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Definition
In eukaryotic cells, the nucleus houses the genomic material of the cell. The physical properties of the
nucleus and its ability to sense external mechanical cues are tightly linked to the regulation of cellular
events, such as gene expression. Nuclear mechanics and morphology are altered in many diseases
such as cancer and premature ageing syndromes. Therefore, it is important to understand how
diﬀerent components contribute to nuclear processes, organisation and mechanics, and how they are
misregulated in disease. Although, over the years, studies have focused on the nuclear lamina—a
mesh of intermediate ﬁlament proteins residing between the chromatin and the nuclear membrane—
there is growing evidence that chromatin structure and factors that regulate chromatin organisation
are essential contributors to the physical properties of the nucleus.

1. Cytoskeletal Forces in Nuclear Mechanics
Mechanotransduction refers to the process by which cells respond to external mechanical cues through
the activation of biochemical pathways, changes in structure, and activation or repression of speciﬁc
genes. This is a key mechanism for sensing and adapting to the extracellular microenvironment. The
nucleus is the largest and the most mechanically prominent organelle in the cell, and so it would be
expected to play a dominant role in cellular mechanics. It is, therefore, not surprising that it has been
receiving increasing attention in the ﬁeld of cell mechanics over the last decade.
Extracellular forces propagate into the nucleus through the LINC complex, located on the nuclear
envelope. The LINC complex physically connects the nucleus to the cytoskeleton and, therefore, to
cellular adhesions that can sense the mechanical microenvironment. Disruption of the LINC complex
results in defective force transduction from the cytoplasm to the nucleus and is shown to disrupt the
expression of mechanosensitive genes

[1][2].

This occurs, at least in part, because cytoskeletal forces can

directly aﬀect the localisation and nuclear import of mechanosensitive transcription regulators. One
functional example is the Yes-associated protein (YAP) and its transcriptional coactivator with PDZ-binding
motif (TAZ). The mechanical regulation of YAP/TAZ requires cytoskeletal integrity and a functional LINC
complex

[3]

. As a result, translocation of YAP/TAZ to the nucleus and consequent activation of YAP-

dependent genes varies according to extracellular matrix rigidity
complex integrity

[7]

, and nuclear stiﬀness

[3][8]

[4][5]

, cytoskeletal formation

[6]

, LINC

.

Cytoskeletal forces also contribute to the regulation of nuclear movement, shape, orientation and
morphology. In extreme cases, the accumulation of aberrant actin ﬁbres around the nucleus can induce
actin-dependent nuclear deformation through increased nuclear tension and lead to blebbing, herniation
and even rupture of the nuclear envelope

[9].

Equally, chemical or genetic perturbation of the

cytoskeleton results in deﬁcient force transmission to the nucleus.
The tissue microenvironment is an important factor in cytoskeletal formation and structure, and hence it
is a key determinant of the mechanical forces transmitted to the nucleus. This is particularly important
when studying cancer biology and therapeutic approaches to disease. We are beginning to have insight
into the mechanical consequences of diﬀerent microenvironments and how they aﬀect nuclear processes
such as DNA repair, transcription and chromatin regulation.
However, studying the eﬀects of cytoskeletal forces on nuclear processes comes with speciﬁc challenges.
Many studies use drugs to disrupt cytoskeletal forces, and it is unclear how these may directly aﬀect
nuclear events, such as transcription or chromatin organisation. Latrunculin B, for example, disrupts

cytoskeletal formation through inhibition of actin polymerisation, but it also disrupts nuclear actin and
myosin functions, directly aﬀecting transcription levels and RNA Polymerase II (RNAPII) spatial
organisation
[13][14][15]

[10].

Methods such as micropatterning [11][12] or the use of gels as substrates for cells

are becoming increasingly common to change the stresses exerted upon the cytoskeleton.

Although these do not allow complete disruption of the cytoskeleton, they can mimic diﬀerent tissue
microenvironments and permit the ﬁne-tuning of cytoskeletal forces. The data are both easier to interpret
and, in some cases, can be a good alternative to chemical disruption of the cytoskeleton.
Accumulating evidence shows that actomyosin contractility around the nucleus has not only important
repercussions to the deformability of the organelle, and therefore to cell migration and nuclear integrity,
but it can also directly aﬀect lamina structure and chromatin organisation. For example, using
micropatterned substrates, Makhija and colleagues observed that cells lacking long stress ﬁbres had
reduced levels of lamin A/C expression, resulting in softer, more deformable nuclei. Interestingly, these
cells also displayed increased chromatin and telomere dynamics, suggesting a direct relationship
between geometric cell constraints and genome organisation [16]. Similarly, in rod photoreceptor cells,
actomyosin deformation of the nucleus results in chromocenter clustering (condensed centromere
heterochromatin regions) and inverted chromatin architecture, with euchromatin regions being
redistributed to the nuclear periphery

[17]

.

Although the molecular mechanisms that link cytoskeletal forces to chromatin regulation are still largely
unexplored, spatial redistribution and misregulation of nuclear transport of transcription factors and
chromatin regulators, such as transcription coactivator MKL1 [18] or histone deacetylase HDAC3

[19],

have

been observed and could account, at least in part, for chromatin architectural changes.
A challenge often encountered in the study of nuclear mechanics—especially when performing
measurements on adhered cells—is the masking eﬀect that the stiﬀ cytoskeletal ﬁbres around the
nucleus have on measurements. Indeed, small changes in nuclear mechanics can be imperceptible if
measured under a fully-formed cytoskeleton. Because of this, many studies resort to the use of isolated
nuclei, removing the cytoskeletal impact entirely. This has proven useful when comparing nuclei across
diﬀerent cell types
stiﬀness

[21],

[20]

to study how the expression of nuclear envelope components aﬀects nuclear

or how the nucleus itself—and independently of cytosolic intervention—adapts and responds

to external forces

[22]

. The clear trade-oﬀ is the loss of physiological environment and understanding how

nuclei in live-cells respond to matrix stiﬀness, drug treatments, radiation or other challenges. To
overcome these limitations, dos Santos et al. have recently performed mechanical measurements, using
atomic force microscopy (AFM), in live cells, but at initially adhered stages. In this case, cells were
allowed suﬃcient time to attach to their surface but, with their cytoskeleton not yet fully formed, the
nucleus then occupies most of the cell volume and is the most important contributor to cell mechanics.
This has allowed the detection of mechanical changes that would have otherwise not been observed

[23]

.

Overall, there is a complex interplay of interactions between the nucleus and cytoskeletal components
that contribute to the mechanics of the organelle, and much work is needed to understand how changes
in cytoskeletal forces directly aﬀect nuclear organisation and nuclear processes.

2. The Nuclear Lamina
The nuclear lamina is located between the INM and the chromatin. This is a dense, complex meshwork of
proteins with a thickness up to 100 nm. It provides major structural support to the nucleus as well as
support for a variety of nuclear functions, such as transcription, replication, DNA repair, and genome
organisation. Lamina proteins fall into two separate classes, A-type and B type—lamin A and C, which are
splice-isoforms

of

the LMNA

gene—belong

to

the

by LMNB1 and LMNB2, respectively, belong to the latter

former
[24]

and

lamin

B1

and

B2,

encoded

. Lamins belong to a class of proteins called

intermediate ﬁlaments, which contain rod domains that are critical to the formation of the meshwork

[25].

Post-translational modiﬁcations of lamin proteins allow the regulation of this peripheral meshwork. One

important post-translational modiﬁcation is the farnesylation of both lamin A and B at their C-terminal
domains, which is thought to be important for the localisation and retention of these proteins at the
nuclear envelope. Whilst lamin B is permanently farnesylated, lamin A is further processed by proteolytic
cleavage, which includes removal of this group

[24][26][27]

.

Whilst B-type lamins are expressed throughout development and in all nucleated cells, the levels of typeA lamins are reduced or not present at early embryonic stages. Expression of lamin A onset is highly
varied in diﬀerent tissues during development and, in some cases, such as for stem cells or cells of the
hemopoietic system, lamin A is never expressed

[28]

.

The nuclear lamina is crucial for maintaining nuclear envelope integrity. Depletion or mutation of lamin
components leads to severe nuclear instability, morphological defects in the nucleus and gives rise to
disease, as in the case of laminopathies. For instance, in mice, loss of either lamin B1 or B2 leads to
neuronal defects and perinatal death

[29][30]

. Similarly, in humans, mutations in lamin A are associated

with premature ageing and muscular malfunction, as observed in Hutchinson–Gilford progeria, muscular
dystrophy, and cardiomyopathies

[31]

.

The morphological defects observed in the nucleus of cells with lamina defects are also indicative of the
important role of these proteins in nuclear mechanics. This is not surprising, as expression levels of lamin
proteins, but in particular of lamin A/C, scale with nuclear stiﬀness. Depletion of lamin A/C makes the
nucleus softer and more deformable, whilst expression of a shorter and permanently farnesylated mutant
version, progerin, confers higher stiﬀness to the nucleus. In both cases, the expression of mechanoresponsive genes is severely disrupted

[32][33]

. Importantly, in these cells, nuclear processes such as

chromatin structure regulation, DNA replication, DNA repair and gene expression are also invariably
misregulated.
However, the nuclear envelope is not mechanically isolated. Instead, it is physically connected to the
cytoskeleton on one side, through the LINC complex, and to the chromatin, through lamina-associated
domains (LADs) on the other. This means that mechanical changes to one of these components have
large structural implications for the others. For example, Swift et al. described how matrix and
cytoskeletal stiﬀness could directly inﬂuence lamin A expression and turnover

[34].

In stiﬀer matrices,

phosphorylation of lamin A, which promotes disassembly, is reduced, and this increases total amounts of
lamin A at the nuclear envelope, which in turn increases nuclear stiﬀness

[34][35].

Similarly, progerin-

expressing cells, such as those from Hutchinson–Gilford progeria patients, display increased Filamentousactin (F-actin) polymerisation and cytoskeletal stiﬀness, as well as reduced levels of heterochromatin

[36]

.

In these cells, destabilisation of microtubules to reduce cytoskeletal tension may be a promising
therapeutic approach. It has been shown to restore nuclear morphology and alleviate premature ageing in
progeria in mice

[37]

. Conversely, a separate study also described how inhibition of histone demethylation,

which directly leads to increased heterochromatin levels, also rescues morphological defects in progerinexpressing cells

[38]

.

Chromatin function is highly dependent on its conformation. This includes correct tethering to LADs at the
nuclear periphery. Loss of lamin A function, for example, leads to higher chromatin dynamics and more
diﬀuse genomic loci, representative of higher levels of decondensed chromatin. Complete lamin loss
results in detachment of LADs and disruption of global 3D chromatin-chromatin interactions

[39]

. Similarly,

lamin B1 also has an important role in maintaining chromatin structure and distribution, especially at the
nuclear periphery

[40]

. As a result, lamin regulation and chromatin structure are tightly linked as key

components of nuclear mechanics. Future insights into how changes to nuclear envelope components
aﬀect the mechanical properties of the nucleus will be especially important in the study of ageing and
cancer, where lamina mutations are often found.

3. Chromatin Is a Key Component of Nuclear Mechanics
Chromatin organisation is highly regulated through epigenetic histone modiﬁcations that determine local

and global levels of DNA compaction. The degree of chromatin condensation and the nuclear content of
hetero versus euchromatin aﬀects not only nuclear size and morphology but also determines DNA
accessibility to transcription machinery and all forms of DNA processing. In conventional nuclei, the highly
compacted heterochromatin is spatially segregated from active, decondensed euchromatin, with the
former usually occupying regions in the nuclear periphery and the latter in the nuclear core.
Developments in genome-wide chromosome conformation capture (Hi-C) have shown that in addition to
LAD formation, chromatin can also associate with itself to form sub-compartments called topologically
associated domains (TADs)

[41][42].

We now know that chromatin is also a major contributor to nuclear stiﬀness and morphology. Historically,
research has focused on the more clear-cut structural contributions of lamins, in particular, lamin A. Early
experiments using micropipetting showed that the lamina dominates the mechanics of swollen nuclei,
whilst chromatin is the main contributor to the mechanics of shrunken nuclei. Although this suggested two
diﬀerent types of mechanical contribution in the nucleus, the chromatin is often regarded as a minor
viscous component that ﬂows upon applied force

[32][43][44].

This view of chromatin as a secondary

mechanical component, less important than the lamina, has started to change, and some recent studies
have now shed light on how chromatin architecture can aﬀect nuclear stiﬀness. A recent report by
Strickfaden et al. highlights this by showing that self-associated condensed chromatin behaves as a solid
or elastic gel instead of a liquid. This indicates that the intrinsic mechanical properties of chromatin have
an impact on overall nuclear mechanics and its response to external force stimuli

[45]

.

In line with this, experiments by Chalut et al., using an optical stretching technique, show how nuclear
deformability is directly related to the degree of chromatin condensation

[46]

. Furthermore, experiments

using MNase, for chromatin digestion also show that its structure determines nuclear morphology and
governs nuclear responses to short-extension strains (<30%) [47]. We now know that changes in nuclear
mechanics and shape, including the occurrence of nuclear blebbing, can occur independently of lamin
perturbation due to changes in the levels in euchromatin and heterochromatin. Overexpression of
nucleosome binding protein HMGN5 leads to chromatin decondensation, increased nuclear area,
morphological aberrations to the nuclear envelope and nuclear softening. In mice, this leads to premature
death as a result of cardiac defects

[48]

. Similarly, treatment with deacetylase inhibitor trichostatin A,

which alters histone modiﬁcations and leads to chromatin decondensation, also results in nuclear
softening and blebbing

[23][38][49]

.

Trying to resolve individual mechanical contributions from the lamina and chromatin is a major challenge
for the ﬁeld of nuclear mechanics. Their physical linkage means that force measurements provide a
composite value for the contribution of both components. New methodologies in force measurements
could prove particularly useful. For instance, a combined AFM-side-view light-sheet ﬂuorescence
microscope developed by Nelsen et al. allowed the 3D (x/z cross-section) visualisation of live-cells whilst
performing force measurements with high spatio-temporal resolution

[50]

. In fact, Hobson et al. recently

used this approach to propose a two-regime nucleus, where lamina and chromatin respond diﬀerently to
volume deformation and nuclear-area stretching

[50]

. Using 3D ﬂuorescent imaging of the nucleus

combined with mechanical measurements could be a powerful tool not only to probe the mechanical
behaviour of diﬀerent nuclear components but also to look at force transduction from the cytoskeleton, or
how nuclear processes, such as DNA repair, aﬀect cell mechanics.
Whilst mechanical diﬀerences between the lamina and chromatin are readily intuitive, diﬀerences within
the chromatin itself at the nuclear interior are less so. Chromatin architecture is not homogeneous; its
organisation is highly regulated, with diﬀerent domains occupying diﬀerent regions. This means that the
nuclear interior is mechanically non-uniform. Using AFM microrheology on isolated nuclei, Lherbette et al.
were able to detect mechanical variations within the nucleus, representative of a largely inhomogeneous
chromatin interior. The authors observed two diﬀerent mechanical regions within the nucleus,
independently of the nuclear lamina—a more viscous periphery and a stiﬀer and predominantly elastic
nuclear core

[20].

A new methodology that allows a more in-depth study of chromatin environments could

be important to understand how changes to chromatin organisation inﬂuence the mechanical behaviour
of the nucleus.
As chromatin becomes more prominent in the ﬁeld of nuclear mechanics, it becomes obvious that
processes and proteins that regulate DNA structure and conformation have a large impact on the
mechanical properties of the nucleus. As will be discussed later, DNA damage, occurring either through
ionising radiation or genotoxic agents, such as chemotherapy drugs, causes large genomic alterations,
including changes to chromatin architecture and transcription levels

[51].

relaxation of the chromatin and mechanical softening of the nuclear envelope

This can result in global
[23]

. Our knowledge of how

these processes aﬀect nuclear mechanics is still limited but may be of crucial importance.

4. Chromatin Conformation and Crosslinking in Nuclear Mechanics
In the nucleus, chromatin associates with a large variety of DNA-binding proteins that regulate its
structure and spatial organisation. Examples of this are the previously mentioned lamins that allow
crosslinking of the chromatin to the nuclear periphery. This is achieved through interactions with laminaassociated proteins and is important in the regulation of global chromatin structure. Chromatin
conformations and mobility are irregular throughout the nucleus and largely determined by its level of
crosslinking.
Using liquid chromatin Hi-C, Belaghzal and colleagues recently showed that chromatin loci dynamics and
association are largely determined by chromatin-associated factors, such as cohesins and lamins. The
authors found that chromatin behaves as a crosslinked polymer gel that, even upon digestion (within 10–
25 kb), maintains its structural and mechanical connections. Furthermore, chromatin digestion at this
scale did not aﬀect nuclear stiﬀness, measured by micropipetting. Interestingly, after extensive chromatin
digestion (<6 kb), loss of chromosome compartmentalisation was achieved, together with loss of
chromatin-associated cohesins, which resulted in a 75% decrease in nuclear stiﬀness

[52]

. This indicates

that compartmental segregation of chromosomes and nuclear mechanics are highly dependent on the
crosslinking capabilities of proteins that modulate DNA structure.
Cohesins are highly conserved protein complexes that can loop chromatin through their ring domain to
create bundles that restrict chromatin movement [53][54]. Together with the chromatin insulator CTCF,
cohesin function is the driver behind TAD formation and hence crucial for chromatin 3D organisation
[55][56]

. CTCF/cohesin anchoring of chromatin has been shown to be important at diﬀerent genomic length-

scales, allowing the formation of long-range Topologically Associating Domain (TAD) compartments
(megabase-sized), as well as intermediate (100 kb–1 Mb) and small-range (<100 kb) sub-compartments
[57][58]

. Heterochromatin protein 1 (HP1) is another protein that is known for its role in chromatin

organisation. HP1 binds to H3K9me3-rich areas, which represent constitutive heterochromatin regions
[59]

, and is capable of bridging nucleosomes [60]. This crosslinking eﬀect of HP1 is thought to stabilise

compacted chromatin states and to be essential in heterochromatin phase separation

[61][62]

through the

formation of membrane-less condensates. A recent report by Strom et al. also showed that HP1
chromatin crosslinking capabilities are important for nuclear shape maintenance, and its degradation
leads to decreased chromatin stiﬀness and nuclear rigidity

[63]

.

Chromatin crosslinking also occurs at active chromatin regions. For example, the transcriptional
coactivator BRD4 can create condensates at active super-enhancer regions [64]. Similarly, during
transcription, RNAPII forms large molecular clusters with transcription factors. These networks have not
only been associated with phase separation events but also with the formation of transient chromatin
bridges

[65]

. Interestingly, whilst active chromatin regions are usually associated with open and dynamic

conformations, recent reports challenge this view by showing that the bridging eﬀect of RNAPII and
associated transcription machinery can increase chromatin constraints, reduce chromatin mobility and
possibly aﬀect local stiﬀness

[66][67]

.

The arising ﬁeld of nuclear actin and myosins also provides an interesting new perspective in chromatin

mechanics. Actin and myosins, in the cytoplasm, are usually associated with structural and mechanical
roles. Whilst actin is one of the most abundant cytoplasmic proteins; its nuclear levels are comparatively
low and tightly regulated—actin is actively transported in and out of the nucleus by importin-9 and
exportin-6, respectively. Due to the low concentrations of actin and the highly dynamic and transient
nature of nuclear actin ﬁlaments, visualisation of these structures is particularly challenging, and much
debate still surrounds them.
There is, however, growing evidence that nuclear F-actin assembly plays important roles in transcription
[68]

, mitosis [69], DNA replication

[70]

, DNA repair [71] and chromatin regulation

[72]

. Nuclear F-actin

ﬁlament formation has been observed following DNA repair response (DDR) activation, caused by
telomere uncapping, treatment with genotoxic drugs or UV radiation. F-actin is recruited to sites of
damage, and the formation of polymeric actin structures appear to be necessary for repair factors to
cluster at DNA lesions

[73][74][75][76].

These observations followed early studies showing the actin-

dependent intranuclear movement of genomic loci.
To visualise nuclear F-actin polymers, Baarlink and co-workers developed a phalloidin-based assay and
used dSTORM super-resolution imaging. The authors observed that these structures are necessary for
reshaping nuclei following mitosis. Depletion of nuclear actin ﬁlaments, either by overexpression of
exportin-6 or a polymerisation-deﬁcient mutant of nuclear actin (NLS-actinR62D), prevented the usual
chromatin decondensation and nuclear expansion that occurs following cell division. In addition, this also
led to impaired transcription and, in the case of mouse embryos, impaired development [69].
Budding yeast experiments support the idea of a role for nuclear F-actin in chromatin organisation. In this
case, inhibition of actin polymerisation was shown to reduce telomere and chromosome dynamics, and,
interestingly, it also reduced the eﬃciency of DNA repair by homologous recombination (HR)

[77]

.

It seems very likely that mechanical changes to the nucleus would occur upon the formation of nuclear
actin ﬁlaments. In the cytoplasm, the extent of actin ﬁbre formation scales with cellular stiﬀness.
However, it is still unclear how nuclear actin ﬁlament formation aﬀects nuclear mechanics and nuclear
mechanosensing. Nuclear actin may induce direct changes to local mechanics or alternatively through
altered chromatin compaction and dynamics.
In the cytoplasm, the role of actin ﬁlaments is tightly linked to the function of myosins. These molecular
motors use ATP hydrolysis to generate force and movement, and thus, are essential in several cellular
processes such as cell migration

[78],

intracellular transport

[79][80]

and membrane regulation

[81].

Similar

to F-actin, these proteins are also present in the nucleus. However, there are still many unanswered
questions regarding their nuclear functions.
One example is Myosin VI (MVI). MVI associates with RNAPII and is important in transcription regulation
[82][83][84].

However, the speciﬁc molecular roles of MVI in the nucleus and how they might be connected

to nuclear actin ﬁlament formation have only recently started to come to light. A report by Zorca et al.
showed that MVI is necessary for chromatin reorganisation at the early stages of transcription. In this
study, the authors found that inhibition of MVI or actin prevented allelic pairing and gene repositioning
after transcription stimulation

[85]

. This suggests MVI has the ability to reorganise and move chromatin

across long nuclear distances and also to crosslink chromatin to allow gene proximity during
transcription. More recent work by Große-Berkenbusch et al. allowed single-molecule tracking of MVI
along actin ﬁlaments in the nucleus of HeLa cells [86]. This movement was observed across several
micrometres, resembling the cytoplasmic motility of this molecular motor. The authors also reported
ATPase-depend movement of MVI on chromatin in vitro and described how this could have an important
function in chromatin organisation by regulating long-range chromatin movement. In agreement with this,
using STORM imaging, Hari-Gupta et al. have shown that MVI regulates the spatial organisation of RNA
Polymerase II (RNAPII) during transcription initiation. Both disruption of nuclear actin polymerisation and
MVI force-sensing—through the introduction of an MVI spring mutant that changes its response to force—
[10]

abrogate RNAPII distribution and have severe consequences for gene expression using RNA-Seq

[10].

The

role of MVI in regulating RNAPII clustering also suggests a role for this molecular motor in RNAPIIdependent chromatin bridging and droplet formation

[66][67]

, thus leading to local changes to chromatin

mechanics.
Another myosin, nuclear myosin I (NMI), also appears to be involved in a plethora of nuclear roles,
including chromatin movement and DNA repair. NMI is a component of the chromatin remodelling
complex B-WICH, which allows chromosomal rearrangement for RNAPI-related transcription

[87][88].

Recently, KO experiments of NMI in mouse embryonic ﬁbroblasts led to increased levels of
heterochromatin and lower levels of active chromatin markers such as H3K9ac [89]. Interestingly, another
study showed that with cisplatin damage, NMI is recruited to the chromatin and facilitates chromosome
territory relocation in an ATM and γH2AX-dependent manner [90].
Work connecting the activity of NMI, actin and the nuclear lamina also reinforce the idea that these
proteins might have more extensive structural and mechanical roles in the nucleus than previously
thought

[91][92][93].

As these proteins are well-known for their role in force transduction in the cytoplasm,

they may have a similar role in the nucleus

[94][95]

. Future studies are necessary to shed light on the

response of nuclear F-actin and nuclear myosins to external mechanical cues.
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