleus has also been shown to trigger
perinuclear calcium release, which results in el-
evated nuclear calcium levels that change gene
expression (Itano et al. 2003). Osmotic swelling
of the nucleus also triggers activation of phos-
pholipase A2 by promoting its hydrophobic
membrane insertion, which together with raised
calcium signals enhance inflammatory signaling
and cell contractility (Fig. 1; Enyedi and Niet-
hammer 2017; Lomakin et al. 2020).

Regulation of Nuclear Transport and Signaling
by Mechanical Forces

Nuclear pore complexes, which are large protein
complexes that traverse the nuclear envelope and
regulate nuclear transport of RNA and proteins,
are also sensitive tomechanical force (Donnaloja
et al. 2019; Infante et al. 2019). These structures
have been shown to dilate and assume a more
open conformation in response to mechanical
force, which enhances the import of transcrip-
tional regulators such as YAP (Elosegui-Artola
et al. 2017). Nuclear transport can further be
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modulated by mechanical unfolding of proteins
to enhance their translocation rate into the nu-
cleus (Infante et al. 2019), leading to changes in
gene expression. Finally, phosphorylation of
components of the nucleus, such as lamin A/C
or emerin, is also altered by mechanical forces
acting on nuclei, through molecular mecha-
nisms that remain unclear. Lamin A/C phos-
phorylation is triggered by low cytoskeletal
tension on soft adhesive substrates, resulting in
increased lamin A/C mobility and turnover
(Swift et al. 2013; Buxboim et al. 2014; Kochin
et al. 2014). Emerin phosphorylation, on theoth-
er hand, is triggered by high tension, resulting in
strengthening interactions of the laminawith the
cytoskeleton and in mechanosensitive signaling
thorough YAP (Fig. 1; Guilluy et al. 2014).

Cytoskeletal Modulation of Nuclear
Mechanosensing

Direct deformation of perinuclear membranes
and/or the nuclear pore by extrinsic forces can
trigger downstream signaling, and thus nuclear
mechanosensing may occur independent of the
cytoskeleton andothermechanosensitive signal-
ing pathways. However, the lamina and the
LINC complex are likely involved inmodulating
“nuclearmechanosensitivity” also in caseswhere
signaling is triggered through nuclear deforma-
tion. The LINC complex is critical for force
transmission from the cytoskeleton to the nucle-
us and can control the amplitude of nuclear de-
formation in response to cell contractility (Fig. 1;
Lombardi et al. 2011). Further, as lamin A is
central to determining nuclear elasticity, its lev-
els influence the degree of force-induced nuclear
deformation, and help adjust nuclearmembrane
tension and membrane reservoir (Enyedi and
Niethammer 2017; Lomakin et al. 2020; Nava
et al. 2020). Importantly, cell-type-specific ef-
fects of nuclear mechanotransduction can be
modulated through the lamina, especially con-
sidering marked differences in lamin A levels
between cell types and differentiation states, by
defining the nuclear deformation threshold that
triggers downstreamsignaling (Nava et al. 2020).

The actin cytoskeleton, in particular perinu-
clear actin, is also involved in nuclear mechano-

sensing. Perinuclear actin is arranged in a cell-
type- and cell-state-specific manner and can
consist of (1) an actin cap formed by dorsal actin
stress fibers that are attached to adhesions in
both ends and to the nuclear envelope through
the LINC complex, or (2) a perinuclear actin
ring that associates with perinuclearmembranes
and the ER. Both structures are dynamic, and
form rapidly in response to force application
through Ca2+ or small GTPase signaling (Wo-
roniuk et al. 2018; Wang et al. 2019), thus most
likely directly responding to the stretching of
nuclear membranes. The central functions of
perinuclear actin are to stabilize nuclear shape
and volume in the presence ofmechanical stress,
and to regulate mechanosensitive gene expres-
sion through controlling nuclear and cytoplas-
mic pools of free G-actin and MAL/SRF and
YAP pathways (Fig. 1; Le et al. 2016; Wales
et al. 2016; Kim et al. 2017; Shiu et al. 2018;
Nava et al. 2020). Importantly, both G- and F-
forms of actin also exist in the nucleus and are
critical mediators of chromatin architecture, as
will be discussed in the following section.

Direct Chromatin Deformation by Force

Mechanical forces transmitted via the cytoskel-
eton to the nucleus may directly stretch chroma-
tin and activate gene expression. Application of
∼20 kPa shear stress at the cell surface using a
magnetic bead leads to chromatin displacement
and rapid transcriptional activation of a set of
mechanosensitive genes (Tajik et al. 2016; Sun
et al. 2020). While direct force-mediated regu-
lation of chromatin is an exciting concept, the
mechanism of specificity that render certain
genes sensitive to forcewithout activating others
remains a key open question.

FORCE-MEDIATED REGULATION OF
TRANSCRIPTION AND CELL STATE

The nucleus lies in the direct path of cellular
force sensing and transduction. Recent data
show that mechanical forces transmitted to the
nucleus regulate chromatin architecture and
transcription to guide cell fate changes.Dynamic
changes in cell and nuclear geometry are power-
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ful regulators of cell states. This connection is
highly relevant, as changes in shape/geometry
occur downstream of most mechanical forces
andare core tomanydevelopmental andhomeo-
static processes that involve fate transitions. Per-
haps the clearest illustration of this phenomenon
can be observed during early embryonic devel-
opment where mechanical forces are critical for
the establishment of the anterior–posterior axis,
as well as for the sorting of the germ layers (Vi-
ning and Mooney 2017).

Simplest experimental demonstrations of
the direct effects of cell geometry on chromatin
and cell state come from in vitro experiments
using adhesive micropatterns that can be used
to force cultured cells to assume specific shapes.
Among the first studies, restricting adhesive area
ofmammary epithelial cells to induce “rounded”
shapes, which are reminiscent of the cellular
shape observed in 3D versus flat 2D culture con-
ditions, resulted in global histone deacetylation,
chromatin condensation, and reduction in gene
expression (Le Beyec et al. 2007). Similarly, cul-
turing mesenchymal stem cells on anisotropic,
elongatedmicropatterns led to increased histone
deacetylase activity and decreased histone acet-
ylation (Li et al. 2011), whereas increasing cell
spread area offibroblasts triggered increased his-
tone acetylation and modifies gene expression
patterns related to actin cytoskeleton (Jain et al.
2013). Further, restriction of adhesive area, or
even a change from an isotropic circular geom-
etry to an anisotropic elongated geometry in
epidermal stem cells induced transcription of
epidermal differentiation genes (Connelly et al.
2010; Miroshnikova et al. 2018).

The mechanisms by which cell geometry
changes drive epigenetic and transcriptional ad-
aptation are beginning to unravel. For instance,
stretch-induced ion channels are triggered by
changes in cell and nuclear shape, implicating
the role of intracellular Ca2+ signaling in hetero-
chromatin regulation to occur downstream of
mechanical deformation (Stephens et al. 2017;
Nava et al. 2020). Calcium signaling can trigger
chromatin and gene expression changes through
various mechanisms, where the source and the
duration of the calcium signals are of critical
importance. Imaging-based studies have shown

that artificially elevating nuclear calcium levels
by ionophore treatment induces chromatin hy-
percompaction (Phengchat et al. 2016). Howev-
er, genome-wide chromatin accessibility studies
find changes in only relatively few sites in re-
sponse to artificial calcium influx, compared to
the effects of biochemical signaling events that
trigger elevation of intracellular Ca2+ (Brignall
et al. 2017), indicating a more complex involve-
ment of Ca2+ in chromatin regulation.While the
precise mechanisms are yet to be elucidated, the
nucleus is thought to have autonomy in regulat-
ing its own calcium levels (Leite et al. 2003; Boot-
man et al. 2009; Rodrigues et al. 2009). Going
forward, it will thus be important to define the
specific Ca2+ oscillation patterns within the cy-
toplasmic and nuclear compartments that are
directly triggered by nuclear deformation, and
to dissect the precise intranuclear effects of
Ca2+, considering the myriad mechanisms by
which Ca2+ signaling impacts the core transcrip-
tional machinery (Vilborg et al. 2016).

The actin cytoskeleton also plays an impor-
tant role in communicating changes in cell ge-
ometry to the nucleus. Actin dynamically senses
changes in geometry through regulation of the
balance between filamentous F-actin and free,
nuclear-import compatibleG-actin, which com-
municatesmechanoregulationbetween the cyto-
plasm and the nucleus. In particular, nuclear
actin has important functions in chromatin or-
ganization and cellular transcriptional activity
(Grosse and Vartiainen 2013). Nuclear actin is
required for nuclear reprogramming of oocytes
via its ability to transcriptionally reactivate the
otherwise silenced Oct4 pluripotency gene
(Miyamoto et al. 2011).Downstreamofmechan-
ical cues, nuclear actin regulates the mammary
epithelial cell fate as these cells fluctuate between
periods of quiescence and active growth in re-
sponse to environmental and hormonal cues
(Spencer et al. 2011). Specifically, signals from
the basement membrane, which are absent in
regions of active growth in the developing mam-
mary endbuds, decrease levels of nuclearG-actin,
which destabilizes RNA polymerases II/III, in
turn leading to reduced transcription and there-
by triggering cell quiescence (Spencer et al.
2011). Further increased perinuclear F-actin po-
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lymerization, and the resulting decreased nuclear
G-actin, attenuates RNA polymerase II–driven
transcription in stretched epidermal stem cells,
resulting in increased deposition of H3K27me3
on lineage commitment genes, thereby prevent-
ing differentiation (Le et al. 2016). Collectively,
mechanical regulation of nuclear actin is impli-
cated in determining stem cell quiescence and
commitment to differentiation through its effects
on global transcription levels. In general, low nu-
clear actin levels correlatewith reduced transcrip-
tion and promote quiescence/stemness, whereas
high levels increase transcription and promote
activated/differentiated states. Interestingly, the
formation of perinuclear actin is Ca2+ dependent,
providing an intriguing link betweenCa2+ signal-
ing induced by nuclear deformation and mecha-
notransduction pathways dependent on actin dy-
namics (Le etal. 2016;Wales et al. 2016;Navaet al.
2020).

Actin is not the only relevant force-respon-
sive and force-transducing cytoskeletal element
that plays a role in transcription. Compressive
forces from the microtubules have also been re-
cently shown to deform the nucleus, inducing
lobulated nuclear shapes and local loss of
H3K9me3-marked heterochromatin from with-
in nuclear envelope invaginations. These local
heterochromatin changes drive specific gene ex-
pression changes in human hematopoietic stem
cells during their early differentiation (Biedzin-
ski et al. 2020), although the precise mecha-
nisms are unclear.

Thus, cellular cytoskeleton both efficiently
relays cell-extrinsic mechanical forces into the
nucleus through its dynamic assembly cycles,
as well as applies direct mechanical forces to the
nucleus to reorganize chromatin and regulate
gene expression. In addition to these mecha-
nisms, there is a potentially highly relevant, but
currently understudied link between mechano-
transduction, metabolism, and epigenetic regula-
tion of gene expression. For instance, shear stress
in endothelial cells activates AMP-activated pro-
tein kinase (AMPK), the master regulator of en-
ergy homeostasis (Bays et al. 2017), whereas ma-
trix rigidity can control lipid metabolism and
glycolysis (Romani et al. 2019; Park et al. 2020).
Given the direct link betweenmetabolites feeding

into epigenetic reactions ofmethylation and acet-
ylation (Su et al. 2016), it seems plausible that
mechanical regulation of metabolism is involved
in facilitating epigenetic changes caused by cell
and nuclear deformation, although the precise
mechanisms require further investigation. While
the mechanisms by which cell and nuclear shape
changes regulate chromatin and transcription are
being unraveled, the question of specificity still
remains. How do force-induced global changes
in transcription or histone modifications lead to
specific state transitions or cell-type-specific
responses? We postulate that the specificity
could arise from cross talk between mechanical
and biochemical pathways, where mechanics,
through its effect on transcription or chromatin
state, plays a role in thresholding, amplifying, or
attenuating the specific signals that are propagat-
ed by growth factors, hormones, and their down-
stream transcription factors (Fig. 2).

MECHANICAL PROPERTIES OF
CHROMATIN AND THEIR IMPLICATIONS
IN GENOME ORGANIZATION AND
FUNCTION

To understand how chromatin is impacted by
mechanical forces, it is also important to consider
their influence on core chromatin processes, such
as transcription factor binding, enhancer engage-
ment and DNA damage repair, all of which are
tightly linked to 3D genome structure and influ-
enced by the physical properties of chromatin.
Chromatin is a disordered, variably compacted
polymer chain that can interact with itself on
multiple scales (compartments, topologically as-
sociating domains, loops) as well as with the lam-
ina or nucleolar periphery (Pombo and Dillon
2015; Szabo et al. 2019). Initial chromatin rheo-
logical studies used particle nanotracking of in-
jected beads, whereas recent work mainly use
fluorescently labeled histones or specifically
tagged genomic loci, such as telomeres, coupled
to mechanical manipulation by micropipette as-
piration or atomic forcemicroscopy tomap chro-
matinmovement in intact cells (Tseng et al. 2004;
Lammerding 2011; Spagnol and Dahl 2016; Ste-
phens et al. 2017, 2018; Hobson et al. 2020). Col-
lectively, these studies have revealed several in-
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triguing features of chromatin. First, instead of
being a purely viscous “melt” of liquid-like poly-
mers, the nuclear interior is actually significantly
stiffer than the cytoplasm, where chromatin
displays elastic and solid-like behaviors. While
isolated chromosomes respond elastically in re-
sponse to force (Cui and Bustamante 2000;
Marko 2008; Strickfaden et al. 2020), micropi-
pette aspiration-based measurements from in-
tact, locally deformednuclei show that chromatin

can also flow and locally condense as would be
expected of a spongy polymer fromwhich solvent
is locally squeezed out (Pajerowski et al. 2007). It
is further evident that chromatin motion is spa-
tially correlated over length scales ranging up to
several micrometers (Tseng et al. 2004; Zidovska
et al. 2013). Thus, based on current data, chro-
matin can be considered viscoelastic (i.e., display-
ing mechanical properties of both an elastic solid
and a viscous liquid).

Extracellular matrix stiffness

Microtubules Actomyosin

Cell/nuclear shape changes

Nuclear mechanoresponse

Global tuning of transcription/
chromatin architecture

Tissue-specific factors
(growth factors, hormones, metabolites)

Cell fate/state changes

Genes ON: adhesion and cytoskeleton

Genes OFF: differentiation

TF 2R
ep

re
ss

or

mRNA

Cell-intrinsic forces
by the cytoskeleton

Tissue topology Cell-extrinsic forces

Figure 2. Force-mediated regulation of transcription and cell state. Cells sense a spectrum of cell-extrinsic forces
and biophysical cues from their microenvironment, such as tissue stiffness, topology, shear stress, compression,
and stretch. These cues induce cell and organelle shape changes, triggering cellular mechanosensing and me-
chanosignaling, facilitated by cell-intrinsic force generation and force distribution through the microtubule and
actomyosin cytoskeletons. Nuclear mechanosignaling involves changes in global chromatin architecture and
transcriptional activity. We propose that specificity in nuclear mechanoresponses is achieved via collaborative,
bidirectional cross talk with tissue-specific factors to facilitate specific transcriptional changes to alter cell
fate/state. As examples, extrinsic stretch on epidermal stem cells reduces transcription of differentiation genes
but promotes transcription of cytoskeleton and adhesion genes.
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When mechanically deformed, both nuclei
and chromatin show an elastic deformation re-
sponse (i.e., they have the ability to return to
their original shape after the applied force is
removed) (Maeshima et al. 2019). Interestingly,
the mechanical resistance of chromatin governs
elastic deformations of the nucleus under small
(<3 μm) extensions, while the mechanical prop-
erties of lamins govern the elastic deformation
under larger extensions (Stephens et al. 2018).
Thus, it seems that the nucleus consists of at
least two spring-like mechanical elements, the
chromatin and the nuclear lamina, which oper-
ate on distinct deformation scales. This interest-
ing phenomenon might be related to the fact
that the nuclear lamina is wrinkled, and requires
a large deformation to be fully stretched, togeth-
er with the inherent mechanical properties of
intermediate filaments, which are easy to bend
but hard to stretch (Li et al. 2015; Turgay et al.
2017; Lomakin et al. 2020).

Importantly, mechanical properties of chro-
matin and thus nuclei are dictated by the chro-
matin compaction state. Nuclei with abundant
heterochromatin are rigid, whereas the nuclei
with decondensed chromatin are soft (Stephens
et al. 2018; Maeshima et al. 2019; Nava et al.
2020). Further, less compacted chromatin is
more mobile and deformable (Booth-Gauthier
et al. 2012; Spagnol and Dahl 2016; Whitefield
et al. 2018; Ghosh et al. 2019; Nava et al. 2020).
The association of chromatin to the nuclear lam-
ina also modulates nuclear mechanical proper-
ties, and untethering of chromatin from the nu-
clear lamina increases chromatin flow, enhances
nuclear deformability and alters nuclear shape
(Schreiner et al. 2015; Stephens et al. 2019;
Hobson et al. 2020; Nava et al. 2020).

Collectively, these mechanical properties of
chromatin have profound functional implica-
tions. The spring-like behavior of chromatin
points to chromatin mechanics as a central sta-
bilizer of chromatin architecture and nuclear
shape in response to extrinsic mechanical forces
that deform the nucleus. The specific mechani-
cal properties of H3K9me3-containing and
lamina-associated heterochromatin, and their
significant contribution to bulk nuclear stiff-
ness, indicate that chromatin and nuclear me-

chanical properties can be dynamically regulat-
ed to match the force environment of a given
cell/tissue. Conversely, the fact that local defor-
mation can be transmitted over micrometers
implies that a sustained localized force acting
on the nucleus and/or chromatin could, in prin-
ciple, specifically modulate chromatin interac-
tions and thus gene activity. Both of these as-
pects will be discussed in the following sections.

MECHANICAL FORCE AND DNA DAMAGE

As discussed above, nuclei undergo substantial
deformation during physiological processes
such as duringmigration of leukocytes or cancer
cells through small pores of connective tissue.
Importantly, nuclear deformation is also associ-
ated with DNA damage. The first observations
of deformation-induced damage come from the
field of cancer cell migration, wheremigration of
tumor cells in confined environments triggers
pressurization, which in turn induces formation
of local inflations of the nuclear envelope as
“blebs.” Blebs can eventually burst to cause leak-
age of nuclear factors and protrusion of chro-
matin into the cytoplasm (Denais et al. 2016;
Raab et al. 2016; Deviri et al. 2017). The expo-
sure of genomic DNA to cytoplasmic compo-
nents such as nucleases leads to DNA damage,
which is particularly enriched at these herniated
sites. Consequently, depletion of cytoplasmic
exonuclease TREX1 is sufficient to abolish
DNA damage in disrupted nuclei in human
breast cancer cells (Fig. 3; Nader et al. 2020).

Depletion of lamins increases the likelihood
of nuclear envelope ruptures, consistent with
their importance in stabilizing the nuclear enve-
lope (Schreiber and Kennedy 2013). On the oth-
er hand, increasing heterochromatin to increase
nuclear stiffness can decrease blebbing, further
underlining the important role of chromatin as a
mechanical regulator of the nucleus (Stephens
et al. 2019). Cells are able to rapidly repair the
ruptured nuclear envelope using the ESCRT
pathway (Denais et al. 2016; Raab et al. 2016),
which is also used for sealing plasma membrane
ruptures and the postmitotic nuclear envelope
(Jimenez et al. 2014; Olmos et al. 2015; Vietri
et al. 2015). However, in cases where deforma-
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tion occurs repeatedly and the mechanical DNA
damage becomes chronic, the long-term conse-
quences include induction of senescence in non-
transformed cells and induced invasive behavior
in cancer cells (Nader et al. 2020). Cells that have
repeatedly migrated through narrow pores have
also been shown to display cell cycle arrest, chro-
mosome copynumberalteration, and loss of het-
erozygosity (Irianto et al. 2017; Pfeifer et al.
2018), although the direct evidence that this is
caused by the physical damage, and not selection
for cells particularly capable of migration
through narrow pores, is missing.

DNA damage can also occur in deformed
nuclei in the absence of nuclear envelope rup-
ture (Denais et al. 2016; Nava et al. 2020; Shah
et al. 2021), and even in the case of rupture,
DNA damage can occasionally be observed dis-
tant from the damage site (Irianto et al. 2017).
Two main mechanisms by which this rupture-

independent damage occurs have been pro-
posed: One posits that since chromatin is elastic
and thus behaves like a solid, nuclear constric-
tion may function to expel the liquid compo-
nent that contains soluble repair factors. Thus,
the mechanism of damage would be the limita-
tion of repair factors (Irianto et al. 2017). This
type of factor exclusion most likely operates
only upon extreme deformation. Another pro-
posed mechanism, which could also explain
observed damage in moderately deformed nu-
clei, is replicative stress-induced DNA damage.
Both confined migration and experimental
compression of the nucleus have been shown
to increase replication fork stalling, triggering
DNA damage at these sites (Fig. 3; Shah et al.
2021). Going forward, it will be important to
dissect the mechanisms by which deformation
induces replication fork stalling and to under-
stand whether certain genomic regions are

Chromatin decompaction + softening

Stress dissipation
Perinuclear actin

Ca2+

Ca2+

Moderate deformation
Stiff nucleus

Cell in G2/S

Stalled replication fork

Nuclear bleb Nuclear rupture

DNA damage

DNA damage

Cytoplasmic
exonucleases

Repair factor
exclusion

Large deformation
Soft/fragile nucleus

Nuclear deformation

H3K9me3

DNA damage protection

Figure 3. Mechanisms of nuclear deformation–induced DNA damage and damage protection. The impact of
nuclear deformation on genome integrity depends on themechanical properties of the nuclear lamina and on the
cell cycle state of the cell. Cells with stiff nuclei respond to deformation by reducing lamina-associated H3K9me3
heterochromatin in a Ca2+-dependentmanner, which increases chromatinmobility to facilitate dissipation of the
mechanical energy to prevent DNA damage. Simultaneous formation of a perinuclear actin ring prevents further
nuclear shape and volume changes. Nuclear deformation in cells in G2/S phase cause replication fork stalling and
subsequent DNA damage. Particularly large deformations in cells with soft/fragile nuclei can cause blebbing and
bleb rupture. Resulting exposure of herniating chromatin to cytoplasmic exonucleases triggers DNA damage.
Exclusion of repair factors from blebs may hamper damage repair.
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more susceptible than others to force-induced
DNA damage.

Interestingly, despite in vitro studies show-
ing that nuclear deformation can also induce
DNA damage in nontransformed cells, tissues
that undergo large-scale deformation during
normal physiology, such as muscle, heart,
lung, and skin, do not display frequent DNA
damage. This indicates that mechanisms exist
to counteract nuclear deformation as well as de-
formation-induced DNA damage. Recent stud-
ies show that cells are able to dissipate mechan-
ical stress both on the tissue scale and at the
chromatin scale to prevent nuclear deformation
and damage. Skin epithelial cell monolayers ex-
posed to uniaxial stretch display moderate (1–3
µm scale) nuclear deformation in the direction
of stretch. Despite this deformation, no DNA
damage is induced. Instead, cells respond by
decreasing levels of H3K9me3, in particular in
the proximity of the nuclear lamina. This reduc-
tion in H3K9me3 has no immediate transcrip-
tional consequences but renders the nucleus and
chromatin more elastic, allowing dissipation of
mechanical energy (Nava et al. 2020). Only if
this chromatin remodeling is prevented, DNA
becomes damaged, indicating that decreased
H3K9me3 and chromatin softening is a mech-
anism to protect the genome from damage (Fig.
3). Interestingly, when the stretch persists over
hours, the entire cellmonolayer or even an intact
skin tissue explant, aligns according to the di-
rection of stretch, redistributing mechanical
energy within the tissue to prevent nuclear de-
formation. This rearrangement allows chroma-
tin to resume its steady-state architecture for
more sustainable long-termmechanoprotection
(Nava et al. 2020). The precise mechanism by
which DNA is damaged in this scenario is un-
clear, but it is likely related to torsional stress
and replication fork stalling. This notion is sup-
ported by studies on long-term (>6 h) biaxial
stretch, where cells cannot reorient themselves
due to the absence of a single direction of strain.
This results not only in reduced H3K9me3 and
repositioning of chromatin away from the lam-
ina but also in global transcriptional repression
(Le et al. 2016), which could collectively reduce
torsional stress on chromatin (Nelson 1999).

CONCLUDING REMARKS

Mechanical forces reorganize chromatin and
impact nuclear architecture and mechanics by
engaging signaling cascades capable of modify-
ing the levels and distribution of charged entities
such as Ca2+ ions or ATP, and by modifying
chromatin accessibility, compaction, and asso-
ciation with nuclear landmarks such as the lam-
ina. With major advances in our understanding
of the mechanisms by which mechanical forces
mediate transcriptional regulation, it becomes
increasingly important to study how forces or-
ganize chromatin and how specificity in chro-
matin rearrangements is achieved. Further tech-
nological developments will be needed, such as
integrated systems capable of exerting calibrated
forces on specific genomic loci or nuclear struc-
tures, while measuring both chromatin state/
mechanics and transcriptional output in real
time with high spatiotemporal resolution.

Major advances have been made in under-
standing of mechanotransduction into the cell
nucleus to directly act on gene regulation and
chromatin functions. A large body of in vitro
experiments in multiple systems have demon-
strated that dynamic, bidirectional cross talk be-
tween cell and nuclear mechanics and chroma-
tin state modulate stem cell differentiation. The
next step will be to construct genetic or other-
wise manipulatable animal and organ models to
challenge and refine these mechanisms in com-
plex, multicellular tissues. Besides development
and homeostasis, nucleomechanical regulation
of cell states is likely relevant more broadly dur-
ing processes such as aging, which leads tomod-
ified tissue mechanics, as well as many diseases,
such as cancers, where abnormal nuclear me-
chanics has already been shown to be beneficial
for aggression within the primary site and dur-
ing invasion across a spectrum of tissues (Le-
vental et al. 2009; Denais and Lammerding
2014; Bell and Lammerding 2016;Miroshnikova
et al. 2016; Emon et al. 2018; Pfeifer et al. 2019).
A better understanding of the dynamic relation-
ship between cell-extrinsic forces and their effect
on nuclear shape, mechanics, chromatin orga-
nization, and cell state during disease onset and
evolution, is potentially of high clinical rele-
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vance in diagnosis and even treatment. To that
effect, a number of high throughout imaging
and screening efforts have begun to unravel
the mechanisms regulating nuclear shape and
mechanics in homeostasis and disease progres-
sion (Kume et al. 2017; Hwang et al. 2019; Ta-
mashunas et al. 2020), but their clinical rele-
vance remains to be fully explored.
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