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Abstract

In addition to biochemical and molecular signals coming from the microenvironment, cells are able to sense and
integrate mechanical stresses, additional fundamental regulators of cell behaviour. Emerging demonstrations in-
dicate that mechanical cues go far beyond the plasma membrane and the cytoskeleton, since, exerting tension on
the outside local microenvironment via adhesions, cells develop an equal cytoskeletal stress on the nucleus inside,
leading to 3D nuclear modifications. In this context, dynamic changes in nuclear lamina and the surrounding cy-
toskeleton modify mechanical properties of the nucleus affecting its structural arrangement, chromatin anchor-
ing, 3D chromosome conformation and gene expression. Here we discuss findings supporting the role of the
nucleus in cellular mechanosensing, ranging from how mechanical cues are transduced to the nucleus to how ge-

nome organization is influenced by cell mechanics.
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1. Introduction

It is well established that cells are able to sense
and integrate information from the microenvi-
ronment, consequently influencing cell mor-
phology and biological processes, such as devel-
opment (Mammoto and Ingber 2010), cell mi-
gration (Mierke 2020) and tissue homeostasis
(Barnes, Przybyla, and Weaver 2017). Beside
the biochemical and the molecular composition
of the cellular microenvironment, extensively
studied as regulators of cell behaviour and cell
fate, mechanical forces play an important role
in this context (Humphrey, Dufresne, and
Schwartz 2014; Iskratsch, Wolfenson, and
Sheetz 2014; Cho, Itianto, and Discher 2017,
Janmey, Fletcher, and Reinhart-King 2020).
Physical forces, to which we are referring, origi-
nate from neighbouring cells (cell-cell interac-
tions), from the extracellular matrix (cell-lECM
interaction) and from the biofluids that sur-
round cells. Since the discovery of the mutual
relationship existing between cells and ECM

(Bissell and Aggeler 1987), the molecular mech-
anisms by which cells sense and respond to
ECM mechanical cues have become the subject
of intense explorations and several molecular
key players have been identified, able to react to
mechanical stimulation and to transform these
signals in biological response.

Mechanical forces exerted on tissues are sensed
by resident cells as stimuli to be processed and
transmitted through ECM constituents (colla-
gen and elastin), trans-membrane structures
(stretch-activated ion channels, adhesion com-
plexes, cell-cell junctions) and intracellular
structures (cytoskeleton). In general, cells are
able to sense extracellular mechanical inputs by
multiple manner. For instance, the mechanoe-
lectrical transduction of signals, through mech-
anosensitive channels, leads to the conversion
of forces in electrical signals and plays an im-
portant role in several physiological dynamics
such as hearing, equilibrium, touch and the reg-
ulation of blood pressure (Douguet and
Honoré 2019). Moreover, integrins trans-
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membrane receptors (in focal adhesions) con-
nect ECM with actomyosin-cytoskeleton mainly
through integrin linker proteins, such as talin
and vinculin; likewise, cadherins (in adherent
junctions) mechanically connect neighbouring
cells. Several demonstrations showed that
mechanosensing and mechanotransduction are
not only restricted to cell surface, but can take
also place in the nucleus, due to determinants
linked to the correct interplay between the cy-
toskeleton and the nucleoskeleton, the integrity
of the nuclear lamina and the degree of chro-
matin compaction.

The first proof describing the mechanical con-
nection between plasma membrane and the nu-
cleus goes back to the discoveries of Maniotis
and colleagues, in 1997: mechanical forces ex-
erted on integrins, caused cytoskeletal rear-
rangements, nucleoli repositioning along the
stressed area and nuclei distortion (Maniotis,
Chen, and Ingber 1997). Since then, several
theories have been developed about the role of
the nucleus as cellular mechanosensor and
mechanotransducer, recognizing the nuclear
envelop as a dynamic force-sensitive connec-
tion between cytoplasm and chromatin (Fe-
dorchak, Kaminski, and Lammerding 2014; N.
Wang, Tytell, and Ingber 2009; Cho, Irianto,
and Discher 2017). Among these, Guilluy and
colleagues showed that isolated nuclei, much
like plasma membrane, were able to resist to
applied tensions by adapting their stiffness, due
to a properly-functioning nuclear lamina and
the phosphorylation of emerin, a mechanosen-
sitive protein placed in the inner nuclear mem-
brane (Guilluy et al. 2014). The modulation of
the 3D nuclear organization leads, as conse-
quence, to the reorganization of chromosomes
inside and regulation of gene expression
(Lanctot et al. 2007; Dekker and Mirny 2010).
In this review, we will provide a brief overview
about the key players of the nuclear mechano-
sensing and their modifications, shedding light
on how mechanical forces affects chromatin
structure and gene transcription.

2. Nucleus, nuclear lamina and lamin AJC
A basic overview of the molecular architecture

of the nucleus, and its envelope, may be useful
in order to understand how mechanical stresses

are transmitted to, and perceived by, the largest
organelle of a cell, linking the structure to the
function.

The nucleus is enclosed in the inner (INM) and
the outer lipid nuclear membrane (ONM), and
nuclear pores connect the cytoplasmic space
with the nuclear compartment, allowing the
passage of large molecules such as RNA and
transcriptional factors (TFs). The nuclear lami-
na is located immediately below the INM. It
consists of a dense fibrillar network (~25-50
nm), mainly built by filamentous lamin proteins,
providing mechanical support to the nucleus
(Crisp et al. 2006; Versaevel et al. 2014). Im-
portantly, lamin building blocks interact with
other nuclear transmembrane proteins, such as
LAP-2, emerin and MAN1 (LEM-domain con-
taining members) (Barton, Soshnev, and Geyer
2015), as well as with chromatin domains, regu-
lating its organization and gene expression
(Zullo et al. 2012), and with diverse transcrip-
tional factors (Rodriguez et al. 2010; Lloyd,
Trembath, and Shackleton 2002; Wilson and
Foisner 2010). Lamins connect the nucleus with
cytoskeleton through the “linker of nucleoskel-
eton and cytoskeleton” (LINC) complex, re-
sponsible for the transmission of forces from
the cell surface to the nucleus (Maniotis, Chen,
and Ingber 1997). It consists of nesprin pro-
teins, which are located in the outer nuclear
membrane and communicate with all major cy-
toskeletal components on the cytoplasmic side.
The C-terminal KASH domain of nesprin pro-
teins allow them to interact with SUN domain-
containing proteins, in the inner nuclear mem-
brane, which interface with nuclear lamina, nu-
clear pores and chromatin (Chang, Worman,
and Gundersen 2015). Figure 1.
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Figure 1. schematic representation of the nucleus and nuclear
envelope.

Based on this description, it is easy to deduce
how strategic the spatial location, and the inter-
actions, of the nuclear lamin proteins can be.
Probably taking inspiration from this, several
studies have been published underlying the
contribution of its components, as relevant
mechanosensitive and mechanotransducer ele-
ments. Lamins, members of intermediate fila-
ment family, are classified into A- and B- type
(Prokocimer et al. 2009). Lamin A and C are
the major A-type lamin isoforms represented in
mammalian somatic cells, derived by alternative
splicing of LMNA gene. Instead, lamin B1 and
B2, encoded by LMNB1 and LMNB2 genes re-
spectively, are the major B-type isoforms. As
evidenced by diverse works, the lamin A/C
seems to have great impact in mechanosensing
events, without affecting lamin B1/B2. Me-
chanical forces, exerted by matrix stiffness on
cells and nuclei, or by cells themselves, induce
conformational modifications and subsequent
changes in phosphorylation state and protein
level in lamin A/C dimers (Buxboim et al
2014). In particular, Swift and colleagues
demonstrated that mesenchymal stem cells cul-
tured on soft matrix gels resulted round with
wrinkle nuclei, due to the higher phosphoryla-
tion of serine and threonine specific residues on
lamin A/C, resulting in destabilization and pro-
tein turn-over. On the contrary, cells cultured
on stiffer matrixes appeared stretched with flat-
tened nuclei, due to lamin A/C conformational
changes responsible for sterically hidden serine
and threonine phosphorites and subsequent
higher stabilization of the dimers. Overall, me-
chanical tension exerted on nuclei suppresses
lamin A/C degradation, while an unstressed
condition induced dimers turnover, correlating
protein and nucleoskeleton stability with matrix
elasticity.

It has been shown that the proper ability to re-
spond to mechanical forces is damaged by nu-
clear fault. In this context, the role and the
functions of lamin A/C on nuclear mecha-
notransduction have been derived also from the
study of LMNA gene mutations-inducing lam-
inopathies. In general, laminopathies are associ-
ated with a wide range of disease phenotypes,
including metabolic disorders and premature
aging syndromes (Maggi, Carboni, and Bernas-

coni 2016), but the most frequent are linked to
skeletal muscle and cardiac muscle, causing dis-
eases like Emery-Dreifuss muscular dystrophy
(Vigouroux and Bonne 2002). The dominant
association of many LMNA mutations to such
mechanically dynamic tissues, further confirms
the great implication of these lamin compo-
nents in the nuclear mechanotransduction ma-
chinery, taking part in nuclear stability (Zwerger
et al. 2013) and nucleo-cytoskeleton coupling
(Folker et al. 2011).

3. Mechanical forces and chromatin organization

The three dimensional nuclear organization has
an important role in modulating gene expres-
sion, through the control of the relative posi-
tion of chromosomes inside. Diverse genomic
processes, such as transcription (Sutherland H.,
2009) and DNA recombination (Misteli T.,
2009), are influenced by chromatin topology
within the nucleus. Transcriptionally active, and
less condensed, euchromatin is mainly distrib-
uted in the center of the nucleus and close to
the nuclear pores; transcriptionally inactive, and
more condensed, heterochromatin typically in-
teracts with nuclear lamina, via lamin-associated
domains (LADs), and with nucleoli (Lemaitre
C., 2015). Based on this, alterations of the dy-
namic structural conformation of the nuclear
lamina affect both nucleus arrangements, as ar-
gued before, chromatin anchoring and 3D
chromosomes conformation (Bascom G,
2017), getting impact on transcriptional activity
without biochemical mediation.

Cells plated on soft matrixes showed high
chromatin motility in the nucleus, in addition to
a higher nuclear motility, as demonstrated by
Makhija and colleagues. Their work highlighted
that the reduced interaction between cells and
ECM, led to tiny actomyosin structures, re-
duced lamin A/C expression levels, softer nu-
clei and increased dynamics of heterochromatin
and telomere structures (Makhija E., 2016). The
down-regulation of lamin A/C, not only leads
to reduced interaction between chromosomes
and INM, but also to the establishment of re-
gions of chromosomes intermingling, hosting
clusters of genes spatially organized by related
TFs and associated with active RNA pol 1I, op-
timizeing the mechanical state of the cell (Wang
Y., 2017). Moreover, the disruption of actomy-
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osin contractility, through Blebbistatin, resulted
in cytoplasmic-to-nuclear translocation of
HDACS, finally resulting in increased chroma-
tin condensation in an actomyosin dependent
manner (Jain N., 2013). These works represent-
ed pivotal descriptions of the mechanical con-
trol of chromatin condensation and gene ex-
pression, mediated by the differential position-
ing of chromosomes, transcriptional factors
(TFs) and chromatin modifiers.

Stem cells have been interesting models
through which to study the interplay between
cytoskeletal and nuclear mechanics. Lamin A/C
levels in these cells, indeed, increase with dif-
ferentiation according with tissue stiffness
(Swift J., 2013). Isolation of stem cell nuclei,
through micromanipulation methods, showed a
nuclear plasticity and a deformation responsiv-
ity which progressively decreased as cells un-
dergo differentiation (Pajerowski, J. D., 2007).
Later, timelapse experiments showed a progres-
sive chromatin topology stabilization, due to a
stiffer and more mature nucleus, and the devel-
opment of mechanosensitive properties (Ma-
zumder A., 2009) (Heo SJ, 2010).

Such genomic modulations are fundamental for
establishing cell type specific organization of
chromosomes and their accessibility to TFs and
chromatin modifiers.

4. Mechanosensitive TFs

The best-characterized mechanosensitive TFs,
downstream transducers of Hippo cascade, are
YAP and TAZ (Dupont et al. 2011), whose cel-
lular distribution depends on F-actin cytoskele-
ton conformation and tension. Aspects related
to cell shape, mechanical stress, ECM stiffness
and topography are closely correlated to this
point (Aragona et al. 2013; Calvo et al. 2013;
Halder, Dupont, and Piccolo 2012; Schroeder
and Halder 2012). Although it has been shown
that YAP and TAZ mechanotransduction re-
quire actin cytoskeleton integrity (Piccolo,
Dupont, and Cordenonsi 2014), the specific
mechanisms by which actin cytoskeleton impact
this signaling in the context of mechanotrans-
duction is not clear (Zou et al. 2020). In gen-
eral, as discussed above, cells plated on large
and stiffer substrates appear to spread and with
flattened nuclei, due to cytoskeletal tensions
generated by high ROCK- and non-muscle my-

osin II, ultimately resulting in YAP/TAZ nu-
clear translocation. Conversely, cells appear to
have reduced adhesive area on softer substrates,
resulting in YAP/TAZ cytoplasm retention
(Aragona et al. 2013; Dupont et al. 2011).
Phosphorylation by LATS represents the main
sequestration-tag of YAP/TAZ in the cyto-
plasm (Basu et al. 2003), even if this theory is
not completely coherent with all the experi-
mental findings (Wada et al. 2011). Nuclear en-
try of YAP and TAZ can induce a wide range
of downstream responses specific for each type
of cells and mechanical stress. Cell proliferation
is probably one of the best-investigated biologi-
cal response to YAP/TAZ activity (Mizuno et
al. 2012; Zanconato et al. 2015), regulating ex-
pression of genes directly (cyclins and mitotic
kinases) or indirectly involved in cell cycle (oth-
er TFs, such as Myc) (Croci et al. 2017). Fur-
thermore, YAP/TAZ activity was found to be
regulated by metabolic pathways (aerobic gly-
colysis and mevalonate synthesis) which, in
turn, determine cellular metabolic reprogram-
ming through the transcriptional regulation of
genes involved in nucleotide biosynthesis (Cox
et al. 2016), glutamine metabolism (Edwards et
al. 2017) and glycolysis enzymes (W. Wang et al.
2015; Zheng et al. 2017). It has been shown
that fibroblasts plated on polarized geometries
expressed more genes related to cytoskeleton
and matrix components and, instead, the same
type of cells plated on isotropic geometries ex-
pressed more cell cycle and cell-junctions genes,
in comparison. This was due to the resulting
nuclear import of TFs implicated in serum re-
sponse pathway and NF-xB pathway, respec-
tively. MRTF (also known as MKIL/myocatrdin-
like protein) is a TF bound to G-actin mono-
mers in the cytoplasm. Increased cell polariza-
tion results in G-actin polymerization in F-actin
stress fibers and consequent increased release
of MRTF in the nucleus, where it interacts with
serum responsive factor (SRF). A reduced cell
polarization, results in actin depolymerization
(and resulting reduction in actomyosin contrac-
tility), increased concentration of G-actin mon-
omers and MRTF retransfer from the nucleus
to the cytoplasm; meanwhile, p65, TF related to
NF-«B pathway, translocate from the cyto-
plasm to the nucleus. In addition, as described
previously, actin depolymerization is, accompa-
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nied by HDAC3 shuttling to the nucleus mak-
ing the chromatin more condensed.

5. Conclusions

Since the first evidence proving the mechanical
connection between plasma membrane and the
nucleus in 1997, significant efforts have been
made in understanding the molecular complexi-
ty of cellular mechanosensing and mecha-
notransduction. Many recent studies demon-
strate that nuclear lamina, as well as chromatin
itself, can sense and integrate mechanical forces
exerted on, or by, the cytoskeleton, consequent-
ly determining the activation of cell-/tissue-
specific molecular dynamics. Alterations of, or
lack in, these structures may lead to a variety of
recognized diseases. Although many steps for-
ward have been taken, deeper insight are re-
quired in order to boost our understanding in
these processes as well as new therapeutic ap-
proaches for the large number of disease linked
to changes in components of nuclear envelope.
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