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EDITORIAL

Nuclear mechanobiology: a brief history and five unresolved questions

The nucleus has long been recognized as the repo
sitory of the cell’s genomic information, providing 
the blueprints for assembling the cell’s structures 
and carrying out its functions. Over the past three 
decades, however, it has become abundantly clear 
that cellular structure and function are not only 
governed by the genome’s sequence, but also the 
physical structure and mechanical properties of 
the nucleus [1]. Furthermore, nuclear structure 
and mechanics are not fixed properties but 
respond dynamically to physical and biochemical 
cues from inside and outside the cell, thereby 
enabling cells to sense and adapt to their environ
ment [2–4]. This intriguing interplay of how 
nuclear structure and mechanics modulate cellular 
functions, and how mechanical forces acting on 
the nucleus affect its structure and function is now 
commonly referred to as ‘nuclear 
mechanobiology.’

Some of the earliest work motivating the study 
of nuclear mechanobiology includes the recogni
tion that compression of cartilage induces severe 
changes in nuclear shape and volume [5], and the 
elegant demonstration that extracellular forces are 
rapidly transmitted to the nucleus via the cytoske
leton, inducing intranuclear deformation [6]. This 
led to the hypothesis that the nucleus plays 
a central role in cellular mechanosensing. Since 
then, nuclear mechanobiology has grown into 
a rapidly expanding, interdisciplinary research 
area spanning cell and molecular biology, geno
mics, physics, engineering, and, increasingly, 
translational science and medicine. Subsequent 
studies have (i) shed light on how nuclear envel
ope proteins such as lamins and emerin, along 
with chromatin and intranuclear condensates, 
determine the physical properties of the nucleus 
[7–11], (ii) described characteristic changes in 
nuclear mechanics during differentiation and in 
response to the cellular physical environment 
[2,12], (iii) identified the molecular components 
involved in physically coupling the nucleus to the 
cytoskeleton, including the aptly named Linker of 

Nucleoskeleton and Cytoskeleton (LINC) complex 
[13–17], and (iv) demonstrated that the associa
tion and dissociation between the nuclear lamina 
and chromatin can drive chromatin remodeling 
[18–20]. These studies have laid the foundation 
for the discovery that the nucleus, and particularly 
the nuclear envelope, plays crucial roles in cellular 
mechanotransduction (i.e., the translation of 
mechanical cues into biochemical signals and 
changes in gene expression), both through struc
tural reorganization and via biochemical signaling 
processes, thereby modulating cell differentiation, 
fate and survival [3,4,7,21–31].

Other studies have focused on how the physical 
properties of the cell nucleus, including its size, 
shape, and stiffness, modulate diverse cellular 
functions. Two areas of particular interest are the 
role of nuclear mechanobiology in (i) cell migra
tion through confined spaces, e.g., during devel
opment, inflammation, and metastatic spreading 
of cancer cells, and (ii) diseases caused by muta
tions in genes encoding nuclear envelope proteins 
that affect skeletal and cardiac muscle and other 
mechanically active tissues. We now know that 
migration through tight spaces is limited by the 
deformability of the nucleus [32–38], that the 
nucleus can guide cells to find their path through 
complex 3D environments [39], and that the phy
sical stress on the nucleus during confined migra
tion can cause nuclear envelope rupture, DNA 
damage, altered chromatin organization, and 
changes in gene expression [40–48]. Mechanically 
induced nuclear damage has also emerged as an 
important disease driver in at least a subset of 
muscular dystrophies and cardiomyopathies 
caused by mutations in genes encoding nuclear 
envelope proteins such as lamins and emerin 
[7,49–53], with altered chromatin organization 
and transcription, in part resulting from perturbed 
tethering of chromatin to the nuclear periphery, 
likely serving as additional pathogenic mechan
isms [54,55]. Intriguingly, reducing nuclear envel
ope rupture by disrupting the LINC complex has 
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been shown to dramatically slow disease progres
sion and extend survival in preclinical models of 
these diseases [50,56–59]. A clinical trial lever
aging this approach, scheduled to begin soon 
[60], showcases the potential of nuclear mechan
obiology impact on patient care.

As interest in nuclear mechanobiology con
tinues to grow, new insights and applications 
emerge. Recent examples include the opening of 
nuclear pore complexes in response to nuclear 
membrane tension [24,25,61–63], substrate stiff
ness-induced changes in chromatin compaction 
and/or accessibility [64,65], the bidirectional inter
play between mechanical stress, nuclear 
mechanics, and DNA damage repair pathways 
[66–70], and the role of nuclear mechanics in 
immune cell function [71–73]. We are excited to 
highlight and discuss the current knowledge in 
many of these research areas in a Special Issue on 
Nuclear Mechanobiology. The special issue 
includes reviews on nuclear mechanobiology con
fined migration [74], immune cell function [75], 
mechanotransduction at the nuclear envelope [76], 
the role of chromatin in nuclear mechanics [77], 
nuclear movement and migration [78], integration 
between nuclear mechanosensing and integrin 
adhesions [79], muscle aging [80], and novel 
tools to image nuclear structure by cryo-electron 
tomography [81] or study mechanical regulation 
of chromatin [82].

Nevertheless, even as the field of nuclear 
mechanobiology has made extensive progress, 
many open questions remain, and new questions 
continue to arise. To kick off this special issue, we 
reached out to top experts in nuclear mechano
biology and asked them to list what they consider 
the most pressing open research questions in the 
field today. More than 15 experts responded and 
agreed to serve as coauthors for this editorial. We 
then consolidated their input into five central open 
questions in nuclear mechanobiology. We recog
nize that such a list cannot be comprehensive and 
offers only a single snapshot of prevalent thoughts 
and ideas in the field, and we encourage readers to 
add and ponder additional questions. We hope 
that the following questions will inspire and moti
vate further research into the mechanobiology of 
the nucleus, so that we gain further insights into 
the fascinating interplay between nuclear 

structure, mechanics, and cellular functions. 
There is still so much to learn about mechanobiol
ogy and the nucleus!

Five central open questions in nuclear 
mechanobiology

The molecular basis of nuclear mechanics: which 
ultrastructural components and connections 
determine nuclear structure and stiffness, and 
how are they regulated?

Wide-ranging studies aimed at measuring nuclear 
biomechanics, using intact cells and isolated nuclei, 
have produced an extensive list of molecules that 
contribute to the mechanical properties of the nucleus. 
These contributors include various nuclear envelope 
proteins, such as lamins, emerin, LAP1, LAP2β, LBR, 
and LEMD2, as well as chromatin and histone mod
ifications [7,9,19,83–91]. However, exactly how these 
molecules contribute to nuclear mechanics, including 
their ultrastructural organization and their interplay 
that gives rise to emergent properties, remains largely 
undetermined. For example, lamins and many other 
nuclear envelope proteins can directly interact with 
each other and with chromatin but can also form 
discrete networks and complexes [92–94]. We still 
lack a complete understanding of the composition, 
structure, and function of these protein complexes at 
the nuclear envelope, as many of the nuclear envelope 
proteins include intrinsically disordered domains that 
are challenging to resolve with current methods. 
Furthermore, elegant work in yeast showed that 
untethering chromatin from the nuclear envelope 
results in increased nuclear deformability [11]. 
However, the effect of interactions between chromatin 
and the nuclear lamina, nuclear pore complexes, and 
nucleoskeletal structures on nuclear mechanics in 
mammalian cells has proven difficult to untangle 
from the intrinsic mechanical properties of chromatin 
and its role in gene expression. New approaches to 
‘visualize’ the nuclear lamina structure and chromatin 
organization, including both imaging techniques and 
molecular biology assays, will be needed to paint an 
accurate picture of nuclear ultrastructure and 
dynamics.

Even when focusing on individual molecules, 
numerous questions remain. For example, despite 
very similar structure and biochemical properties, 
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A-type and B-type lamins differ substantially in 
their effect on nuclear deformability [85,92], but 
the molecular features responsible for this differ
ence have yet to be determined. Additionally, 
many small nuclear envelope proteins such as 
emerin and short nesprin isoforms can be found 
both at the inner and other nuclear membrane; 
how their intracellular localization affects their 
contribution to nuclear mechanobiology is only 
beginning to emerge [26].

The nuclear interior poses many of its own ques
tions. For example, how does biomolecular condensa
tion influence nuclear mechanical properties and 
function, and conversely, how do mechanical forces 
on the nucleus—or generated within the nucleus dur
ing DNA replication, transcription, or loop extrusion 
—shape intranuclear architecture and condensate for
mation [95,96]? And how does macromolecular 
crowding, which can be affected by physical and bio
chemical cues [97,98], alter nuclear mechanics, func
tion, and ultimately cell fate? Molecular crowding is 
emerging as an important mechanobiology variable 
[97,99,100], yet how mechanical forces alter local 
crowding, and how crowding modulates nuclear and 
cytoplasmic functions, remains largely unmapped.

Gaining further insights into the molecular and 
biophysical details governing nuclear mechanics will 
provide a deeper understanding of fundamental bio
logical functions but might also reveal new clues into 
pathogenic processes and new therapeutic strategies.

The adaptability of nuclear structure and 
mechanics: how do mechanical stimuli and other 
signals modulate nuclear mechanics?

Increasing evidence suggests that the mechanical 
properties of the nucleus are not static, but can 
change dynamically, for example, during confined 
migration [101], in response to acute force appli
cation [21], changes in substrate stiffness [2], or 
cell differentiation [2,12, 97, 98, 102, 103]. In some 
cases, the changes in nuclear mechanics can be 
attributed to altered lamin expression or chroma
tin organization [2,12,102,103], although the 
upstream mechanisms largely remain to be deter
mined. In many other scenarios, it is still unclear 
how intra- and extranuclear cellular processes 
modulate nuclear organization and mechanical 
properties, for example, by altering 

macromolecular crowding, assembly of macromo
lecular complexes, and/or nuclear condensates. 
Similarly, it remains to be explored to what extent 
changes in nuclear mechanics result from direct 
mechanically induced protein conformational 
changes that affect protein–protein and protein- 
nucleic acid interactions, or downstream biochem
ical and signaling pathways. Additionally, the 
timescales required for such changes to occur or 
be reversed, and to what extent such changes can 
result in local variations in nuclear mechanics and 
function within the nucleus [104], are yet to be 
fully defined.

The simple fact that cells can rapidly ‘adjust’ their 
lamin levels to the substrate stiffness and viscoelasti
city [2,31,105], yet different cell types retain the char
acteristic lamin levels of their tissue of origin in 
culture, even after numerous passages on stiff tissue 
culture plastic [2], indicates that there is still much to 
be learned about the dynamic regulation of nuclear 
mechanics. This includes cell cycle-dependent 
changes in nuclear mechanics, and the question 
whether nuclear mechanics are primarily determined 
during early post-mitotic events, e.g., nuclear envelope 
re-assembly and chromatin decondensation, or also 
later in the cell cycle. A fundamental question is how 
nuclear mechanical properties change over longer 
time periods, for example, during development or 
aging, and how such changes functionally contribute 
to both physiological and pathological processes.

Lastly, individual nuclei often display variability 
in chromatin compaction, nuclear body organiza
tion, and mechanical stiffness—regardless of 
whether studied in vitro or in vivo—but the origins 
and consequences of this heterogeneity are still not 
well understood. Answering this question might 
provide not only further clues into the factors 
that govern nuclear shape and function, but also 
how tissues and organs maintain robust function 
despite or because of this heterogeneity.

Nuclear mechanosensing: how are mechanical 
forces on the nucleus translated into changes in 
gene expression and cellular signals?

The nucleus has long been proposed to serve as 
a cellular mechanosensor, but experimental data 
unequivocally documenting that forces or 
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deformations applied to the nucleus are sufficient to 
activate cellular signaling pathways and expression of 
mechanoresponsive genes are still quite sparse. For 
example, whereas recent studies provided clear evi
dence that nuclear deformation triggers increased cell 
contractility, mediated by cPLA2 responding to 
changes in nuclear membrane tension 
[3,4,23,76,106], in many other cases it remains unclear 
whether observed changes in chromatin organization 
or gene expression result from mechanosensing events 
within the nucleus or downstream of mechanotrans
duction processes at the plasma membrane or in the 
cytoplasm. Thus, it largely remains to be resolved if, 
how, and to what extent, forces transmitted to the 
nucleus are transduced into changes in chromatin 
organization, gene expression, and epigenetic modifi
cations, and which molecules and molecular pathways 
are involved in the associated processes. For example, 
are physical forces and deformations sufficient to 
induce chromatin opening, conformational changes 
in nuclear proteins, or alter intermolecular interac
tions (e.g., protein–protein binding, condensate for
mation, or protein-nucleic acid binding) under 
physiological conditions, thereby modulating tran
scriptional regulation? Or do the observed transcrip
tional changes require intermediate messengers and 
effectors, such as specific transcription factors, histone 
modifiers, or kinases, which could provide 
a mechanism to modulate the expression of specific 
genes? In the latter case it remains to be resolved how 
these modifiers are activated by mechanical stimuli, 
how such stimuli can achieve specificity, and whether 
these mechanoresponses employ mechanisms distinct 
from those associated with biochemical stimuli? 
Although recent studies support various putative 
mechanisms of nuclear mechanosensing 
[1,2,18,27,30,47,107], further work is needed to fully 
elucidate the underlying processes and identify the 
associated molecular players. It is also unclear whether 
nuclear tension, compression, and other deformations 
are sensed through the same or distinct mechanisms, 
and how such mechanical stimuli are integrated with 
cytoplasmic mechanotransduction pathways and 
input from other signals, such as biochemical stimula
tion, to inform cellular decision-making.

One illustrative example is the modulation of 
nucleo-cytoplasmic trafficking by nuclear membrane 
tension-mediated changes in the diameter of the 
nuclear pore complexes [24,25]. Based on cryo- 

electron tomography imaging, the nuclear pore com
plex central channel increases from 43 nm to 57 nm 
when comparing isolated, tension-free nuclear envel
ope samples with nuclear pores in situ in fixed HeLa 
cells [108]. Smaller, but still significant changes in the 
nuclear pore diameter can also be detected in response 
to osmotic shock [61], or when cells are grown on soft 
versus stiff substrates [24,25], the latter of which cause 
nuclear flattening and increase membrane tension, 
and these changes are associated with increased 
nuclear transport. However, since numerous other 
factors also regulate nuclear transport of specific car
goes, including their posttranslational modifications, 
association with importins and exportins, the avail
ability of co-transporters such as G-actin, retention by 
cytoplasmic or nuclear binding partners, and the 
intracellular Ran-GTP gradient [109,110], which can 
all be affected by the cell’s physical environment, par
sing out the contributions from nuclear membrane 
tension and changes in nuclear pore complex dia
meter versus other factors remains extremely challen
ging. Besides the mechanism of nuclear 
mechanosensing, other open questions revolve 
around the mechanical memory. This memory 
includes altered nuclear structure and cellular beha
vior that persists after the initial mechanical stimulus 
has been removed, along with how such mechanical 
memory is implemented, maintained, and, in many 
cases, eventually erased.

Answering these questions is made more challen
ging by the growing realization that many methods to 
disrupt nucleo-cytoskeletal force transmission, such as 
depletion of LINC complex components or LINC 
complex disruption using dominant-negative con
structs, also affect nuclear and cytoskeletal organiza
tion, along with various signaling pathways, such as 
Wnt signaling [111–117]. For this reason, it difficult to 
unambiguously distinguish between true nuclear 
mechanotransduction and other pathways.

Force transmission across the nuclear envelope: 
do we understand the structure and function of 
the LINC complex correctly, and how is the 
mechanical coupling between the cytoskeleton 
and nucleus regulated?

The LINC complex is comprised of KASH domain 
proteins, called nesprins in mammals, in the outer 
nuclear membrane that connect to SUN domain 

4 EDITORIAL



protein trimers embedded in the inner nuclear 
membrane [13]. Since nesprins simultaneously 
interact with various cytoskeletal structures in the 
cytoplasm, and SUN proteins with lamins, nuclear 
pore complexes, and chromatin at the nuclear 
interior, this connection enables a physical link 
across the nuclear envelope. Consequently, over 
the past 20 years, the LINC complex has emerged 
as a central structure in mediating force transmis
sion between the nucleus and cytoskeleton 
[13,114,118]. However, just as focal adhesions, 
adherens junctions, and desmosomes that mediate 
force transmission at the cell surface are not static 
mechanical connections but instead operate like 
a clutch that is responsive to inputs from inside 
and outside the cell, the interaction of nesprins 
and SUN proteins, along with their interaction 
with other binding partners, must be dynamically 
regulated to produce specific cellular outcomes. 
For example, cytoskeletal forces result in nuclear 
movement in some cases, while the nucleus can be 
anchored in place and resist movement in other 
cases, and in specific scenarios, such as meiosis, 
move chromosomes within the nucleus. Although 
recent imaging, modeling, and functional studies 
have shed some light on the interactions between 
nesprins and SUN proteins at the nuclear envelope 
[119–127], how this interaction is regulated, 
including the identity of relevant cellular signals 
and other molecules involved in the regulation 
[128], is still largely unknown. This is in part 
because the large size, flexible structure, and 
numerous isoforms of nesprins present substantial 
challenges in mapping their structure and function 
at the nuclear envelope.

In the case of focal adhesions, more than five 
decades of research have produced a nanoscale 
understanding of the architecture of the over 300 
proteins that make up focal adhesions [129–133] 
and their role in mechanical force transmission 
and mechanosensing. Yet much of this informa
tion is still lacking for the LINC complex and its 
associated proteins, including its 3D topological 
architecture on the surface of the nucleus and the 
structure, function, and composition of the 
macromolecular complexes at the inner nuclear 
membrane involved in transmitting forces to the 
nuclear interior. Notably, although most illustra
tions of the LINC complex still depict nesprins as 

long radial elements spanning large distances 
from the nucleus, recent studies suggest 
a different organization. Nesprins contain numer
ous spectrin-like repeats, which are commonly 
associated with membrane-proximal scaffolds 
[134,135], and likely form highly connected net
works at the surface of the nuclear envelope, 
rather than projecting radially from the nucleus 
as isolated linkers [136–141]. The traditional view 
of the LINC complex is further complicated by 
the fact that, although nesprins are typically con
sidered outer nuclear membrane proteins, shorter 
nesprin isoforms localize to the inner nuclear 
membrane, where they interact with lamins and 
chromatin [136,138,142].

Besides the LINC complex, other nuclear envel
ope structures contribute to nucleo-cytoskeletal 
coupling and force transmission, including nuclear 
pore complexes [143,144], emerin [21,37,145,146], 
and NEMP1 [147], but the relative contributions 
of these structures to overall force transmission, 
and the specific context in which one structure 
might be favored over another, remain incomple
tely understood. In addition, it is still unclear how 
nuclear membrane tension, which can modulate 
transit through nuclear pore complexes, opening 
of stretch sensitive ion channels, and association 
between cPLA2 and nuclear membrane [3,4,23– 
25,27,76], is transmitted to and propagated 
through the nuclear envelope, and what roles the 
LINC complex, lamins, and other nuclear envelope 
proteins play in this context. Answering these 
questions will likely require advances in imaging 
of the nuclear envelope at nanoscale resolution, 
along with innovative experimental approaches to 
delineate the contribution of specific nuclear 
envelope proteins.

Nuclear mechanobiology meets the clinic: how 
well do 2D in vitro studies represent 
physiological and pathological 3D in vivo 
conditions, and how can we use insights from 
tissue culture studies to develop deeper insights 
and new therapies for human diseases?

Changes in nuclear organization and mechanics 
associated with aging and pathological conditions, 
such as during cancer progression, cardiovascular 
disease, and muscular dystrophies [148–150], have 
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long provided a strong motivation to study nuclear 
mechanobiology. Nonetheless, most studies on 
nuclear mechanics and nuclear mechanobiology 
are still being conducted on cultured cells or 
even isolated nuclei, owing to the relative ease of 
experiments compared to in vivo studies, the 
increased control over experimental conditions, 
and the easier interpretation of results given 
fewer confounding factors. However, both cellular 
and nuclear morphology and function differ sub
stantially between 2D and 3D conditions, and 
between culture on rigid substrates such as glass 
or polystyrene cell culture surfaces (Young’s mod
ulus: 3–75 GPa) versus materials with physiologi
cal stiffness (0.1–100 kPa, i.e., almost 106-times 
softer). For example, while many cell types cul
tured on rigid 2D substrates exhibit extensive cell 
spreading resulting in flattened, disc-shaped nuclei 
often only a few micrometers in height, the same 
cells cultured in 3D environments or imaged 
in vivo have substantially thicker, more spherical, 
and larger nuclei, which is likely to affect the 
forces acting on the nucleus, along with nuclear 
crowding, mechanics, and intranuclear organiza
tion [41,151–154]. Thus, it will be crucial to deter
mine how well 2D tissue culture models represent 
cellular and nuclear structure, architecture, and 
function in vivo, and how well our understanding 
of nuclear mechanobiology relates to the condition 
of cells in tissues, organs, and whole organisms. 
The increasing use of 3D culture systems, orga
noids, and in situ systems that better reflect the 
natural environment of cells, plus the use of model 
systems that enable intravital imaging and func
tional measurements, such as zebrafish, 
Drosophila, and C. elegans, provide critical com
plements to the cell culture systems.

Lastly, beyond advancing our fundamental 
understanding of key biological processes, mechan
obiology is increasingly beginning to inform clinical 
applications, including new therapeutic strategies 
and diagnostic assays [155]. Clinical applications in 
nuclear mechanobiology are slowly starting to 
emerge, with the first clinical trial using LINC com
plex disruption to treat dilated cardiomyopathy 
caused by pathogenic lamin A/C gene mutations 
recently approved by the United States Food and 
Drug Administration [60]. Other recent studies 
linked nuclear envelope mechanical stability, 

mediated by lamin A/C and SUN2, to the therapeu
tic mechanism of paclitaxel [156,157], which is com
monly used in chemotherapy. Thus, a central 
question moving forward will be how to harness 
insights from nuclear mechanobiology for clinical 
application. Answering this challenge could inspire 
new diagnostic and therapeutic breakthroughs 
across a broad spectrum of human diseases, span
ning development, cancer, musculoskeletal disease, 
immune cell dysfunction, and aging. We are excited 
to follow the payoffs of nuclear mechanobiology 
over the coming decades!
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